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ABSTRACT

Much of our knowledge of cellular biology arisesrfr direct observation of active
cellular functions. Tools and techniques have stgatbveloped over the past several
hundreds of years to aid in our understanding amdral of the nanoworld and are
referred to as nanotechnologies. In the contextaobtechnology, DNA is not used as a
carrier for genetic information (as it is in celjut as a construction material. DNA
offers unprecedented control over the construabibsimplified biomimetic models for
the study of biological processes. This thesid fimroduces and defines the field of
DNA nanotechnology, with particular emphasis on theeraction of snthetic DNA
nanostructures with biological membranes. Inspligdhe protein clathrin, three-fold
symmetric DNA tile made of eight, short DNA straratsd capable of polymerising is
described and studied, with the aim to interachwind controllably bend a membrane
bilayer. This structure presented challenges ducmgstruction so an enhanced three-
armed DNA structure built with DNA origami was dgsed. The succesful assembly of
a rigid and functionalisable nanostructure is dbsd. This origami structure was
polymerised into large constructs in solution amdaosupported lipid membrane. The
shape of the structure was modulated to vary itgature and apply a bending force to a
lipid vesicle when anchored to it. Following thenctusion of this study, we present the
construction of a small, unique DNA structure farthanced electron microscopy
imaging in cell lysate. This project is part of avdloping technique to couple the
interaction specificity of dyes in super-resolutionicroscopy and the high-resolution
output of electron microscopy. Finally, the optiatisn procedures and
recommendations for TEM imaging of samples of DNigami and lipid structures are

discussed.
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1. Introduction

CHAPTER 1

INTRODUCTION

1.1 SCOPE OF THE THESIS

The aim of this work is the development and synthes new DNA structures for the
study of cellular processes. The main objectivai$es on membrane mechanisms, in
particular bending, which required the design obniimetic models (using DNA
nanotechnology, section 1.1 to 1.4) capable ofetjosnteract with a lipid bilayer
(introduced in section 1.5) in order to exert adieg force on the membrane (section
1.6). In addition to the study and optimisationtbase novel DNA nanostructures, this
thesis discusses and analyses the effect of theoeage of the DNA to model

membranes made of a lipid bilayer (introduced ttiea 1.7).

The second objective of this thesis is the desiga DNA structure with a distinctive,
angular shape, easily recognised by electron ndoms in a crowded cellular
environment with the aim to develop a tag for ceyeetron tomography to study
cellular processes. The success of these objectmksbe assessed by standard
characterisation methods for DNA nanotechnologytise 1.8.1 and 1.8.2), electron

microscopy (Section 1.8.3) and fluorescence miapggsection 1.8.4 and 1.8.5).
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1.2 NANOTECHNOLOGY

The refinement of the microscopic lens in the™1@entury by Antonie van
Leeuwenhod® unveiled to scientists a hidden world of “animési that would
redefine generations of knowledge of the microscoporld. As these instruments
peered further and further down into the tiny wpddientists became aware that the
unaided eye was missing a plethora of detail arsiglnm into natural phenomena.
Intrigued by these discoveries, scientists wera keenteract with the new, microscopic
world, but were hampered by inadequate instrumeXdsa lumberjack will not use a
pair of scissors to fall a tree, a horticulturistl wot use an axe to cut a flower, scientists
realised that nanoscale instruments would be optniateract with and manipulate the
nano-scopic world. Tools and techniques have dieddveloped over the past several
hundreds of years, with nanoscale manipulationhegdn the last 35 yedfs to aid in
our understanding and control of the nanoworld aare thus referred to as

nanotechnologies.

Our observation and comprehension of biologicalcesses at the nanoscale has
transformed technologies that are applied in mad?éi(biodistribution, drug delivery),
industry”! (cosmetics, preservatives) and the environffle(fbod, decontamination).
Biological systems and structures often provideinagion in the development of new
tools for nanotechnolody”. Bionanotechnology can thus be defined as teclydioat
involves biological material that can control prsses at the molecular le(fel
Recently, deoxyribonucleic acid (DNA) has emerged aa powerful molecule for

bionanotechnology.
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1.3 DNA NANOTECHNOLOGY

In the context of nanotechnology, DNA is not usedaecarrier for genetic information
(as it is in cell) but as a construction matéfiaSeveral inherent characteristics of the
structure of DNA underly its use as a building ldor nano-instruments. The DNA
backbone is a chain of nucleotides, each of wharnycone of the four bases: adenine
(A), cytosine (C), guanine (G) and thymine (T). Thases assemble pairwise with
remarkable precision; T forms two hydrogen bonds Wi, and C forms three hydrogen
bonds with G (Figure 1.1A). The hybridisation ofotMDNA strands is energetically
favourable (release of Gibbs free enerf§§§g) and the stability of the duplex is defined
by the base-pairing efficiency. Therefore, the sege of two, single strands of DNA
will dictate how well they will interact with eaabther: if every base of the first strand
matches the appropriate base on the second strentlyo strands will bind with each
other and are called complementary (Figure 1.1B)e Process of base pairing,
including hydrogen bonding between complementasebais called hybridisation and
involves two complementary anti-parallel strand®©dFA. The directionality is based on
the asymmetry of the sugar-phosphate backbone efptilymer. It is universally
accepted that the sequence of DNA is written frowe 8 carbon of the ribose ring
(marked 5end) and finishes at the —OH functional group lo& 3 carbon (marked'3
end) of the ribose ring. A DNA strand can be repnésd by a linear arrow for
simplicity, with the 3-end as the arrow head (Figure 1.1B). Once hyl@ajisvo DNA
strands form a stable duplex which is coiled intdoable helix approximately 2 nm in
width and with each base pair spaced 0.34 nm dpach turn in the helix involves 10.5
base pairs for a helical pitch of 3.5 nm, which viiet described by Watson, Crick and
Franklin in 1958% ** 2 (Figure 1.1C). Two types of groove can be seethénDNA
double-helix molecule model first built by WatsomdaCrick (Figure 1.1C). The major
and minor grooves are opposite each other, each cantinuously along the entire

length of the DNA molecule, and arise from the antallel arrangement of the two

3



1.3 DNA nanotechnology

backbone stranfld. This distinction is important in biological prases, as the two
grooves are involved in the recognition and attashinof proteins to specific sequences
or regions of DNA“. In addition to the base-pairing (hybridisatiothe packing of two
DNA strands localises the hydrophobic bases towdrdsinside of the helix, and the
hydrophilic sugar-phosphate backbone towards thee@es environment. This
configuration minimises the interaction of the hyginobic bases with the surrounding
agueous solution and further stabilises the intemadetween two consecutive bases

referred to as the base-stacking interaction.

bases
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Figure 1.1:(A) Representation of a DNA double helix (left pairand detailed structures of the base
pairs (right pannel) (image adapted from [13]). Bb@ms in the structures are colour-coded by el¢rmen
indicated. (B) Schematic of two anti-parallel compkntary strands hybridising. A simplified versoithw
arrows at the '3end is illustrated in the bottom panel. (C) Phoapips of the model representing the DNA
double helix as published by Watson and Crick i63'é'.

By considering these specific and precise baseraictiens, one can consider the
individual nucleotides (nt) as four, nanometer-gibeicks of Leg8. The arrangement of
these bricks allows a tower or polymer to be borle layer at a time. The development
of bioengineering® and synthetic chemist§! has allowed DNA to come to the front
of nanotechnology. Artificial DNA sequences are nautomatically synthesized by
multiple providers (Annex A.2), employing solid-freaphosphoramidite chemist?y
first developped by Marvin Caruthers in the 198%sDespite a relatively limited set of
building blocks (A, T, C, G), DNA offers a flexibleonstruction system with an

excellent control and knowledge of its propeHis Moreover, the needs of the
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biotechnology industry have led not only to fasd aeliable synthesis of arbitrary
sequencé® "1 put also the production of modifications, such kistin groups,
fluorescent labels, and linking functionalif@s In addition, DNA can be recognised
and modified by a variety of protelfis ?? that include kinases, DNA ligase,
exonucleases, and restriction endonuclease. Thiptwvided the groundwork for the
development of increasingly intricate structureswhich the rigidity of the DNA helix

provides an important structural support.

The rigidity of a semiflexible polymer such as DNMAn be described by the wormlike
chain (WLC) modéfs. The WLC model describes the conformation of toéymer
(which is considered continuous and inextensibéen aurve with a certain correlation
length in the direction along the contour. Thisetation length is called the persistence
lengtd*®. The double stranded DNA helix (dsDNA) can be dbered stiff at the
nanoscale, with values for persistence length betw& and 50 nm in physiological
buffer 2+ 25 26. 271 |n comparison, single stranded DNA (ssDNA) belsaas a flexible
and coiled polymer with a persistence length ofydnhn®® ?°.. When two parts of the
same DNA polymer contain complementary sequencdie@dcdomains), they can fold
up on themselves and form a particular structu@iknas a “hairpin”. A hairpin refers
to a DNA strand that has two domains separated Hgop” of a few unpaired bases
(typically 2-6 nt) (Figure 1.2A) and was first segted to be implicated in the DNA

replication of eukaryotic cells by Cavalier-Smithi974%°!,

The stability of a dsDNA helix can be defined as #timount of energy required to
separate two complementary strands. There are tags vof disrupting a duplex
mechanically: along the axis of the molecule (slygametry), or a gradual unzipping of
DNA perpendicular to its axis (unzipping geométfy)Figure 1.2). When the two-5

ends of a DNA duplex with thousands of base pd @re pulled apart along the

molecules axis, they dissociate when the force iegpplexceeds a plateau of
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approximately 65 pN (Figure 1.28) *! When the 3end and the "send of a DNA
hairpin are pulled apart, recent studiesrofitro have shown that the interactions that
stabilise the double helix and the elastic rigidfysingle strands simply determine the
sequence-dependentl2-pN force threshold for DNA strand unzipping. diie
1.2Cf*4.

Unzipping force

Shear force

Force
ain a* Force -
domain a

Molecule axis

e e s s s e

domain a

Force Force
D —

3 Molecule axis

Figure 1.2:(A) A DNA hairpin created by matching bases (domaiand a*) and unmatched bases
(loop). (B) A shear force is created on dsDNA bylipg the ssDNA in opposite directions along the
molecular axis. (C) The shear force, when applea DNA hairpin, is referred to as the unzippiogce.

Two complementary DNA strands hybridized togethemmf a non-branched double
helix. The observation of a DNA hairpin in a biolog) setting and the synthetic creation
of the hairpin in the laboratory provided initiaints that DNA could adopt other
structures. Branched DNA structures appear as ketermediates in DNA
metabolisn?>. A commonly observed branched motif is composedoafs strands
arranged into four double-helical arms (Figure 1T3)ese junctions were first described
by Robin Holliday and are now referred to as Haljigunctions (Figure 1.38f!. They
naturally occur when two homologous strands (chtaeameet. The sequences of pairs
of arms are symmetrical, which allows the branchtptw migrate (Figure 1.38¥ ¢!

This branch migration can be eliminated by breakihg symmetry to disable

isomerisatiof.
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Figure 1.3:(A) lllustration of the successive stages (1 to 3)aifipg two homologous DNA strands to
create a Holliday junction. Solid lines represeémt DNA strands of one chromatid and broken lines
represent a second chromatid. The arrows indich¢e 3-ends. Image from [34]. (B) Schematic
represenation of the Holliday junction in a squalenar geometry (left) and a stacked-X-structuigh(}.
Image from [36].

Inspired by these unique cross-over motifs obsenvétature that are arranged from the
structural features of the DNA double helix, Geo@feuch had the id€4 (in 1977) to
use DNA to build lattices, an idea he shared witedNSeeman and other
crystallographers. A few years later, in the 1980=j Seeman at the University of New
York pioneered research into synthetically repimggtthese junctions in his laboratory.
By removing DNA from its biological setting and ateng it as a building material,
Seeman succeeded in building nano-sized struétiresmposed solely from the bases
of DNA, thus establishing the field of DNA nanotectogy (Figure 1.4). His initial
interest was the development of a method to simghié€ production of pure crystals for
X-ray crystallography. He realised, in 181 that DNA could be used to create
periodic structures to orient target molecules, clwhivould eliminate the difficult
process of monocrystal growth. In pursuit of thisalg Seeman’s laboratory published

the first three-dimensional DNA cube made with leghDNA strands (Figure 1.4} 4!



1.3 DNA nanotechnology

= ghl- _(1/1\\;\’\7
, -
& (. l r ST

”‘7

§
H
“%W

\A\L)

© | D

Figure 1.4:(A) denaturing gel showing the formation and anialg$ the DNA cube assembled by DNA
ligation. Lane 1 contains a cyclic 80-mer. Lanedhtains markers (individually synthesized and then
combined) correspondong to the intermediate pradugb to four circles) shown on the left. Lane 3
illustrates the products of the final ligation. Tpertion of the gel containing the 80-mer ciclethis lane
was lost during manipulation. The top most bandhis label contains a mixture of the 6-cycle final
product and the 5-cycle failure producte as inéidaby the (+) symbol. These materials have been
separated, and lane 4 contains the purified 6-cgaodal product. (B) Schematics of the DNA cube
composed of six cuclic strands that have been atgdrntogether in this particular arrangment. The ar
labeled by the first letters of their positionakidmation: up (U), down (D), front (F), back (B&ftl (L)

and right (R). images (A) and (B) from [41].

After only a few years, relatively simple structsinmade of DNA were synthesized by
the Seeman grolfp ** **and otherd” ** *! including repeating patterns of DNA

junctions known as DNA tile arrays.

1.3.1 DNA arrays

Since then, three-way DNA junctions and junctionghwnore than four branches have
been successfully synthesised in the labor8fof)" 7} Often, the pitch of the DNA

helix is taken as a unit to express the length paadicular section. If more than 10.5
base pairs (bp) form one turn, the helix is saibdcoverwound, and similarly, if fewer
base pairs are used, the helix is underwHfindn either case, the DNA helix may
remain folded; there is flexibility in the numbeir lmases required per turn, which is an

important design consideration for DNA structures.
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Nanostructures formed from DNA junctions (which éalso been referred to as DNA
tiles*”) can be polymerised to form periodic DNA arraysr faose in X-ray

crystallograph§® *Y and structural engineering materitts 2.

Flexibility of
periodid® and aperiodi¢* DNA arrays can be ensured by the insertion ofaektbases
at the vertices. These additional bases remainitgtpas the system assembles to form
small, flexible ssDNA loops (T-loops). He al.®® demonstrated that regular polygons
could be constructed using DNA three-point-star ifsoftiles) (Figure 1.5A). The
assembly of different polygons relied on the fléiy of the DNA junction (the number
of T bases in the T-loops), the concentration o thdividual strands, and the
meticulous arrangement and number of bases in &id¢A tile. Zhang et al.’¥
illustrated the importance of the T-loops in theeasbly of aperiodic patterns made of
DNA helices to accommodate different angles (FiguBB), which he used to create an

impressive piece of DNA art (Figure 1.5C).

Tetrahedron

Loop: § bases
DNA: 75 nM
5O 9

/ Dodecahedron I e
‘ Loop: 3 bases hy W2y
3 " n DNA: 50 nM >
g~ &)
7,899

Buckyball
Loop: 3 bases
DNA: 500 nM

Figure 1.5:(A) Three different sequences of ssDNA assembdt fitto a symmetric three-point-star
(DNA tile), which then assembles into polyhedraairone-pot process. There are three single-stranded
loops per tile (red) in the centre of the compl@). A DNA helical model of a 4x4 junction (top)

line model of the same 4x4 junction (bottom) indiltcg an approximation of the angles between the
helices. Unpaired bases (T-loops) are in red. (@ design of a flower-and-bird pattern (top) armhat
force micrograph of the synthesied DNA array (bwftoScale bar 100 nm. Image (A) from [55], images
(B) and (C) from [54].

As can be observed in Figure 1.5, DNA can be useddate some amazing patterns and

structure, and not just a genetic information earrin 2003, Yaret al®® proposed the
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implementarion of longer scaffolds strands as tamegl for tile assembly, and soon after
Shihet al. reported the construction of a DNA octahedfdnconsisting of a long single-
stranded DNA. These advan@8simproved the size and precision in the productibn
large DNA arrays and structures, and led to a stboeakthrough in 2006 in the lab of
Paul Rothemund; DNA origami.

1.4 DNA ORIGAMI

The field of DNA nanotechnology progressed sigaifity in 2006 when Paul
Rothemund at the California Institue of Technolo@altech) presented a building
strategy to assemble much larger and more intrifti®\ structures than previous
methods allowed. By using a single stranded circuilal DNA strand as a scaffold, he
could “fold” this strand into a desired shape basedhe designed sequence and the use
of hundreds of small oligonucleotides called stapfe, which would help direct and
maintain the design (Figure 1.6). He appropriatelgned this technique DNA origami in
reference to the Japanese art. Shortly after, atidthhe development of computer-aided
design software and simulation meth§d4<* %2 DNA origami is now a widespread

technique to assemble nanostructures to be useghistechnology.
1.4.1 Synthetic considerations for DNA origami

DNA origamis are created by first designing a patywor folding procedure, for a
single strand of circular, viral DNA in order toriruct a desired shape (Figure 1.6A).
The folding pathway (routing) must avoid knots atter folding dead-ends, which is
often very challenging. Once the shape is outlibgdthe DNA scaffold, shorter
complementary strands (staples) are added to tsigrdéo hybridise with the scaffold
and define the shape (Figure 1.6B,C). The helitéseoDNA origami are held together
by regular crossovers (a DNA strands on a first DdNgdlex join to a second antiparallel

DNA helix) that are made by the staples or the fetshf(Figure 1.6A). A crossover
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1.4 DNA origami

position is dictated by the relative position of thase pairs; every half turn a crossover

can be made to a DNA helix above or below. A creesads defined as the position at

which strands running along one helix switch toaajacent helix and continue from

there.
d
P] 2 nm f==
ad _—)Ljﬂ
10.67 bases=1 turn L_ :) F
3.6 nm in length EE ,_/:?
| - —————— P T T =] _)( =T
— (== )
~ L2 )
16 bases =1.5 turns - 3
e e e ——— between crossovers C ’/:I _)(_ﬁ ‘:
y < = = along a helix == = =9
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4 J/staplcs ~ staple
[ ‘/ < crossover
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\f scaffold

T decreases

T decreases

("\P)

scaffold
crossover

Figure 1.6:(A) A desired shape (outlined in red) made fromADN approximated by parallel double
helices joined by periodic crossovers (shown irepl¢B) The origami design is shown as double bslic
and staples are shown that bind to the scaffolditidnos 1 and 2, when viewed from the left, show th
backbone positions of the DNA with coloured lin€S) The same design is shown with DNA strands
drawn as lines, highlighting the single strand wé€udar, scaffold DNA (black line) and DNA staples
(coloured lines). (D) Evolution of the folding ofNA origami as temperature decreases. The scafold
shown in blue and the staples shown in red. Or@esta highlighted in yellow and green, which birids
the complementary domains on the scaffold. Imagef€) from [59].

The design of DNA origamis is aided by computergpams®™! that help arrange staple

strands and evaluate their conformational flextigfft: >, The DNA nanostructure is

then folded in a one-pot reaction by allowing atbdamixture to cool down slowly

(annealing) (Figure 1.6D). The blunt ends of thikcke expose base pairs that can make

a stacking interaction with another orig&fi This phenomenon can be prevented by

including a few unpaired bases at the end of tiiENds the extra bases (often poly T)

act as a protective c&p) and will be refered to as T-cap in this thesis.

A DNA origami can assemble into higher-order amsttires by joining individual

folded nanostructur&s 6" %8lwith complementary short sequences located oereifit
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1.4 DNA origami

DNA origamis (Figure 1.7). The specific pairingtbese short sequences, called sticky
ends, allows one to finely tune the associatiorthef origamis (strength, periodicity,
flexibility, morphology) and build large DNA supémscture€* ¢ ™ with nanoscale
precision. DNA origami extended quickly to the fatmon of three-dimensional
shape¥® "2 Douglaset al.*® demonstrated how individually flat DNA origami che
polymerised in finite number to form closed 3D Wiriaene polyhedra (Figure 1.7 A-C),
and Liuet al.*”! demonstrated the assembly of long polymers, theectivity of which

dictated the final shape of the supertruct{&igure 1.7D, E).

Figure 1.7: A) Cylinder model (left) and transmission electmitrograph (right) of a double-triangle
shape comprised of 20 six-helix bundle half-str(B). Heterotrimerisation of three double-triangtes
form an icosahedron with a 1:1:1 mixture of thethmonomers. (C) Orthographic projection models and
TEM data of four icosahedron structures. Scale 6ar€) 100 nm. (E) Shown top to bottom: schematic
drawing of the number and the position of linkessdifor the connections between origami tiles tmfa
DNA tube; an AFM image (scale bar 300 nm) of thetlgsised structure, with magnification (scale bar
200 nm); and a schematic drawing showing the asleehgtructure. (F) Shown top to bottom: schematic
drawing of the same tile to form a DNA ladder; aRM\image (scale bar 300 nm) of the synthesised
structure, with magnification (scale bar 200 nmjd e&a schematic drawing showing the assembled
structure. Images A-C from [63], images D, E addtem [67].

Three-dimensional shapes can also be constructegplesied layers of helices
constrained to a squér® (Figure 1.8A) or a honeycoifl (Figure 1.8B) lattice. In the
honeycomb lattice, each double helix has threeeseareighbours and is designed to
link to each with antiparallel strand crossoversogSover in honeycomb lattice packing
are spaced in intervals of 7 bp along the heliga&®d (Figure 1.8C). The square lattice

has up to four nearest neighbours that can aldmked every 8 bp to each helices with

12



1.4 DNA origami

antiparallel strand crossovers. A square latticevides a more densely packed
architecture, and the ability to create surfaces &éine more flat than is possible with the
honeycomb lattice, bulisplay significant global twisting (Figure 1.8Df) the structures
due to larger strain in the denser arrangmenteftNA helice¥™. A honeycomb lattice
do not suffer from twisting of the helices with pest to crossovers and assemble in a
more porous DNA origami. A hexagonal lattice ha=ergly been constructed by Shath

al."¥: as well as a a mixture of the three lattice oisgtion (Figure 1.8E, F).

i Il
i i
¥

- , vy
e
,%\»7; :
= .“\‘ -
Figure 1.8:Cross-sectional view of multilayer DNA origami ebjs in (A) square lattice and (B)
honeycomb lattice packing. (C) Cross-overs in rayér objects with honeycomb lattice packing, space
in constant intervals of 7 bp along the helicakawi link double-helical domains to each of thresgible
neighbours. The cross-over spacing of 7 bp complieis the natural B-form DNA twist density of 10.5
bp per turn. Each cylinder represents a DNA dotielex. Images from [65]. (D) 3D DNA origami solid
blocks with three-layers. Three-dimension perspectiylinder view (top pannel), and representative
transmission electron microscope (TEM) micrographsegatively stained particles observed showing
twisting of the helices (lower pannel). Scale Bs1m. Images from [73]. (E) A 3D perspective cgén
view and a top view along a DNA helix axis of 52HBneycomb/square/hexagonal lattice (F) Averaged

TEM images of three different orientations of (K¢ projection, YZ projection, and XY projection fle
pannel), and images of computational simulatioghfrpannel). Scale bar 20 nm. Images from [74].

'
4

In contrast with the square and honeycomb lattites,impossible to arrange helices in
a hexagonal lattice such that all nearest neighhelices (with a crossover every 9 bp)
are antiparallel. Hexagonal lattice is currentlyt ravailable with computer aided
programs, but offers the most densely packed DNisdwand the least susceptibility to

twist amongst all three architectures.
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1.4 DNA origami

1.4.2 Functionalisation of DNA origami

The remarkable folding precision of a DNA origariows each staple to be positioned
with nanometre precisiétl (~6 nm). Sequence modification and chemical mealifon

of DNA staples with a protein, dye, nanoparticte’®, lipidd’” (discussed in section
1.7), or other molecule engenders functionalisatafnthe DNA to expand the
chemicdl®, optical”® and electronic functionality of the origdfiti A DNA-biotin
conjugate has been used to organise a streptguidiain on a DNA tile to demonstrate
protein patterning on a DNA origami tempf&te®” (Figure 1.9A). Gold nanoparticles
(AuNPs) have been attached to a DNA orig&Mivith the use of short sequences on the
DNA staples that hybridise with a complementargarstr attached to the surface of the
AuNPg> 81 A DNA origami has also been synthesised to pmvadmold for the
growth of gold nanoparticle with definite sh&Pe(Figure 1.9B).

ESESEes » 3t RN 2K . Ll‘ " .
Figure 1.9:(A) Schematic diagram for patterning proteins suegface of DNA orgami (top). The filled
circles represent positions of a DNA tile that h&sezn modified with biotin to bind to streptavidamd
the unfilled circles do not have modifications. Tpattern resembles the motif in the inset. A high
magnification AFM image (bottom) illustrates theegision of the protein assembly. (B) Scheme (top
pannels) and TEM (micrograph (lower pannels) of MADorigami molds with an inner cavity (left).
Capture DNA strands in the center of the cavitywllthe site-specific introduction of single gold
nanoparticle (AuNP) seeds carrying DNA strands with complementary sequence (middle). In the
presence of a gold precursor and a reducing atiengrowth of the nanoparticle is initiated. Furtgeld
deposition is blocked by the mold walls, such thatparticle adopts the shape that is dictatedhéyrtold
(right). Images (A) from [80] and images (B) froB8].
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1.5 Cdlular membrane

1.5 CELLULAR MEMBRANES

1.5.1 Biological cellular membranes

A cell is the smallest living unit and is enclosatt separated from the environment by
a thin film of only a few nanomet&4. This thin film, the cell membrane, not only
serves as the margin between life and death fetl abeit further divides the interior of a
cell into organelles. This compartmentalisatioressential for cells such that they can
perform a diverse and complex set of functions seae for life. The cellular
membrane is constituted of a lipid bilayer, whicivides and distributes different
metabolic reactions into separate compartmentsnidia type of lipids found in the cell
membrane are phospholipids, which are molecules posed of a hydrophilic
phosphorous head group and one or two hydrophelgie 6f carbon chains; the lipid
molecule 1,2-dioleoybn-glycero-3-phosphocholine (DOPC) is shown in Figlirg0A.
Due to their chemical amphipathic properties, thmola carbon chains of the
phospholipids are predisposed to self-associatevater, orientating the charged
phosphorous head groups to face the water molé&lileBhis self-assembly leads
toward the formation of membranes, where the hylob moieties are hidden from

aqueous solutions between two layers of hydropphigphorous heads (Figure 1.10B).

1) il
| SN

Lateral
movement

Figure 1.101A) Chemical structure of a phospholipid (DOPQ)d&B) schematic representation of a
lipid bilayer showing the mobility of the phosphmti within it. (C) Fluid mosaic model of membrane
structure including membrane proteins. Image fr867.[
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1.5 Cédllular membrane

Within the self-assembled membrane, individual phosipids are constantly
interconverting and rotating, and this fluid sturet is covered with a large variety of
proteins and membrane-associated proteins (Figl@CJ®®. It has been determined
that these membrane-bound proteins are fundamfemthlological processes including
energy conversidil!, cargo transportatidit' 8%, signal transductid?’, and intercellular

communicatioi™ %2, While compartmentalisation of the cell can benpoted by the

asymmetric lipid composition of the membr&fe® and the non-equilibrium state
maintained by the work of the proteins in the meani?®!, malfunction of these integral
membrane-bound proteins result in many lethal dis€4. It is therefore not surprising
that understanding these lipid systems and theictire-to-function relationship is of
great interest for applications in therapeutic roed, molecular biology and single

molecule biophysid¥&" %!

The structural properties resulting from differéiptd chains or headgroups can favour
specific membrane curvatures and biophysical pt@sef’. Lipid molecules with a
large headgroup and a single carbon chain, suctlesgent molecul&g, have an
overall conical shape and spontaneously form n@selh aqueous solution (Figure
1.11A, B). Cylindrical-shaped lipid molecules, swahphosphatidylcholine, arrange in a
bilayer (Figure 1.11C,D). Lipid molecules with a aihydrophilic cross-section form
an inverted curvature with the hydrophobic tailsnfing towards the outsiéé and

form cylindrical assemblies (Figure 1.11E).
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Figure 1.11:Structures formed by different lipids: Amphiphithape factors and summary of the
aggregate structures that can be predicted froneritieal packing parameteryg (A) spherical micelles,
(B) cylindrical micelles, (C) bilayer vesicles, (O@mellar phases, (E) inverted micelles. Images
from [103].

It is possible to predict the structure of a lipiggregate using the geometric properties
of the lipid moleculds™ Y This is defined as the critical packing paramé@g) of

lipid molecules in equation 1, wheteis the molecular volume is the cross-sectional

area of the head group, ahi$ the length of the molec®: 1%
Cop = = (Equation 1)

For example, a & of 1/3 predicts the assembly of spherical mice(fégure 1.11A),
and a Gyof 1 indicates the formation of a flat lipid bilay@igure 1.11D).
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1.5 Cédllular membrane

Although cylindrical lipids (G, = 1) initially form flat lipid membranes, this fhl
structure can further be transformed into differshfipes and sizes. For example, to
form a large vesicle that is composed of a lipidyer, lipid molecules with the correct
geometry are first aggregated. This increase irc@amation of lipids with a particular
geometry on one side of the bilayer is performedh® work of proteins within the
celll®* 1951 An initially formed flat bilayer must then bend torm the vesicular shape.
The approximation of the energy required to berildtabilayer is largely based on the
classic Helfrich mod&P® which suggests that it costs approximately 2004&5)/mol

of vesicle to create a closed spherical structlihéss model assumes that the radius of
curvatureR is much larger than the membrane thickn@ég® > d) in which case the
curvaturec of the membrane is considered small. However, pgcay radiusR for
intracellular membrane vesicles is only a few tefismanometré®” %! and as the
membrane thickness is approximately 4 nm, thistéirthie applicability of this model.
To overcome this drawback and understand the kmetf larger membrane vesicles,
synthetic approaches to form abiological lipid pées are often pursued to investigate
membrane processes, allowing scientists insight imembrane-related biological

processes.
1.5.2 Model cellular membrane

A model membrane bilayer can be considered as plified two-dimensional structure
of lipids whereby the dynamics of interacting comg@ots can be assessed. The lipid
molecule DOPC, shown previously in Figure 1.104,one of the most common lipids
in animal cell membranes and is commonly syntheésifae use in biotechnology
researchi®. This phospholipid possesses physical and chemicgderties that allows
scientists to readily assemble model membfaffesThe phase transition of a lipid is
defined as the temperature at which the lipid pfalsstate changes from the ordered gel

phase (hydrocarbon chains extended and closelyepafikming a solid gel) to the
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1.5 Cdlular membrane

disordered liquid crystalline phase (hydrocarbomimé randomly oriented and fluid
forming a fluid gel). The phase behaviour of adipéfers to the relative mobility of the
individual lipid molecules and how this mobilitp{ase) changes with temperature.
DOPC and other lipids commonly found in cell menmies® have a low transition
temperature (-20°C for DOPEY) and are in their liquid crystalline phase at 184@
above; this feature makes them ideal to form mageatembranes. Various approaches
to synthetically create a membrane bilayer haven beevelopped to address the
complexity of biological membrané¥!. Two of these are 2D supported lipid bilayers
(SLB) and 3D lipid vesicles of sizes ranging fraeng of nanometre (liposomes or small

unilamellar vesicles, SUVs) to tens of microns igianilamellar vesicles, GUVS).

Supported lipid bilayers (SLB) are most commonignrfed by Langmuir transfét? to a
surfac€*® (Figure 1.12) or by vesicle fusiot’. A lipid bilayer can be deposited
directly to a solid support (Figure 1.12A) or aidipmonolayer can be formed on a
surface modified with hydrophobic chains (Figurd2B). Solid SLB offer stability,
patterning™® and availability to a wide variety of surface déme techniques to
characterigé®® ' and study basic membrane proced&esd!® this also removes the
requirement for fluorescent labelling, which is fmoto influence phase behavidaf.

A new emerging field in solid SLB is the developpref air-stable lipid membranes

systems for biosenséis,
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Figure 1.12: kamples of surface-confined membrane models: (Ajl-smpported lipid bilayer; (B)
hybrid bilayer; (C) freely suspended bilayer; (D)lymer-cushioned lipid bilayer; (E) tethered lipid
bilayer; (F) supported vesicular layers; (G) tetliesupported vesicular layers. Image adapted fidi8][

Suspended SLB refer to lipid bilayers that arelfreaspended (Figure 1.12C), polymer-
cushioned (Figure 1.12D), tethered (Figure 1.12Hhat have vesicles attached (Figure
1.11F, G) to a supported surface. They have beed tes study lipid-lipid and lipid-

122, 123]

protein interactions that occur at the membrandasé , and to examine

transmembrane protetf! and membrane dynamitis>!

GUVs have been successfully used to determineltasgobehaviour of lipid mixtures in
bilayers®® and as a novel architecture to study reaction mijce in confined
volume$?”. GUVs are typically created by electroformationingsa well-defined
mixture of pure lipid$%®. A dry lipid mixture film is first rehydrated, theplaced
between two electrodes (Figure 1.13A). A voltagapslied (typically 5 peak-to-peak
voltage [Vpp], 10 Hz) until vesicle detachment (g 1.13B). Giant plasma
membranes, or blebs, resemble GUVs but are made &omore direct source of
biological lipid material (they protrude and detdobm cells in response to chemical

stresse&™).
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Figure 1.13:(A) Schematic of vesicle electroformation from g dipid bilayer. Vesicles are formed
upon hydration and the application of an altermptadectric field, £. (B) bright field microscopy
photograph of vesicles forming, swelling and detaglalong the electrode. (C) Schematic represemtati
of different types of liposomal drug delivery syste Images (A) and (B) from [128] and image (C)
adapted from [135].

SUVs of a few tens of nanometres in diameter can bé produced similarily to GUVs
from the rehydration and electroformation of adifiim™*®. Sonication or extrusion of
the lipid solution through a porous membrane brehksinitially formed large vesicles
into SUVs that are often referred to as liposdiidsBecause of their biocompatibilty
and aptitude to trap and shield both hydrophilic {he centre of the vesicle) and
hydrophobic (inside the lipid bilayer) molecufél, liposomes are extensively used as
carriers for numerous molecules in cosm¥fic”, pharmaceutic8f* *** 2**land food
and farming industrié$®.. Liposome surfaces have been functionalised withefns or
other organic molecules (Figure 1.13C) to increthsér site-specific drug delivefy*,

[133]

decrease their biotoxicity, and improve their biméability Membrane-bound

proteins are also integral to the shaping of thigflipid bilayer.
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1.6 Membrane-shaping proteins

1.6 MEMBRANE-SHAPING PROTEINS

The lipid bilayer of a cell is continuously changiim shape and siZe& **" as a result of
the interaction of proteins on the surface of tremhran€® or other mechanicaf® 3%
chemical or electrical stimlif”. Proteins can change the membrane curvature by
applying two types of forces to the bilayer: pulliand bending. The actin protein, for
example, is part of a network underlying the out@mbrane of the cell (cytoskeleton)

and is responsible for the cell mobility and coetitiy*** 42 (Figure 1.14).
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Figure 1.14Simplified schematic of a cellular cytoskeletdnstrating actin filament (blue) deforming
the membrane. Image from [142].

Polymerised actin filaments grow in the cytosolmib@ cell membrane and deform the
membrane by applying a pulling force. As the a@itaments self-assemble, they favor
the formation of tubulations (filopodia) protrudingy retracting from the céif*,

depending on the direction of growth of the acilienfients.

Specific regions (domains) of a number of protedns sensitive to the spontaneous
curvature of the cell membrane or induce a bendinthe membrane (or both). The

BAR domain defines a superfamily of proteins imvmlvin membrane remodelling
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1.6 Membrane-shaping proteins

through their membrane-binding surfaces (Figur&)t **! The unit responsible for
membrane binding is a dimer of the BAR domain, Whiesembles the shape of a
banana. Positively charged amino acid residues fortuster at the curved surface of
the proteiff*® and creates an electrostatic interaction withrtbgatively charged head
groups of the lipid bilay&#***"} The localisation of the positively charged amamothe
curvature of the BAR domains determines the ortemaof the bending of the

membran&*”,
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Figure 1.15:llustration of BAR domains attaching to and bermga lipid bilayer. Positively charged
amino acids are located on the (A) convex faceher (B) concave face of the BAR domains, and
electrostatically attract to the negatively chargezinbrane to cause curvature in the membrane.

The mechanism through which BAR proteins attachrtd bend a lipid bilayer is only
partly understood, but it is known that the intagpbetween the lipid composition and

the protein is believed to be a major factor teatits in membrane curvattifé.

Other membrane-bending proteins utilise transmengnaroteins present within the
membrane to anchor to the lipid bilayer. For examghe clathrin protein within a cell
selectively binds to the flexible region of adappootein§“® when they have bound an
extracellular cargo (Figure 1.16A,Bf.. Clathrin is described as a trimer of three large

polypeptide chains (heavy chains) that are eaacbcadsd with a light chain, which are
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1.6 Membrane-shaping proteins

connected at a central vertex. The bulk of the hednains creates an arched tripodal
“leg” with a a radius of 52 nfi*Y), and is referred as the clathtiiskelion (Greek for “a

three-legged structure”). Short motifs in the outeavy chains of one triskelion can
bind to the heavy chains of a neighbouring triskeland associate into a coat-like

structure, or “cagé®? >3 which have been observed with TEM (Figure 1.16C).

Figure 1.16:A) Electron micrograph and (B) schematic représtéon of a clathrin triskelion, where
the heavy chains are shaded in blue and the ligins are shaded in green. (C) Electron microgodyzh
clathrin plaque and a clathrin “cage”. (D) Detail8D structure of a clathrin vesicle using cryo-EM
reconstruction, in which one individual clathrin lecule is coloured light blue to highlight its stture.
(A) and (C) images from [154], (B) image from [1%8]d (D) [155]. Scale bars 50 nm.

The assembled clathrins form a lattice in whichdéeter of each triskelion sits on every
lattice point®?. The interactions of the clathrin legs form peotssy hexagons (most
commonly), and heptagdh¥’. In addition to the 2D array of clathrin triskeliaD
structures, or “cages”, have also been observegL(&i1l.16D). The size of a clathrin
cage can vary between 35 nm and 200 nm, dependinthe type of cell and the
localisation of clathrin within the céff® 2% 1571 Both BAR domain proteins and
clathrin proteins are involved in membrane bending invagination, and participate in
two different pathway¥® to absorb cargo into the cell. This active tramspo
mechanism, endocytosis, is the process throughhwihie cell absorbs nutrients across
the bilayer. BAR domain and clathrin protein cataelt, assemble, and finally form a
detached vesicle in secofid$ ' which involves impressive protein machinery and

membrane dynamics.

Clathrin-coated invaginations of various sh&j5&s'®® ®land sized®” ** (Figure

1.17A) observed in nature in coexistence with oflab plaques initiated discussions as
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1.6 Membrane-shaping proteins

to whether an initially formed clathrin 2D plaguanctransform into a 3D pit®. Based

on direct observations in living cefi® 7 it has been shown that clathrin can
polymerise, bend and then invaginate a membrargui&il.17B). The newly formed
vesicle is then cut free from the outter membrapeadission proteins. However, many
have argued that the drastic deconstruction andnstaiction of the 3D cage is
energetically unfavourabt8! and that the reduced membrane elasticity (duento a
unbalanced osmotic pressure) affects and even mte\@athrin polymerisatict?®.
Thus, they propose a model in which only the 2péais responsible for invagination
of the membrane (Figure 1.17C). Recent methodslales in live-cell imaging has
enabled a third postulate which suggests that plagud pits rely on different dynamics

and are part of two distinctive biological proces$8.
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Figure 1.17:(A) Three examples of shapes that can be assemtitedthe clathrin triskelion. (B)
Postulated stages of assembly of a clathrin-coatsitle leading to endocytosis. Once in the cytabe!
proteins disassemble and the cycle can restartP{Sjulated stages of assembly of a flat clathmiaya
leading to the formation of a plaque. (A) Adapteshi [155].

The mechanism of endocytosis is still debated antbegoostulates mentioned above,
and the forces involved in membrane bending atkuwsicertain. An artificial protein
model based on nanotechnology has the potentjtawde insight into understanding

the complex interplay between proteins and lipideng endocytosis.

25



1.7 DNA nanotechnology and lipid membranes

1.7 DNA NANOTECHNOLOGY AND LIPID MEMBRANES

As both the cellular membrane and nanostructuresposed of DNA are of similar
nanometer dimensions, there is considerable irtaras progress made in using DNA
nanotechnology as a versatile tool to mimic the masms involved in regulating
membrane shape and dynamics. Although negativedygeld DNA molecules do not
interact spontaneously with amphiphilic phosphdlipiembranes in biological systems,
oligonucleotides have been chemically modified witydrophobic moieties such as
cholesterol, squalene or fatty acids, to enablerti into a lipid membraf&® 1
Over the last decade, lipid-DNA anchors have beeveldped to insert into model
membrand$'® enabling the study of membrane procés¥es™ and cell-to-cell
junctiond'’?. The design and hydrophobic modification of a DNA&nostructure has
recently lead to the formation of an ion channehi?® ”*! DNA structures anchored
to membranes were also demonstrated promisingtseisutirug-delivery systerfisand
other DNA-lipid conjugates were shown to incredse pharmacokinetic behaviour and
trans-membrane delivery of DNA into célf§. A DNA origami attached to a lipid
bilayer demonstrated analagous behaviour to meralpasteins such as diffusion and
surface-templated polymerisatibif. DNA-lipid conjugates were used to disentangle
the two processes (receptor binding and vesiclerijisnvolved in cell infection by an
enveloped virus (Figure 1.18A). DNA origami waseaetty used to provide control over
the formation of lipid vesicles by using the DNAigami as a scaffolding

templat€’> *"® (Figure 1.18B).
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Figure 1.18:Example of DNA nanotechnology applied to lipid gyss. (A) Study of cellular fusion
mechanism of the influenza virion. Schematic ofuefza virions bound to target DNA-tethered lipid
vesicles (gray circles) by (left) natural recept@tack) in the target vesicle or (right) hybridipam of
complementary DNA-lipids (purple strands, as resephimickry) in virus and vesicle membranes.
(B) Membrane tubule formation inside a 66 nm diam&NA origami tube. Cartoon model and electron
micrograph of DNA cage monomer (left), polymer (di&), and DNA-tube templated membrane tubule.
Scale bare 100 nm. Image (A) from [171] and (Bpfrid 75].
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The development of DNA nanotechnology thus presenisowerful opportunity to

fabricate devices on the nanometer and micrometdes to mimic membrane-involved

biological processes.
1.8 DNA ORIGAMI CHARACTERISATION

This thesis present extensive work with novel DNgami, which required effective
analysis and characterisation. The following sectemm at briefly review these
observation techniques, with a focus on their athges and limitations in the context of
DNA nanotechnology. Technical details are not esiterly presented, as abundant

literature is available elsewhere.
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1.8 DNA origami characterisation

1.8.1 Agarose Gel Electrophoresis (AGE)

Various techniques and procedures have been dedktopassess the folding of a DNA
origami and directly visualise the nanostructurgase gel electrophoresis (AGE) is
used to purify the folded DNA origami from the egseDNA staples that are added
during the folding procedure; it is also used asrahcation of a successfully folded
structure (see also Annex A.7). Although this chimasation allows for an early and
quick indication of whether the DNA has folded inke desired origami or not, it does
not provide morphological information. Thus, othchniques that provide direct

visualisation of the shape of the origami are usatbmplement AGE.
1.8.2 Atomic Force Microscopy (AFM)

DNA origami range in sizes between 10 and 100 nrm.tese nanostructures are
smaller than the wavelength of visible light (40@36hm), they cannot be imaged using
light microsopy. Due to their nanometer resolufidh atomic force microsopy (AFM)
and electron microscopy (EM, section 1.8.3) are twohniques that allow direct
visualisation of the quality of the folding of tbeigami. AFM was developed in 1986 by
Binning, Quate and GerB&f! and consists of an atomically-sharp tip scannirge t
height of a surface on which the sample is depmbsitbe AFM micrograph is thus a
change in heightz as the tip scans the surface, which providesnaage of the
deposited sample. AFM allows imaging of thin, 2D ABkructures with great precision
(e.g. DNA origami as in Figure 1.9A, or the flonamd-bird patter in Figure 1.5C).
However, it is less ideal for large, 3D DNA origaas the pressure from thet{§ or

lateral force&”! can distort or drag the structures across theserf
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1.8 DNA origami characterisation

1.8.3 Transmission Electron Microscopy (TEM)

Additional methods that are commonly used to ctiarse a DNA nanostructure are
transmission electron microscépy (TEM) and cryo-electron microscdpif (cryo-
EM). With a wavelength on the order of 1 H#H, the reflection and deflection of
electrons to generate an image offers much higksolution than that of an optical
microscope. As DNA is quite transparent to eledr@sample of DNA origami is often
stained with a heavy metal salt commonly deriveasmfrmolybdenum, uranium or
tungsten that absorbs on to the sample (furthexildedn sample preparation for TEM
will be discussed in Chapter 6). These heavy matdster the electrons and produce a
phase contrast to visualise the origami (Figur®A,B). Although these staining salts
provide great detail of the structure, they can etimmes interact negatively with the
sample and distort the natural state of the saffipf® Thus, biological samples can be

imaged with cryo-EM to overcome these drawbacks.

For a DNA origami specimen to be imaged with cryd;Ehe aqueous sample is flash
frozen (quickly after staining) into a liqitf"! such as liquid ethane (-188°C) or liquid
nitrogen (-195°C), (or a mixture of the two), thrermbedding the sample in vitreous ice
in a near-native state; the flash freezing alsatdinthe interaction of the electrons with
the frozen water molecules. When the specimentoradgenous (the objects are all
identical), the resolution is improved by averagimgltiple images at different tilt
angles to increase the signal-to-noise ratio. Daetal.'®”! designed a DNA origami
object (Figure 1.19C) that was imaged with cryo-E\gure 1.19D, E). The cryo-EM
reconstruction of the image was achieved with thip lof computer-aided programs to

reach an atomic resolution of 3 A (Figure 1.15#)
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Figure 1.191A) and (B) illustrate the design (top panels) atectron micrographs (bottom panels) of
two different DNA origamis; the samples have betined with uranyl acetate for detection and each
cylinder represents a DNA double helix. Scale k&®snm. (C)-(F): Cryo-reconstruction of a DNA
‘object’. (C) Schematic representation of a desigrectangular lattice where each gray circle iSNAD
helix. (D) Electron micrograph of the object, (Eference-free 2D class averages, and (F) six ootiadg
views of the 3D reconstruction. Images (A) and ffBjn [63], images (C)-(F) from [180].

1.8.4 Fluorescence microscopy

The specific attachment of organic, fluorescentsdgie predetermined positions on a
DNA origami allows for observation by fluorescenceicroscopy. Microscopy
techniques relevant for the work presented inttiesis are epifluorescence and confocal
microscopy, for the observation of DNA structure dipid membranes. For
colocalisation of a DNA structure on a membraneickesin solution, a standard
fluorescent microscope equiped with epifluoresceicaise®. The specimen in
solution is illuminated with light of a specific walength (or wavelengths) which is
absorbed by fluorophores in the sample, causingntihe emit light of longer
wavelengths (i.e., of different color than the absorbed light). The key to higtohetion
and high signal-to-noise (S/N) epi-fluorescence gm@ is to be able to excite the
sample with a specific color of relatively brightident light, while having the capacity

to separate and detect the much dimmer fluoresdeeing emitted from the sampf&!.
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1.8 DNA origami characterisation

1.8.5 Confocal microscopy

Confocal microscopy is another optical imaging tegbhe developed by Minsky
between 1957 and 1983 that improves the resolution and contrast of ngjcaphs by
adding a pinhole at the confocal plane to elimiraieof-focus fluorescence from the
samplé&®® (Figure 1.20A). Three-dimensional reconstructian be made by recording
a set of images taken at different focal dep#ex(s, optical sectioning) and overlaying
the xy scans £-stack); this can provide topological informatioinaospecimen. Confocal
microscopy provides the capacity to observe ins@etcimens in a non-invasive manner
and also provides 3D information of a sample, wha@nnot be performed with

epifluorescence microscopy discussed previously.
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Figure 1.20:(A) Schematic of the setup for confocal microscopyage adapted from the pattent
drawing of Minsky*®®. (B) DNA origami tube synthesis and functionaiisa with a fluorescent probe
for cell insertion. (C) Confocal microscopy of bseaancer cells after incubation with DNA origanibés
(green). Cell nuclei are stained in blue, and lgsoss in red. Images (B) and (C) from [190].

Confocal microscopy was recently used with DNA nanbnology for the direct
observation of tubular DNA orgami (Figure 1.20B)take into cells for drug-delivery
system&® °U and for the study of cell mechanisms (Figure 1)#8& DNA
nanotechnology has been applied to study some taspkbiological processég 1°4

including recently to investigate the mechanicalparties of the cellular membrane.
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1.9 AIMS AND OBJECTIVES

This introduction highlighted recent advances infONanotechnology and techniques
developed for the study of model membranes. Iniqudarr, the study of biological
processes happening at the cell membrane presaitérgies in that multiple parameters
and mechanisms are involved at the same time. DMAotechnology offers the
opportunity to construct simplifiedhiomimetic models for the study of biological
processes, but also as a starting point towardsahstruction of more sophisticated

molecular machinery and development of drug dejiggstems.

The first aim of this thesis is the developmentaohew DNA structure capable to
interact with a membrane bilayer and to controjlabénd it. The inspiration for the
design of such DNA structures is the clathrin grofentroduced in section 1.6), a three-
legged protein that polymerises on the cell membrand is responsible for the
endocytosis, a process through which the cell &issowutrients across the bilayer.
Chapter 2 describes the design and study of a-tbléesymmetry DNA junction made
of eight short DNA strands. This structure presértieallenges during folding and was
therefore abandoned in favour of a second, more aigproach. The second version of a
three-armed DNA structure is described in Chapteaan@ uses a particular strategy
called DNA origami for the formation of a more dgiand functionalisable
nanostructure. The successful design and syntloésegs new DNA origami will be
discussed, as well as the optimisation of a poligagon strategy resulting in the
formation of large DNA arrays. The shape of thectrre can be modulated to vary the
intrinsic curvature of the DNA origami and applypanding force on a lipid membrane.
Chapter 4 describes the insertion of the DNA origarto lipid vesicles using DNA-
cholesterol conjugates as anchors, and fluorophfmedocalisation of the structure
during fluorescent microscopy experiments. The pagised DNA origami showed
excellent insertion into the lipid bilayer and defed the lipid membrane upon
polymerisation. The second aim of this thesis esented in Chapter 5, which explores
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the development of a technique to couple the intena specificity of the fluorescent
molecule used in super-resolution microscopy aedigh-resolution output of electron
microscopy. It is postulated that if a cell congathe genetic blueprints that assemble
oligonucleotides to produce a 3D, DNA nanostructtite resulting structure would be
recognised but not degraded by the immune systetineo€ell. The initial test towards
this objective is the construction of a small DNitusture for EM imaging in cell lysate
in order to identify the optimal shape and sizeunesyl for the development of an
endogenous RNA tag for cryo-EM imaging. Chapter iScusses and presents the
various techniques and procedures for TEM that irequoptimisation in order to
correctly visualise DNA origami and their interacts, and provides recommendations
for TEM imaging of DNA and lipid structures. FingliChapter 7 is a conclusive chapter

that summarises and offers a reflection on the e/laark presented in this thesis.
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2.1 Design of clathrin-inspired DNA model

CHAPTER 2
CLATHRIN-INSPIRED DNA STRUCTURES

Dynamic compartmentalisation by means of lipid yeis is essential for cells such that
they can perform a diverse and complex set of fanstnecessary for life. Clathrin-
driven endocytosis is the first identified procda®ugh which the cell absorbs nutrients
across the bilayer. This pathway also regulatesiritegnalisation and thus activity of
many plasma membrane receptors involved in the sighalling cascad&® %!
Precise details of the membrane-budding mechanisth dynamics are yet to be
determined, despite being extensively studi&d®® Chapter 2 describes the initial

design and construction of DNA structures to sytth#y mimic the clathrin protein

and investigate controlled membrane bending.
2.1 DESIGN OF CLATHRIN-INSPIRED DNA MODEL
2.1.1 General considerations from the clathrin progin

Clathrin forms cages of different sizes in natuhattoften resemble symmetric

Archimedean solids (Figure 2.1 and Introductiortisecl.6).

Figure 2.1sequence of formation of a clathrin cage. Anintabg A. Bruce and T. Kirchhausen.
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2.1 Design of clathrin-inspired DNA model

For example, a buckyball (truncated icosahedrom) lwa constructed from individual
clathrin proteins assembling into regularly arrahdeexagonal and pentagonal faces.
This requires flexibility in the structure and tbapacity for clathrin to polymerise into
coats, or arrays. The tight interaction between déié membrane and clathrin arrays
bends and stabilises curved membrane structuresefine, the synthetic version must
be equipped with membrane anchors that will guaearsuch closeness between the
membrane and the clathrin mimic. The synthetichclatand its adaptors also must have
the capacity to accommodate small dihedral angtewell as small variations in the
lengths of the edgB& °"! The more the vesicle invaginates, the smalleratrerage
dihedral angles emerging from each clathrin véit&x(Figure 2.2C) Indeed, equatorial
angles of pentagons and hexagons in mini-coatexagonal barrels coats deviate from
the respective 108° and 120°, and have varioussdéggths. A buckyball always has a
566 type vertex, where one pentagon and two hexagoeet (Figure 2.2B), which

determines angles and length to consider when igcide dimension of the structure.

566 vertex Dihedral angle equatorial angles

180°

Figure 2.2:lllustrations of angles involved in a clathrin c¢A) model of a clathrin-coated buckyball.
(Image from Kirschhauseet al.) (B) The buckyball (truncated icosahedron) is autagpolygon with
only one edge’s length and two different equataiailes, 120° and 108°. All vertices are of theet$p6,
with dihedral angles either 142.6° or 138.2°. ({)stration of how the dihedral angle decreasesnupo
invagination of the vesicle.
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2.1 Design of clathrin-inspired DNA model

A three-fold symmetry construct becomes unmistakable starting point of any

clathrin-inspired DNA structure.

Both DNA strand assembly (section 1.3) and DNA amg (section 1.4) are suitable for

this work. The first option was initially choserrits simplicity.
2.1.2 Design of a DNA 3-fold array

In the design of a DNA structure, we needed torzdahe flexibility of the DNA to
form 3D polyhedra with enough rigidity to withstasttains and forces required to bend
a membrane. In order to resist the strain occurdpgn membrane bending, the free
energy released by the formation of the DNA cagetlfis case the association of the
vertices) must be equal or bigger than the enespded for membrane bending. We
made a very broad estimation to verify that DNA ydes enough energy: If we
consider that a DNA double helix organises aroutigid vesicle with the pattern of a
buckyball, each of the vertex is made of the megeth three DNA duplexes. These
three-fold symmetry DNA constructs have 80 basess gapproximatel 27 nff%)
between two vertices (Figure 2.3A, approximatiomlistance between the centre of two
DNA tiles, discussed below in this section), whigive a radius of 65 nm
approximately. The persistence length of DNA isirtkd as the length over which
correlations in the direction of the double helre dost. Under the persistence length
(which is approximately 50 nm, see section 1.3, EiNA can be considered as a stiff
rod. It is the case in this estimation since trstaglice between two vertices is only 27
nm. Using the classic Canham, Helfrich, and Evaesny'° 1°! the energy cost per

membrane area of creating a curved sphere haselséierated by Stachowiak al.*” as

8Tk

Gpending = k) (Equation 2)

Wherexk is the bending rigidity of the membrane and Rhie vesicle radius (Figure
2.3B).
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2.1 Design of clathrin-inspired DNA model

attachment of

\\k /”' two DNA duplexes vertex
~~ .=

.

Sticky end

Figure 2.3:Schematic of the dimensions considered in the asitim of the size of the vesicle and the
DNA construct. (A) schematics of an edge and okdex made of three DNA duplexes of 40 bp long
(radius r). circular inset: two vertices are atthogether by a sticky end of a few nucleotidekitig two
DNA duplexes. (B) lllustration of a buckyball ofdias R formed with this particular size of DNA vext

Calculation&®” were performed for soft fluid membranes (such &°D membranes)

for which
k~10 kgT (Equation 3)
Wherekj is the Boltzmann constant in [J/K] and T is thaperature in Kelvin.

The finite tension of biological membranes oppodesnges in shape and is therefore
added to the total energy c@ht,qing- The membrane tension, which has units of
energy per area, is approximately the energy redquger membrane area to form a

spherical vesicle from an initially flat membrangface. A typical value of
0.02 kgT nm™2 (Equation 4)

was estimatdtP” based on micropipette aspiration measurementseaimane tension
before significant straining. We therefore estirdatee energy required to bend the
membrane of a 65 nm radius vesicle at 293°K (= 2@6Cbe the sum of equation (2)
and (4):

81K

ey F0-02kpT nm=2 = ~1.0 % 1022 # (Equation 5)
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2.1 Design of clathrin-inspired DNA model

We then compared this energy cost with the enezfpased upon the attachment of the
DNA vertices together (Figure 2.3A), assuming thath DNA vertex is an inseparable
unit. As we are planning on using sticky ends déw bases to assemble each DNA
vertex into a DNA array (see below), we considdghedenergy released by the assembly
of sticky ends made of 4 bases. Computer simulatging NUPACK?** 2% indicated
that the free energy released by the attachemeatdobases duplex at 20°C made of

complementary sticky end is -10 kcal/mol, or:

10%4.18

1000 = 6.9 * 1072° J per sticky ends (Equation 6)

A

WhereN,is the Avogadro number. In this estimation, thee30 sticky ends that attach
two vertices together and form an edge (i.e: tteee 90 edges per buckyball). The
surface of the considered vesicle is 5300¢ approximately (that is, 1 sticky end per

590 nnf), so we divide equation 6 by 590 to obtain thelltes
~ -22_J i
1.2 10 — (Equation 7)

Therefore, and according to this simplified estiomat the energy provided by the
attachment of the DNA vertex with 4 bases stickgseprovides roughly the same
energy required for membrane bending. It is thusseoeable to consider bending a
membrane into a vesicle of a few tens of nanometsasy DNA strands arranged in a
buckyball pattern as depicted in Figure 2.3B. Westiered examples of 3-fold DNA
junctions (or vertex) formed with more than one DiNéplex per edge to help the future

DNA array resist the force that it would likely emd during membrane bending.

Junctions with three-fold symmetry resembling thee aliscussed above have been
constructed by DNA strand-assemfiy®. Previous studies by Maa al.[** 293 2%lhqye
shown that supramolecular polyhedra can be coristidtom DNA strands with extra T

bases at the intersections (T-loops) provided WiéRy, rigidity and concentrations of
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2.1 Design of clathrin-inspired DNA model

the individual components are given special comait® in their 3D-assembly (Figure
2.4A).The work of LaBearet al®® 2% (Figure 2.4B) on robust four-helix DNA
junctions provided the blue prints to design arsirstructure likely to endure strains and
forces resulting from bending a membrane. We halepted these design strategies for

our own work.

Tetrahedron
Loop: 5 bases
3 \> s

DNA 75 nM

Dcdecahedron
Loup: 3 bases
DNA: 50 nM

Buckyball
Loop: 3 bases
DNA: 500 nM

&

Figure 2.4(A) Maoet al. self-assembled polyhedta (B) LaBearet al. double-decked til&"®!,

The general shape of our clathrin-inspired DNAidatthas a 3-fold symmetry, and a
repeating unit will be referred to as a “star” metfollowing thesis (Figure 2.5). The
sequence is adapted from Majumdeal ., where rigidity is provided by the double-
decker nature of the system. The 2x2 double helirdies of each arm are closely
packed together by crossovers between the leftrightl duplexes (left-right crossover)
and another between the upper tile and the bottoen(op-down crossover). Flexibility

is provided by T-loops at the vertex.

The tile consists of two layers, each layer is @edkhway junction, each arm of the
junction consists of two double-stranded DNAs lidikey a single crossover between
them (Figure 2.5A, B). The design consists of egjhdnds (S1-S8). Each layer contains

three long strands in a 3:3:1 stoichiometry. The ayers are joined by introducing two
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2.1 Design of clathrin-inspired DNA model

crossovers per arm (six crossovers in total) posdd such that they link the bottom

surface of the top layer to the top surface ofibtom layer (Figure 2.5C).

S5 56/ ~ ]
1 et
S2
3 o 1 all
8 | -

Figure 2.5:Schematic representation of the 3 main DNA strdadsing the DNA junction with three
fold symmetry, top (A) and bottom (B). (C) Represgion of the up-down crossovers including strands
S1 and S2, and the longer strands S3 and S4. TihepTen the top tile is made of 5T gTand on the
bottom tile is made of 3T gJ.

The DNA junctions of LaBean (Figure 2.4B) are dasig to cover a flat surface.
Because the 2x2 helix bundles introduce some imherervature within the tifé",
their lattice was deigned such that adjacent @les flipped, which, in turn, requires
every vertices to be spaced by an odd number dtdrals. In the context of our system,
each star needs to be in the same orientationdmagtee that the angle of curvature of
each star will sum up. The arms of our DNA condthave thus been shortened by three
base pairs to have an even number of half turndélfdturns, Figure 2.6D) separating

two adjacent tile centres.
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Top star / Bottom star

S2 S8 54

S2 S3 S4

Lo &
S1 S5

Top star

Bottom star

Figure 2.6double-decked star lattice models. (A) 3D represtiani in Maya (vHelix plugif®”) (B) 3D
representation of the strand trace through theadestraight lines (C) model of the two layers with
allocated strand number (S1 to S8) as helices.Sigky end interface showing the crossovers between
top and bottom tile (straight perpendicular arrgwasid number of half turns between the joined westi

The lattice also has to accommodate a range of dibtbdral and equatorial angles
arising from the coating of a non-planar surfacéghwa mixture of hexagonal and
pentagonal faces. (Figure 2.2) This double flekipitan be addressed both in one step,
which is the meeting position of the three-armés #lexibility of the DNA assembly is
guaranteed by T-loops at these vertices. As tha §itmucture designed here should form
an approximating spherical shape, the lower DNAchsl (designed to be next to the
membrane) must accommodate an angle slightly smthiéen the ones located farther
away from the centre of the sphere. More unpairedoii a DNA strand provide
increased flexibility due to the enhanced degree freiedom of the lodfP®.
Consequently, the top and bottom layers are sirataept that the strands have different
sequences and the top layer has &rker at the vertices whereas the bottom layesrda
Ts linker. It is important to note that the presenéd-loops is insufficient to promote

any membrane bending; it only contributes to thabity of the tile.
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2.1 Design of clathrin-inspired DNA model

Polymerisation of the tile is made possible by tise of sticky ends located at the
extremities of each arm (Figure 2.6C, D). Theigkbrnwas included in the calculation of
the distances between two vertices such that the araintain 14 half turns irrespective
of the length of the sticky ends. In addition, tee bases that form the sticky ends have
non-palindromic sequences to guarantee a correxthanent. In other words, it ensures
that the inherent curvature of the double-decKedativays bend in the same direction as

it polymerises.
2.1.3 Interaction of DNA arrays with a lipid membrane

After addressing rigidity and flexibility in our ahrin-inspired 3-fold symmetric DNA
nanostructures, we next considered how to intedghégestar into a membrane and how
to controllably increase the curvature of the mamnbr As is the case of the clathrin
protein, it is important that the DNA structurehisld tightly to the membrane bilayer.
As highlighted in the introduction, the DNA strutg can dock to membrane bilayers if
functionalised with lipophilic moieti€<® *"* 209 Often, commercially available 3'-end
cholesterol-modified oligonucleotides are used gid-DNA anchor® ™% 174
Furthermore, cholesterol is believed to be mordyeaserted into the membrane than
lipids, due to its conical shape and strong intiacwith sphingolipid$™®. It was first
argued that cholesterol moiety at the 3'-end dflegonucleotide directly involved in the
star construct would maximise the proximity betweaka anchor and the membrane

better than hybridization of a Cholesterol-DNA agyate to a 5-end handle (Figure
2.7).

Nevertheless, this approach has a flaw in thathimdesterol moiety of cholesterol-DNA
conjugates can easily form micelles in solufibh (Figure 2.7A), which would inhibit

the assembly of the star. Including the cholestBidA conjugate inside the membrane
(leaving only the corresponding handle for the @stdrol-DNA on the star) solves this

aggregation problelit? (Figure 2.7B). Any micellar assemblies would besked away,
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2.1 Design of clathrin-inspired DNA model

but the inserted cholesterol-DNA conjugates wowarthain inserted in the bilay&r.
All DNA, including the cholesterol-handle strandincthen be annealed in a one pot

reaction, which can then be added to the separ&beiged supported lipid bilayer

(SLB).
DNA aggregate
. v—‘\ J.‘ 4 Cholesterc-DNA
u,‘g e Al < 3-end handle on
- % g
A /? ¥ DNA structure ~ 5-end handle on

Cholesterol at  Cholesterol A e
the 3-end micelle é g é % K 2 % s

R, e

Figure 2.7:Attachment of a DNA double-helix structure to a neame bilayer (each DNA helix is

represented as a tube). (A) A cholesterol moietjuoted in the DNA structure can form micelles in
solution. (B) Cholesterol-DNA conjugates incorpexhtn the lipid bilayer. The DNA handle hybridise
with the cholesterol-DNA, bringing the structuredioser proximity if the 5end is protruding from the

DNA structure.

The rational design of our system, allows a 3'-emolesterol to protrude from the lower
helices; that is, the helices programmed to beomtart with the membrane. Due to the
preciseness of DNA nanotechnology in programmingdigtable configuration, it is

possible to go further in the placement of the ebigrol docking site by looking at the
angular position of each base of the lower layerti#e double helix rotates, it positions
every base at a particular angle and location. ifleal base is located on the lower
helices and points towards the membrane. Using &aBesequend®® and calculation

of the angle of each nucleotide along with the dM@jugin vHeli¥’" this allowed

identification of the nucleotides best fitted taabéhe cholesterol handle on its 3'-end. It
was considered that the two base pairs locatetieatitossover position between two

helices of the same layer (on the bottom star)harezontal. Each successive bp then

360 ° for one turn

rotate by approximately 34°, calculated( ) which indicates the most

10 5 base per turn
likely position of the base. The strand in questi88) was then cut into two pieces at

the 13" nucleotide (renamed S8’) and extended by a havfdl8 nucleotides. The cut
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2.1 Design of clathrin-inspired DNA model

strand continues as S9 and bears the sticky endgst®its 3-fold symmetry, each star
will bear three cholesterols, one in the middleeath arm. Figure 2.8 illustrates the

changes described in this section.

3'-end cholesterol-DNA H (}
—

¥, 7 s ¢
59\‘5 . %«/‘U\‘ 59 4;:' \J%
l\/’\/ bottom ’\/,\l bottom
o

'

cholesterol handle

(18 nucleotides) \0,\(-) a g \
‘-A\/‘ 12 Hybridised cholesterol anchors l

Figure 2.8 model of the two layers with added cholesteroldtaiiS8') and 3'-end cholesterol-DNA (A)
in solution and (B) hybridised. The top star hasrbemitted from this scheme for clarity. The iditia
strand (S8) has been cut into S8' and S9.

In conclusion, cholesterol moieties should not agiyarantee anchorage of the DNA to
the membrane, but also determine the orientatigdhettructure on it. That is, each tile
will have the same face bound to the membrane byctiordinated actions of sticky

ends and insertion of cholesterols.

To control the intrinsic curvature of the tile, weposed a design that would change the
angles between the arms by shortening a bridggdimat the end of each arm. Because
single-stranded has a much shorter persistencé¢hl¢nan double-stranded DNAY, a
single-stranded tether will be shorter than itsldetstranded equivalent. To address
this, the bridge is composed of three parts, tweo @art of the tile and have a fixed

length, and the third is a tether whose length lmglichanged (Figure 2.9).
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2.1 Design of clathrin-inspired DNA model

b8
\ bottom
"9
h\_\) cholesterol /

Figure 2.9:model of the star with elongated S1 and S2 aneddether. (A) View of the two layers
individually and (B) superposition of the two lagerith a hybridised tether that bridges the exttiemiof
each arms.

The first part starts from the top tile as a 3'-extension of the up-down cross over
strand, S1 (orange in figure 2.9A). The second igaat5'-end extension of S2 (purple in
figure 2.9A) which is the strand forming the up-aoerossover on the bottom star. Ten
T bases have been added to these tethers (betveedornains part of the DNA tile and
the tether complement domain) to accommodate & ¢igive when they reach the next
arm. This number is not definitive, as it dependghe length of the bridge that we wish
to achieve.Finally, a third part consists of a detached tetffegure 2.9, black)
complementary to the first two strands. We estichatee length of the bridge by
considering that each base pairs between the cehtre tile and the beginning of the
bridge is spaced by 0.34+0.1 H? and that the two arms are at an angle of 120% Thi
first estimation suggests that the bridge mustdagghly 65 nucleotides (including T

loops) to span between the two arms when the steict planar (Figure 2.7B).
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2.2 Construction of DNA arrays

2.2 CONSTRUCTION OF DNA ARRAYS

Unless otherwise stated, the following work was eda@uring a secondment at the

Ludwick-Maximilian Universitat, Minchen, Germanwy,the group of Tim LiedI.

We first aimed to synthesise an unfunctionaliseat $6 which we could later add
complexity. To this end, the cholesterol handleshenstar, and the tethers were omitted
(only one T remained as a cap), corresponding ¢otile illustrated in Figure 2.6.
(Sequences in Annex A.16.1). The annealing programwvas first chosen to be an
exponential decay of temperature from 85°C to 20V€r 48 hours (Schedule in Annex
A.4), which is an accelerated version of the aringgdrotocol that LaBean used for his
double-decker tilé°®. Stoichiometric quantities of strands were usedadhieve a final

concentration of tiles between 50 to 300 nM, sirhiléo the work presented by Mag
all,

DNA strands were suspended in water as receivedl (foncentration 10M) and used

in stoichiometric amounts. The two strands locatkthe vertices (S5 and S6) have to be
added at one equivalent each, whilst all the o#teands must be three times more
concentrated to form all three arms of the strtlihe strands in the DNA tile that had
lengths between 18 and 38 nucleotides were purifigddesalting only, but strands
longer than 60 nucleotides were delivered PAGEfigdri No further purification was
done after folding and samples were mostly analyge@EM and AFM (Figure 2.10).

See Annex A.12 and A.13 for sample preparation.
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2.2 Construction of DNA arrays

;. N S | i # N 5 : e
Figure 2.10:TEM micrographs of DNA star with 4 bp sticky endgeaannealing. The samples were

held at 4°C for 20 min before preparation of thielgDNA concentrations of (A) 50 nm, (B) 100 nM and
(C) 300 nM.

A final concentration of tiles of 50 nM showed omiynomeric stars, 100 nM produced

polymerised networks, and >150 nM vyielded largeregates of DNA strands.
2.2.1 Optimising the star polymerisation procedure

Sticky ends should ideally be close to a thermodyoaquilibrium such that adjacent
tiles can pair with each other to grow the arrag{dimensions, yet allow the repeating
units to rearrange to generate a stable, orgamisag, thus avoiding kinetic traps. The
longest non-palindromic sticky ends were optimisadhave 4 nucleotides. Sticky ends
of 3 and 2 nucleotides were also investigated, lclvthe hybridised extremities (S1
and S2) were elongated by 1 or 2 base pairs regelgcso the total length of the arm
remained the same. Figure 2.11 illustrates the TiEslges with 2, 3 and 4 bp sticky
ends, which demonstrates the formation of the 3edrnstar in every case.
Polymerisation was visible with 3 and 4 bp stickyle and formed irregular patches up

to a few hundred nanometres.
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2.2 Construction of DNA arrays

Figure 2.11TEM micrograph of () 2 bp. (B) 3 bp and (C) 4bjzisy ends. Scale bars 100 nm.
Initial TEM images suggested that the assembly m@sstrong enough with 2 bp to
form an array. Spherical aggregates were obseaftt,incubation at 4°C (Figure 2.12).
However, a lot of the structures on the grid wesgeaherated into large aggregates that
appear black on TEM grids (Figure 2.12A). At cortcation higher than 100 nM, these
aggregates form most of the observable objectd) sites up to a few um. Further
incubation at 4°C or at room temperature reinfortieel formation of these patches,
although it has been noticed that if the sampleoidexed before TEM imaging, the

largest aggregates disassemble into single tilessamaller clusters of approximately

50 nm diameter.

100 nm

Figure 2.12TEM micrograps of DNA after annealing and incubatat 4°C overnight, concentration
of 100nM. (A) Aggregates appear in black (left 3idad vesicles in light grey under positive staini(B)
negative staining showing small vesicles, and @ative staining of vesicles (imaged in Oxford).

It is possible that these 3D structures partialtyold when the sample is prepared for
TEM, and their visibility depends greatly upon tigpe of staining. (Chapter 6 develops

TEM techniques, see section 6.2 for staining disioms) Thus, we tried imaging using
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2.2 Construction of DNA arrays

AFM as well, as this technique does not requiresinaample preparation, unlike the
preparation for TEM, which involves drying the sdengFigure 2.13). (A detailed
protocol for TEM sample preparation is discussedChrapter 6) Indeed, samples of

100 nM showed multiple cicular structures on liquid AFMcrographs.

Figure 2.13:AFM micrographs of DNA after bannealing and overnighcubation at 4°C at

concentration of 100 nM (A) immediately after adufitof the sample onto the mica disc and (B) &2ter
minutes. Scale bars 100 nm.

Observation of the assemblies on TEM grids and Aifllicated that the star can
assemble, but when polymerised the resulting 2D Zibdassemblies lack a defined
structure. This can result from a bias in stoicretm of the strands. Imperfect
stoichiometry is capable of producing defectiveigures hindering the formation of the
arrays. To investigate this, a titration of therfdongest strands (S3, S4, S5, and S6)
without sticky ends was made and analysed by PAf&E a short annealing to fix the

concentration of each strand relative to the otfieigure 2.14).
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2.2 Construction of DNA arrays
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Figure 2.14:PAGE gel of S3-S5 (A) and S4 S6 (B) assembly Thmh:er of equwalents is written
above each line (S3:S5 and S4:S6). Individual dsamere run alone for reference, which names appear
on the adequate line, as well as a 1K bp laddeb)1kterpretation of the bands is depicted by $mal
schemes of the star next to the gels.

According to the design the relative concentratbdr53:S5 and S4:S6 should be 3:1.
The analysis shown in Figure 2.14 indicates thatctbncentration of S3 relative to S5 is
under-estimated (Figure 2.14A), and that the dupi»S6 is at equilibrium between two
different configurations (2:1 and 3:1 complexestéad of forming a single 3:1 complex
(Figure 2.14B). The former can be due to a badnedton of the S3 concentration,

whilst the latter is more likely linked to the peese of secondary structures in S4.
(Because the expected structure of three S4 hgeddito one S5 was not the
predominant band.) Both situations hinder the abrdeiplexes to form, which in turn

can disturb the rest of the tile formation.

To ensure a correct strand stoichiometry, the aunagon of each strand was measured
with UV absorbance on the day of the experimenbl@2.1 reflects the difference in

concentration of each strand compared with the flaatwrer quoted value by measuring
the absorbance at 260 nm and using this valueltalate concentrations using the Beer

Lambert law?*® %1€l
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2.2 Construction of DNA arrays

Table 2.1Concentration of DNA strands

strand uM wv HMs“pp ApM
S1 116.8+0.3 100 16.8+0.3
S2 104.9+0.3 100 4.91+0.3
S3 103.2+0.3 100 3.2+0.3
S4 106.6+0.3 100 6.6+0.3
S5 125.4+0.3 100 25.4+0.3
S6 109.6+0.3 100 9.6+0.3
S7 103.1+0.3 100 3.1+0.3
S8 127.4+0.3 100 27.4+0.3

The array construction relies on the regular amgipe association of stars, which means
that any error in concentration would hinder th@ansion of the lattice. Imprecision
arising from pipetting of the strands can also Isewace of error. Since the pipettes used
in these experiments were always the same and Hedame accuracy, the error is
constant over all the sample and was thereforetednin this discussion. Imperfect
stoichiometry (as presented in Table 2.1) is belieto be the dominant error explaining

difficulties experienced in the formation of DNArays.

A second error arises from the synthesis of theviddal DNA strands. As strands
shorter than 60 nucleotides were used without igatibn, these strands contain errors
at the rate of 99.4%+0.48%" 28 depending on the coupling method (&&d* and
on the type and position of the growing nucledfide The error is cumulative so the
final strand withn nucleotides has-1 coupling reactions angi€ld™) chance to be with

the correct sequence and length (Graph 2.1).
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Graph 2.1:ields of artificial DNA synthesis according to asge coupling efficiency and length of
oligonucleotide.

In the context of our system, this means that thend, made of 38 nucleotides, has
between 69% and 93% chance of being correctly sgigbd. In order to improve the

DNA strands quality, S1, S2, S7, S8, S8 and S®WrRAXGE purified. (Figure 2.15)

Figure 2.15picture of PAGE gels for purification of strands)(®1, (B) S2, (C) S7, (D) S8, (E) S8’ and
(F) S9 by UV shadowing.

The bands corresponding to the right DNA lengtheaart out of the gel and the DNA
extracted as described in Annex A.3, leaving oyt amwanted strand fragments at the

bottom of the gel.
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2.2 Construction of DNA arrays

From the optimisation studies, we were able to enthat a precise stoichiometry was
introduced by purifying the strands and measurimgjrtconcentration with UV-Vis

before each annealing.

We next investigated the possibility of other, unteal secondary structures that could
assemble, as this would limit control over the fation and polymerisation procedure.
Secondary structures arise in this system whennaaoto(domain a) on a DNA strand

matches (or partially matches) that of anothemstr@omain a*) than the one designed
to hybridise with. The two domains a* (one on th@rect strand, and one on an
incorrect strands) compete to assemble with thedameain a, which leads to incorrect

assembly of the DNA strands.

Majumderet al.*°® designed their strands using Uniquimer, which sefaware tool for

generatingde novo DNA sequences, programmed to optimise the seffraBly of their

4-fold symmetry DNA tile. It is assumed that chamggirom 3-fold symmetry to 4-fold
symmetry would not drastically change the way e&iA strands interacts. By
omitting one or more selected strand in the st&GP allows us, after folding, to
determine if secondary structures are formed. Tlaesdormed without sticky ends to
facilitate the analysis, as it is expected thalyftdrmed star will stay in the well and
would be indistinguishable from malformed starckthy sticky ends which would also

remain in the well.
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2.2 Construction of DNA arrays

S2
ol e
Figure 2.16:PAGE gel of tiles without sticky ends and missirejested one or multiple selected

strands. Interpretation of the bands is depictedrbgll schemes of the star or strands next to ¢he §0
bp ladder was used for reference.

L

The results illustrated, unfortunately, that unmted interactions take place involving
various strands, (Figure 2.16). For example, strestinvolving S4 produced numerous
bands indicating multiple species. The currentrpritation is that S4 contains short
domains matching with multiple domains on differ@NA strands. Arrows in Figure
2.16 indicate which structure is believed to cqoesl to each of the main band.
Observations of uncontrolled assembly of S4 is euppd by PAGE titration (Figure
2.14) in that the expected structure of three SHritiged to one S5 was not the
predominant band. Indeed, NUPACK analysis assededtrong intermolecular
secondary structure on S4 (Annexe A.6.1) associatidthe domain complementary to
S1. The identified problematic domain was changeddive this issue, as well as the
complementary sequence, on Jhe two altered strands were renamed S4’ and S1’

respectively.
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Figure 2.17(A) PAGE gel of S3-S5 and $86 assembly. The number of equivalents is wridieove
each line (S3:S5 and S4:S6). Strands used herenasticky ends. Individual strands were run alfore
reference, which names are written above the adeduse, as well as a 1K bp ladder (1Kb). (B)
Annealing of selected strands. Interpretation & blands is depicted by small schemes of the star or
strands next to the gels. 50 bp was used for nedereThe last line (All str. 3:1) on the gel isaat
concentration of (A) 100 nM and (B) 500 nM.

The sequence of Swas verified by PAGE (Figure 2.17) and showed mrpment of
the 3:1 duplex formation in comparison with its\poais version. Due to their small
size, Sland S2 are visible on the lowest parts of the gslgheir interaction with the

star is reversible.

After improving bad interactions of strands whielsult in incomplete star assembly, we

next optimised the polymerisation pathway by inigging the melting curves.

It is believed that the DNA star assembles by aahidical process: the centre of the
tiles assembles at higher temperature, the arndsatointermediate temperature and the
weaker interactions between the arms to form arfaysaggregates) are made at lower

temperature.
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Figure 2.18:schematic representation of the DNA strands ovearme of melted (~90°C), high
(~70°C), intermediate (~50°C) and low (<<30°C) temgtures (T).

It is to allow this type of hierarchical (Figurel8) assembly that DNA structures are

folded over a slow cooling ramp over a few h&tg° >°!

The melting temperature J of a duplex is defined as being the temperatunghach
50% of the DNA is double-stranded and the other 58%till single-stranded. [Jis
therefore the best incubation temperature, progidiath stability of the structure and
enough energy for its rearrangent&hit??!! The amount of strand separation, or melting,
is measured by the absorbance of a fluorescent DNt&rcalator that binds
preferentially to double-stranded DN&" 2%° fluorescence intensity increases as single-
stranded DNA hybridises (when the temperature asvi§i decreased). The melting
temperature J is then calculated as the maximum of the firsivd¢ive of the recorded

intensities.

Melting and annealing analysis performed on the (stba rate of £1°/min, 3 cycles of
melting-annealing over 8 hours, see details A.bdjcate two melting transitions. The

temperatures at which hysteresis happens are be®@€ and 60°C. (Graph 2.2)
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Graph 2.21(A) Plot of Intensity vs temperature recorded dgrinelting and cooling of star. The graph
shows the averaged values over 3 melting-coolirglesy each recording 3 values per point. Hysteresis
marked by asterisks. (B) Plot of the derivativecakdted from (A). The curves show a clear maximam a

54°C (annealing), and 56°C (melting), and a smoothllowximum around 72°C.

Hysteresis in DNA melting curves indicates coopeeatassembly of the three-fold
symmetry DNA star, a process to which the stacldirﬁg:ractiorﬁzzz] between the
extremities of two DNA strands is likely to conuiie td°*®. This means that melting or
hybridisation of DNA bases happens in a cooperatigener in these domains, resulting
in a different rate and temperature-dependent ddgestate depending on whether the
sample is heated or cool&d. It is possible that the star forms more reguteays if the
sample is incubated at the appropriate temperdiuge It is theorised that the second
smooth maximum happening at the highest temper§fi@¥C) in the case of the DNA
star is due to the assembly of the vertices (G@&gh The sharper peaks at 54°C and
56°C are attributed to the stacking of the fourndesl when the arms assemble (Figure
2.18): four DNA helices per arm compose the 3-anstad). This is consistent with the
hypothesis that the vertices are made of one |lamgaih that repeats itself three times,
which would require a higher,I' In contrast, the arms are composed of multiptateh

domains and involve shorter strands with lowgr T

This interpretation was supported by, Tvalues provided by analysign silico

(NUPACK), which shows two maxima:,I= 65 °C was found for the domains located
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2.2 Construction of DNA arrays

at the vertex (S5 and S6 hybridising with S3 anyl &8d T,,= 50 °C for the domains on
S3 and S4 that form the arms (Graph 2.3).
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Graph 2.3NUPACK simulation. First derivative of the meltiegrve for S3:S5 and S4:S6 (molar ratio
3:1, 1 equivalent correspond to 100 nM). The cqesling melting curve is showed in the small graph.

This analysis encouraged a modification of theahthermal ramp to longer incubation
time between 70°C and 50°C. The 50°C temperaturgerégs supported by the protocol
used by Suret al.'*?®!, where they incubate a system of similar sizeG&€5 It is to be
noted that NUPACK suggested that individual stiekygls only assemble at temperatures
below 12°C, but the PCR machine used for this expart (See Annex A.14) does not

cool below 25°C, therefore array formation canr®bbserved.
2.2.2. Formation of arrays and its surface interaion

Early investigation into the successful formatioh our DNA-designed star and its
polymerisation indicated that a significant optiatien was required (Figure 2.10). As
outlined in the previous section, we identified tthstrand purity and correct
stoichiometry were important for assembly. The mpti star concentration was
identified as being 100 nM, with each strand’s @ation verified by UV-Vis prior to

annealing. All strands were PAGE purified; the sage of the strand was improved to
avoid parasitic interactions during annealing. Thest length of sticky ends for

polymerisation is approximating 4 bp. The annealpgcedure was changed to
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2.2 Construction of DNA arrays

accommodate increased incubation time between @UW60°C, again at 50°C for a
final annealing time of three days, followed byimaf long incubation at 4°C (12-36

hours).

Following our optimised annealing procedure, the@as were then imaged by TEM
on glow-discharged copper grids using uranyl foer{atFo) in LMU and uranyl acetate
(UAc) in Oxford for negative staining. Depositiome was adapted depending on the
concentration of the sample. As in section 2.2h&,léngth of sticky ends was modified
to observe how it correlated to array strength gumity. Comparison between 2 bp, 3 bp
and 4bp sticky ends confirmed that 2bp sticky emidractions are not strong enough to

demonstrate extended tile assembly, whilst 4 lgkgtends produced DNA arrays with

increased stability. (Figure 2.19)

10nm - 100 nm 100 nm
Figure 2.19:Comparison of array formation between (A) 2, (Byr&l (C) 4 bp sticky ends. Black spots
on the grids are attributed to aggregates.

TEM revealed that, in addition to the expected gexal shapes, larger and smaller
polyhedra (squares to heptagons) were also observéite TEM. The best results were
obtained at 100 nM, which appeared to be a goodoommise to allow assembly whilst

avoiding massive aggregation of the DNA.

It is important to state here that S5 and S6, whiehthe two central strands of the star,
were tested with two versions of T-loops. S5 and v@th loops of 3T and 5T
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respectively, or S5 and S6 both with 4T. For siaiy, analysis of images was made

more thoroughly for 4T-loops, although both confegions showed equivalent results.

Images of Figure 2.19 were taken after 6 hours’@t 4 was questioned whether such
low temperature were indeed needed, as Majuradat.®® obtained arrays at room
temperature. Freshly made sample were appliecetsame annealing ramp of 68 hours,
which starts from 85°C to 20°C, then drops to 4°%&wthe cycle finishes. The sample
was then incubated either at 4°C or on the bencloatn temperature. TEM was
performed at each stage of incubation, which rededhat the star is likely folded
during the annealing ramp, but that formation oags requires overnight incubating at
4°C. At this last stage, the whole EM grid was gedewith the lattice, which stays

stable in solution if the sample is kept at 4°Cwduwer, leaving the sample on the bench

(20°C+2°C) causes disassembly of the arrays (FigL2@).

Incubation 24hrsat 20°C

Incubation overnight 4°C

No post-folding incubation 4°C

Incubation 36hrs at 4°C

Figure 2.20:TEM images of 4bp sticky end star (A) directlyeaf68 hrs annealing, (B) overnight
(12hrs) at 4°C, (C) incubation for one day at rommperature (~20°C ), (D) incubation over 36 hrs at
4°C. Scale bars 100 nm.
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Weaker interactions offered by 3 bp sticky endsenamough to cover the copper grid
with the array, if not as densely. This differensas mitigated after the second

incubation at 4°C, but extended observation on TEMd to confirm that the

polymerisation is even more sensitive to a risé¢eimperature than 4bp sticky ends.

(Figure 2.21)

Incubation 24hrs at 20°C

Incubation overnight 4°C

No post-folding incubation

) Incubation 3hrs at4°
Figure 2.21:TEM images of 3 bp sticky end star, same sequehagcobation as Figure 2.20, above.
Scale bars 100 nm.

As illustrated in Figures 2.20 and 2.21, 3D polyiaédtructures were formed in addition
to the 2D arrays upon star polymerisation and apae#®lack spots on the micrographs.
We anticipated that a flat, 2D surface may tempthte formation of the array while
minimising the formation of 3D structures; this exff has been observed previously
(Some examples in literature discuss templatedassémbly on mica surfac®s??8).
As presented in the introduction, mica is knowrbited DNA when magnesium salt is

present through electrostatic interaction, whichiged in AFM imaging. In the absence
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2.2 Construction of DNA arrays

of a cholesterol anchor, the surface offered by ieansurface in the presence of

magnesium cations can offer such a support in méedipid bilayer.

After a sample or array was incubated at 4°C forh8@rs, it was applied on a mica
surface (see Annex A.13 for AFM protocol); the séenwas applied directly to a freshly
cleaved mica disc prior to adding the imaging huffeégure 2.22A).

1.5 um

Figure 2.22Liquid AFM micrograph after incubation of the sampt 4°C for 36 hours. (A) large scan,
and (B) detail of motifs identified with correspondg schematics. The numbers below each scheme
indicate the number of star involved in the formatof the opening.

Analysis of the lattice size revealed smaller arehsaér tile assembly than the
corresponding sample imaged by TEM. It is belietieat the DNA is locally more
concentrated on the mica surface, due to the iméaction between the magnesium
present in the buffer and the DNA backbone andntiea disc. Structures that are in
solution during AFM imaging will diffuse and bind the plane of the surface, and the
DNA concentration will increase as more DNA accumes. The construct can
rearrange to accommodate an increasing number leé, tieading to a denser
organisation. In opposition to these observatiansample imaged using TEM does not
allow the construct to reorganise its assembly esitite sample is dried during

preparation. The lattice observed by TEM is theeexgd organisation where one arm
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2.2 Construction of DNA arrays

hybridizes with an arm of another star. Howeveralgsis of the AFM micrographs

reveals areas that illustrate interactions of tiekg ends (Figure 2.22B) other than the
ones expected (Figure 2.23A). We believe that ighigossible due to the flexibility of

the four helices at each end: instead of pairingoair helices to their corresponding
complements, the helices of one tile can bend and Wwith two other helices on two

different tiles (the two helices on the right haside of the first tile interacting with to

helices of the left hand side of a second tiley(Fé 2.23B).

Expected Unexpected

Figure 2.23diagram showing (A) the expected association okgtends between two tiles, and (B) the
unexpected conformation involving three DNA star.

Table 2.2comparison between sizes of the openings on AFM éind theory (1)

L™ [nm] L' [nm]
59.7+0.8 |47.6+0.3
479+0.5 [36.6+0.3
42.3+0.3 [37.2+0.3
31.7+0.1 |23.8+0.3

W K~ W &

The measured size of the opening$, (¢howed as dotted line in Figure 2.22B) increases
as the structure formed involves more star. Simgilathe measured size difference
increases as the structure formed increases iibiliex due to the range of angle that
the three-way junction can adopt at the centralexeithe more flexible the lattice, the
bigger the average size difference. Simple calmratgive smaller theoretical values
than measurements, because the length estimates rda account for the angle (and

dimension) of the vertices, which are hard to eatsu
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2.2 Construction of DNA arrays

Analysis of the height profile of an AFM micrograjptientified two height regimes.

(Figure 2.24). It is possible for a tile to be lamkone of the two layers of the double-
decked DNA star, as the two double-helices aredfiwgth each other only by one
crossover per arm and involve only 9 base pairsstMitructures have heights of
approximately 4 nm (Figure 2.24B), the height ob tstacked helices. Heights of only 2
nm are consistent with one single DNA helix.

AAAA
e

R A

B

200 400 600 800 nm

Figure 2.24:(A) AFM micrograph and (B) height profile corresgiing to the dashed line of star
without cholesterol handle. A recognisable motiflisstrated above the graph.

Section 2.1.3 described how strand S8 can be dividetwo parts to support a
cholesterol handle (of 18 nt) on one of the mosetiwe tested whether the star formed
arrays with the cholesterol handle attached tolibdving the same annealing protocol as
before. After 36 hours at 4°C, the sample was idaggh TEM (Figure 2.25A) and
AFM (Figure 2.25B).
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2.2 Construction of DNA arrays
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200 400 600 800 nm

Figure 2.25micrographs of star with cholesterol handles (oeegrm, on S§ imaged with (A) TEM
(imaged in Oxford), (B) AFM. (C) AFM micrograph arf®) height profile corresponding to the dashed
line of star with the cholesterol handle or.S8

The results obtained with this design showed feavel smaller arrays on the mica, an
effect that is likely linked to the presence of diddal strain (by the addition of DNA

handles) on the tile, as well as shortened stré®8sand S9 are shorter than S8).

Despite difficulties encountered during the foldirthe structure was applied to a
supported bilayer containing cholesterol anchortest whether some structures insert
into it. In order to give optical contrast in flesctent microscopy, the DNA star must
include a dye as well as the lipid bilayer. It wa®posed to chemically add a dye
ATTO-488 (blue) on the’3&nd of one of the strands. After consideratiothefdesign,
S5 was selected because of its favourably locaBsedd, on the top vertex. (See Annex
A.2.2 for functionalisation protocol). The bilaye@ncludes a fluorescent lipophilic
carbocyanine DIiD and the Chol-DNA complementarythe handle on S&rotruding
from the DNA structure. After functionalisation tie 3-end and purification of the

strand, the star was folded and added to al3@hannel on a microscope glass slide
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2.2 Construction of DNA arrays

(Ibidi, sticky-slide VI 0.4), with a formed supped lipid bilayer (SLB) for incubation
overnight at 4°C (Figure 2.26A). The handle froncredormed tile should hybridise

with the one from the cholesterol anchor and exBd¢A is washed away.

Lipid fluorescence DNA fluorescence

objective

Evanescent

4

sample

Lipid bilayer b

Figure 2.26TIRF microscopy of a SLB with DNA star. (A) lllutiion of the TIRF setup. The sample
is imaged by (B) lipid fluorescence (lipophilic bacyanine DID), and (C) DNA fluorescence (DOP-
ATTO-488) The lipid bilayer shows brighter and darlsports; the later are multi-layered lipid and th
former are holes in the bilayer. DNA is identifi€@) when the fluorescence coming from DNA
corresponds to a plain lipid bilayer and not a furigulti bilayer. Scale bars appropri.

DNA and lipid fluorescence was recorded using adwaumild TIRF in LMU, and it has
been established that the position of the signalieg from ATTO-488 corresponds to
DNA on a lipid-covered surface and not on a holeaolipid protuberance (Figure
2.26C). Since the dye and the cholesterol-han@leartwo different strands, any DNA
fluorescence should be coming from polymerised DHNtucture. Although it is
probable that the limited signal observed in thipegiment corresponds to aggregated
DNA tile, this experiment confirms that a cholestdrandle inserted in the SLB can

anchor the DNA to it.
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2.3 Summary

2.3 SUMMARY

This chapter presented the design of a polymeestiisee-fold DNA star, and how the
system was optimised to lead to its successfulhggid and polymerisation. The arrays
were characterised by AFM and TEM. Similar to thedel proposed by Majumder et
al®®®! 4 pp sticky ends are judged optimal for polynegitn. However, three stars (or
tiles) were observed to join during AFM analysisitary to the initial expectation of
the array motif (which involved only two DNA stardj is believed that this altered
organisation is concentration-dependent as thef rmoses upon surface-enhanced, high

local concentration of the DNA on mica.

Addition of a cholesterol-handle to the bottom loé tile appears to successfully anchor
the DNA to the membrane, but the resulting signadesved on the SLB was poorly
reproducible and likely arising from an amorphotsiture, as shown by TEM and
AFM images. It has been discussed whether haviaghiolesterol chemically linked to
the star itself would increase the risk of aggregatThis problem was solved by
inserting the cholesterol-DNA directly on the Slabd placing its corresponding handle
on the DNA star. Stars with such a handle (and sWorter strands) revealed smaller

arrays, and it is theorised that this is becaussgetladd strains and destabilise the star.

Although our design of a DNA-star that could polyise into an array has been
successfully implemented, as evidenced by TEM aRtfl Athe star was too flexible to
direct the formation of a regularly repeating arrahich is necessary for controlled
membrane bending. We thus altered our strategyrtthasise a star with DNA origami

as this approach has the potential to circumveniisaknesses of our initial approach.
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3. Clathrin-inspired DNA origami

CHAPTER 3

CLATHRIN-INSPIRED DNA ORIGAMI

DNA origami is a molecular engineering techniquenimich one long scaffold of viral
DNA is folded into the desired shape with the hafipnultiple, smaller, artificial DNA
staples (Introduction section 1.4.1). This cham®rers the design and synthesis of a
synthetic analogue of the clathrin protein using ADNrigami. We developed a
polymerisation strategy that allowed this novel osructure to polymerise into large
array mimicking the pattern of a clathrin coat. Shhree-fold symmetric DNA
nanostructure was designed to be able to adoptebfittt and a bent conformation, with
the aim to observe difference in behaviour wherymerised on a lipid membrane. This
DNA origami was functionalised with cholesterolsaiechor the structure into the lipid
membrane, and we observed their interactionsbfiystansmission electron microscopy
(TEM). We observed that the lipid membrane offemdidection and support for
polymerisation into extended array and that cureeidami nanostructures formed
spherical features consistent with a budding ofrtileenbrane. The structure was further
functionalised with a dye and imaged on a largedligesicle in solution using
fluorescence microscopy. In these experiments, rmwel DNA origami in its flat
conformation formed arrays that did not deform thembrane of the lipid vesicle,
observed as bright patches during fluorescent ooy, but the curved conformation
produced budding of the malleable vesicles witlalisation of the DNA origami at the

base of the bud.
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3.1 Design of a clathrin-inspired DNA model

3.1 DESIGN OF A CLATHRIN-INSPIRED DNA MODEL

DNA origami overcomes many of the problems encaedtdn Chapter 2: first, as
assembly occurs spontaneously upon slow anneafitigeomixture, the structures can
be purified from excess staples post folding; tt@ésolves the stoichiometry issues.
Secondly, the larger scale of the folded DNA origdacilitates the identification of
each repeating unit in TEM analysis, compared wita three-way junction from
Chapter 2. Finally, The structure of DNA origamcifaates its functionalisation with
cholesterol or a dye hanélld. DNA origami is thus a suitable strategy to regtiécthe
shape of a clathrin protein, with the ability tonbwl and precisely functionalise its

structure.

3.1.1 Design of a 3-fold DNA origami

The design of our DNA-origami to mimic clathrin toanto account the following

necessary features: (1) the structure must be t@phknteracting with a membrane
bilayer; (2) it must be able to polymerise and caaalefined surface (in particular, to
coat a vesicle); and (3) it should accommodaterdrolbed change of the curvature of

the structure. A three-fold DNA origami structurasvproposed, capable of performing

these functions, following the strategy definedtfoe previous DNA-assembly.

Figure 3.1 Electron micrographs of (A) a clathrin protein gitd (B) a single clathrin triskelion. Images
(A) and (B) are from referente&”. Schematics of (C) a vesicle coated with DNA amga(D) detail of
one monomer, and (E) detail of the centre of th@anwer, with the scaffold crossing from one armh® t
next one in black. Scale bars 50 nm.
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3.1 Design of a clathrin-inspired DNA model

The previous approach of using only short DNA gdeamassembled into four double
helices, described in Chapter 2, suggested thatathes were too fragile to induce
membrane bending. We thdecided to keep the arms of this new three-foldreginy
nanostructure relatively short and bulky. This tedthe construction of a structure of
similar size to the biological clathrin triskelidifrigure 3.1). The resulting monomer
triskelion is composed of the phage-derived scdffdil3mpl8 (7249 bases) and 179
staples. To balance the rigidity of the thick areasmall loop of 5 bases created by the
scaffold at the centre of the tripod provided tlexibility required for the formation of
hexagonal and pentagonal faces (Figure 3.1 C, DTI&$ central loop also ensures the
attachment of each arm with its neighbours. The sgucture was named “triskelion”
as it is inspired from the shape of the clathrinnomaer. The routing of the scaffold
successively runs through the three arms, forminsg the helices that make the bottom
layer of an arm before crossing to the next arnfidoying a bridge at mid-length (See
Annex 17.1 for CaDNAno model). The routing then ptetes the rest of the origami,
crossing at the centre of the nanostructure (wisiche meeting point of the three arms)
(Figure 3.2 A and C). To induce controllable memileraurvature, the scaffold that
makes the bridge at the midpoint of each arm cahybeidised with two staples, and
has a loop of single stranded DNA scaffold locatethe middle (Figure 3.2 B). The
resulting bridge is then one DNA double-helix witie scaffold forming a loop of a few
unpaired bases in the centre, and two DNA staptesach side. The length variation of
the bridge is made by changing the number of ntide® (nt) involved in the scaffold
loop. It is postulated that the extent of curvatofe¢he structure can be modulated from

180° = 4° to 118° * 4° by changing the bridge Iénigeétween 90 and 60 base pairs.
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3.1 Design of a clathrin-inspired DNA model

(180°)

Figure 3.21llustrations of a DNA bridge of various length,) (Schematic of the origami triskelion, top
view. (B) Details of the 90 bp-long bridge and @de view; (D) details of the 60 bp-long bridge §&)l
side view. A star (*) indicate 5 unpaired basethefscaffold.

The triskelion is flat (180° + 4°) when two stapt#sA5 nt each are hybridised, leaving a
DNA loop of 30 nt (Figure 3.2B, C). Two shorterastds of 30 nt each force the
triskelion to curve and form an angle of 118° +adftd leave a 60 nt-long loop (Figure
3.2D, E). As discussed in Chapter 2, artificialtbgsis of oligonucleotides suffers from
higher risks of mismatches as the DNA chain extemtsrefore, suppliers advise not to
exceed 60 nucleotides or else recommend purifyiegdNA strand post-synthesis. The
staples used to hybridise with the bridge are thezebetween 40 and 60 nt and are used
without further purification. We saw in the intrattion (section 1.3) that the persistence
length of one DNA double helix is approximately 661?921 Since the estimated
length of the bridge is approximately 30 nm, ieigpected that a DNA double helix can

be considered as a straight and rigid unit.

Five bases from the scaffold are left unpaired othtsides of the bridges where the
DNA makes a tight angle (see * Figure 3.2B andDjs is to allow enough flexibility
for the double helix coming from the body of thenaib change orientation and become

the double helix of the bridge.
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3.1 Design of a clathrin-inspired DNA model

The construct has four layers of DNA double helipasked in honeycomb fashion,
approximately 13 nm in height and each arm 33 nng Ig-igure 3.3 A-D). To ensure
that the triskelion will bend always on the sameection, the central loops are
positioned on the highest layer of the DNA origaamd the mid-length bridges are
localised as close as possible to where the membwdhbe, on the lowest part (Figure
3.3 E, F). The shapes of the inner faces of eachveere also designed specifically
towards one bending orientation: the central endslies as an upside-down stair, a
higher layer going further than the one underneattt so on (Figure 3.3 C, D). The
structure can carry various handles (staple exiesyito which cholesterol-DNA
(positioned at the bottom layer) and fluorophoreADNpositioned on top of the
triskelion) conjugates are attached. There are &cigely defined positions for
cholesterol anchors on each arm (9 total), which dack the triskelion to the lipid
bilayer, and 2 positions for fluorescent dye pem a6 total) that will help for

visualisation and localisation.

< DNA helix D] dye-DNA
33 nm
33mm —
19 nm e cholesteroﬁDNA

19 nm

Figure 3.3:schematics of one arm of the triskelion showing {@ur layers of DNA double-helices
stacking (B) perpendicular cut through one arm shgwuhe honey-comb arrangement of the helices, then
dimension and localisation of cholesterol-DNA ary@-dNA (C) top view, (D) side view. 3D illustration

of two arms joined by their bride and central loeew from (E) outside and (F) the centre of the
triskelion.

The height of the central scaffold crossings amd llecation of the bridges, along with
the stair-like shape of the inner faces ensure il the triskelion will bend, it will

preferably curve in one direction. The cholestarathors will be on the face of the arms

72



3.1 Design of a clathrin-inspired DNA model

that get closer as the triskelion bends, and shtarce the membrane in which it is

inserted to follow the curvature of the origami.

3.1.2 Design of a polymerisation method

To polymerise individual triskelia into a regularay of hexagons and pentagons, we
designed sticky ends on each arm of the triskeBanh that each arm would pair with a
complementary arm of another triskelion. Sticky £pdotrude from the DNA helices of

the horizontal outer extremity of each arm (FigBi4 A). Alternate layers of helices are

slightly extended to allow the pairing of the sticknds, which are elongations of the
staples forming the ends of the double helicexk$tends with 2, 4 and 6 bp were

investigated to study the stability of the resgtarray. In order to hybridize, a sticky

end protruding from a double helix end have to facgicky end of opposite direction

coming from another triskelion ¢&nd faces Bend indicated as arrows, aneedd faces

3-end) (Figure 3.4 B).

3&_=Z| y
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Figure 3.41llustration of the interface between two armgwed triskelia showing (A) 3D representation
and localisation of the sticky ends. Each pairtafky ends is shown by a different colour and dses
shown by green stars. (B) Schematics of the interfaorresponding to the rectangle in (A}eBds are
represented by arrows. The scaffold is shown ie.blo this case, both greefréhds correspond to the
beginning of a dye handle.

A total of 10 sticky ends per arm were designechvét uniqgue matching sequence
localised on the corresponding arm. The 3D projpsestf the triskelion allowed us to
distribute the sequences of the sticky ends satwwatriskelia create a continuous plane

on the membrane (Figure 3.5) without risk of tviietween them.
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3.1 Design of a clathrin-inspired DNA model

Figure 3.5:lllustration of (A), (B) correct and (C), (D) inoect alignment of the extremities of two
arms. Only the correct alignment is possible whensticky ends hybridise.

Finally, any DNA double helix extremities not inved in sticky ends or loops that
could make undesired stacking interactions wer@eapvith single-stranded extremities

of 5T at the centre of the triskelion and 3T atdhm extremities.

Two patterns of sticky ends complementarity weredu@-igure 3.6). The first allows
linkage of any pair of arms and is therefore refgras “al—all”. The second, called
“l1, 237, distinguishes the arms and forces “arm 1” tdridise with another
identified arm 1 of a second triskelion. The twbestinterfaces (arm 2 and arm 3) are
complementary to one another and complete the paigation. The &1, 23
interactions are perfectly satisfied by the forimatof a truncated icosahedron enclosing
a sphere of approximately 340 nm which is illugtdain Figure 3.1C. we expect the
all—all pattern to be less selective in the formatibhexagons and pentagons than the
11, 23 pattern, but will facilitate the association afotarms and will therefore be
faster. The pattern<t1, 2—3 is more likely to form a truncated icosahedrohijol is a

targeted assembly.
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Figure 3.61llustration of polymerisation arising from thedvpatterns. (A) Ordered21, 2-3 and (B)
random akl-all.

When the triskelia polymerise, the length of theldpes between the arms will dictate
the curvature of the resulting array. It is anttgd that when the array embeds itself
into a lipid bilayer, through cholesterol insertianwill deform the membrane by the
angle prescribed by the origami. If applied to siele, this action will mimic early stage

of clathrin-driven endocytosis (Figure 3.7).

10000 nm

Figure 3.7:lllustration of a membrane bending due to the gmee of triskelia, views (A) at the
nanoscale and (B) at the macroscale on a giardragllar vesicle. Scale bars are approximations.
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3.2 Synthesis of DNA origami

3.2 SYNTHESIS OF DNA ORIGAMI

3.2.1 Optimising the triskelion folding procedure

The triskelion was successfully folded using aneatng ramp of 20 hours, and
analysed by agarose gel electrophoresis (AGE) gntieM (Figure 3.8). The analysis
of the results of the folding conditions were maudiéh a DNA origami design with

90 bp bridges, which would form a flat triskelion, dtimg the handles for cholesterol
and dye conjugates, and with no sticky ends. Theemuties of the arms are protected

from unspecific interactions by a cap made of 6deabat the end of every DNA helix.
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Figure 3.8:(A) 1.5% agarose gel of triskelia at different Mg€bncentrations. 1K indicates the DNA
ladder and the number above the wells refers tadiheentration of MgGlin mM. (B) TEM micrographs
of the triskelion at each salt concentrations. Sbalr 50 nm.

At concentrations of MgGlbetween 10 and 18 mM, the successfully foldedketia
were observed by TEM analysis and visualised ag@dominant band in the agarose gel.
If MgCl, was not present during the folding procedure, strecture did not form
properly and the band migrated slightly slower thha correctly folded triskelion

(Figure 3.8A). High salt concentration (50 mM) d¢esaaggregates that remained in the
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3.2 Synthesis of DNA origami

well in addition to the triskelia. A stable, irrdgu intermediate is reached when the
magnesium concentration is at 6 mM as observed Byl TFigure 3.8B), but this
secondary product disappears when an adequate,MgGtentration is reached. The
optimal salt concentration for correct folding wdstermined to be 14 mM Mgg£l
Although misfolded DNA scaffold is present at adhcentration of MgGlinvestigated,
observed as a dimeric band in the gel (Figure 3.8#9se secondary structures were
removed during purification (see later) and aresatgred negligible as they were rarely

observed.

After optimising the concentration of MgClor triskelia folding, we investigated the
effect of the scaffold concentration on the triskébrmation.

Normalised origami conc.
1K 5110 20 1K
I

l l g : '
»

1 :
multimers— *=* I by B
triskelia—> e Hn e 5
— : —

. . | . ooh

Excess
staples

: ! 50 nm
Figure 3.9:(A) 1.5% agarose gels of triskelia folded at difier scaffold concentration as written above
the wells. Typical electron micrographs of origamiovered from the main band of the gel: (B) origam
monomer and (C) coupled triskelia (20 nM only).

Triskelia were folded a concentration of 5-20 nMidhen loaded in the gel in Figure
3.9A so that the concentration of triskelia per lviglconstant. When the triskelion is
folded with 5 of 10 nM scaffold, the vast majority structures are the monomeric
triskelia (Figure 3.9B), as observed as the sirggdad in the gel (Figure 3.9A). At
concentration of 20 nM, however, TEM analysis obedr structures made of two
scaffolds sharing some staples (Figure 3.9C). Theseled scaffolds represented only
10% of the structures in this and were not obsematedoncentration of 5 or 10 nM.

Therefore, triskelia in the following discussionrealways folded at concentration of 5
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3.2 Synthesis of DNA origami

or 10 nM. Similarly to Chapter 2, TEM images shoither positive staining (Figure
3.9B) or negative staining (Figure 3.9C). Stainmegthods and results will be discussed
in Chapter 6, although it is important to precigethis chapter that both stains can occur
on the same grid and depends on the sample prigwaiid hydrophobicity of the

surface. Therefore, positive and negative staimitigoe treated interchangeably.

After optimising the salt and scaffold concentrati@quired for triskelia folding, we
then looked into the functionalisation of the teB&n monomers with cholesterol and
dye. As many DNA nanostructures presented in libdeeaare folded with their handles
and functionalised; post-annealing, with their fiilmmal DNA-conjugate8® >78 82 we
followed this procedure to decorate our triskeligditer folding the origami with the
handle for the 9 cholesterol and 6 dyes (Alexa-&4dure 3.3), we incubate the origami
with complementary DNA conjugated to cholesterad aye for 2 hours at 30°C. The
successful hybridisation of the DNA conjugates e handles on the triskelion was

identified by AGE (Figure 3.10).

- chol - chol - chol - chol
Al 1K - . dyedye 1K B]1K - - dyedye 1K

triskelia

L
biad

- , d . it with chog
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e O - triskelia Ll
- : %  (no choal)

AR - .
' i < excess_s

DNA-conjugates -

Figure 3.10:1.5% agarose gel of folded triskelia with DNA cogees after incubation at 30°C. The
type of handle used during the folding of the t&igkn is written above the well, and a - indicaties
absence of handle. The gel was scanned (A) a#eirsg with SYBR gold, and (B) for fluorescencerfro
the dye. Electron micrographs of triskelia (C) wdye and (D) with cholesterol and dye.

The fully functionalised origami with both cholesikand dye moieties displayed a
smaller migration in the agarose gel, which isitafted to a weak, unspecific interaction
between triskelia due to the hydrophobic effecth& cholesterol. The dye was easily
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3.2 Synthesis of DNA origami

identified by fluorescence and confirmed that tHéADAlex647 can only attach to the

origami in the presence of the harffe®3?!

Fluorescence analysis was used to verify the efficy of the handle incorporation when
the DNA-Alexa647 is added without pre-folding okttriskelion, as it would simplify
the production of functionalised triskelia by renmay one purification step. In this
experiment (Figure 3.11), we titrated increasingoemtrations of DNA-Alexa647 to the
origami, and the equivalents were calculated wébpect to the number of handles
present (and not to the number of origami). Themskdlia were extracted from the
agarose gel for TEM imaging (Figure 3.11D) for dir@bservation of the folding
quality.

1K 0 0.3 1 15 5 8310 17 1K 1K00.3 115 5 8310 17 1K
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Figure 3.11Analysis of equivalent of dye needed for tota¢ sitcupancy. Numbers above each well
correspond to the amount of dye equivalent addenhgldiolding with respect to the number of handles.
Gel scanned for (A) SYBR gold fluorescence and Axa-647 fluorescence. (D) Electron micrographs
showing typical triskelion recovered from the gal éach line. Scale bar 50 nm.

The triskelion folded correctly over the titrati@xperiment as confirmed by AGE
(Figure 3.11A, B) and EM micrographs (Figure 3.11Bhalysis of the gel using
Imagef?¥ (Table 3.1) determined that five equivalents wsuéficient to have a full
occupancy of the dye handles. We could thus preghye- and cholesterol-
functionalised triskelia in a one-pot folding prdoee with good yields. We assumed
that the insertion of cholesterol would follow teame incorporation efficiency as the
dyd’®!.
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Table 3.11mage intensity values [%] of the gel from dyeoflescence calculated with ImageJ.

Dye equivalent: 1/3 1 1.5 5 8.3 10 17

0
Dimer [%)] 0 0 701 55| 1.8 | 1.2 | 1.1 | 09
Monomer [%] 0 57.0 |45.4)140.8 | 21.3 | 13.0 | 10.7 | 9.0
0

43.0 [47.5(53.7 [ 77.0 | 85.7 | 88.3 [ 90.1

Staples [%]

Although the correctly folded, fully functionalisédskelia could be recovered from the
agarose gel to allow visualisation by TEM analysis, also observed residual agarose
polymer in the micrographs (Figure 3.12A, B). A<® wntend to investigate the
interaction of the polymerised triskelia with lipigsicles, and knowing that agarose can
change the mechanical properties of a lipid bil&5%r we required a purification

method to isolate the triskelia from agarose.

Figure 3.12:Agarose purification of triskelion. (A) Positive &n(B) negative staining electron
micrographs showing triskelia and pieces of agatas®ws). (C) AGE for comparison of sample before
(raw) and after (AGE) purification by gel extracticScale bars 100 nm.

Size-exclusion and concentration methods such phaseyl resin S30¢° (Figure
3.13A, B), PEG purificatidf®® (Figure 3.13C, D), Amicon filter (Figure 3.13E, &)
ultracentrifugatio*” 2*¥ (Figure 3.13G, H) provided concentrations of thiskelia
between 4 and 20 nM, but produced aggregated ofolaesl triskelia that could
sometimes be seen on AGE analysis in the well arsswer and smeared band (Figure
3.13D, F) or leaked contaminants in the sampleufiei®.13, arrows). PEG precipitation,

for example, was particularly unreliable as the gi@nctould sometimes be removed by
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3.2 Synthesis of DNA origami

mistake with the supernatant (Figure 3.13D rightdiside) and produced aggregates

visible on the agarose gel and on electron micpdtgga

'._.-@1“ 20d 31 pugif 15t 204 37 pyif 1K

kB aggreﬁ'

1K1 2 3 4 5 67 8 9 10 111218

- aggregate I~} aggregafte Mg

IR

Figure 3.13:TEM and AGE scans comparing the raw sample (rawl)tae sample after purification
(purify.) made by (A), (B) resin S300 spin-colun{@;), (D) PEG precipitation (two different samplas a
shown, the number of pellet is written above thellwdE), (F) Amicon filter and (G), (H)
ultracentrifugation (number above the well indicttte fraction as recovered). Arrows on the electron
micrographs indicate contaminant arising from thefgation step. Scale bars 100 nm.

It is believed that the radial arrangement of tire¢ arms of the triskelion is particularly
sensitive to shear forces such as centrifugatiahe@$ridges can entangle the structure
and break the 3-fold symmetry. Deformed monomesstasught to be more susceptible
to aggregation than correctly-folded structures. \tWerefore required a gentle
purification method that would yield a high concatibn of origami while preserving
the integrity of the structure. As gravity-driveizesexclusion columns are a standard
purification method for biomolecules and lipid \@sg” 2° we were able to purify
folded triskelia from their excess staples (50-840 sample volume) by passing
through a PD-10 column (GE Healthcare) with a betime of 8.5 mL (Sephacryl
S300) (Figure 3.14).

81



3.2 Synthesis of DNA origami
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Figure 3.14AGE of gravity-driven size-exclusion columns (Apscof Alexa-647 fluorescence and (B)
same gel after SYBR gold staining. The number atibgewell correspond to the fractions’ number. (C)
TEM micrograph of fraction 8. Inset: detail of omiskelion.

To ensure that the selected triskelion-containnagtions are staple-free, the collected
volumes were analysed by SYBR gold-stained AGEnNast staples are not fluorescent
(Figure 3.14A, B). A typical 200 puL raw sample @ &M concentration gave an
acceptable separation and concentration of 500 uB aM (75% yield) without
contaminant or aggregates. The triskelia remainellifeided after purification (Figure

3.14C).
3.2.2 Optimising the triskelion polymerisation stength

With the purified, folded and functionalised trikein hand, we proceeded to assemble
the individual flat triskelia (90 bp-long bridge) the absence of cholesterol and dye, to
form nanometre-sized arrays capable of coveriraggelsurface area.

As two DNA helices can interact at their extrenstidy end-to-end stacking
interaction€*?, triskelia were initially folded with a set of egtity staples without the
protective 6T-ends called blunt ends to examinenjprotected double helices ends can
polymerise solely from stacking interactions at theerface of the arms. Triskelia
missing these extremity staples were also folded aentrol experiment to determine
that unspecific polymerisation does not occurs fidangling ssDNA. The results were

analysed by AGE and TEM (Figure 3.15).
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Triskelion monomer 3T ends Blunt ends D] no ends

& o 3T-ends staples ssDNA scaffold

r S

Q}é\\ Oe? 3T ends Blunt ends no ends

1K 3T & IK X i ; ALV D
B <— aggregate 2 XF Ry e

— .
<— dimer
Lo =% monomer

Figure 3.151A) Representation of a triskelion monomer andrado the detail of the extremity of an
arm finishing with (B) 3T ends (light blue), (C)usit ends and (D) missing the staples of the arms
extremities: “no ends”, leaving the scaffold singteanded (black). (E) Analysis of triskelia monamby
AGE and (F, G, H) TEM. Triskelion monomers cappepwith 3T ends, (G) with blunt ends and (H) with
“no ends”, corresponding to the schematic abovBiiners in (H) are observed because of the stacking
interactions. Scale bars 50 nm.

As expected, capped triskelia displayed no inteyastdue to the extra T bases and the
monomer was clearly identified by AGE and TEM (Fg3.15E, F and schematics B).
Analysis of the blunt-ended triskelia by AGE ind&d that the DNA remained in the
well, suggestive of polymerised triskelia. Corresgiog TEM revealed that the blunt
ends at the arm extremities are capable of stackirgactions forming small aggregates
of several origamis (Figure 3.15G and schematicsHDwever, due to the lack of
specificity of the interactions between the armeiféces, a precise orientation and
alignment of two triskelia were not observed. Inliidn, these aggregates are too small
to sufficiently coat a large vesicle (which suggesiat these interactions are not strong
enough to produce extensively polymerised triskeligerestingly, the triskelia that did
not contain extremity staples (“no ends”, FigurgsR) displayed correctly folded arms
as it migrated through the agarose gel (Figure B,1&nd well-formed triskelia were

observed on the EM grid (Figure 3.15H). These #liskdisplayed minor unspecific

83



3.2 Synthesis of DNA origami

interactions at the extremity of the arms as olestias dimers (approximately <5%) on
the EM grid (lower panel of Figure 3.15H), that @ahved stacking of all three arms

between the two structures.

Triskelia with no ends were then used to test pelysation procedures using sticky
ends with different number of base pairs. For sioity| the triskelion was not purified
before addition of polymerisation staples when wst tested different length of sticky
ends. The staples of each arm extremity were adnitten the folding mix and replaced,
after folding, by new sets of strands with stickgle of 2, 4 or 6 bp and the two patterns
(11, 23 or alk-all) described earlier (Figure 3.16A). The sequenicevery sticky
end is unique and carefully chosen to ensure tat sticky end will bind with only one
other sticky end from another arm, which will cahtthe alignment of each arm and
their connectivity (Figure 3.5A, B). The succesdiybridisation was analysed by AGE
(Figure 3.16B).

g
=]

‘ v’ 11 23 11,23 all«all <— pattern
l<1 % s> {2bp 4bp 6b]V2bp 4bp 6bﬁ (pr 4bp 6bpv2bp 4bp 6bp\ <—# sticky ends
= e=,. e e -
23 ‘Q ﬁ{ﬁﬁ — o G - bt bt ko T < dimer
? o — o ¢ — <— monomer

23 _{a (g; ?#g b . [Excess
.@ stlples
all > all k}%

Figure 3.16AGE ofin situ polymensed trlskella stained with SYBR gold famgparison between the
number of base pairs of sticky ends (2bp, 4bp dpj &nd patterns ¢:1 only, 2-3 only, -1, 23 or
allall).

It is anticipated that upon polymerisation, tris&ekill remain in the well of an agarose
gel as the formed assemblies cannot penetrategtirest>>". Such assemblies were not
observed when 2bp sticky ends were used in alepettinvestigated, which suggests
that these sticky ends are too weak to pair origaBoth 4 and 6 bp sticky ends formed

dimers as confirmed by a clear shift of the bandcemwlonly strands for the<:1l
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connection were added (patterr~1 Figure 3.16), which can only form dimeric
triskelia. In the presence of23 staples, a mixture of dimer and larger assemblies
resulted in multiple bands in the gel as well asctire large enough to stay in the well,
which is consistent with the formation of chainswafrious lengths due to the—3B
staples. Both 4 and 6 bp sticky ends indicatedelaggregates when-1, 2-3 and
all—all patterns were used. A band consistent with ititgvidual triskelia was not
observed when 4 and 6 bp sticky ends were useda band corresponding to dimeric

triskelia was observed weakly with 6 bp sticky ends

To confirm the above analysis, we prepared samiple$EM imaging (Figure 3.17).
Triskelia with missing ends were folded and themiffgd by size-exclusion gravity
column. Each sample of a specified interaction wised with a ten-fold excess of
sticky ends staples of 2, 4 and 6 bp. The sampégs then polymerised by incubation at
30°C for 8 hours.

85



3.2 Synthesis of DNA origami

2 bp

11

23

all—all

— A v
Figure 3.17 Electron micrographs of polymerised triskelia. Iagn columns are made with 2, 4, or 6 bp,
respectively; rows correspond to the patter{1lonly, 2-3 only, k-1, 2-3 and ak-all) used as indicated
on the left hand-side. Scale bars 200 nm.
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Consistent with AGE analysis, samples prepared wiitly 2 bp sticky ends showed no
efficient polymerisation, strongly indicating the sticky ends are too weak to stabilise
two arm interfaces. The successful hybridisatiorrigkelia with 4 bp and 6 bp sticky
ends were observed by TEM, with only little diffece of the resulting structures
observed when the connectivity patterns1l, 23 or alk»all were used. Although
extended arrays of triskelia were observed, thee@iures of the polymers were often
lost as they collapsed on the grid during sampeparation (see chapter 6 for TEM
imaging discussion). The images obtained by EM AGE analysis suggested that the
polymers made using 6 bp sticky ends were stroligked together, in contrast to the
weak interactions provided by 2 bp sticky ends. Ewsv, reversible sticky ends
hybridisation is required to error-correct whileettriskelia polymerise, forming well-
ordered, thermodynamic minima structures. Therefweeselected the length of 4 bp for
the sticky ends for our polymerisation procedur@abcing the interactions necessary

for triskelia pairing and organised polymer growth.

3.2.3 Optimising the triskelion polymerisation tenperature

We next investigated the effect of temperaturehengolymerisation of triskelia with 4
bp sticky ends, aiming to optimise a protocol fontrolled, repeatable polymerisation.
Purified triskelia without extremity staples wereixed with a ten-fold excess
polymerisation staples with 4bp-l, 23 and 4 bp atball (Figure 3.18). The samples
were allowed to polymerise using different incubatiemperatures: room temperature
(20 £ 2°C), 25°C, 30°C, 45°C for 18 hours, or lpn8y cooling down the sample from
44°C to 10°C over 18 hours (anneal). The annealamgp was chosen based on a
protocol developed in parallel with Robert Schreiloe polymerisation of DNA origami
nanoflower§*! (44°C to 20°C over 24 hours). We chose a shortaopol with a lower
final temperature to accommodate our structure wishorter length of sticky ends (4 bp

on triskelia, 6 bp on nanoflowers) that do not hawspacer between the end of the DNA
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helix and the sticky end (the nanoflower has ad$keb spacer). We also verified that the
triskelion remained stable at temperatures up t&€4% mixing T-capped triskelia with

a ten-fold excess of 4 bp alall staples and annealing it from 44°C to 10°C gr b
leaving it at room temperature for 18 hours. Capjpeé#telia with 6Ts were also folded
and mixed with extremity staples with sticky endi<(tall 4 bp as described earlier),
one sample at room temperature and a second adnaala control experiment to see if
the staples bearing the sticky ends can displageoties with T-caps. If the triskelia
remain stable, the staples with T-caps alreadyherotigami should not be displaced by
the ones with sticky ends in solution. If the teb&n starts to unfold, the excess
polymerisation staples will take the place of the&aped DNA and polymerise the

origami which will then remain in the well.

4bp 1-1, 2-3 4bp all-all
T[°C] of S [ S S \ 7
incubation —> 1KM20 25 30 45 anncaltT 25 30 45 anneal 1K anneal 20
polymer—> — S e S —
Y]
dimer —

monomer —>

3T-capped

—— D -
i triskelion
1

. g i . '+all-all 4bp
Excess ’ . i“ ’ ‘ .
staples% “ﬁ — -
Figure 3.18Agarose gel stained with SYBR gold. Triskelia witlbp %1, 23 (left) or 4 bp ak-all
(right) were incubated at room temperature (26),3D, 45°C, or annealed from 45°C to 10°C (anneal)
over 18 hours. A 1 kbp (1K) ladder is shown asrexfee. The two lanes to the right of the gel are 3T
capped triskelia annealed from 45°C to 10°C (anredeft at room temperature (20) for 18 hours.

AGE showed that the polymerisation occurs at roemperature and is stable for at
least 18 hours at temperatures between 18°C and.4Bfe *-1, 23 and aHl-all
pattern and indicate that the DNA remains in th#é,wéich corresponds to polymerised
triskelia. Between 30°C and 45°C, a band corresiognic triskelion monomer appears,
suggesting that the sticky ends can disassembleeasmperature increases. The signal
intensity in the well decreases as temperature; dagish is attributed to a loss of DNA
material from the well, suggesting that the polysnare getting too big to penetrate the

agarose gel. The origami did not show any sigrdisg#ssembly at temperatures used for
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annealing, as both T-capped triskelion samplesuiated at room temperature and
annealed from 44°C to 10°C, displayed bands cooredipg to the usual monomer and

secondary dimer structures.

Finally, we investigated the stability of the polgrised material when the samples were
kept at 4°C over an extended period of time. Th#fipd triskelia that were incubated at
different temperatures with their polymerisatioaptes, as described above, were stored

at 4°C for 48 hours before re-analysis by AGE (Fég8.19).

4bp 1-1, 2-3 4bp all-all
T[°C] of |
incubation—>  1K.120 23 30 45 anncat! T 25 30 435 anncal I K anncal 20
polymer —> A JI-QQ.. :|
= 1 . =
dimer 3 o v :._ ~
monomer f— —"
P : —-— ' 3T-capped
- triskelion
Excess -j
staples

Figure 3.19:Agarose gel stained with SYBR gold. The samplei; \thzare analysed by AGE directly
after polymerisation (Figure 3.18) were stored kapt°C 48 hours, and then re-analysed.

After storage at 4°C for 48 hours, AGE analysisaated that the material continued to
hybridise, as indicated by the darker bands ofthlgmerised triskelia, and reduction in

intensity of the monomer and dimer bands. We furttmalysed these samples by TEM

(Figure 3.20).

Figure 3.20:Electron micrographs of (A) 3T-capped triskelionxed with alk»all 4bp stapvles and
annealed from 44°C to 10°C, (B) polymerised trigkelith 4 bp al—all incubated at 20°C for 18 hours
and (C) polymerised triskelia with 4 bp<alall incubated at 20°C and then stored at 4°C. Szate 100
nm.
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Electron micrographs of the 3T-capped triskeliomvedd folded monomers without
polymerisation, despite the presence of the poligagon staples and the 44°C-10°C
overnight annealing ramp (Figure 3.20A), indicatthgt the DNA staples with 3T-caps
at the extremity of the arms remain on the origamence preventing polymerisation.
Polymerised triskelia with polymerisation stapledp alk—»all for 18 hours (without
incubation at 4°C) showed little clusters of polysed triskelia and monomers in
solution (Figure 3.20B). When the triskelia of th@me sample were imaged after 48
hours at 4°C, TEM revealed bigger polymers, ascatéid by the agarose gel (Figure
3.19). Therefore, at low temperature, hybridisatdrihe polymerisation staples to the
arms of the triskelia can occur, but a correctibmeématched hybridisation does not,
which results in disorganised clusters (Figure G)20The indication that triskelia
polymerise at 20°C is an important information e project aim toward polymerisation
of the triskelia and bending of a lipid membrangeabperature approaching those of a
healthy cell (homeostasis temperatures), say betv@®8C and 37°C (physiological
temperature). Although polymerisation of the triskavas observed at temperatures
between 4 and 45°C, the arrays were irregular, veadsought to further improve the

polymerisation procedure.
3.2.4 A new polymerisation strategy

To improve the regularity of the polymers, a newrapch was considered that relies on
triskelia dimers as “seeds” for polymerisationwts discussed previously that for a 2D
array to fold into a spherical shape, the repeatinds must produce both pentagonal
and hexagonal rings. Although our initial trisketlasign allowed for this, we can also
consider a dimer, attached via>1 hybridisation that can self-assemble into regular

repeating 5- and 6-membered rings (Figure 3.21).
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Polymerisation

of arm 2-3

Figure 3.211llustration of polymerisation arising from pre-foed triskelia dimers. (A) Dimers {31)
and (B) polymerised dimers linked upon additioniaf staples for the remaining arms«3).

A dimer will provide the building block to form ptmgons and hexagons, leaving the
only pairing interaction necessary for array foroatto 2-3. This strategy thus

provides more direction to the formation of regudenays.

To guarantee the stable attachment of two triskielia a dimer, we redesigned the
sticky ends as explained below. The extremity ssmpif arm 1 (designed to hybridize
with the same arm 1 of a second origamk 1) were exchanged for a new set of oligos
that we called “invading strands”. These invaditrgrads hybridize with two origamis:
20 nucleotides in arm 1 on an initial origami and#dwed by several bases (between 4
and 8 bases), hybridising with the arm 1 of a sdcwiskelion (Figure 3.22). When
discussing the polymerisation staples, we highightow the staples at the extremities
of two triskelia have to face ssDNA strands of apfedirection (3end faces 3end,
and 3-end faces Bend, Figure 3.22C) to allow hybridisation of theclsy ends. The
situation is different for the design of our invaglistrands as they require, on the
contrary, that a’3end faces a'&nd from another arm. The new arrangement of tiflme a
extremities is therefore shifted by one more DNAxheompared with the sticky ends

arrangement as illustrated in Figure 3.22B and C.
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Figure 3.22:lllustration of the interface between two arms @fottriskelion showing (A) 3D
representation and localisation of invading stra@sour code indicates the same helix extremitypotin
arms. (B) Schematics of the invading strand interfaorresponding to the rectangle in (A}eBds are
represented by arrows. The scaffold is shown ik bare. Both green’&nds correspond to the beginning
of a dye handle. (C) Sticky ends interface for carigon.

Due to the honeycomb organisation of the arm extresn this new connectivity creates
an off-set in the heights of the helices by haldMA helix, approximately 1 nm. Thus,
as an invading strand protrudes from a first arrattach the second arm, the end of the
DNA strand must extend the height of half a DNAhéb hybridise. To accommodate
this offset, invading strands with a short spacetwken the two interfaces were
investigated. This spacer is made of 3T and wasrted between the 20 nt-long domain

on arm 1 and the 4 to 8 invading bases (Figure)3.23

Triskelion 1

Triskelion 2

1 nm {
L Il 1l |
| T I
staple spacer  Invading

sequence
Figure 3.23:illustration of the interface between two helicdstwo triskelia showing the 3T spacer
between the two staples domains that hybridise thitrscaffolds of the two triskelia.

Dimers assembled using these new invading strarelsa@ticipated to be rigid and
irreversible in comparison to dimers formed witkclst ends, as the invading strands
that connect the two triskelia insert into the grather than being an extension of it),
and also pair more bases between the two origa#a& lfp vs 8-16 bp). Invading
sequences of 4, 6 and 8 bases were investigatethamkw sets of staples, either with

or without a 3T spacer, were added to the onegddinfy (Figure 3.24).
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Figure 3.24: Aalysis of dimers by (A) AGE and (B, C) TEM. (A) @mumber above the wells
indicats the number of bases that invade into the @& the second triskelion, and a T signifies taat
spacer of three T is added at the interface. Elaatnicrographs (B) large view and (C) detail of dim
obtained during this folding. Scale bars 100 nm.

Analysis of the gel from AGE indicated that dimemsre formed with all of the different
lengths of spacer under investigation (Figure :P4and dimers were observed in TEM
micrographs (Figure 3.24B, C). Analysis of the gsing ImageJ determined that the
best yield dimer (70%) was obtained with an invgdsequence length of 6 bases and

the 3T spacer (column 6T Table 3.2)

Table 3.2:Yield [%)] of dimer, monomer and secondary struesuwith six sets of invading strands.

Set of inv. str; 4 4T 6 6T 8 8T

Dimer [%] 66.9 | 64.6 | 46.4| 70.3| 41.2| 58.9
Monomer [%] 23.6| 28.2148.9| 25.2| 56.8| 37.5
2" struct. [%)] 95 | 72 | 47| 59| 20| 3.7

We compared the yield of dimer production using tkel 6 bp sticky ends (6 bp)
staples and the new invading strands with 6 nt3ndpacer (6T). Dimers were made by

adding the dimerisation staples in the mixture egithrior to or after folding of the

triskelion.
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Figure 3.25:AGE analysis of dimer production using 6 bp stigkyds (indicated as 6bp) or 6 nt
invading strands with 3T spacer (indicated as &Timonomer is used as reference (mono) in addition t
the usual 1kbp ladder (1K). (A) Staples 6 bp andafitied prior to folding, and (B) staples 6 bp amd 6
added after folding and purification of the triskel

When added to the folding mixture, 6 bp sticky epdsduced dimers, but aggregates
were also assembled, as indicated by a band themecdhin the well (Figure 3.25A) and
suggesting uncontrolled assembly. When invadingnsti6T were added to the folding
mixture, only dimers were observed. When the tliskemonomers were folded and
purified prior to the addition of dimerisation skeg 6 bp and 6T and incubation at 30°C
for 2 hours, it produced dimers with 40% and 54%dg, respectively. (Figure 3.25B).
The staples for dimerization were added in ten-feddess in both cases and can be
detected at the end of the gels. The productiodiraer using 6T invading strand was
therefore the most efficient method to producekélia dimers and the one selected for

further investigation of triskelia polymerisation.

The stability of the dimers assembled with the dimg strand 6T (and 6 bp sticky ends
for comparison) was also investigated. We therefexracted the dimers from the
agarose gel to eliminate the~1l excess staples and remaining monomers (Figure
3.25B). The purified dimers were then applied toperatures between 20°C and 45°C
for 18 hours and analysed by AGE and TEM (Figug&3.
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Figure 3.26(A) AGE of purified 6T dimers incubated at 20, &0d 45°C for 18 hours. For comparison,
6 bp dimers and triskelia monomer incubated at 3@%also investigated. (B) Electron micrographs of
dimer incubated at 45°C for 18 hours. Scale baferin.

Purified dimers assembled with the invading stra@iisvere stable at temperatures from
20 to 45°C, as indicated by a single band in tHggjgure 3.26A). When left at 30°C.
The dimer assembled with 6 bp sticky ends indicatguhiring when incubated at 30°C,
and observed as a monomer band. We therefore oentiour investigation with dimers

prepared with invading strands with 6 bases and spacer (6T).

Following the success of the formation of the &lgk dimer in a one-pot reaction with

invading strands, we investigated if the two renmgjrarms (namely arm 2 and arm 3)
would assemble into chains following the new praredInvading strands with 6 bases
(marked as 6) and with a 3T spacer (marked as [BdQess were designed for these two
arms and added to the folding mixture of triskelmmonomers. Analysis of the agarose
gel indicated that the triskelia form aggregatesd tbmain in the well, as well as smaller

assemblies such as dimer and trimers (Figure 3.27).
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Figure 3.27AGE of chain polymerisation of the arms»3. (A) Unpurified sample after folding with 6
bases invading the opposite arm (indicated asngl) 6ainvading bases with a 3T spacer (6T). Therigkte
indicates that the line was extracted and imagedrBi (Figure 3.28). (B) Fractions from the size-
exclusion column of the sample with 6 invading Isasexd (C) 6 invading bases with 3T spacer.

Analysis by TEM of the product of polymerisatiofiyted from a size-exclusion column
to remove excess staples, revealed that if th8 tvading strands are added during the
folding, the main products are closed circles cosmpy three triskelia and long chains
of triskelia (Figure 3.28). Such closed arrangenennsuited for further polymerisation
and is unlikely to reorganise when exposed to heiate we already observed that
triskelia dimers were stable up to 45°C (Figure6.ZExtraction and imaging of the
trimer band (marked as * in Figure 3.27) confirntbdt the triskelia of this band are

arranged in a closed triangle (Figure 3.28B, C).
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Figure 3.28(A) Electron micrograph of chain polymerisation usihg et of invading strand (6T) from
fraction 8 of the size-exclusion column of Figur@7B. (B) Trimer observed from the band extracted
from agarose gel labelled with an asterisk on EgiiP7A: extended and (C) model of a triskeliomén
and (D) magnified view of the triangles. Scale HEI® nm.

To avoid these smaller, triskelia trimers durindypterisation, we anticipated adding

the 2-3 staples post-folding of the triskelia dimers.
3.2.5 Study of the polymerisation kinetics of trikelia

Before optimising the protocol for polymerising tlémeric triskelia with invading
strands, we sought to investigate the kineticsabyrperisation of the invading strands.
It is expected that polymerisation of the triskelging invading staples will take longer
than the sticky ends, as the invading strands tairesert into the DNA origami in order
to access the complementary domain. Furthermoee|atbps of unpaired bases at the
extremities of the arms may form short matching dim® and stacking interactions that
the polymerising DNA strands may have to competf.vWe investigated the kinetics
of hybridisation (of all the arms) by comparing tlage of polymerisation of the invading
strands with the equivalent pattern of 4 bp stiekhds (31, 2-3). Starting from
purified flat triskelia monomers (with no cholesteand no dye), we added the two sets

of staples (6T, and 4 bp) in ten-fold excess. Smalijuots were taken from the
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polymerising samples over the course of the expare (12 hours), and frozen before
analysing by AGE (Figure 3.29) and TEM (Figure 3.3®/e also polymerised the
triskelion following the annealing ramp discusseévipusly (44-10°C) for comparison

to the room temperature experiments.

4bp (1<—l>1, 23) inv. str. 6T l(<—>1, 2e>3)  «— setof staples
1Klanneal 720 150 80 401 o (40 80 150 720 ammeal ) 1K <— [min] or [°C]
& - ¢ ; =3 ‘ <— polymer

= =—% trimer

= '._-_ Bl o o as = < dimer
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staples

Figure 3.29:AGE of polymerised triskelia using the set of &ap4 bp sticky ends {1, 2-3) or 6
bases invading strands (inv. str. 6T) with spaésmlution over time of the polymerisation made at
20+2°C (room temperature) after 40, 80, 150 and mz0 (12 hours); and annealed from 44°C to 10°C
(anneal) over 16 hours. The well indicated by OQaatks purified triskelion monomer without any $&p
run as a control.

The agarose gel presented in Figure 3.29 sugdestdar both type of polymerisation

strands, triskelion polymerisation was only obsdrvafter an extended (12hrs)
incubation time at room temperature, as observethbymaterial that remains in the
well, indicating of large assemblies. After theHdurs incubation period, a darker band
from the well of the triskelia polymerised with Gitivading strands was observed in
comparison to the 4 bp sticky ends, and fewer bamdsesponding to monomers or
dimers in the gel, suggesting that the polymewsais more efficient with invading

strands. The addition of polymerisation staplesitioer sample triggers the formation of
dimers which can be observed after 40 minutes. Bsamples showed efficient

polymerisation upon the 44-10°C annealing ramp,nasdimers or monomers are
observed. The absence of signal coming from thé 44ellO for the invading strands is
attributed to a loss of the DNA present in the vekiting staining, as the polymerised

triskelion were observed in TEM (Figure 3.30).
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o

Figure 3.30Electron micrographs showing polymerisation usifigivading strand (@1, 2-3) from
monomers. The main series of images illustratesttwdution over 12 hours (720 min) at room tempegatu
(20£2°C), and the last image (anneal) illustrakesfinal result after an annealing ramp from 44°006C
over 16 hours. Scale bars 200 nm.
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Figure 3.31Electron micrographs showing polymerisation usingpasticky ends @1, 2-3) from
monomers. The main series of images illustrateeti@ution over time (12 hours) at room temperature

(20+2°C), and the last image (anneal) illustratesfinal result after an annealing ramp from 44°008C
over 16 hours. Scale bars 200 nm.

We then compared the TEM images of the polymeadsatising 6T invading strands

(Figure 3.30) and polymers made with 4 bp stickgise(Figure 3.31) (both samples use
the pattern &1, 2-3). The time lapse TEM micrographs indicate thae th
polymerisation using the invading strands takegéorto happen in comparison to the
polymerisation with 4 bp sticky ends, but formgr assemblies over 12 hours. When
annealed from 44°C to 10°C, both samples produaegklaggregates. The triskelia

polymerised with the 6T invading strands formedyéaaggregates that appeared to
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3.2 Synthesis of DNA origami

better maintain their 3D features in the TEM grias,evidenced by the accumulation of
stain that appeared darker on the micrographs.néfefore decided to continue to work
with the strength of a dimer made using 6T invadstaples, coupled with the faster

polymerisation provided by the 4 bp sticky endstha arms £>3.

The clathrin protein deforms lipid bilayers by poigrising at a rate of secofd¥. In an
attempt to reduce the time required for polymeigsabf our synthetic triskelion, we
desired to have a time scale as short as possgitghort time frame of the experiments
also minimises the effect of lipid oxidatfé? and limits the decrease of vesicle quality
as they undergo physical changes such as burstirsgon, tubulation and lipid
oxidatior?*®. We showed earlier that flat dimers (with no clstéeol and no dye) form
more regular assemblies than monomers, that 6Tdingastaples form stronger
interactions than 4 bp sticky ends staples, and4hmp sticky ends polymerise triskelia
faster than 6T invading strands. By amalgamatingsehresults, we decided to
polymerise the triskelia starting from a rigid astdble dimer with 6T invading strands
(1~1) with 4 bp sticky ends to polymerise->3. To examine this, we compared the
polymerisation of dimers formed with 6Tl invading strands using either invading

strands 2>3 (Figure 3.32A), or 4 bp sticky ends>3 (Figure 3.32B).
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3.2 Synthesis of DNA origami

Figure 3.32Electron micrographs of polymerised dimers usiny 2A-3 6T invading strands, and (B)
23 4 bp sticky ends. scale bars 200 nm.

Polymers made using the 4 bp sticky ends appearedrisume the entirety of the 6T
dimer in solution within an incubation time of 4ure. These results encouraged us to
use 6T dimers with 4 bp sticky ends for polymergain later experiments involving

giant unilamellar vesicles (GUVSs).
3.2.6 Variation of the bridge length of a triskelon monomer

We also investigated how modifying the bridge léngetween the arms would affect
the polymerised product, applying our optimisedcpaure. The length of the bridges on
the triskelion investigated this far has 90 bp aad designed to hold the three arms in a
flat configuration (180£10°). To be able to fordeetmembrane to bend, we also
designed shorter bridges (Figure 3.2 and 3.3) asritbed at the beginning of this
chapter. We then next investigated the effect airteh bridge on the opening of the
arms. As mentioned in section 3.1.1, bridge lengf30, 60 bp were also designed for
the triskelion, with the expectation that the ditaédngle would reach 102+2° for a 30
bp bridge and 118+4° with a 60 bp bridge. The ssbr these alternative bridges were
added to the folding mixtures and analysed by AG& BEM (Figure 3.33).
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Figure 3.33:Analysis of triskelia with different bridge lengtA) AGE run for 5 hours to reveal
differences in the triskelia migration, “no stapleslicate that the scaffold was annealed in theeabe of
staples. ssDNA refers to a triskelion with a ssDbl#&lge, and the numbers (30, 60, and 90) refehé¢o t
number of bp that form a double helix on the brid@#ectron micrographs and schemes of the
corresponding triskelion: (B) 30 bp bridge for axpected dihedral angle of 102°, (C) 60 bp bridge,

expected dihedral angle of 118°, (D) 90 bp bridlieedral angle of 180° (flat, conformation for nefiace,
and (E) triskelion with ssDNA-only bridge. Scale$&0 nm.

The shortened bridges of 30 and 60 bp indeed pealisituctures with their arms forced
into a closer configuration than the flat triskdliamed with a 90 bp bridge, as observed
in TEM micrographs (Figure 3.33B, C respectivelihe agarose gel displays a band
slightly faster when the triskelion is folded withe 60 bp bridge, which can be
attributed to a correctly folded structure thamisre compact in comparison to the other
versions. Surprisingly (and despite a geometry eseser than triskelia with 60 bp
bridge), triskelia with 30 bp bridge did not indiea faster migration. This difference in
migration is however extremely small. The lastkiiga folded with a single stranded
bridge leaves the scaffold part of the bridge sirgftanded and flexidfé* 2**(Figure
3.33E). Electron micrographs of this ssDNA bridgeskelion indicated that the
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3.2 Synthesis of DNA origami

structure can be folded without the complementdrgnsls for the formation of the

structure and appeared to preferentially depostherEM grid in an open configuration.

Despite the presence of 30, 60 or 90 bp bridgesdsst the triskelion arms, irregular
arm positions were observed on the EM grid (seee&nhl14). A bridge composed of
one DNA double helix may therefore lack rigiditydastrength to maintain the arms at
their expected 120° angles due to the presencesak\points on the DNA double helix
that are the beginning and end of a staples, ofoitegion of the scaffold loop at the
centre of the bridge (Figure 3.2). In these posgjat is theorised that the DNA helix
can bend where a staple stops, as they enduredd &ttains from the arms on both
sides. It was therefore questioned whether a siBil& double helix can resist the
tensegrity strain of the structure. Indeed, thed®imust endure both the fluctuation of
the positions of the arms in solution, and maintaidong reservoir of unpaired

nucleotides.

We theorised that a stiffer bridge would impose @renrigid constraint of the angle
between the arms, which would also provide strengtliuture membrane bending
investigations. Consequently, bridges of length66fand 90 bp were designed that
contained three DNA double helices. Bridges of pOwas not investigated as we did
not expect them to be used in experiments involtirggdeformation of a lipid bilayer
due to their extremely tight configuration. Inde#ite angle previously obtained with the
shorter bridge of 30 bp (Figure 3.33B) seemed ¢geclthe triskelion in a configuration
believed to be unfavourable for a membrane intemacts the cholesterols are hidden
inside the structure. The scaffold still contaile@ whose length can be varied, but the
hybridized part of the scaffold is now coupled witto extra helices formed by five
more staples. The sequences for the new strands designed using Nupdt® to
prevent parasite hybridisation within the new stapiThe staples for these bridges were

added to the folding mixtures and analysed by TEMUre 3.34).
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90bp bridge 60bp bridge
3 DNA helixes ’ 5 3 DNA helixes
(30+10)nt loop ¢RI, (60+10)nt loop

Figure 3.34:(A) Electron micrographs and (B) schematic depictioririskelia with stiff 90 bp-long
bridges. (C) Electron micrographs and (D) schemat&piction of triskelia with stiff 60 bp-long bgds.
The stiff bridges are visible on the micrographsifesarrows on top left pane). Scale bars 50 nm.

The thickness of the bridges allowed their visaits on EM micrographs, as indicated
by white arrows in Figure 3.34A and C. The two bad improved the reproducibility of
the angle between the arms; >95% of the stiff 9Cbbdge maintained a 120° angle
between the arms (Figure 3.34A, B) and the stifbbpGoridge brought the arms closer
while maintaining a constant angle (Figure 3.34,Ahalysis of the triskelia structure
with stiff 90 bp bridges in TEM images determinduat out of 400 counts, 95%
(382/400) of the triskelia folded in the expectedfoguration with their arms spaced by
120 + 5°, while only 60% (243/400) maintained thiggle when folded with the single
bridge and imaged on TEM. (As this change of bridgeurred during the development
of the polymerisation procedure, TEM micrograph$igfure 3.32 present triskelia with

stiff 90 bp bridges.)

Triskelia folded with a 60 bp bridge were obsert@drientate on the EM grid with their
arms extremities pointing out of plane, thus préwenclear identification of the angle
between the arms and preventing the analysis oftigge distribution. However, the
upward position of the arms allowed us to image éhd of the arms of the triskelia
revealing the honeycomb arrangement of the helipesgisely as we had designed

(Figure 3.35).

105



3.2 Synthesis of DNA origami

Figure 3.351A) lllustrations of the triskelion with arms rageut-of plane by a stiff 60 bp bridge. (B)
Electron micrographs of triskelion with stiff 60 tgng bridges showing the same honeycomb lattice as
the model. Scale bar 50 nm.

Surprisingly, the orientation of the honeycomb aadéd a triskelion closed in the
opposite direction than the one expecfédis implies that the initial positions designed
to attach cholesterol anchors now face the outsidae bent triskelion (Figure 3.36A)

and not the inner space between the arms of thieetion as initially planned (Figure

3.36B).
u

Figure 3.36:Schematics of triskelion with cholesterol anchoest with stiff 60 bp bridges: (A) initial
planned conformation with the cholesterol locatedards the inner space of the structure and (B)
conformation as observed by TEM, which will expéise cholesterol anchors (yellow) towards the outer
space.

This unexpected conformation of the bent trisksigmifies that the membrane pinching
we ought to observe would be of opposite directltan the one we initially expected.

This alternative conformation is likely to have paped with bridges of a single DNA

helix (Figure 3.33C) and could be the reason ferfdster migration in the agarose gel
(Figure 3.33A) of the triskelion with 60 bp bridge comparison with the other bridge

lengths. By bending the other way around, the leridghen localised at the outer side of
the structure and makes the triskelion more densatiked than expected (Figure 3.36).
However, this conformation still fulfils our aim oontrollably bending a lipid

membrane, and so the project was pursued.
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3.2 Synthesis of DNA origami

3.2.7 Improved triskelia polymerisation strategy tserved by TEM

In view of the improved control over the dihedrabke of the triskelion using the bridge
with three double helices, we applied this improw&dicture and polymerisation

strategy (triskelia dimers with 6T invading strarlids1, and 4 bp sticky end for the

connection 2>3) for the production of polymers (Figure 3.37).

Figure 3.37Electron micrographs of (A) triskelia dimers (6 Vading strands) with stiff 90 bp bridge,
and (B) polymerised with 4 bp-23 sticky ends. (C) Triskelia dimers (6T) with s&® bp bridges and (D)
polymerised with 4 bp 3 sticky ends. Scale bars 200 nm.

Triskelia dimerised with 6T invading strands andhvatiff 90 bp bridges (Figure 3.37A)
and then polymerised with 4 b3 sticky ends (Figure 3.37B) showed large polymers
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3.2 Synthesis of DNA origami

that overall presented better features and opetiiag the polymers obtained before
optimisation of the bridges and polymerisation pohore. The equivalent triskelia

dimers with stiff 60 bp bridges were observed orMTtwith the arms closer to each

other as expected (Figure 3.37C). These curvdcetissformed polymers observed with
a tendency to form 3D superstructures with shaggeges than the ones with stiff 90 bp
bridges (Figure 3.37D) due to the forced closedaromation of the arms by the stiff 60

bp bridges.

In addition to the polymerised material the triskglroduced with 6T invading strands

and stiff 90 bp bridges, smaller regular polyhedexe also imaged, which were not

observed with 4 bp sticky ends (Figure 3.38).

assemblies made with 6T invading strands. (A) D& prism, (B) triangular prism, (C) hexagonal axis
3D polygons and (D) octagonal 3D polygon. Scaks 280 nm.
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3.2 Synthesis of DNA origami

These regular 3D shapes satisfy all of the conoestof the arm extremities. Although
the formation of these polyhedral structures indidathat our synthetically designed
triskelia monomer can indeed form 3D cages, reroamsof the pinched bilayer vesicle
coated by clathrin, their sporadic and uncontrolfedmation prevented us from
investigating their assembly further. Large, plaaeays of flat (stiff 90 bp bridges)
were not observed and we believe that our systeuirexl a surface templation in order
to assemble into a planar array, due to the remgifiexibility of the arms. A lipid
bilayer would offer a surface for the triskelia vitholesterol anchors to insert into and
would thus provide a planar, spherical templatetti@er assembly of triskelia array. We

therefore investigated the effect of polymerisedetis on lipid bilayer (see Chapter 4).

3.3 GOLD NANOPARTICLE FUNCTIONALISATION OF
THE TRISKELION

In addition to the purification procedure developedsolate the triskelia that involved a
size-exclusion column, we also developed a proeethat relied upon gold nanopatrticle
(AuNP) functionalisation of the triskelion (FiguB39). Functionalising the triskelion
with an AuNP enables it to be purified by AGE ahdrt concentrated by centrifugation,
a procedure that is not possible with the unmadlifresskelion. The high contrast of the
NP-functionalised origami also enables identifieaton a TEM grid, which allowed

determination of the yield and quality of the pobnsed structures.

Attachment of a AuNP to the triskelion was made lofsing a literature
procedur&:?%®! phosphine ligands on AuNPs can be exchange hiittated ssDNA in
the presence of salt (NaCl). The sequence of lind-$sDNA can then hybridize with a
complementary sequence incorporated in an origdéfeithus used poly T (10 thymine
bases) ssDNA sequences attached on a AuNP to fsghmdth poly A (six adenines

bases) functionalised at the centre of the triskelFigure 3.39)
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3.3 Gold nanoparticle functionalisation of the triskelia

Figure 3.39:schematics for AUNP functionalisation of triskeliq) triskelion decorated with 6A in
the centre (red staples), (B) Gold nanoparticleNRY functionalised with poly T (10T, in blue) ots i
surface, and (C) AuNP fixed on the triskelion bg ttybridisation of the red and blue ssDNA.

3.3.1 Synthesis of AuNP-triskelia

AuNP with diameter from 5 nm to 40 nm were addeth&folding mixture of triskelion
monomers (one DNA helix, 90 bp bridge, and hantbesholesterol and dye omitted)

before annealing and analysed by AGE and TEM (Ei@u40).

AuNP diameter [nm] AuNP diime’ler [mn‘lqA
510 15\ IK

5 10 15 20, .40 1K

§ o= = . ‘,v,‘ & »
AuNP-triskelion

Excess AuNP

- ] e 3 TR L i o = LS RPN gD n x
Figure 3.40(A) Agarose gel of various AuNP sizes scanned B¥BR gold dye. Numbers above the
well refer to the dimension in nm of the AuNP didene Red lines highlight the position of the AuNP-
triskelion; other bands are attributed to excesdNRAu (C) AGE of purified AuNP-triskelion by
centrifugation. The well “15 raw” indicate an unified sample run as a reference. (D) TEM of trigkel
decorated with AUNP in their centre. Scale bar B0 n
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3.3 Gold nanoparticle functionalisation of the triskelia

The gold-decorated structures were successfultletbland purified by AGE. Structures
modified with smaller AUNPs migrated quickly in tlyel and were less fluorescent
(Figure 3.40A); any other bands located under tla@se=xcess AuNP, which are added
as 1.3 equivalents. Triskelia functionalised withN® between 15 nm and 40 nm were
pelleted without damaging the origami, as obsetyed single, red band in a gel (Figure
3.40B). Triskelia with smaller AuNP (5 and 10 nmid dnot pellet at rates of
centrifugation that would not damage the structutéectron micrographs of the
functionalised triskelion monomers revealed thad #0 nm AuNP deformed the
triskelion (Figure 3.40C). We thus continued oulypeerisation investigations with the
triskelia modified with a 15 nm diameter AuNP, ke tmnonomer could be successfully

purified and the AuNP did not alter the triskelgtnucture.

As this investigation with AuNP functionalised k&dia was performed before our
development of the procedure for polymerising witmers and invading strands, we
used sticky ends (and bridges of 90 bp with a sinBINA double helix) for

polymerisation. The 15 nm-diameter AuNP-functiosedi triskelion was mixed with the
two patterns of polymerisation staples <a#lll and ¥-1, 2-3). We examined if the

AuNP would change the conditions required for payisation, by using both 4 bp and
6 bp sticky end staples. After annealing from 446C10°C over 16 hours, we imaged

the arrays with TEM (Figure 3.41).
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4bp all—all

6bp all—all

Figure 3.41TEM micrographs of triskelion arrays rﬁodified with nm diametre AuNP (observed as
black dots). The polymerisation staples were adafeet purification by centrifugation. (A) 4 bps#1,
23, (B) 4 bp, ak-all, (C) 6 bp, 11, 2-3, (D) 6 bp, ak-all. Scale bare 500 nm.
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3.3 Gold nanoparticle functionalisation of the triskelia

Polymerisation was observed for both 4 bp and 6tigy ends and for the two patterns
of attachment, as previously observed with thekétia without AUNP (Figure 3.17).

The presence of the AuNP on the triskelion didapygear to change the polymerisation
efficiency in comparison with polymers formed inetlabsence of the nanoparticle;
therefore we proceeded to use the 4 bp sticky Bmrdsture experiments. As the arrays
formed successfully with AuNP functionalisation dawith higher purity), we also

investigated templating strategy using liposomedittect and optimise the formation of

the desired spherical structures as described apteh4, section 4.1.
3.3.2 Variation of the bridge length of a AUNP-tri&elion

We next investigated if TEM imaging would allow tldservation of controllably
deformed liposomes with AuNP-functionalised triskalsing the stiff 3-helices bridges
described in section 3.2.6 (See also Figure 388)the contrast offered by the AuNP
enhances observation of the triskelion by TEM, meestigated if the presence of the
AuNP would interfere with the constricted triskeligth shorter bridge. AuNP-triskelia
were folded with the two stiffer bridges; 60 and I9® and analysed by AGE (Figure
3.42) and TEM (Figure 3.43).

No AuNP [ with AuNP E No AuNP | with AuNP
IK 60 90 60 90 1K IK 60 90| 60 90 IK

-

monomer

1

|

|

|

. 3 E I

monomer —> [ ; 1
\ i 1

: Excess

| AuNP

Excess
staples

Figure 3.42:AGE of triskelion folded with stiff bridges of 60pkand 90 bp long. The number of bp of
the bridge is indicated above the well of the dil. AUNP above the gel indicate that the triskelabrthe
well do not have AuNP attached to it. With AUNP k®aAuNP-decorated triskelion. (A) Gel stained with
SYBR gold, and (B) photography of the same gel.
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3.3 Gold nanoparticle functionalisation of the triskelia

For comparison, triskelion with and without AuNP reeeanalysed. Triskelia without
AuNP functionalisation requires staining with SYBRId for analysis, but this dye
bleaches the signal from the AuNP-triskelia. Themef a photograph of the gel was
made to show the red band of the AuNP (Figure B}¥2he band under the monomers
on the gel is the excess AuNP, added in 1.3 eqemsl The gel indicates correct folding
of the structure with incorporation of a AUNP. ketion folded with and without AUNP
presented similar mobility in agarose gel suggestitat the two structures are similar.
The band corresponding to the monomer AuNP-triskelvith 60 and 90 bp-long
bridges were extracted and imaged by TEM (Figu48)3.

28 60bp bridge
3 DNA helixes 3 DNA helixes
(30+10) nt loop : : (60+10) nt loop
15nm AuNP SRy e @ 15nm AuNP

90bp bridge

s e e ) L6 e g s 2 NS N

Figure 3.43Electron micrographs of AuNP-triskelion extracteonfi the gel in Figure 3.42. (A) AuNP-
triskelia with stiff 90 bp-long bridges and (B) schatics. (C) AuNP-triskelia with stiff 60 bp-longidige
and (D) schematics. Scale bars 50 nm.

Electron micrographs revealed that the presendbeoAuNP on the triskelion fixed the
planar angle between the arms at 120°+2° (Figut8/3.B). However, it also prevents
the triskelion from constructing to an angle of 148th a short, 60 bp stiff bridges; the
dihedral angle was maintained at 180° (Figure 3,4BJ. Therefore, the AuNP-
triskelion was not used further in the investigataf the controllable deformation of a

membrane bilayer.
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3.4 SUMMARY

This chapter presented the successful design anthesys of a clathrin-inspired
structure using DNA origami with the purpose of woltably bending a lipid
membrane. The new structure (triskelion) was deslgor polymerisation into a pattern
resembling that of a buckyball, and it was deteedithat the optimal strategy was to
use triskelia dimers (using-11 6T invading strands) and 4 bp sticky ends (arsSR
Each triskelion can be functionalised with 9 chtdesls for attachment to lipid
membranes, and 6 dyes for fluorescence visualigatiee study of triskelia on lipid

membrane will be presented in chapter 4.

Triskelia can be folded with bridges of two diffatdengths; 90 bp (flat) and 60 bp
(curved) and purified from excess DNA staples. \WWeednined that a bridge comprising
3 DNA double helices was able to force the triskelio maintain a fixed angle between
the arm of 120°, and a dihedral angle of either I80.18°, using bridges of 90 bp or 60
bp respectively. We discovered that the 60 bp leridgrced the triskelia in an

unexpected conformation, which orientates the posibf the cholesterol anchors

towards the outside of the structure.

A triskelion functionalised with a 15 nm AuNP walsastudied, and helped in the
development of the polymerisation and purificatfmocedure. AuNP-triskelia will be
used to determine optimal coverage of lipid vesialehapter 4. However, the presence
of the AuNP also prevents the triskelion from camding to an angle of 118° with a
short, 60 bp stiff bridges. Therefore, the AuNRBKelion will not be used in the

investigation of the controllable deformation ahambrane bilayer.

115



4. Clathrin-inspired DNA origami in interaction with lipid membranes

CHAPTER 4

CLATHRIN-INSPIRED DNA ORIGAMI IN
INTERACTION WITH LIPID MEMBRANES

The previous chapter described the design and aesistiof a DNA origami which shape
and function were inspired from the clathrin protéive named this new nanostructure
triskelion to refer to the three-armed shape of DA origami. Chapter 3 also
described the improvement of the triskelia polysetion method; we determined that
triskelia formed extended arrays when &1l dimer (attached using 6T invading
strands) was mixed with 4 bp sticky ends conneciimgs 2-3. The following chapter
presents first the study of the optimal concerdratof AuNP-triskelia required to
efficiently anchor the DNA origami with cholesterahchors to the lipid membrane of
liposomes. We then consider triskelia dimers (with@®uNP) anchored to lipid
membranes by cholesterol anchors and the effetteoformation of triskelia arrays for

membrane bending.

4.1 OPTIMISING COVERAGE OF LIPID VESICLES
BY AuNP-TRISKELIA

We hypothesized that the surface offered by a libithyer would template the
organisation of triskelia into a spherical shap@HT liposomes of approximately 100
nm diameter were added to purified flat monomers AofNP-triskelion bearing
cholesterol anchors, concurrently with the polysetion staples. The samples were
allowed to incubate at 20£2° for 12 hours before iEMging (Figure 4.1). This method

has the advantage of limiting the damage endurethdyipid vesicles and reduces the
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risk of the AuNP falling off the triskelid#f” (Figure 4.1 B), which was observe to

happen after 24 hours.

X

Figure 4.1 Electron micrograph (A) showing two polymerisedersblies of AuNP-triskelion (1) with a
lipid vesicle and (2) without lipids interactind)(Sample after 24 hrs showing AuNP without trighe!
interacting with liposomes. Arrow indicates one ARHiskelia remaining. Scale bars 500nm.

The presence or absence of a lipid vesicle surmedihg a polymerised assembly can be
observed by a contrast difference; as lipid vesaglpear darker on the TEM micrograph

for negative staining (Figure 4.1).

Excitingly, the structures observed in the TEM rmognaphs indicate that the triskelia
assemble around a lipid vesicle and form an affegu(e 4.1A). To further examine this
result, titration of AuNP-triskelion with resped the number of lipid in solution was
performed (Figure 4.2). The concentration of lipéders to the initial quantity of lipids

used for the production of liposomes (through a h® pore size membrane) and is
therefore an estimate of the final lipid concemrat The concentration of purified

AuNP-triskelion was calculated according to theoabance of the 15 nm AuNP at

520 nm, as we assumed one triskelion per AuNP.
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4.1 Optimising coverage of lipid vesicles by AUNP-triskelia

Figure 4.2:Electron micrographs of AuNP-triskelion of (A) cooit samples: 0 nM (left) and 3 nM
(right), and mixed with a constant concentrationOofmg/mL liposomes. Concentrations of AuNP-
triskelia are (B) 0.5nM, (C) 2.3nM, (D) 5.5nM, (B)2nM, (F) 14.6nM. Insets: Photograph of the tubes
containing the samples. Scale bares 200nm.
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4.1 Optimising coverage of lipid vesicles by AUNP-triskelia

When the concentration of the AuNP-triskelion wa8 BM and added to a lipid

concentration of 0.1 mg/mL, we observed completeerage of all of the lipid vesicles
by the polymerised triskelia (Figure 4.2C); at camication below 1 nM, liposomes
without AuNP-triskelia could be observed (FigurB). The liposomes were either
entirely covered by the AuNP-triskelia, or not at. a'his suggests that once
polymerisation begins at a point on the vesiclewiit continue until the vesicle is

completely surrounded. At concentration higher teaM, the surface of the liposomes
became saturated and excess polymerised AuNPlisiskeere observed to be

incorporated into the covered liposomes, or remaisolution (Figure 4.2D). These
over-saturated AuNP-triskelia liposome eventuattach to other polymerised vesicles
(Figure 4.2E, F). Therefore, we believe that aneszdriskelion should be avoided in
order to obtain individual vesicle coating. We abgke no evidence that the AuNP-

triskelion disturbs the lipid bilayer.

We next examined if polymerised triskelia wouldoatdfficiently surround vesicles, to
compare against the polymerisation procedure tbairs on the surface of the vesicles.
Pre-polymerised AuNP-triskelion at 5nM monomer @ntcation with a ten-fold excess
of staples (4bp &1, 2—3) were added to liposomes (Figure 4.3A). We atited 5nM
monomers AuNP-triskelia to a solution of liposonfmscomparison (Figure 4.3B). Both

samples were then left at room temperature for@2#shbefore EM imaging.
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4.1 Optimising coverage of lipid vesicles by AUNP-triskelia

Figure 4.3:TEM of polymerised AuNP-triskelion on DOPC liposasngA) Triskelia bolymerised
before mixing with liposomes, and (B) Triskelionlyoerised after addition of the liposomes. Scalesba
200 nm.

The images obtained by TEM indicated no clear cbffiee between the addition of
monomer or pre-polymerised AuNP-triskelia; the §ipmes showed dense coverage by

the polymerised origami.

Perraultet al.’® and Yanget al.'”® suggested that lipid vesicles form gradually,
nucleated by the cholesterol anchors on origamcsires, using the liposomes as a lipid
reservoir. In these studies, the lipid membrane ali@sed by the presence of surfactant
to observe these results. As our triskelion samgtesot contain membrane disrupting
molecules such as surfactants, it was inferredttiigtnucleation theory does not apply
in our system. In rare occasions, we observed dipallclusters around the cholesterols
anchors of the triskelion (Figure 4.4) which wowddpport the first theory that the

liposomes grow from a reservoir of lipid.
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Figure 4.4:Electron micrograph of lipid nuclei on the cholesteocalised on the arms of the triskelia.
Scale bar 50 nm.

However, as these lipid nuclei were not observetbtm larger vesicles, and indicate
only a solution interaction between the cholestarad DOPC lipid, we suggest that the
triskelia insert gradually into existing liposomasd build a polymer around the lipid
vesicle. Smaller liposomes may occur from the p&gen of the liposomes, which

yields a distribution of sizes.

Despite a high risk of deformation due to the starprocess for EM, liposomes with
only partial coverage by DNA structures (FigureBi@nd C left panel) tend to look
more spherical and regular than liposomes withgh ltioverage of triskelion (Figure
4.2C right panel, D and Figure 4.3). Observatidkes this must be interpreted with care,
as many parameters can create distortions andadislg conclusions. However, due to
the numerous experiments done and because thispleson was regularly observed, it
is believed (after carefully elimination of any pigous images) that these deformations
are the results of the triskelion insertion andypwrisation. The observation of
liposomes only partially covered by triskelia alsnforce our theory by which the
triskelion monomers insert into pre-existing lippses and gradually builds a polymer
around it. We thus concluded that the addition le# polymerisation staples post-

insertion of the triskelia into the lipid membrasea promising protocol for vesicle
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4.1 Optimising coverage of lipid vesicles by AUNP-triskelia

coating, and that a partial coverage of the lipas®rsurface is acceptable in order to

study a membrane deformation.

Although the use of a AuNP was successful in heglpus to identify the optimal

concentration of triskelion required for coatindiosome, and in the development of
early polymerisation procedures and purificatioriha triskelia (Chapter 3 section 3.3),
the incapacity of the triskelion to close in theg@nce of the AUNP and the shorter, stiff
60 bp bridge did not allow us to continue our stof AuNP-triskelia systems. The rest

of the study was pursued with triskelion in theeatz® of gold nanopatrticle.

4.2 LIPOSOMES DEFORMATION BY TRISKELIA
OBSERVED BY TEM

Cholesterol-functionalised triskelia with stiff dges of 60 or 90 bp were folded as
dimers using 6T invading strands connecting arn¢<21) from two origamis. The
dimers were then purified by size-exclusion coluama mixed with liposomes made of
the phospholipid 1,2-dioleoyl-sn-glycero-3-phosgiame (DOPC), before the addition
of the 4 bp sticky ends {23) polymerisation staples. After 8 hours incubatir20+2°
(room temperature), the resulting samples weregpegpfor TEM imaging following a
staining protocol that helps to prevent burstinghaf liposomes on the TEM grid. This
protocol is discussed in Chapter 6 and was devdlap¢he Dunn School of Pathology,
Oxford. It was hoped that despite the deformatienegated during EM grid preparation,
changes in the general appearance of the coatedohmpes would give preliminary

results regarding membrane bending (Figure 4.5).
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4.2 Liposomes deformation by triskelia observed by TEM

% e @

Figure 4.5:Electron micrographs of triskelia polymerised opoBomes. (A), (B) liposomes without
triskelion (control), some of which showed tubwat (arrows) (C), (D) Triskelia with stiff 90 bpithges

on liposomes. The liposomes appear surrounded darleer surrounding, and small darker spots on the
background are local differences in staining onEM grid. (E), (F) triskelia with stiff 60 bp briég on
liposomes, stained in the same conditions. An ueV liposome in (F) is indicated by a black arrow.
Scale bars for (A), (C) and (E) 100 nm; scale lfargarge views (B), (D) and (F) 500 nm.
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4.2 Liposomes deformation by triskelia observed by TEM

Liposomes that did not have triskelia added wersepked to burst and to show
tubulation on the EM grid (Figure 4.5A, B). The dtoh of triskelia was observe to
increase the rigidity of the liposomes, as thenstgcumulates on the edges of the
vesicle, and appears darker on the electron miapbgmwithout tubulation or bursting
(Figure 4.5C, D). Liposomes with bent triskeliastiff 60 bp bridges (Figure 4.5E, F)
were deformed and showed coverage of their surfgcéhe polymerised structures.
Bent, 60 bp bridged triskelia were observed tognmmultiple vesicles in close proximity,
and flat 90 bp triskelia coated individual lipos@n&his difference between bent and
flat triskelia is attributed to the presence of thelesterol: oriented towards the inside of
the polymer for 90 bp triskelia, and towards thésmle of the structure for bent 60 bp
triskelia. However, we could not observe drastftedences in shape between liposomes
covered with 60 bp bridges and liposomes coverdd @0 bp bridges triskelia; there
was not sufficient evidence to conclude the defdiona from a spherical shape of the
liposomes are resulting from the effect of benflat triskelia. More importantly, the
sample preparation for TEM imaging does not allevta draw a clear conclusion on
topology, as the vesicles are flattened during $anppeparation. In order to more
efficiently investigate membrane bending, we motgdards fluorescent microscopy to

visualise deformation in solution.
4.3 TRISKELIA AND LIPID MEMBRANE ON EM GRID

The formation of a lipid monolayers on a TEM gridshbeen used previously as a
template for the formation of two-dimensional castof solubl&*®! and membrarf&
proteins. McMahon and his research group demoesirtitat a hydrophobic electron
microscope grid will orientate the hydrophobic gaiif lipids and form a monolayer on
the surface of the grid that can be studied inehetron microscopg® % When
proteins are added, they interact with the expdssatli groupd of the arranged lipids.

The lipid monolayer simulated the inner leafletttoé plasma membrane, and was used
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4.3 Triskelia and lipid membrane on EM grid

to reconstitute early stages of endocytosis. Thieserved the formation of ordered

clathrin assemblies using negative stain electramwascopy (Figure 4.6), and platinum

shadowing to reveal the invagination of these ¢54kts

Fig-Ure 4.6:Electron micrograps of (A) clathrin pits obtaineih a lipid monolayer assay developed
by McMahon. Scale bare 100 nm. (B) large buddinghef monolayer due to the assembly of clathrins.
Scale bare 300 nm. Images from the Epsin 1 gé&fitéry

It was discussed in Section 4.2 that negative isigifor TEM imaging deformed the
lipid vesicles and hindered the identification ofembrane deformation by the
polymerised triskelia. The promising imaging teciu@ of the monolayer assay was thus
pursued with the hope that it would allow us toesle and identify triskelion-driven
membrane deformation on EM. We designed and madhaechamber to allow
preparation of a lipid monolayer on a TEM grid, ganto the one described in the work
of Higginset al.”®*. This technical project was started at LMU in Ganyand pursued
at the University of Oxford, in the UK. The samplesre prepared in the EM lab at the
Dunn School of Pathology, Oxford.

N % bz
<1 ‘ b e-- ~D—
= = | p=4mm
H=5mm
IO O:: w=1mm -
:‘:O OI V syringe channel ~ 4
V total ~ 67 mm

Figure 4.7:(left) Plan and dimensions of the Teflon block gigen to the workshop in LMU for
production. (right): picture of the final appara{@scm long) with one gold grid on top of a bufteoplet
in a well, and a syrigne inserted in the top I&irenel for demonstration.
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4.3 Triskelia and lipid membrane on EM grid

The apparatus contains 8 wells of approximatelyuZOvolume, that can be used
independently to treat 8 TEM grids (Figure 4.7).pfepare a monolayer on a TEM grid,
first a droplet of lipid in organic solvent (hexarveas pipetted on top of the well filled
with a buffer solution (Figure 4.8A). When the smiv evaporates, a lipid monolayer
should form at the air-liquid interface (Figure B)8 A gold EM grid, not glow-
discharged, is then placed on top of the well intact with the lipid monolayer (Figure
4.8C). Triskelia bearing cholesterold, 1-2 nM) are injected through a channel located
on the side of the well, so as to not disturb tlomotayer (Figure 4.8D). The cholesterol
anchors of the triskelia will progressively insgrto the monolayer formed on the grid.
After 30 mins, polymerisation staples were injeciiedhe solution (Figure 4.8E). The
Teflon block is then incubated in a humid chamlwer 2 hours at 20°C to allow the
triskelia to polymerise before carefully removingetgrid for staining and imaging

(Figure 4.8F).

e\
W W

Figure 4.8:Schematics of the protocol for the lipid monolagssay. (A, B) A lipid monolayer is first
formed at the surface of the buffer and (C) an BM ¢ placed on top. (D) Triskelia are then ingstt
under the grid and (E) polymerise with the additadrstaples. (F) The grid is then removed for s$tejn
and imaging.

Incubation in TE or TBE buffer longer than a fewnoiies can damage copper grids due
to oxidatio®* 2°° the presence of the support film is not suffitienprotect the entire
surface. Gold EM grids do not undergo chemical treas in contact with buffers,
therefore formvar and carbon-coated gold grids wesed to prepare monolayer lipids.
A higher current was applied to the carbon rodrdydarbon-coating of the grid to make

the carbon film thicker and more resistant. We stigated the appearance of a lipid
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4.3 Triskelia and lipid membrane on EM grid

monolayer formed using this technique with TEM;farm lipid layer was expected to
be undistinguishable under the electron microgifphe stain is evenly distributed. A
lipid layer was formed by placing aull droplet of lipid in hexane (DOPC, 0.1 mg/mL)
at the surface of the well filled with TBE buffenca10-14 mM MgGJ. A gold grid that
was not glow-discharged was then placed on top@faell, and incubated at 20°C for
12 hours (Figure 4.9). TEM imaging indicated thathaut addition of lipids, the
background showed little contrast (Figure 4.9A). ailadded, the contrast of the grid
changed, which was attributed to the presenceeofipids that covered the entire grid,
and an excess of DOPC formed multi-layered surfagleserved as lighter dots
(indicated by arrows) on the EM grid of approxiniat&€00 nm (Figure 4.9). The
distinction between a mono-layer or a higher-otdger of lipid was not possible, but it
Is suspected that the grid is covered by a bilgsether than a monolayer claimed by
McMahor®% %% because the amount of lipid added was larger tianamount

required to cover the surfaces of the well (walled &M grid), as well as the

spontaneous bilayer arrangement of DOPC in buffer.

Figure 4.9:Electron micrographs of UAc stained gold grids) @mpty grid, (B) grid with a Iyer of
lipid. Arrows indicate small surfaces where a lipnalti-layer is formed due to an excess of lipictlie
well. Scale bars im.
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4.3 Triskelia and lipid membrane on EM grid

We then compared the deposition of flat cholesteiskelia dimers on an untreated
support film (Figure 4.10A) and on a lipid-layerede (Figure 4.10B). Triskelia dimers
were observed flatly deposited on the grid in bofises. The “naked” support film
showed a better contrast between the triskeliatl@dupport film than the one with the
lipid layer (Figure 4.10C). This distinction in tiséain adsorption of the two grids was

attributed to the presence of the lipid on theaefof the grid.

Figure 4.10Flat triskelia dimers injected into the well undegrid (A) without lipid and (B) with a
lipid layer. Triskelia dimer on the lipid layer aneghlighted by the black circles. Scale bars 260 n

We next compared the result of polymerisation adlesterol-triskelia with either flat

(stiff 90 bp bridges, Figure 4.11A) or curved (60 bp bridges, Figure 4.1B) dimers.
After the cholesterol-triskelia were added to tharaber with a lipid-covered EM grid
and incubated for 1 hour at 18°C in a humid chambaymerisation staples-21, 23

4 bp were injected in excess and the sample alldwgublymerise for 12 hours before

imaging.
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4.3 Triskelia and lipid membrane on EM grid

Figuré 4.11Electron micrographs of (A) flat and (B) curveiskelia polymerised on a lipid layer, large
view. Arrows indicate liposomes due to an excestpad. Scale bars (A-B) 2m. Detail of (C) flat and
(D) curved triskelia arrays on a monolayer. (E} #ad (F) curved triskelia polymerised in the alogeof

the lipid layer. Scale bars (C-F) 200 nm.
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4.3 Triskelia and lipid membrane on EM grid

Polymerised triskelia from flat dimers covered pa& of lipid with arrays of hexagons
and pentagons (Figure 4.11A, C). The extent ofpglamar polymerised flat triskelia
arrays were not observed with triskelia that polsisesl in solution (Figure 4.11E).
Polymerised triskelia from curved dimers indicaspecial circular features on the lipid-
layered grid (Figure 4.11B, D) which resembles sighé lipid vesicle coated with
polymerised, curved triskelia and is similar to tbkectron micrographs of clathrin
(Figure 4.6). The flat triskelion dimers were addedhe well under the lipid-coated EM
grid and allowed to first insert into the membrarefore adding the polymerisation
staple. The observation of large, regular arrags tresults from the diffusion of the
dimers on the membrane, the meeting of two arms hybridisation of the
polymerisation staples. These results indicateahmaobile lipid layer can be formed on
an EM grid using the custom-made apparatus, aridttbtiers support and direction for
the polymerisation of triskelia. In the absencetlud lipid layer (Figure 4.11E, F),
polymerisation of the dimers resulted in disorgadipolymers as previously observed

(Section 3.2.7).

4.4 GUV DEFORMATION OBSERVED BY
FLUORESCENCE MICROSCOPY

The interaction of giant unilamellar vesicles (GYWath triskelia in aqueous solution
was investigated in collaboration with Vivek Ramakna and Prof. Mark Wallace at
King's College London. Dual-colour epifluorescenogcroscopy and total internal
reflection fluorescence (TIRF) microscopy was sétl to observe the interaction of the
polymerising DNA on the surface of GUVs. Triskellmonomers with cholesterol
anchors and stiff 90 bp bridges were further furalised with a red dye, Alexa-647,
(as described in section 3.2.1), and allowed teraut with fluorescent GUVs made of
DOPC and 0.01 mol% of a blue dye-conjugated lipi@-dioleoyl-sn-glycero-3-
phosphoethanolamine (ATTO488-DOPE). GUVs were pexpan 100 mM sucrose to
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4.4 GUV deformation observed by fluorescence microscopy

increase their density and mixed with TE bufferhrsdd mM MgC}. The GUV in this
experiment was at hypertonic conditions that forttess GUVs to adopt a taut sphere
shap&°® which is optimal to observe initial interactiongtiveen the origami and
GUVs. The sample was placed onto a microscopie gittected by a lipid bilayer to
prevent the GUVs from bursting and imaged usingseil set at 474 nm (blue, lipids)
and 644 nm (red, triskelion) wavelengths. We olegrfluorescence co-localisation
between the triskelion monomers and the GUV (Figuie), which confirmed that the

origami interacts with the lipid membrane, consistgith our observations with TEM.

B

Figure 4.12 Fluorescence microscopy of a GUV coated withkélisn monomers anchored by their
cholesterol anchors. (A) fluorescence from lipidsl {O488-DPPE), (B) fluorescence from triskelia
(Alexab647), and (C) merged channels. Scale baroappately 10 um.

For the triskelion to bend the membrane of a GU¥fdtonic conditions (osmolality
inside the GUV lower than the osmolality outsidegd aequired. We thus investigated
different conditions that would allow the DNA origato maintain its folded structure
and give the GUVs malleable membranes. The triskakequires a divalent cation such
as Md" to stabilise the multiple cross-ov€ré **#within the structure, but the bilayers
of GUVs (and cells) are known to adhere in the gmes of this saft® 2®which would
prevent studying membrane bending. This phenomevas observed when isotonic
DOPC GUVs in TE buffer were imaged on bright fiehicroscope with 50 mM MgGl
(Figure 4.13).
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4.4 GUV deformation observed by fluorescence microscopy

0 mM MgCh. =0 50 mM MgCly, t = 2 min 50 mM MgCly. t =5 min

Figure 4.13:bright field microscopy of GUV (DOPC, 100mM sucrpsever addition of MgGl
(approximately 50 mM final concentration). Scalesba@pproximately 2@m.

Moreover, MgC} allows unspecific interactions to occur betweea llayer and the
DNA backbon&%" 22 of the triskelion, an effect observed as well im system (Figure
4.14). In this situation, flat triskelion monomers which the cholesterol handles are

omitted were mixed with GUVs under the same coadiis above.

B

Figure 4.14:Fluorescence microscopy of a GUV showing unspedifieraction with triskelia in the
absence of their cholesterol anchors. (A) Fluonesedrom blue lipids (ATTO488-DPPE), (B) from red
triskelia (Alexa-647) and (C) merged channels. &balr approximately 10 um.

Without magnesium, cholesterol anchors have beewrsho be solely responsible for
DNA origami docking onto the membrdffd and unspecific adhesion of GUVs would
be prevented. We therefore studied the foldingusftoskelion in the absence of MgCl
Only recently was a DNA origami assembled by Masirel.*®® in the absence of
MgClI;, by using a specific routing of the DNA scaffold amdery high concentration of
monovalent ions (1.2 - 4.3 M NaCl). Inspired bysthesult, we folded the triskelion

monomers in TE buffer with concentrations of Mg@Gétween 14 and 0 mM, and NaCl
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4.4 GUV deformation observed by fluorescence microscopy

concentrations from 0 to 3 M. Two common bufferecufor lipid systend&®* 2> were
also investigated: HEPES (10 mM HEPES, 10 mM Mg@0d0 mM NaCl) and PBS (pH
7.4; provided by Life Technology). After foldinghe samples were incubated at room

temperature for 2 days and analysed by AGE and TEijure 4.15).
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Figure 4.15:AGE of flat triskelion monomers folded in diffetesalt concentrations and buffer. The
samples are in 1x TE with various MgGind NaCl concentration, or in HEPES and PBS bufier
indicated above the wells. Electron micrographdriskelia monomers after 2 days in various buffers:
(B) HEPES, (C) TE + 1 M NaCl (D) TE +2M NaCl and (E) ®BH 7.4. Scale bars 100 nm.

£

The agarose gel showed that the triskelion folasectly in HEPES buffer. However, in
TE buffer with NaCl (all concentrations) and PBSfery aggregated structures were
observed as a band that remained in the well (Eigut5A). Imaging of these samples
by TEM allowed us to observe that the triskelia eveslded correctly only in HEPES
buffer (which contains 10 mM Mgg)l or in TE buffer with 14 mM MgGl (Figure
4.15B-E). Triskelia thus require Mg{tio remain folded and polymerise, so we reduced
the number of GUV added to the well during TIRF exxment to decrease the chance
for two GUVs to meet and adhere due to Mggkolution.

GUV’s uncontrolled tubulation and invagination dde an unbalanced osmotic
pressurB®® must be controlled in order to differentiate beswenorphological changes
due to the flow of wat&" 2°® from those due to the DNA origami only. We used

fluorescent GUV prepared with 50 mM sucrose in Tidr + 14 mM MgC} to place
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4.4 GUV deformation observed by fluorescence microscopy

the GUV in hypotonic condition, and observed invgaashd outwards tubulations of the

GUV in the absence of triskelia (Figure 4.16).

Figure 4.16:Fluorescence microscopy of GUV with blue fluoregckpid (ATTO-488) in hypotonic
condition. GUV showed tubulation (A) outwards aBJ {nwards. Scale bar approximately 1.

In order to explore controlled bending of a memberhg the triskelia polymer, we ought
to find a compromise between taut, rigid GUVs (hypaic) and excessively floppy
GUVs (hypotonic). GUV prepared in 50 mM sucrosecethin 0.5 TBE buffer + 12 mM

MgCl, provided ideal (slightly hypotonic) condition ebserve the effect of the triskelia

on large lipid vesicles with malleable membranes.

Triskelion dimers with stiff bridges (90 bp or 6@)bfunctionalised with a total of 18
cholesterols and 12 red dyes (Alexa-647) were atbvo interact with GUV prepared
with 50 mM sucrose and placed in slightly hypotorondition described above. Excess
polymerisation staples (4 bp sticky ends2) were then added to polymerise the dimers
on the surface of the GUVs. The blue GUV was nateoled to be deformed by the
polymerisation of the triskelia on its surface (kig 4.17A), but preliminary results
showed that the flat dimers form patches on the @U%erved by a bright red signal in
TIRF (Figure 4.17B), which indicate that the triskgpolymerise when the 4bp sticky
ends are added {23).
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4.4 GUV deformation observed by fluorescence microscopy

Figure 4.17:Confocal fluorescence microscopy of (A) GUV withud fluorescent lipid (ATTO-488)

and (B) polymerised flat triskelia dimers with 80 bp bridges, cholesterol anchors and red dyexgk
647), and (C) merged channels. Scale bar approgiyna®um.

Curved dimers formed polymerised structures thagér budding of the GUV as
observed on the blue channel during fluorescencerostopy (Figure 4.17A, C).
Patches of origami were clearly identified at tlasdo of these protruding bumps (Figure
4.18B, D) on the membrane of the large vesicledicating that the curved triskelia
accumulate where the membrane has a big curvawmitisfying the shape of the

triskelion inserted into the membrane by cholestanchors.

Figure 4.18:Fluorescence microscopy of (A) GUV with blue flascent lipid (ATTO-488), (B)
polymerised curved triskelia dimers with stiff 60 bridges, cholesterol anchors and red dye (Alek#&:6
and (C) merged channels. Images were averaged €lihaiyer 20 frames to show the edges of the
budding GUV. Scale bar approximately (1.

It is theorised that flat triskelia, when put inntact with a membrane surface,
polymerise into an array similar to the one obseénvethe experiment involving a lipid
membrane on an EM grid (Figure 4.11C). The flexipibf the membrane bilayer of the

GUVs accommodate the formation of hexagons andagens, thus showing no
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4.4 GUV deformation observed by fluorescence microscopy

detectable deformation by fluorescence microscapha triskelia dimers assemble into
patches on the membrane (Figure 4.19A). Curvekieliegs dimers gradually accumulate
at the base of a budding, maintaining the membefermation as polymerisation

occurs until it become visible by fluorescence mscopy (Figure 4.19B).

Flat

of triskelia

dimers Polylbnsatmn polymer
curved R ¥

Figure 4.19Schematic of proposed mechanism for GUV deforomaliy (A) flat triskelia dimers, and
(B) curved triskelia dimers as the structures pasige on the surface of a GUV.

Our Triskelion is not expected to be able to detadfesicle from the main GUV, as the
system does not drastically pinch or stretch thenbrane at the base of the budding.
Nature successfully uses actin and other prot@rnsut the newly formed vesicle from
the cell membrane (see Introduction section 1.§ragess omitted in this simplified,

artificial system.
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4.5 Summary

4.5 SUMMARY

Chapter 4 presented the successful interactionsidetia dimers with lipid bilayers. We
used electron microscopy to study the interactietwben the triskelia and the lipid
bilayers of liposomes, and using a custom-made rapmafor the formation of a lipid
membrane on an EM grid. We observed that flat ¢etiakformed arrays with the
expected hexagons and pentagons openings in teenaee of a lipid membrane, which
acted as a surface template. Curved triskelia medigshapes on the EM grid resembling
budding made by the biological analogue, clathfinis budding behaviour of curved
triskelia was again observed by fluorescence momog, indicating that our
polymerised, curved DNA origami forces the membremdéend. This work is a first
step towards the development of a bio-inspiredesyghat will help us understand the
mechanisms and forces involved in deforming lipidenmbranes. A second
polymerisation strategy was presented in chaptersig triskelia functionalised with
AuNP of 15 nm diameter. This approach was discatthuse the AuNP prevented
curvature of the triskelion, but provided infornwattiregarding optimal triskelion and

lipid concentrations required to obtain efficienwverage of lipid vesicles.

A possible extension of this work to further expland understand the kinetics and
conditions that allow for the budding process wobkl to functionalise the curved
triskelia with a third fluorescent dye and obsepeagtitioning of the two colours on the
membrane of a GUV as the triskelia polymerisesvedrtriskelia at the base of the
budding, and flat triskelia array at the top. Thisuld demonstrate that the triskelia
localise on the membrane in order to satisfy th&igaration of the arms maintained in
place by the 90 and 60 bp bridges. An extensictm@fwork on the lipid monolayer on
an EM grid would be the imaging of a grid by SEMtfwa monolayer and polymerised
triskelia on it) with a tilt angle may reveal 3Dofites would be expected to support the

observation revealed with TEM imaging.
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4.5 Summary

Biomimetic systems such as the one presented laersarve as simplified models for
the study of biological ones, but also as a stanpioint towards the construction of more
sophisticated molecular machinery. One such madkiaedrug-delivery system, with a
drug protected within a lipid-DNA vesicle. The uapedented control over DNA
nanostructure allows us to address the surface mitltiple ligands, which would
mediate targeting to and passage through enddtbeliaers to diseased tissues, as well
as to accelerate cellular uptake at the desiregetamhile escaping expulsion and
destruction by the immune system. This ultimatelguld maximize potency and
minimize side effects of toxic cargoes. As thedie progressing rapidly, it is believed

that exciting new directions will emerge.
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CHAPTER 5
DNA ORIGAMI ASCRYO-EM TAG

This chapter presents an initial step in the deweknt of a technique to couple the
labelling specificity of the fluorescent moleculged in super-resolution microscopy and
the high-resolution of electron microscopy. Insteddhe exogenous tags currently in
usé®®® 2% for electron microscopy, structure constructechvidNA origami would be

genetically encoded to be recognisable solely fitsrahape in the cell native state.
51 CELLULAR IMAGING

Much of our understanding of cellular biology hasveloped from our capacity to
directly visualise cellular functions. Advancemeimisstructural biology and imaging
techniques (fluorescence microscopy and electrarascopy) have provided detailed

insight into the structure and functions of celfydeocessd¥’™.

For example, the detection of specific and multipteuctures within cells has been
granted by labelling with exogenous markers, sicpeptide affinity tads'? (strongly
attaches a fluorescent dye to the target) or daloigold particle conjugated to
antibodie¥™ (detection of the nanoparticle on electron micrphs). These tags allow
the illumination and detection of multiple struasrn situ, but despite these successes,
many important biological questions remain unansdef his is partly because current
methods for electron microscopy often require isota of the structures or heavy
sample preparation techniques that denature th&emsysExogenous labelling for

fluorescent microscopy is limited by penetrati6th and labelling efficiend§’ in
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51. Céllular Imaging

addition to the loss of resolution from invasivemgde preparation and light

diffraction?”®!,

The development of the green fluorescent proteiaR)Ghas allowed the observation of
proteins and their interactions in their nativeismvment’” with unprecedented details
using fluorescent microscopy. The ubiquity of ttashnique was recognised in 2008 as
a Nobel prize in chemist?d’®. Similarly, the stunning technique of super-retiotu
microscopy (Nobel Prize in chemistry Zézi?ﬂ) “brought optical microscopy into the

nanodimension” with a resolution of 20-50 A (Figure 5.1).

Figure 5.1:Two-color fluorescent microscopy of immunostaineécnstubule green) and clathrin-
coated pitsred) (images from [281]). Microtubules overlapped le tconventional fluorescence image
(A) are resolved in the super-resolution image @athrin-coated pits and microtubules with subtitén
colocalisation in the conventional fluorescencegmare clearly separated.

The crowded environment of a cell presents greallatges in data interpretation,
forestalling the identification of most structuresd functions with fluorescent
imagind®’®. Photobleaching of the probe remains an issudiiercell imaging?®?, as
well as problems of cytotoxicity due to the lasgp@sure and the fluorescence emitted

by the dye itself®!.

A second revolution in bio-imaging began with tlevelopment of electron microscopy.
From the first electron microscope in 1831 to the development of cryogenic electron
tomography (cryo-ET) in 1988* 28! the quality of image has been improved to a
resolution as little as 0.4 Afif, for the Zika virus. Cryo-ET is now another tecjue
commonly used in modern cell biology to study tle# at the nanoscale, and relies on
fast-freezing of the sample to “capture” specimens near-native state for imaging.
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51. Céllular Imaging

Images obtained by transmission electron microsaaby on variation in refractive

index of the specimen, which gives rise to phas#rasts, and are therefore in grey
scale, although colour can be added to the imagenafrds and “false-colour” electron
micrographs can be beautifdf (Figure 5.2). However, the lack of contrast makes i
difficult to identify structures of the cell in therowded cytoplasm. Computational
methods have been developed to recognise knowrtstes in 3D, but do not work well

in congested cellular environments. Unless speatifidagged, only large and distinct
structures such as viruses, ribosomes and orgareatebe identified by computer-aided

analysis (Figure 5.2).

i -; yis
- > Lol A IR,
Figure 5.2:(A) false-coloured Cryo-EM topography of the Zikairus. (reference [280]) (B)
Identification of zones of intermediate densitiesvileen two cell membranes associated with the pcese
of proteins. Note that the two lipid layers arentigable (arrows) (reference [286]). Scale barsaQ

At present, there is not a standard protocol tisasunolecules for endogenous tagging
of cell components for electron tomography. Sudagging techniqgue would provide
the identification of structures, analogous to tbsults provided by GFP in fluorescent

microscopy, with the resolution provided by elentroicroscopy.
5.2 NUCLEIC ACID NANOSTRUCTURESIN CELLS

The elegance of self-assembly techniques in nahotdogy has allowed scientists to
anchor synthetic DNA nanostructure, such as a D& t**") to various proteins or
other cell components to build complex hierarchieasemblies in artificial bio-

mimicking systems. Recently, scientists from défar research groups demonstrated
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5.2 Nucleic Acid Nanostructuresin Cells

that DNA nanostructures can be delivered to themtssm of living cell§®®2°Y For
example, the DNA tetrahedron, which was first idtroed by the Turberfield grotip”
was showed to remain substantially intact 72 hadfter transfection. It has also been
shown that a DNA nanostructure, susceptible to atkggron, can be protected by
encapsulation by lipid® before cell delivery. The DNA tetrahedron was relyefurther
functionalised by Keumet al.’®®? for carrying a single-stranded loop that caused
antisense gene silencing in mice. The incorporatbrsynthetically designed DNA
nanostructures into cells is limited by the machinéhat bacteria and cells have
developed to identify and eliminate foreign DNA evl from the cytosé.
Nucleases, among other DNA sensing devices, ateipsothat selectively cut the chain

of oligonucleotides to recycle or expel the degdadecleobases.

It is postulated that if a cell contains the gemeblueprints that assemble
oligonucleotides to produce a 3D, RNA nanostrugttive resulting structure would be
recognised but not degraded by the immune systetimeotell. This strategy is used by
viruses to deceive a cell into producing their RNj&netic material. Aldaye and
Silver®®* were inspired by this approach and made a dranstép towards the
integration of synthetic nanostructures into celRNA components, produced by
transcription from plasmid-encoded RNA strands imit&.coli, assembledn situ to
produce a 2D RNA array displaying aptamers thaturesd two metabolic enzymes to
form a high-density array with enhanced substrataolver (Figure 5.3). The use of
RNA as a structural material was pioneered by J¥&Javho has shown that tertiary
RNA interactions provide greater control over shdgn is normally feasible with the
flexible branch junctions used in DNA structuresowéver, nanostructures made of

RNA have not been used in Cryo-ET yet.
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5.2 Nucleic Acid Nanostructuresin Cells
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Figure 5.3Design of RNA modules to organize proteins by Alland Silvéf®. (A) Protein A and B
scaffolded onto discrete, 1D, and 2D RNA assemblieset: detail of the RNA aptamer, on the scaffold
that bind to the proteins A and B. (B) AFM analysigurified assemblieis vivo. Scale bars 100 nm.

5.3 DESIGN OF A CRYO-EM TAG

Inspired by the examples presented above, it wagased that genetically engineered
plasmids could be used to introduce the sequerempsred for the construction of an
endogenous tag for EM imaging. The specific seqa@idhe tag will be produced by
the cell, which will then self-assemble directlythin the cytoplasm, avoiding issues
associated with the insertion of exogenous matefiis tag will bind to specific
macromolecules in the cytoplasm, such as proteind, allow their localisation with
nanometre resolution by Cryo-ET. Unlike super-regsoh fluorescence microscopy, the
RNA nanostructure tag will localize targeted molesun their native condition, while
revealing the surrounding cell subcomponents wiithilar 3D resolution. Furthermore,
this will allow imaging of cellular components ihet absence of dyes that can photo-

damage the sampie®.

The use of RNA as a building block presents consitn difficulties as secondary
structures can create tertiary interactions thatenfalding hard to predit®”. The new

structure tag must be recognisable when observadyaangle.

The organelles inside a cell fill the cytosolic spavith a multitude of shapes, textures,
and sizes which appear with different contrastsanrelectron micrograph. TEM and
SEM images of cellular structures inspire our imagon to observe a “smiling” cell
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5.3 Design of Cryo-EM Tag

(Figure 5.4A), for example. However, a non-natusddape such as the DNA

tetrahedroli®®, can be identified by Cryo-EM when imaged in bufféigure 5.4B, C).

\"

5 nm

Figure 5.4: Eectron micrographs showing (A) substructures ek appearing like a smiley on TEM.
Image from the gallery of the Dunn School of Patlggl (B) Contrast enhanced cryomicrographs of a
DNA tetrahedron. Inset: magnified image of a péaticut out of the micrograph. (C) 3D density map of
the DNA tetrahedron of (B). Images (B) and (C) frosference [298].

As proteins and other compartments in a cell tendppear as spheroidal shapes, we
decided to design a structure with clear angles esges to contrast with the cell
surroundings. We anticipated that a hollowed, hetdaa origami structure would allow
easy recognition in EM imaging by the regular pgosihg of the edges independently of

the angle of observation (Figure 5.5).

It was proposed to use DNA as the building blodkiahy instead of RNA for ease of
design and synthesis. Initial tests would be cdroet in cell lysate (internal fluids
containing the content of cells), progress towarasostructure in interaction with lipid

membrane through cholesterol interaction, and temostructure inserted inside cells

AVANS

Figure 5.5:Schematics of tetrahedron view from 3 differentlasg

by electroporation.
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5.4 Design of a DNA Origami

5.4 DESIGN OF A DNA ORIGAMI

The construction of a tetrahedra DNA nanostructagglired the shorter sequence of the
plasmid pUC19 as the scaffold. This plasmid cost@&f86 bases and is approximately
one-third of the length of the previously used Mafsmid implemented for the
triskelion. The edge of the tetrahedron was desigas a 6-helix bundle of
approximately 27 nm; these bundles provide rigidlitythe structure. The six edges are
linked together by the scaffold with 7 unpaired dsagFigure 5.6A), which provide
flexibility at the vertices. The vertices of théreedron are thus created by joining three
6-helix bundles together. To ensure that the rigétix bundles do not twist along the
edge, we linked together the two helices that logest to each other in the vertex; this
corresponds to linking helix 1 with helix 6 (Figu.6B). Staples ensure the proximity

of the helices by multiple crossovers.

Figure 5.6:Schematics of the DNA tetrahedron. (A) 3D view lué entire structure. Each DNA double
helix is shown as a tube, and the edges are 6-hefidles. Red lines represents staples bindinghiis-
bundles together, and blue is the scaffold straBdale bare approximately 20 nm. (B) Details of the
summit vertex corresponding to the black circle(4). The scaffold routing and unpaired bases are
showed in blue. A black arrow indicates the ditmttof the DNA; the 3end located at the head. The
staples are not drawn for clarity. (C) Schematitshe general routing used for the constructiorthef
tetrahedron. (D) detail of (top) lengthwise andt{tim) crosswise type of edges. Each line of thesws

on the right corresponds to the scaffold routingjolv is maintained by the hybridisation of stap(est
shown for simplicity).
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5.4 Design of a DNA Origami

The pUC19 plasmid, similar to the M13 scaffoldsmally used for DNA origanfi®, is

a circular ssDNA. As such, we had to design a nguthat would pass only once over
each helix and yet complete all the 6-helix bundigsile avoiding nodes. Two types of
edges were designed to follow these requirememgsi@5.6C). The first type of edge is
formed when a pair of 3-helix bundles assembles iankbcked in place by staple
crossovers. (This can be seen as cutting the balixHe lengthwise (Figure 5.6D top).
The second type of edge is assembled by staplesdinwo 6-helix bundles together.
(This can be seen as cutting the helix-bundle @rises(Figure 5.6D bottom).) The final
structure is made of a total of 69 staples of 4Gn3€leotides (sequence in Annex A.16).
The sequence and routing of the tetrahedron was rasig Cadnaid! (See Annex
A.17) and the stability of an individual arm wagified using the simulation provided
in Cand®® 2°°1 A staple finishing at the extremity of an edged@d, or 5end) can be
elongated to offer a sticky end or a DNA handle fiorther functionalisation. The
tetrahedron thus also offer anchoring sites atvidrtices where DNA handles can be

added to attach to aptamers and other cell comp®nen
5.5 SYNTHESISOF THE DNA TETRAHEDRON

The pUC19 plasmid required for the DNA origami abedron was supplied in its
double-stranded forndgpUC19) by New England Biolabs and was treated witking
restriction enzymes and exonuclease (Annex A.204)sblate the single stranded
sspUC19 scaffold. The purifiedspUC19 was mixed with ten-fold excess of staples in
1 x TE buffer (pH 7.5) and different Mg&€koncentrations to determine the optimal
folding conditions for the new origami. The mixtusas annealed overnight using the
same thermal ramp that was applied to correctlg fok triskelion (Chapter 3). The

samples were then analysed by AGE and TEM (Figuiesd 5.8).
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5.5 Synthesis of the DNA Tetrahedron
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Figure 5.7:AGE of tetrahedron folded in 1 x TE buffer and wvas MgC} concentrations. The
concentration is marked above the well in [mM]. AB® ladder is shown at both ends of the gel for
reference, and the double-stranded scaffold. (Anc8otration between 0 and 10 mM, and (B)

concentration between 0 and 50 mM.

The tetrahedron appeared to assemble with the toemexentration of MgGladded
(ImM), as observed as a single band in the agagekeAbove 16 mM of MgGl
smeared bands above the band corresponding tetiiadedron increased in intensity.
Aggregation of the DNA structures were observedha well when 50 mM MgGl
concentration was reached (Figure 5.7). The barubwed to the tetrahedron at

increasing MgCl2 content were extracted from theaged imaged by TEM (Figure 5.8).

dimer band Aggregate from well

Figure 5.8:Electron icrographs of tetrahedron in 1 x TE af)l @-16 mM MgCl, as written above
the image. (B) Dimers from the folding with 10 mMgKl,, and (C) aggregate of tetrahedron in 50 mM
MgCl,. Scale bars 50 nm.
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5.5 Synthesis of the DNA Tetrahedron

TEM imaging revealed that the tetrahedron is cdiydolded when 4-14 mM MgGlis
present, with a limited number of multimers. Westused 10 mi} %% 8% of MgCl, in
future folding experiments. At Mgglconcentrations of 0 or 3 mM, although some
tetrahedra were observed, the majority of the &ires did not show sharp edges
corresponding to a well folded 3D structure (Figbr@A). At concentrations of Mg¢l
above 14 mM, aggregateetrahedra were observed (Figure 5.8C). After ektva of
the band attributed to dimeric tetrahedra from dlgarose gel, electron micrographs
revealed the presence of two tetrahedra attachebeat vertices (Figure 5.8B); we
believe the attachment is created by one or maeedhstaples. It was anticipated that a
high concentration of scaffold during folding, thikelihood of interacting scaffold
would increase and dimeric or aggregated tetrahedrdd result. To examine this, the
tetrahedron was folded at concentrationsspfJC19 between 5 and 100 nM and a ten-

fold staple excess, and then analysed by AGE arMd (Figure 5.9).

Figure 5.9:AGE (A, B) and TEM (C, D) of tetrahedron foldeddifferent scaffold concentration. (A)
Concentration in each well normalised to 5 nM do&ding. The concentration at which the tetrahedron
was folded is indicated above the wells. (B) Eletmicrograph of tetrahedron folded at 5 nM scaffol
and (C) 50 nM scaffold. Scale bars 50nm.

As shown by the agarose gel in Figure 5.9A, theeim®ed concentration of scaffold

resulted in an increase in dimeric and aggregatdhedra, relative to the monomeric
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5.5 Synthesis of the DNA Tetrahedron

structure. We therefore determined that for optiyald of monomeric tetrahedron, this

DNA origami should be folded at 5 nM scaffold comication.

We further developed the tetrahedra structure tmramodate a handle at each of the
four vertices, by using extended staples. Suchndlbacan be used to hybridise various
DNA-conjugates such as a DNA-cholesterol or a DN#efiacting protein. To determine
if a DNA handle from the tetrahedron can indeedriayge with a DNA conjugate, we
incubated a 20 nM sample of PEG-purified tetrahedvih the dye Alexa-647 for two
hours at 30°C. AGE analysis confirmed that theatetdron successfully inserts these
handles as illustrated in Figure 5.10A and B. Asle$terol anchor are incorporated to
the structure using the same handle, we assumedhbkesterol handle can be applied
to the tetrahedron following the same protocol floe dye incorporation and yield
similar result. Correctly folded tetrahedra withotdsterol were observed in TEM

micrographs (Figure 5.10C).

1K dye 1K dye

Bl

o & e 3 G

- ;L g e »4‘ p‘ﬁ ;
Figure 5.10:AGE of tetrahedron functionalised with Alexa647.) @el stained with SYBR gold, and
(B) detection of the fluorescence of the dye. (@@cEon micrograph of tetrahedron decorated with
cholesterol at the vertices instead of the dyegmesl in (A) and (B). Inset: detail of one tetratoed
Scale bars 50 nm.

For applications to cellular uptake, DNA origamiosgld reach concentrations of
micromolaf® 3% 3% we therefore needed to find an efficient conceitn method to

increase the concentration of the tetrahedron foddiag.
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5.5 Synthesis of the DNA Tetrahedron

This origami, unlike the previously discussed tigin (Chapter 3 and 4), is a closed
structure, and we could thus successfully use P&@igation, followed by removal of
residual PEG using the QIAquick PCR purificationt kiy Qiagen (with buffers
supplemented with MgCI2 to a final concentratiorbofM). PEG molecules, as a cryo-
protectant, must be thoroughly removed during sampkparation for cryo-EM to
prevent ice artefacts. A final concentration ofwen 1.9 and 2M was measured by
UV-absorption. This concentration is believed to bBegood starting point for

investigating cell uptake and Cryo-ES 300

Tetrahedra without cholesterol were purified ascdbed above by Emma Silvester at
the Clarendon laboratory and imaged by Cryo-EM ammmalian cell lysate by Lindsay
Baker at the Division of Structural Biology (Stribivellcome Trust Centre for Human
Genetics (Figure 5.11). Cryo-EM sample preparataond imaging was performed

following the thorough protocol described in theieev by Dubochett al.**? (See also

Annex A.12.2).

Figure 5.11Cryo-EM micrographs of tetrahedra in cell lysd#) Micrograph without annotation, (B)

micrograph with DNA tetrahedra circled in blacksét: highlighted tetrahedron indicated by * on the
micrograph. Scale bars 50 nm.
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5.6 Conclusion

Samples for cryo-EM are not negatively stained, s present weaker contrasts on
the micrographs. Correctly folded tetrahedra weieassfully imaged by cryo-EM, and
were clearly identified in cell lysate. This st is thus a good reference for the

design of RNA structure of similar size and shape.

5.6 SUMMARY

We have shown here the design and successful sysithiea DNA origami tetrahedron
using the plasmid pUC19. This structure folds efily and can be purified and
concentrated for use in Cryo-EM imaging. Visualsatof the tetrahedron in cell lysate
confirmed that the DNA origami can be localisedcaigiintforwardly due to its regular
features. The tetrahedron described in this chaptebe an excellent candidate to help
determine the optimal size and shape of a strucaqeired for an endogenous Cryo-EM

RNA tag.

It is hoped that this research will lead to theajenengineering of a plasmid bearing the
sequence required for the production and self-adslyent a 3D RNA nanostructure

within the cell. This new endogenous marker cowddunctionalised, using the handle
placed at the vertices, to target specific orgasedir proteins of the cell, allowing their
localisation and study by cryo-EM, while not beidggraded by the immune system.
This would be the first artificial endogenous markger designed, and the promise of

new developments in synthetic biology.
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6.0ptimising Procedure for Transmission Electron Microscopy

CHAPTER 6

OPTIMISING PROCEDURE FOR
TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy (TEM) has beerelyidsed throughout this thesis to
visualise and characterise a range of DNA strusfuaad to investigate their interaction
with lipid bilayers. The appearance of liposomeBlADor a mixture of both in electron
micrographs depends greatly on a multitude of factocluding sample deposition,
staining methods, type of grid, and the final ptaeat of the grid on the sample holder
for imaging. This methodology chapter presents disdusses the various techniques
and procedures that required optimisation in otdecorrectly visualise DNA origami
and their interactions, and provides recommendsation TEM imaging of DNA and

lipid structures.

6.1 PREPARATION OF THE EM GRID

6.1.1 Formvar and carbon-coated grids

The nature of the sample (eg: cells, nanoparti@®$A origamis) determines how the
sample will be prepared. DNA origami and lipid bsiare considered particulate
samples, and were treated as follows. A particidataple that is to be visualised with
TEM is deposited as an aqueous droplet on a tlyer laf carbon supported on a grid
(Figure 6.1). This carbon surface can sit on a plolymer support film, such as formvar

(a poly(vinyl formal)), which prevents the carboimffrom cracking during handling of
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6.1 Preparation of the EM Grid

the grid. Non-coated copper or gold grids purchds®d Alfa Aesar were coated with a
support film and carbon layer as described belowe (slso reference [303]). Copper
grids with mesh sizes between 200 or 400 (200-4068shwithin 1 inch diameter) were
used routinely for standard sample preparation,gaid grids for samples that required
long incubation on the grid to avoid oxidation, atioccurs with copper grids upon

exposure to salts and would appear as black martkei TEM.

aqueous
solution

deposited sample
Carbon film=—p

grid —» I

Figure 6.1 Schematic of an EM grid with a droplet of sple deposited on it.

<— Support film (formvar)

To prepare a coated grid, a clean glass microsshge was first dipped lengthwise in
0.2% (w/v) formvar in chloroform. The slide was pigal quickly to ensure a thin coating
and allowed to dry for a few minutes sitting veatig. A razor blade was then used to
score the edges of the slide with the dried film.hElp the film detach from the glass, it
is advised to gently breathe against the surfatédmoplets start to form. The slide was
then immerged at a shallow angle into an ultrapuaier bath (scored face up) to allow
the film to detach and float on the water. Barelgof either copper of gold were then

arranged on the floating film (Figure 6.2 A).

formvar 1
water L

Figure 6.2(A) EM grids are deposited onto the formvar fillmating on a water bath. (B) Once filled, a
piece of Parafilm is gently pressed onto the fonmfilan and (C) removed from the water. (D) The
Parafilm with the formvar-coated grids are lefdty protected from dust before carbon coating.
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6.1 Preparation of the EM Grid

These non-coated grids possess a dull face andng &tce. (The shiny face was
selected to be in contact with the formvar for tiissis.) It is recommended to arrange
the grids with a consistent orientation on the feamfilm; this arrangement will allow
the identification of the face onto which the saenplill be later deposited. Once
covered with grids, the formvar film can be remo¥edn the water bath by a confident
movement using a piece of Parafilm slightly berthatend (Figure 6.2B, C). The end of
the Parafilm piece was aligned and pressed aghi@sormvar film and into the water to
adhere the polymer and the grids to the Parafilhe Parafilm with the grids and the
formvar film should then be left to dry thoroughlyl2 hours) protected from dust
(Figure 6.2D) before being coated with carbon tagbon coating unit. Formvar coated
grids were then carbon coated using a Quorum 159Rdating unit When a vacuum of
0.25 mbar is reached in the unit, the carbon cetoeated to 2400°C by passing a high
current (>30 A) into it, which will evaporate tharbon and form a thin layer (10-40 nm
thick) on the Parafilm/grids placed underneath. Tiiekness of the carbon can be

adjusted by controlling the current passing throtighcarbon cord.
6.1.2 Glow-discharge

Samples under investigation are often depositeisasgle aqueous droplet to the top of
a carbon coated TEM grid. However, the hydrophalaidoon layer can minimise the
droplet contact with the carbon film. As a resulte droplet will not wet the grid
uniformly and the sample will be unevenly distrigdit®. Although samples in solvent
with a low surface tension such as ethanol canlyeasver the grid, most sample
preparations are in aqueous medium with a highasartension and thus form local
droplets on the grid. Wetting of the support filna complex phenomenon difficult to

assess quantitatively and is extremely sensitivetdaminatiof® *°°!

The process of glow-discharge is commé&fify*°"!used to create an evenly hydrophilic

surface on the carbon film such that the sampleqsally distributed. Furthermore,
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6.1 Preparation of the EM Grid

hydrophilicity of the film will promote a thin andegular distribution of the stain on
drying, which cannot be accomplished by any otheams. During a glow-discharge
treatment, the carbon-coated grids are placed amamber and a partial vacuum is
applied. A high voltage is applied between the ed¢hand the anode placed at either
end of the chamber, which creates plasma in thenbbathat can be seen as a violet
glow. The remaining gas is ionised by the high agdt and the anions deposit on the
surface of the carbon film, providing the grid wighthin, hydrophilic, and slightly
negatively charged surface; impurities (along veitime carbon) on the carbon film are
simultaneously burnt away. A sample is deposited aonglow-discharged grid
immediately after preparation, as the surface amiyains hydrophilic for several

minutes. Positive, hydrophilic macromolecules saslDNA, adhere to the grid and can

be easily examined under these condifffls

Figure 6.3:liposomes (0.1 mg/mixeposited and stained on a grid that (A) has nenbglow-
discharged, and (B) has been glow-discharged. ®eatelum.

Lipids such as DOPC, DPhPC and other regularly lipads in biotechnology have a
local positively charged head groups. As such, titégch particularly well on a glow-
discharged grid. Unfortunately, these efficient atbng interactions often result in
vesicle bursting or create an excessively densedil liposomes on the grid. The clear
difference in the appearance of the two electrooragraphs in Figure 6.3 (images

representative of the entire grid) results frondgrihat were not (Figure 6.3A) or were
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6.1 Preparation of the EM Grid

(Figure 6.3B) glow-discharged. The same sampleipasbmes (0.1 mg/mL) and the
same batch of grids were used for this compariddre two grids were stained in
parallel following the same procedurey sample, 1 min deposition, then wash and 10
sec staining). The dense coverage of liposomea glow-discharged EM grid was a
major challenge when trying to observe liposomeodeétion with the polymerised
triskelia (chapter 4). To limit this effect, gritlsat were not glow-discharged were used
during deposition of concentrated DNA samptes iM DNA) and liposome-containing

samplesX0.1 mg/mL lipids).

6.2 SAMPLE STAINING

A correctly stained sample for TEM imaging can meendifference between observing
and not observing a particular specimen or intevacil oo little staining will not reveal
intricate details of a complex sample, and excésgiag can hide important features.
The image quality depends on a combination of yipe ©f stain, the type of grid, the
staining technique and the nature of the sample.prFimciple of negative staining relies
on forming a pool of stain around the specimen ianids acqeuous domains, but the
sample (Figure 6.4A). Positive staining occurs wttenstain binds to to the specimen
(rather than to the background), which will therpagr dark on a lighter background
(Figure 6.4B).
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6.2 Sample Saining

7  /

| *

Figure 6.4:Schematic of (A) negative and (B) positive stainiesulting from the interaction of the
electrons with a stained sample. Image obtained {#) positive staining and (B) negative staining.

Negative staining is believed to reduce the surfansion at the air-liquid interface that
would otherwise considerably flatten the biologisample on the support film.
However, a lot of water remains bound to the samaplé in the stain that is pumped
away in the TEM airlock vacuum, which does havéatdning effect. Positive staining
produces fewer drying artefacts, because the saembedding the sample which is
therefore less distorted than a negative stainegpkawould be. The stain contains
heavy metal ions (such as uranium, molybdenum,stigmy that will strongly adsorb to
biological mattéf® and scatter the electrons during imaging, hencergéing a well

contrasted image. These metal solutions contairp@apolycations or polyanions, and
their stability is highly dependent on the pH o tolution, in addition to the “ageing”
and photolabilit}®* %! Despite a limited understanding of the complexsital

chemistry of negative staining, a wealth of pradticexperience has been
accumulated®®3" and some important experimental details for optistaining of

DNA structures and lipid vesicles are discussedwel
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6.2 Sample Saining

6.2.1 Typesof stain

Uranyl acetate (UAc) was introduced in 1960 by \Banggenet al.*'? as a negative
stain for TEM and has since become the most widegd negative stdtf* 183 3023141
Uranyl acetate is generally prepared at pH 4.5 has dalt becomes unstable and
precipitates at pE6"%2, A solution of 1-2% (w/v) uranyl acetate should iered at
4°C and protected from light as it is highly phawositive. Like many other negative
stains, a solution of UAc should be filtered befase as the salt can precipitate. Recent
studies demonstrated that UAc solution fixed protsiructures on the millisecond
timescale and thus solved problems of pH-inducedfacmational changes and
aggregatioi*®. However, uranyl-based negative stains were abpmrted to create

undesirable aggregation due to the presence afnegf? 18!

As DNA structures are not stable at pH beld#*5**! the acidic UAc solution for

staining was an initial concern for sample stapiliftherefore, the effect of exposure

time of the UAc stain on triskelia-coated liposonaes characterised (Figure 6.5).

Fiure 6.5:Electron micrographs of triskelion-coated lipossmehen stained with UAc for (A) 10
seconds, (B) 30 s and (C) 60 s. Arrows indicateatgad triskelia. Scale bars 200 nm.

Triskelia-coated liposomes stained for 10 secorel®wbserved to undergo minimal 3D
flattening and aggregation, and maintained excellategrity and image resolution

(Figure 6.5A). The triskelia started to appear dagedaby the acidic UAc solution if the
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6.2 Sample Saining

stain was allowed to interact with the sample torger than 30 seconds (indicated by

black arrows in Figure 6.5B and C).

We also investigated other common negative staimbserve their effect on the sample
quality®*® including phosphotungstic acid (PTA) and soditlisatungstate (SST) and
different uranyl salts were also investigated (ytaiormate (UFo) and magnesium
uranyl acetate (UMgAc)). Negative staining solutiomere prepared as described in the

literaturd*®? 311

We mainly used liposomes during these investigatias they were identified as being
the most sensitive to osmotic shock and deformatioring negative staining. Both
tungsten-based stains, PTA and SST, showed actestaiming for liposomes (Figure
6.6A and C). The lipid vesicles maintained a spiarshape on the EM grid and were
easily identified. However, when the magnificatiwas increased, the granularity of the
SST stain was apparent, an effect also observedrepatted by Harrl¥? 3™ This
granularity can be compared to the size of a pitked: smaller the pixel, the better the
image resolution; and so the smaller the granylatite better the image. Thus, this
increased granularity became an issue for idengfyhe fine features of the origami,
exacerbated when interacting with a lipid vesigheaddition to the uneven coverage of
the grid by the sample stained with PTA or SST ntiaén issue was the weak staining of
the DNA structures (Figure 6.6B and D). When a damptriskelion-coated liposomes
was stained with PTA (Figure 6.6A and C), the detai the DNA structure were barely
visible. The liposomes were well preserved, butDNA can only be seen as a shadow,
which was unsuitable for proper identification. Eomparison, one uranium-based stain

(UAc) is shown in Figure 6.6E and F and illustridtte finer resolution of the triskelia.
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6.2 Sample Saining

Figure 6.6 Electron micrographs of te same sample of (tagepdriskelia monomer on liposomes and
(lower panel) stained with (A, B) SST, (C,D) PTA, F) UAc. Samples prepared the same day using the
same batch of EM grid. Scale bars 100 nm.

When samples were stained with UMgAc, the preseifitke magnesium cations in the
uranyl-based negative stain did not significantyphthe origami to maintain its shape,
as it was expected to do (Figure 6.7A). Uranyl fatenwas mainly used for the work on
the three-way junction DNA array described in clea@ Very little distinction could be
made between the UAc, UFo and UMgAc (Figure 6.7B @i, although the latter two
were less stable in solution when stored at 4°C ek observed to precipitate more

quickly.
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6.2 Sample Saining

Figre 6.7 Electron micrographs of triskelia stained with (AMgAc, (B UFo and (C) UAc. Scale
bars 100 nm.

To summarise, although tungsten-based negative wges less aggressive towards the
samples due to their neutral pH, they provided téohicontrast and irregular stain
thickness. Despite the requirement of a shortaniatatime, UAc solution presented
better stability and a better overall uniformity efaining than its uranyl-based
analogues. Uranyl acetate was therefore the magative stain solution used in this

thesis to observe DNA nanostructure and lipid vesiwith EM.
6.2.2. Optimising staining methods

Among the various staining techniques that haven lokweloped to observe particulate
biological specimens with electron microscdapg most common method is called the
droplet techniqud*’ 38 A typical sample preparation in the present stemlysisted of
placing a 5-1QL droplet of 1 nM DNA on a glow-discharged grid f8rminutes; with
the grid held by a reverse action tweezer. Excegsdl was removed by carefully
touching the edge of the grid with a piece of filp@per. The sample was then quickly
washed with 7uL of stain solution and then blotted once more witter paper. A
second droplet of stain was then aplied to the rbgsbsample and left on the grid for a
maximum of 10 seconds before being blotted aways Tmocotol was applied to

liposomes and triskelion-coated liposomes, but ftregility of the vesicles and
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irregularity of the grid wetting required speciabdifications, attention and practices, as

detailed below.

The adsorbtion time of the DNA nanostructures dpdsbmes onto the grids varied
according to the concentration of the sample. Aanof a few pM was left for 10

minutes, where a 2 minute incubation was sufficiéot samples of tens of nM before
removing excess solution. This was particularlyetfar liposomes, as they cover the
entire surface with multlayered lipid membraneshié concentration is not carefully

controlled.

When a sample of DNA nanostructure prepared inyaiplogical buffer was applied to
an EM grid, staining the sample with UAc resultedhie formation of microcrystals that
contaminate the sampl® (particularly with a phosphate buffer) and obstrtioe

sample during imaging (Figure 6.8).

-

Figure 6.8:Electron micrograph of liposomes (black arrow) (&9ntaminated after staining with
UMgAC by salt crystals that show as black shag@sL{posomes stained with UAc after one wash. Scale
bar 1um.

In order to limit the formation of these microcmist the sample was first washed with
one drop of stain solution, which effectively reredthe majority of the buffer solution.

A second drop of stain is then applied to the semfdr 10 s to stain the sample. For
biological samples, it is also common to brieflyspahe grid over a few droplets of

water before staining with UAc to remove salts ghaterol in the buffer.
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Protocols often provide little or no informatiorr f@moving the staining solution, which
is the last step before sample imagitl§y A common method is to cut a circular filter
paper into small triangular pieces and to absoebstiiution by delicately touching the
edge of the paper perpendicularly to the EM gridwigver, the shape and size of the
piece of filter paper influences the rapidity atieththe solution is blotted away from the
grid, a commonly overlooked detail. It is anticigéthat if the stain solution is removed
quickly, it creates a shear force susceptible afig the liposomes and bursting the
vesicles, and can also negatively affect the featitkelia polymer. In an effort to limit
the damage to the sample due to mechanical foneesised small and long ribbons of

filter paper (Figure 6.9).

Figure 6.9:(A) lllustration of a ribbon of filter paper uséa blot excess sample of liposomes from the
grid before staining for (B) TEM imaging. (B) Aargular piece of filter paper used to blot excessme

of liposomes from the grid before staining for (DEM imaging. Scale bars 500 nm. (E) Picture of a
typical setup for sample staining using ribbonsainple droplet is deposited onto a grid held bgvanse
action tweezer. Two droplets of UAc are ready fastv and staining of the sample on a parafilm piece
and ribbons of filter paper are visible on the l@ftremove excess liquid slowly and in a controlled
fashion.

By reducing the surface of the filter paper to il sample, the rate of dewetting was

reduced and the sample experienced less straingdinis staining process (Figure 6.9).

This method also allowed a better control overahwunt of stain removed, which in
turn changed the thickness of the stain left toairthe deposited sample. It was found
that a thicker staining provided a better suppbthe large assemblies deposited on the
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grid and that the variable staining thickness eain the grid allowed the observation
of different aspect of a sample on the same grithoigh many biological samples are
fixed in resin before being imaged on an electroicroscope to preserve the 3D
superstructures in their native conformatith®*! this resin embedding and other type
of chemical fixatioR?? were not applicable to samples of DNA origami dpidl

vesicles as the processes would destroy the nactstes.

However, UAc stain thickness did affect the 3D #isdition of liposomes and the way
they collapse on the grid during staining and dyyiA short staining time (10 s) was
found to allow a sufficient stain thickness foruasisation while avoiding damage to or
deformation of liposomes due to the osmotic shaui acidic pH (Figure 6.10A). A

longer staining time (+30 s) produced a dark bambgd of stain (Figure 6.10B) and
allows penetration of the dye into the structur@adtited on the grid. Some users
believe that a longer staining allows a better hgemeity of the uranyl layer, although it

was not rare to observe both negative and postaiaing on the same grid.

o » >

Figuré 6.16:Electron micrographs showing (A) a sample of lipnss stained with UAc for 10 s, and
(B) with staining for 30 s. Scale barsuh.

These liposomes have a “cup shape” as a resufteotiin accumulating either on the

side or in the middle of the vesicle, which appekmnker.
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Liposomes stained with UAc for a long period of ¢if80+ s, Figure 6.11A) and where
UAc solution was allowed to dry on the grid prodididenages that presented better
overall shapes, but the details where hidden byhday staining. Liposomes that were
stained for 10 seconds and had most of the UAdisaluemoved provided the optimal

result: vesicle stability and visualisation (Fig@&1B, C). If too little stain was present
(Figure 6.11D), the liposomes deformed and flattenas evidenced by radial tubulations
in the EM micrographs. Thus, the staining thicknéspends form the amount of time

that the UAc solution is allowed to penetrate tamgle, and the amount of excess stain

left on the grid after blotting with a ribbon oftéir paper.

| — _ o .
Figure 6.11interpretation of the profile topology of lipososigop) as the stain thickness observed on
TEM (bottom) increases form left to right. Scalesha00 nm.

The discussion presented in this section is theltre$ multiple trials and comparison
with references in literatufd® 183 323324 Gjyen the variability of liposomes appearance
on an EM grid (even across the same grid), andrthkiple factors involved in grid
staining, it is extremely difficult to determine athprocess exactly is responsible for a
particular result (particularly for liposome staig). The thickness of the stain depends
on how quickly and firmly the stain is blotted. Tbencentration of sample on the grid
also changes how much of the stain will pool arotim liposomes as it is blotted.
Longer staining times with UAc will affect how tlsain binds to the sample itself; the
longer it is left on, the more it becomes a positstain rather than a negative stain, and
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so the specimen will dry differently. The differescin flattening and aggregation thus
depend mainly on different staining times, blottmgthods, concentrations and type of

stain.

6.3 SAMPLE IMAGING

Once a correctly stained sample was prepared,rtiemgs air dried for approximately
10 min. Remaining water is removed rapidly whenghample is inserted into the TEM
and subjected to vacuum. In general, a stained Isasypported by the carbon and
formvar films will resist the damage induced by #lectron beam during imaging, but

on occasion we observed damaging effect that haadeptimal imaging.

Although a film on EM grids are known to sometinieeak depending on the intensity
of the electron beam, the film was observed tokcraore readily with a concentrated
sample (>0.3 g/mL lipids and 20 nM AuNP) that cesat dense layer on the film.
However, we observed that as long as the suppditmgattached to at least one of the

metal mesh, this provided enough sample surfacestadity for imaging.

We also encountered imaging challenges with sampmpared with staining of UAc.
Thicker staining enhanced contrast and stabilissdjel structures as discussed
previously, but this resulted in drastically inged beam sensitivity. Samples
surrounded by a dark background provided by thie siiéen showed quick and visible
degradation under electron bombardriféit(Figure 6.12).
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6.3 Sample Imaging

1 picture 2 picture.

Figure 6.12Electron micrographs showing two picfure takeetilly wih a fw seconds apart
showing (A) triskelion-coated liposomes and (B)ypmoérised AuNP-triskelia. Scale bars 200 nm.

Negative staining proved sometimes difficult to gaaat magnification nominally used
for DNA nanostructures (approximately 16,000 x)tastarts to deteriorates as soon as
the beam illuminates the sample at this magnificasind exposure (120 kV, spot size 2,
200 um condenser aperture). Prevention of excessive gndaring imaging was
important with thick stain, thus sample illuminatiovas kept at a minimum by changing
the configuration of the column (120 kV, spot iz 50um condenser aperture) and by
recording a picture quickly to limit the expositiof the sample to the electron beam.
Thus captured images presented in this thesis heradsult of the superposition of

multiple (25) images (recorded with a Gatan OneViemmera), which reduces the
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6.3 Sample Imaging

background noise and improves contrast, even \itle lexposure (25 time 0.04 s

exposure, recorded in 1 s).

The increase of noise in the background and disapea of the samples is the result of
the UAc stain reacting with the electron beam amomed by Cremeet al.*?® and
Unwin®®?® who suggested that UAc was susceptible to moved degrade during

electron irradiation.

6.4 POSITVE AND NEGATIVE STAINING

The preparation of triskelia for TEM utilising tldeoplet technique relies on the triskelia
adsorbing onto a carbon support film. As this aoson is not specific, they will adopt
multiple orientationS'®. Staining with UAc creates characteristic “stalouds” that
surround the triskelia (Section 6.2), producingmsty contrast between the background
and the DNA structure that provides detailed imagfethe orientation of the triskelia.
The resulting image is therefore a planar projectibthe 3D DNA structure. Triskelion
monomers can be readily identified, although trek taecomes quickly difficult when
the triskelia are polymerised into spherical asdm®sb The irregularity of the grid
wetting and staining regularly created negative positive staining on a single grid, a
known characteristic of UA®? 316 3261 Negative staining provided excellent detail of
the individual DNA double-helices that compose thekelia. Positive staining is a
result of only a small layer of stain being adsdrloa the triskelia and not the grid
background. Positive staining was preferred to\stiné size and relative angle of the
arms of the triskelia (Figure 6.13). Both stainigges were treated together and with no

distinction throughout the thesis.
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Negative staining |

ARG fedis e f S ) ) A g
Figure 6.13Electron micrographs showing positive and negasiaéning within a few nm on a grid.
(A) Positive staining in this example is believad lhe thinner than negative staining and allows the
triskelia to adopt a non-flat configuration on thed. (B) Negative staining of good quality can sho
individual DNA helices. (C) Negative staining stid@s the triskelia arms in an upward position.|&ca
bars 50 nm.

6.5 ADDITIONAL ARTEFACTS

An artefact in TEM is an observable phenomenon latee to the true nature of the
sample under investigation and is a result of dammdlicted during the sample
preparation or by the irradiation of the electrazaii*™ %! Differences in staining
beam damage (sections 6.3 and 6.4) and contammndtyo molecules from the
purification methods (Chapter 3, section 3.2.1) #re main artefacts discussed
previously. In addition, other irregularities wesemetimes observed in TEM images of
triskelia and liposomes, which are shown in Fig@rg4. “Coffee ring” effects were
observed on the grid due to the surface tensiomabh the sample and the stain
solutior®®*! (Figure 6.14A, B) and provided negative and pesisitaining. Double-sided
stains are reported to occur if the support filnbigken and the solutions can contact
both sides of the giitf? (Figure 6.14C). EM grids coated by hand occaslgrsilowed
traces in the background under the electron beaibued to difference in the formvar
film thickness (Figure 6.14D). The irregularitiebserved in the backgrounds are

attributed to the method of interaction and wettiegween the stain and the support film
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(Figure 6.14A-E) or film wetting irregularities @tire 6.14F, G, H) that were easy to
recognise as artefacts. Dust and other foreign ecatde on the grid were observed due
to air exposure or contaminants in buffers and eetsy (Figure 6.141). Finally, the
guantity of triskelia deposited on a grid was sabj® variation, depending on the
interaction between the triskelia and the suppimt {Figure 6.14J, K, L). Because
artefacts are common in electron microscopy, itngortant to be able to identify what
artefacts arise from the types of sample undersinyation during sample preparation
and imaging, so they are not falsely attributedthte sample structure itself. Other
common artefacts can be identified and minimised réferring to the extensive

literaturd'8? 183 . 327]
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e : py

Figure 6.14Electron micrographs of various samples of liposei#g C, D) or triskelia (B, E, F, G, H,
I, J, K, L) showing artefact in the background iagsfrom the grid preparation. (A) Coffee ring effeand
contaminants of the sample or the grid observeulask dots, (B) coffee ring effect, (C) staining ame
side (left) and both side (right) of the grid doeatbroken support film, (D) variation in formvéuiakness
in the background, (E) deformation of liposomes filmal wetting after a quick botting, (F-H) film wing
irregularities, (I) contaminants in buffer and reats, (J-L) variations in the amount of triskelepdsited
on a same grid. Scale barsig@ (A, B, C and K), 500 nm (D-H, J and L) and 100 (m
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6.6 SUMMARY

This chapter presents discussions and methodsagpedklduring the thesis for optimal
TEM imaging of DNA nanostructures and their intéi@ts with the lipid bilayer. The

preparation of a coated EM grid, the type and armaidirstaining, and the samples
damage induced by imaging, were all very importpatameters that needed to be

addressed to correctly image DNA origami and |gtidictures.

Electron microscopy is a technique that is broadbed in synthetic biology and
nanotechnology. An in-depth knowledge of the champroperties of a sample is
required to accurately interpret EM micrographdafge part of the artefacts observed
with EM are believed to arise from sample preparatand the staining method
employed. Although protocols for the preparatiod anaging of biological samples are
commonly found in literature, a precise descriptminthe staining process is often
overlooked or missing that is vital for optimal igmag. A wealth of literature is
available that describes artefacts regularly olesenwvith biological samples (viruses,
cells, etc...) and possibly followed with advice oowhto prevent them. DNA
nanotechnology is no exception, as the producti@hlzehaviour of a well-folded DNA
structure is very often confirmed by EM. Researolestigating the interaction of DNA
nanostructures with a lipid membrane has increased the last decade, but detailed
protocols regarding EM imaging has not been pra\idéhis chapter aims at filling in
these blanks and is addressed to any scientisbiedhnology seeking recommendation

and interpretation of micrographs.
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CHAPTER 7

CONCLUSION

7.1 SUMMARY AND CONCLUSION OF THE THESIS

This thesis presented the design and construcfisghree DNA nanostructures, two of
which were assembled utilising DNA origami. For thest part of this thesis, two
different DNA nanostructures were designed to attéx a lipid membrane using
cholesterol anchors to achieve controllable deftionaof a membrane. The use of a
synthetic system would allow a better control andwledge over the parameters at play
during membrane bending, a fundamental processeiife of every cell. The clathrin
protein, responsible for the process of endocytwmseukaryotic cells, is the inspiration
for the first part of this thesis. It led to thesdm of two different DNA structures, both
sharing the same general ability of polymerisatin attachment to a lipid bilayer, as
well as the three-fold symmetric shape of the rtwlathrin model. The first
nanostructure, the star, was constructed from shdirtidual DNA strands, the sequence
of which had to be adapted from the original puilmn to suit our new system.
Following optimisation of the folding proceduregthtar was successfully polymerised
into arrays, as observed by TEM and AFM. When ther svas decorated with
cholesterol handles, the resulting polymerisedyarveere smaller, and it is believed that
the cholesterol handles add strain and partiallipldnthe star. The addition of the
cholesterol handle required the use of two shostesinds. Oligonucleotides at the
extremity of a short domain are more likely to Ipean on-off equilibrium between

hybridisation and melting, which destabilised tine &f the star. Further, the protruding
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cholesterol handle from each arm of the star addidn to the system at the handle
position. It is theorised that the handle was pgllon the DNA helix forming the arm,

and partially melting the first few nucleotides. eTfunctionalised star was then too
flexible and fragile to direct the formation of agularly repeating array, which is

necessary for controlled membrane bending.

We thus replaced this strategy in favour of a stmeécconstructed with DNA origami to
circumvent the weaknesses of our initial star. Beisond, enhanced 3D DNA structure,
named triskelion in reference to the shape of tathn, was thoroughly optimised for
polymerisation into a pattern resembling that diugkyball (-1, 2-3 pattern). The
use of DNA origami solved the issue of stoichiometnd fragility of the arms following
functionalisation with cholesterol and dye conj&gatyet remained an accurate mimic of
the clathrin protein. Stiff bridges of three DNAIlibes with length of 60 bp or 90 bp
produced either curved or flat triskelia, respesdity providing control over the intrinsic
curvature of the DNA origami. A temporary strateggs also presented, using triskelia
functionalised with AuNP of 15 nm diameter. Althdughis approach provided
information regarding optimal triskelion and lipidoncentrations required during
folding, it was discarded because the AuNP prevkatevature of the triskelion. It was
determined that the use of triskelion dimers (udingl 6T invading strands) associated
with 4 bp sticky ends (arms-23) provided optimal polymerisation to obtain efiot
coverage of lipid vesicles. When decorated withlesterol anchors, flat triskelion
dimers could diffuse on a membrane-coated EM gnd assemble into large arrays
(visible by TEM) of hexagons and pentagons, asdessgned. Curved triskelion dimers
formed the lipid membrane into circular shapes wpelymerised, as observed by EM
and reminiscent of the biological model. Dual-coldluorescence microscopy of
fluorescent blue GUVs and fluorescent red triskedidowed the observation of
membrane bending in solution. The insertion oké&ig into the membrane of a GUV
was observed to take place within 10 minutes argkmied as a homogenous and co-
localised red-blue fluorescence on the GUVs. Pohgagon of flat triskelia could be
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observed as bright patches on the GUVs only afteraddition of the polymerisation
staples, confirming that polymerisation is pregidelggered by the addition of the DNA
strands. Flat dimers showed bright patches on W< but no budding. Fluorescence
microscopy of curved triskelion dimers revealedespdal budding of the membrane of
GUVs, and showed that the polymerised, curved DNigami forced the membrane to
bend. The fluorescence of the DNA was concentratethe neck of each budding,
suggesting that the triskelia localise preferehytiat the inverted curvature of the
membrane. This configuration optimally satisfiece tinsertion of the cholesterol
(incorporated in the triskelia) into the membraas, it was shown that the curved
triskelion could adopt an unexpected “inverted” faguration. This work is the first
example of an artificial membrane bending that dan triggered only by the
polymerisation of DNA origami. Previous examples mémbrane bending were the
result of membrane crowdifigf**® or the formation of a membrane inside a pre-

assembled scaffdfd® 1"

The second objective of the thesis was to helpendievelopment of an endogenous EM
tag made of RNA. The first step of this vast projeas to create a small DNA origami
with a 3D shape that would be recognisable in &jbimaging. The plasmid puUC19
was designed to fold into a small tetrahedron leyatdition of specific DNA staples.
The DNA origami tetrahedron was successfully sysidexl, concentrated and imaged in
cell lysate in cryo-EM. Imaging of the tetrahediarcell lysate confirmed that the DNA
origami can be localised straightforwardly due tts iregular features. The
functionalisation of the tetrahedron by a DNA handbkould allow the targeted
attachment of the origami to particular organetieproteins in the cell. The tetrahedron
is now part of a library of DNA origamis that areifog screened in order to determine

the optimal structure for an endogenous cryo-EM RA#
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The final chapter of this thesis presented prom@rid methodologies developed for
TEM imaging of samples made of DNA nanostructurel #ipid membranes. This
technical chapter aims to fill in the blanks in theerature regarding the sample
preparation and electron microscopy imaging of Dbi#Agami, and in particular their
interaction with a membrane bilayéy.large part of the artefacts observed during EM
imaging were believed to arise from the sample gmatpon and in particular the staining
method used. The same grid was observed to presastic differences in staining,
sample concentration and questionable interactimiareen the DNA nanostructures
and the membrane. Interpretation of electron miaplgs should be made only on those
taken with an EM grid presenting a homogenous sarsgaining and appearance over
the entire surface (or at least over the vast ritgjof it). This chapter provides advice
regarding sample preparation and interpretatiothef TEM images, and should be a
reminder that honesty and critical analysis is ingr@t when presenting (EM) pictures.
The electron micrographs of the regular array mafdeolymerised triskelia on a lipid
membrane, discussed previously, was done with dheesTEM. The successful use of
the custom-made Teflon apparatus for this set peements is the direct result of the

work and know-how presented in this last chapter.
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ANNEX
MATERIALSAND METHODS

Al BUFFERS

The following buffers were used for the experimegmssented in this thesis, they were
prepared with Milli-Q-purified water and chemicagisovided by Sigma-Aldrich or

ThermoFischer Scientific

1 XxTE Buffer

Diluted from a 20 x TE stock; final 1 x TE contetions are:
5 mM tris(hydroxymethyl)aminomethah@ris base)

1 mM ethylenediaminetetraacetic aEDTA)

pH 7.4-7.6 (pH not adjusted)

1x TAE Buffer

Diluted from a 20 x TAE stock; final 1 x TAE casdtrations are:
40 mM tris(hydroxymethyl)aminomethan@ris base)

20 mM acetic acid

2 mM ethylenediaminetetraacetic aqiEDTA)

pH 7.6 (NaOH or HCI adjusted)

0.5 x TBE Buffer

Diluted from a 10 x TBE stock; final 0.5 x TBE c@amtration are:
45 mM mM tris(hydroxymethyl)aminomethdn@ris base)

45 mM boric aci

1 mM mM ethylenediaminetetraacetic aqiEDTA)

pH 8.2-8.3 (pH not adjusted)
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1 x HEPES Buffer

Diluted from a 10 x HEPES stock; final 1 x conitations are:

10 mM 4-(2-hydroxyethyl)-1-piperazineethanesuléoacid (HEPES)
10 mM MgCh'

100 mM NaCl

pH 7.5 (NaOH or HCI adjusted)

A2 OLIGONUCLEOTIDESAND SCAFFOLDS

The following section list the suppliers that paea DNA used in this thesis, and, if
required, how particular DNA-conjugates were predafFor protocols, see section A.3

onwards.

A.2.1 General

The reference ladders of 1 kilo base (kb) and =& lpairs (bp) DNA were purchased

from New England BioLabs Inc.

w
v

5x blue loading dye stock was prepared by mixirﬁﬁ%( ) bromophenol blue (25
mg, Sigma Aldrich), 30%(%) glycerol (3 mL, Sigma Aldrich) in 10 mL batche$. |

needed, 0.0179 o%) sodium dodecyl sulfate (SDS, 1.7 mg, Acros Orggnicas added

to the stock. During PAGE purification in Munich,dge with a faster migration was
used to ensure that the collected DNA band contansontaminant. The loading dye
containing 5x Orange G in glycerol was providedAtfa Aesar and used as received.
Samples were mixed with loading dye for a 1x logdilye final concentration prior to

being injected in an agarose gel (section A.63 polyacrylamide gel.
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A.2.2 Chapter 2

Nucleotides were ordered from Integrated DNA tetbgy (IDT) when ordered in
Oxford, and from biomers-net when ordered in Geynm&NA strands were usually 25
nmol and shipped in RNase free water (150 uM) @tG2 Synthetic scale for staples
longer than 60 nt were 100 nmol, shipped driedstaced in water (150 uM) at —20°C.
Staples longer than 60 nt were 100 nmol, shippextidnd stored in water (15M) at
—20°C. The oligonucleotides were not purified befarse, unless required by the

supplier (HPLC purification) or specified in thesths.

3’-end labelling of S5 with dUTP-ATTO438

S5 labelling for use in fluorescence fluorescencerascopy was performed in LMU
using a kit provided by Thermo Fisher ScientificheT protocol suggested by the
supplier was modified based on experience from ¢neup of Tim Liedl to
accommodate the need of the experiment. That isysee larger quantities than that
suggested and allowed the coupling reaction totriaca longer period as follows:
Terminal Deoxynucleotidyl Transferase (TdT) reaatibuffer (4L, 5x stock as
provided), S5 (1 pmol’3nd final concentration), CoLC(4 uL, 25 mM, 5 mM final
concentration), enzyme (TdT, 0.05 mM final concatidn), Aminoallyl-dUTP-ATTO-
488 (1 uL, 1 mM, 400 Ulreaction) and water (finalume 20 uL) were mixed and
briefly centrifuged. The mixture was incubated @@ for 45 minutes. Addition of
NaOAc 3 M (2.5 uL) and 57.5 uL of EtOH (100%, —20dd storage in —20°C freezer
precipitated the DNA. The solution was centrifug&d000 rpm, 30 min, 4°C) and the
supernatant was discarded. EtOH (70%, 60 uL) wdsddnd centrifuged again for 10
minutes at the previous conditions. The second reapent was discarded right away

before the pellet dissolves again. The final prodpmk solid) was suspended in water
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and used without further purification. Note: dUTPasw used instead of the
recommended ddUTP. As opposed to ddUTP, dUTP cdarga multiple coupling on
the 3-end, leading to two or more ATTO-488 dye on oneADdtrand if the solution is
left at 37°C for an extended time. However, thisd$ an issue for the purpose of this

experiment as the number of dye per star tile isarmelevant factor.

A.2.3 Chapter 3and 4

M13mp18 (p7249) single-stranded DNA was either sagy VWR International Ltd
(1 pg/pL, in 10 mM Tris, (pH 7.5), 1 mM EDTA), orq@uced using the standard
transformation described in box 2 of Referéiffeusing competent cel.coli JM109
(New England BioLab Inc.).

5" - Thiol-C6 — 19 (T) was provided by Biomers-natalg L, 4 aliquots, shipped and

stored at room temperature in a dried state.

Synthesis scale for Cholesterol-DNA and dye-DNAjogates were 100 nmol, shipped
dried and stored in water (150 uM) at —20°C.

A.2.4 Chapter 5

pUC19 plasmid was provided by New England BioLabs. IThe double-stranded
plasmid was digested by the enzymes Nt.BspQI amhéiiease 11l kits, both supplied

from BioLabs Inc.

A typical pUC19 preparation is described: the detditanded pUC19 (25 uL, 1 pg/uL,
25 U; line dspUC19, Figure A.1), as received by the providerswdiuted in 1 X

NEB3.1 (50 pL, 2 volumes; 10x concentration NEBuffel) and mixed with the
nicking enzyme Nt.BspQI (2.5 pL, 25 U). The solatiwas incubated at 50°C for 2

hours, then warmed to 80°C for 20 min to kill thezgme and stop the reaction (line
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Nt.BspQI, Figure A.1). The enzyme Exolll (1.25 |B.eq., 125 U, 100x concentration)
was added and the solution was incubated at 37fQ@ four. This step chops off the

nicked strand and leaves only the ssDNA ring (Ex®lll, Figure Al). The resulting
solution was mixed with sodium acetate (7.47 uM,S% volume) and ice-cold EtOH

(149.5 pL, 2 volumes, EtOH stored in —20°C freezamyl the solution was left to
precipitate either overnight at —20°C, or for 1 hati—80°C. The suspensions was then
centrifuged for 10 min at 4°C and 20’000 g. (Makmark where you plan the pellet to
be in the tube.) The supernatant was carefully xemdo leave the pellet in the tube,
which was then resuspended in 20 pL 1x TE (8g@JC19, Figure A.1). This yields
approximately 40 pL solution at 250 nk$pUC19,(concentration measured by UV

absorbance).

After EtOH

precipitation
Figure Al:Analysis of plasmid preparation by AGE. The linés dn each side are the reference 1kb
ladder.
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A3 PURIFICATION OF DNA STRANDS
(DENATURING PAGE)

Polyacrylamide gel electrophoresis (PAGE) was peréa for both analysis and, if
required, purification of the DNA strands for the@@ned star project (Chapter 2). For a

gel of 1.5 mm thickness, 10 mL of acrylamide/bigimide was needed.

For DNA purification, a denaturing gel containingea is required to separate potential
secondary structures: 10% 19:1 acrylamide/bisaanga (A:BA) (40% A:BA, 2.5 mL)
in 0.5 x TBE + 8 M urea (5 mL, 2 x TBE + 16 M urem)d 2.5 mL water was mixed
with ammonium persulfate (APS) (300 pL, 10%). Thextramethylethylenediamine
(TEMED, 20 uL) was added and the solution was duiploured into the gel cast for
polymerisation. Denaturing gels were then pre-ran30 min in 0.5 x TBE, 80 V at
room temperature. All wells were washed with butfeing a syringe before loading the
samples, and the gel ran for 40 min at 200 V awreemperature. The DNA band to
be extracted was then visualised using UV-shadawting gel is placed on a white
surface and exposed to UV light to reveal the iocabf the DNA band (Chater 2,
Figure 2.15).

The desired band was cut with a razor blade, chibppe fine pieces and placed in a
1.5 mL microcentrifuge tube. Eluant buffer was atidé x TE, at least 2 x the gel
volume) and the tube was shaken for a minimum oh@drs at room temperature.
Then, the sample was centrifuged (1 min, 1000 gpeBgdorf 5453, Minispin
Microcentrifuge, fixed angle) to collect the supsant. Any residual DNA was washed
with small volumes of buffer, centrifuged as prexgty described and combined with
the supernatant. Cold ethanol (EtOH, 1 mL, kept28°C freezer) and sodium acetate 3
M (1/5 of the volume) were added to the eluent pladed in —20°C freezer for at least

1 hour. The tube was centrifuged again (13’000 @,n8n) and the supernatant was
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A.3 Purification of DNA strands (denaturing PAGE)

discarded. The pellet was mixed with 70% EtOH aedtrifuged again for 7 minutes.
The pellet was recovered and suspended in wateixoE buffer. Finally the
concentration was measured by Absorbtion at 260usimg the extinction coefficient

given by the supplier for each DNA strand.
A4 ANNEALING OF DNA STAR

The optimal DNA array obtained in chapter 2 wasléol using the following procedure:

85°C for 15 min

Decrease to 75°C at —0.5°C/20 min

Decrease to 60°C at —0.2°C/5 min

Decrease to 45°C at —0.2°C/10 min

Decrease to 30°C at —0.2°C/25 min

Decrease to 20°C at —0.2°C/20 min

Decrease to 10°C at —0.5°C/5 min

Hold at 4°C as required

Incubation at 4°C was maintained for 24 or 36 haar®rder to obtain the arrays
presented in section 2.2. Samples folded followtimg procedure were analysed by

AFM or TEM without further purification.

The first folding program (mentioned in section)2was adapted from the LaBean

protocol?® and followed the following schedule:

85°C for 15 min
Decrease to 75°C at —1°C/10 min, +1 min/iteration
Hold at 20°C for 1 hour

Hold at 4°C until analysed
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A5 Analysis of dsDNA hybridisation (native PAGE)

A5 ANALY SIS OF dsDNA HYBRIDISATION
(NATIVE PAGE)

A polyacrylamide native gel allows the observatidrthe DNA strands hybridised with
their complementary domains. The gel was prepardd ©5% 29:1 A:BA (30% A:BA,
5mL) in 1 x TAE (0.5 mL, 20 x TAE) and 4.5 mL watgas mixed with APS (300 pL
10%). Then, tetramethylethylenediamine (TEMED, 20 was added and the solution
was quickly poured into the gel cast for polymdisa Native gels were run in 1 X
TAE + 12 mM MgC} between 70 and 100 min, 200 V on ice. The gel stased for
15 min with SYBR Gold, and destained in 1 x TAE 2 M MgClL for 2 min before

scanning.

A.6 NUPACK ANALYSIS

A.6.1 NUPACK analysis of $4 secondary structure (Chapter 2)

The secondary structure of each individual stranchposing the DNA star was
analysed using NUPACK. The sequence was enteredhanpdarameters were fixed to
be 100 nM, 20°C, and a maximum complex size ofdnsis. Analysis of the strand S4
revealed that two strands S4 can hybridise togdifiex complementary domain of 16
bp (Figure A.2A), which bind the two strands togethpreventing the formation of the
DNA tile (discussion Section 2.2.1).

The sequence of S4 that is responsible for thensleay structure contains the domain
complementary to S1. We thus randomly changed timath S1-S4 to minimise the
interaction of S4 with itself, while limiting theumber of sequence changed in the

STAR. The two strands were renamed S1’' and S4'. i@ sequence was then
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A.6 NUPACK analysis

analysed with NUPACK to verify that no secondamusture was made between S4’

and itself (Figure A.2B), or S4’ and the other stia of the DNA star (not shown).
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Figure A.2: Rsults of NUPACK analysis at 20°C, 100 nM DNA camication and a maximum of 4

strands per complex. (A) Main secondary structorenéd by S4-S4, and (B) main secondary structure
made by S4°-S4°.

A.6.2 NUPACK design and analysis of stiff bridges (Chapter 3)

The new sequences of the DNA staples forming tlielstdges were designed such
that they did not form secondary structure withntkelves, or interact with the part of
the scaffold involved in the loop at the centreéhaf bridge. The staples for the assembly
of a bridge for the flat triskelion (90 bp long)dathe curved triskelion (60 bp long)
were first designed using CaDNAno to determine dbenain lengths and crossovers
(Figure A.3A, B), and then by using the designisactf NUPACK. As NUPACK does
not accommodate hybridised DNA that forms a closede (an example of such a
conformation is shown by a blue arrow in Figure &),3we virtually cut the bridges
into domains and DNA strands to avoid the formatdrstructures not supported by
NUPACK algorithms. These virtual domains, their marand connectivity are depicted

in Figure A.3C.
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A.6 NUPACK analysis
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Figure A.3:Schematics from CaDNAno representing (A) the ftif bridges (90 bp-long) and (B) the
curved stiff bridges (60 bp-long). The scaffoldinsblue, strands common to the two length of bridge
(flat and curved) are in red, and strands of whiehsequence changes are in green. (C) Diagraheof t
DNA domains (virtually cut DNA) to accommodate NUBK design and analysis.

We then wrote an algorithm to generate these Virtgmnains, and selected the
sequences with the smaller normalised ensembletdeffered by NUPACK (algorithm
below). We generated the real sequences of the EtN#ds by matching the sequences
of the virtual domains used in NUPACK simulatiortiwihe CaDNAno file. The same
method was used to generate the three flat, stdfjbs. As some of the strands forming
the flat and curved stiff bridges are the samedohin FigureA.3A, B), we generated
the additional strands sequences (required forctineed, stiff bridges only) manually
by writing the complementary sequences of the gstends depicted in Figure A.3.
We defined the sequences for the three differextt §tiff bridges; between arm 1&2
(HB87 in CaDNAnNno file: see Annex A.17), 2&3 (HB84&nd 3&1 (HB85). The
example of algorithm given below was used to gereitze sequences of the flat, stiff

bridge between arms 1 and 2.
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A.6 NUPACK analysis

# HB87 FILE

# design of the three strands common to bothifigadl 11l for reinforced bridges. These
#strands are in blue in the CaDNAnNo file. They meant to be designed such that they
#do not interact with the scaffold. This should iguee the rigid bridge to form easily.

#

material = dna

temperature[C] = 20.0 # optional units: C (defaaltK

trials = 3 #will show us the three best results

sodium[mM] = 50.0 # optional units: M (defgumM, uM, nM, pM

dangles = some

#

# target structures

structure duplex_62bp = D62(+)

structure duplex_60bp_1 = D60 (+)

structure duplex_60bp_2 = D60 (+)

structure attached_60bp_1 = D29 + U4

structure attached_60bp_2 = U29 D24 +

structure start_scaffold = U4 D39 +

#

# sequence domains

# domains h,f,g,e,c,i are the scaffold, g is tlmwlon the scaffold, h and | are the 4bp
loop at the end

domain a = N62

domain b = N60

domain ¢ = AAAAAATCGTTTCTTATTTGGATTGGGAT #29 nt
domain d = N60

domain e = CTATTTTCATTTTTGACGTTAAAC #24 nt

domain f = GGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCT#39 nt
domain g =TTTTTATGTTATTCTCTCTGTAAAGGCTG #29 ntgservoir)
domain h =TTCA #4 nt

domain i = AAAT #4 nt

# strands (optional, used for threading sequerfoenration
# and for displaying results)

strand duplex_62 = a

strand duplex_62* = a*

strand bp60_1="b

strand bp60_1* = b*

strand attached_60_1*=ci
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A.6 NUPACK analysis

strand attached_60_1 = c*
strand bp60_2 =d

strand bp60_2* = d*

strand attached_60_2* = e*
strand attached 60 2=ge
strand start_scaf = h f
strand start_scaf* = f*

# thread strand sequence information onto targettstres
duplex_62bp.seq = duplex_62 duplex_62*
duplex_60bp_1.seq = bp60_1 bp60_1*
duplex_60bp_2.seq = bp60_2 bp60_2*
attached_60bp_1.seq = attached_60_1 attached_60_1*
attached _60bp_2.seq = attached_60_2 attached _60_2*
start_scaffold.seq = start_scaf start_scaf*

#

# specify stop conditions for normalized ensemiefiect

# default: 1.0 percent for each target structure

# duplex.stop[%] = 0.1

# prevent sequence patterns

prevent = AAA, TTT, CCC, GGG, AAAA, TTTT, CCCC, GG& AAAAA, TTTTT,
GGGGG, CCCCC, AAAAAA, TTTTTT, GGGGGG, CCCCCC
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A.7 Folding and analysis of DNA origami

A7 FOLDING AND ANALY SIS OF DNA ORIGAMI

Both the triskelion (with and without AUNP) and tteérahedron were folded by thermal
annealing ramp on a Thermocycler (a programmalel@pérature-controlled Peltier
heat block, Eppendorf Mastercycler DNA Engine Thar@ycler PCR) with the

following schedule:

65°C for 15 min
Decrease to 58°C at -1°C/5 min
Decrease to 40°C at -0.5°C/30 min

Decrease to 20°C at -1°C/5 min
After a solution of the DNA scaffold and staples lmen annealed to yield the desired
origami, a few microlitre|(L) of the sample is loaded in a well of an 1.5%raga gel
with 0.5 x TBE buffer + 12 mM MgGl A potential (50-60 V) is then applied along the
length of the gel. As the backbone of DNA is negdli charged, the DNA molecules
will migrate towards the cathode and through tharese gel. Smaller DNA molecules
will migrate faster than large DNA assemblies, Wmhallow a size-separation of the
species in the sample over a few hours (2-5 hodrdpNA origami is often more
compactly arranged than an unfolded DNA scaffoldhef same number of base pairs,
which results in the origami migrating slightly fes through the g&f®. For long
electrophoresis, the buffer was replaced half waghghat the current is maintained at
approximately 12 mA. The bands of interest wereouttwith a scalpel, finely chopped
and pressed between two Parafilm-protected micpesstides to extract the solution.

This recovered volume was then imaged by TEM ifiality check was necessary.
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A.8 PURIFICATION OF DNA ORIGAMI

The method of purification depends on the volumd aoncentration required for
downstream experiments. If only a small volume aguired (5-100uL), then the
samples (triskelia and tetrahedra origami) werdfipdr using AGE as described in
section A.7. For larger volumes (100-800 and a concentration between 2 and 8 nM,
the DNA origami triskelia were purified using arieahative method developed using
size-exclusion chromatography driven solely by gyafDescription of this purification
method can be found in section A.8.1-2). Large tjtias of DNA origami tetrahedra
for cryo-TEM were purified by PEG purification ($en A.8.3), followed by removal
of residual PEG using the QIAquick PCR purificatikit by Qiagen (with buffers

supplemented with MgCI2 to a final concentratiorbahM).

A.8.1 Sephacryl stock

1. 25 mL of Sephacryl S-300 resin (GE Healthcare L$fgience, S-300, high
resolution) as received by the supplier was shdledare use and mixed in a 50
mL tube with 25 mL of ddkD and centrifuged for 2 min at 1’000 g (Eppendorf
5810 R, rotor F-34-6-38, fixed angle).

2. The supernatant was discarded, the volume browgb0tmL with the needed
buffer, and the mixture shaken.

3. The solution was centrifuged for an additional 2@t 1'000 g.

4. Repeat steps 2 and 3 for a total of 6 centrifugatio

5. After the last centrifugation, the pellet was rgmrgled in buffer to a final
volume 40 mL.

6. This Sephacry stock can be stored at 4°C for upree month. Mix well before

use.
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A.8 Purification of DNA origami

A.8.2 Size-exclusion columns

This type of size-exclusion method foregoes camgation and relies on gravity to elute
the buffer through the resin. The resin stock use@ is the one described in section
A.8.1. A bed volume of 8 mL is needed to separhgedrigami from excess staples.
Disposable columns (GE Healthcare Life Science,1Bpwere hand-packed with a
bottom frit circle followed by the resin stock ip@opriate buffer (typically 1 x TE +
14 mM MgCh). The column was rinsed with buffer of twice thedbvolume to
sediment and equilibrate the column before plaeimgipper frit circle that protects the
resin from drying out. A sample from 50-800 pL viasn applied to the top of the frit.
To reduce dilution, it is important to wait untileé sample has been totally absorbed in
the resin, and the first fraction collected befaddling more buffer to the reservoir.
Typically, 19 fractions of approximately 250 pL amlected per sample and analysed
by AGE (Figure A.4). Once the sample has been ipdtithe column can be reused by
washing with buffer (minimum twice the resin volum® remove any remaining
staples. Cleaned columns can be stored at 4°honwnth. A 50 pL sample of 20 nM
usually yields one 250 uL fraction clear of stapd¢sa concentration of 2-3 nM. This

method works for triskelion monomer and dimers thasr migration in the resin is

similar.
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Figure A.4:AGE of 19 fractions collected from a 8mL size-emibn column filled with Sephacryl
S300. 1K ladder confirms that the migration of BI®A in the gel ran as expected. Numbers above each
line correspond to the fraction number. In thisegdisaction 11 was used for further experiments.
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A.8 Purification of DNA origami

A.8.3 PEG precipitation

The folded DNA origami tetrahedra solution was mi¥el (v/v) with folding buffer (1

X TE + 14 mM MgC} for triskelion and 1 x TE + 12 mM Mggfor tetrahedron) + 500
mM NaCl containing 15% PEB000 (w/v) (Fisher Scientific). The solution wasxel

by tube inversion and spinned at 16’000 g, at rdemperature for 30 min using a
microcentrifuge ((Eppendorf 5810 R, rotor, fixedgks) and the supernatant was
removed using a pipette. If this method is usedptaification as well as concentration
of the sample, the sample was topped up to twieeirthial volume with the PEG-
containing buffer and centrifuged again under e conditions as above. This step
was repeated once more. After the last spin, thietpeas thoroughly dissolved in
target buffer as indicated for each set of expemisieand the concentration was

measured using UV absorbance at 260 nm wavelength.

A9 GOLD NANOPARTICLE ON DNA ORIGAMI

A.9.1 Gold nanoparticle (AuNP) preparation

DNA functionalisation with AUNP mainly follows tharotocols from Dingget al.***and
Schreibert al.?3%. Citrate-stabilized colloidal 15 nm AuNPs (25 naBI™ Solutions)
were mixed with BSPP (big{sulfonatophenyl)phenylphosphine dihydrate dipotassi
salt, 10 mg, 75@M, Sigma-Aldrich) and incubated for three days ostiaing plate at
room temperature. AUNPs were precipitated by aoiditif NaCl (5 M,~5% (v/v), or
until colour change occurred) and pelleted by d¢rigfation at 1600 g for 30 min at
8°C. The supernatant was removed immediatell#4 volume was left in the tube at
this stage) and then the AuNPs were resuspendB&RP solution (2.5 mM, 0.4 mL)
and methanol (0.4 mL). The mixture was centrifuggdin (1600 g, 30 min, 8°C) and
the supernatant was removed. BSPP solution (2.5 th#,mL) was added and the

concentration of the AuUNP was measured with UV-&figctroscopy, according to the
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A.9 Gold nanoparticle on DNA origami

Abssyq - dil.factor -1
ext.coef

equation = My,np - Where Abss,, = measured absorbance at 520

nm, dil. factor = dilution factor of the measured samples length of the light path

[mm] andext. coef = extinction coefficient of the AUNP (3.67 X&for 15 nm AuNP).

AuNPs were then conjugated with thiolated ssDNArgds at a ration of AUNP:DNA
that was dependent on the diameter of the AUNP:1Bom diameter AuNP, a ratio of
1:300 was used, the ratio was then increased lgtarfofAd? with increasing AUNP
diameterd. (1:675 for 15 nm, 1:1200 for 20 nm, etc...) Thsutbhide bond in the
thiol-modified oligonucleotides was reduced to miwm using TCEP (20mM, 1 h) in
water prior to mixing with the AuNP. The AuNP-thiDNA mixture was left at room
temperature overnight before salt aging. Startreghf25mM NacCl, salt aging consists
of doubling the salt concentration every hour utieaches 700mM NaCl. The AuNP-
DNA solution must remain red; if it turns blue thaNP are aggregated and the sample
iIs no longer viable. The AuNP-DNA mixture was left sit at room temperature
overnight. Excess thiol-DNA and small molecules evegmoved by washing 8 times
with 400 uL of salt-free buffer (1 x TE) using a centrifugake-exclusion filters (10
min spin, 10000g, Amicon Ultra-0.5, 100MWCO, Mendklipore). The concentration
of these AUNP-DNA conjugates was estimated from thealpabsorbance at 520nm as
described above. Freshly prepared, fully coverediPaidid not precipitate in 1x TE +
100 mM MgC}, which is preferred for the formation of DNA origa This high salt
resistance property of fully covered AuNPs enabiles assembly on the DNA origami

template.
A.9.2 Folding and purification of DNA origami with AuNP

The AuNP-decorated DNA nanostructures (AuNP-triskgl were folded in a one-pot
reaction with 10 nM M13 scaffold, 1.2 equivalent’afNP and ten-fold excess of DNA

staples, following the same protocol as was usedh® DNA origami without AuNP.
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A.9 Gold nanoparticle on DNA origami

After folding, the DNA origami structures were died from excess AuNP and staples
by AGE (1.5% agarose, 0.5 x TBE + 10 mM MgGhinimum 3 hours at 55 V). The
band was cut from the gel and the AuNP-origamisevesttracted by first cutting the gel
into pieces, and then squeezing the pieces betavdwmd surface protected with clean
Parafilm and a Parafilm-coated thick microscopédesliThe solution that escaped from
the gel was collected and centrifuged at 5’000rg3fbmin and 8°C to pellet the AuNP-
triskelion. The supernatant was carefully removedd aapplied to a second
centrifugation step (5’000 g, 30 min, 8°C), to abta second pellet of AuUNP-triskelion.
Both pellets were resuspended in O of origami buffer (1 x TE + 14 mM MgGg).
This second centrifugation allows AuNP-triskeli@nkte obtained with less residual gel
fragments. Although we used the first pellet fonttol experiments to measure the
quality of folding, and fixation of the AuNP-trisken, the second pellet was used

preferably for delicate lipid vesicle coating expents.
A.10 LIPIDS

DOPC (1,2-dioleoybkn-glycero-3-phosphocholine), 10 mg/2.5 mL in chlorof, from
Avanti Polar Lipid for experiments made in OxfoldOPC was provided by Lipoid
GmbH in powder form (then resuspended in chlorojdionexperiments made in KCL,

London.

ATTO488-DOPE (1,2-dioleoys$n-glycero-3-phosphoethanolamine) was obtained from
ATTO-TEC GmbH in powder form.

A.10.1 Formation of liposomes

Liposomes were formed by rehydrating a lipid fillh. DOPC lipid stock solution
(100puL, 10 mg/mL in chloroform) was added to a glagl and dried under vacuum

overnight (or a minimum of two hours) to removecés of solvent. The dried lipid film
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A.10 Lipids

was then rehydrated in 1 mL of buffer and leftaim temperature for one hour without
stirring. This facilitates the detachment of thienfifrom the bottom of the vial, and
forms a suspension of polydisperse multilamellasiales. Then the glass vial was
vortexed to produce a homogenous turbid solutidre furbid lipid solution was then
either sonicated with a diving tip or applied tcleg of freeze-thaw to break the large
multilamellar vesicles into smaller liposomes.dhgated, the glass vial was placed in a
cold water beaker and sonicated (0.5 sec everynddioo 5 x 60 sec, 80% power). The
sonication tip was then washed by starting a 1-tyirie of sonication in a mixture of
1:1 EtOH:isopropanol followed by a 1-min cycle irater. If the vial was applied to
freeze-thaw cycles, the vial was first frozen byngling it into liquid nitrogen, followed
by a hot water bath. The freeze-thaw cycle wasatepkfive times or until the turbidity
of the solution was reduced. Lipid aggregates amndel vesicles were removed by
extrusion through a 0.2 pum polycarbonate membrakibaiman)with the volume
passed through Mini-Extruder (Avanti Polar Lipi@9)}-times. Liposomes were stored at
4°C under argon atmosphere and used within one .Wa&flen mixed with triskelion
and imaged by TEM, the liposome solution was dduten-fold, assuming a yield of

80%.

A.10.2 Electrofor mation of GUV

Giant unilamellar vesicles (GUVs) were producedhsy electroformation technigdé”
described by Angelovet al®*?. and Dimovaet al.B*. Lipids in chloroform (5QuL, 1
mM DOPC, or 0.01% mol ATTO488-DOPE, 99.99% mol DQR@re spread on two
clean, ITO-coated conductive glass slides and dnea vacuum desiccator for 30-60
min. A chamber of ~1 ml volume was formed betweman tivo ITO slides by sealing
with a rectangular PDMS spacer. Electrodes weraetted to the two conducting sides
of the slides (Figure A.X). A 1 mL solution of sose (50-100 mM) was injected into

the chamber between the two electrodes and a sguewe potential was applied with
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an amplitude of 1.3 V and a frequency of 10 Hz90rminutes. (Figure A.5A). GUVs
in sucrose solution form inside the chamber (Fighr®B), and are collected using a
wide bore needle (19G) to prevent shearing and tmeepifluorescence and confocal

microscopy experiments.
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Figure A.5:Schematic of the chamber for electroformation of\GU(A) General view showing the
electrode linked to an alternative current generdi®) Side view showing the GUV formation when an
alternating current is applied.

conductive glass slide

A1l FLUORESCENCE MICROSCOPY

Epifluorescence and confocal experiments were abhkéng’s College, London, UK in

collaboration with Vivek Ramakrishna and Prof. Maviallace.
A.11.1 Supported Lipid Bilayer (SLB) formation

A small ring of approximately 1 cm in diameter wiasmed on a hydrophilized glass
cover slip with Corning vacuum grease, and filleidhva mixture of 50 ul of vesicle
solution and dilution buffer (PBS). Upon incubatifmm 15 minutes, a lipid bilayer was
formed on the coverslip. The vesicles burst from asmotic shock and hydrophilicity
of the glass and forms a bilayer. Excess vesiclkese wemoved by rinsing the bilayer
with 2 ml of degassed deionised water (200 ul pese), followed by rinsing with the
dilution buffer. Finally, the dilution buffer wasnsilarly exchanged for the experiment

buffer (0.5 x TBE with 14 mM MgGJ or 1 x TE with 14 mM MgG).
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A.11 Fluorescence microscopy

A.11.2 Imaging GUVsin fluor escence micr oscopy

Fresh GUVs (<2 h old, 50 or 100 mM sucrose,u10 0.01% mol ATTO488-DOPE,
99.99% mol DOPC) were added to the well containirggSLB. The higher density of
sucrose trapped in the GUVs causes them to sitketaoverslip. The SLB acts as a
passivating surface. This allows for the GUVs todimserved using epifluorescence
microscopy. Purified triskelia bearing cholestemachors (9 cholesterol per triskelion)
and labelled with Alexa-647 fluorescent dye (6 gge triskelion) are then added to the
system. Triskelia could be polymerised by addingOafold excess of 4 bp<«23

polymerisation staples to the 6T dimer triskelia.

Co-localisation of the DNA origami and lipids iretlisUV was observed using a Nikon
Eclipse Ti microscope (epifluorescence), or a Nilmlipse Ti-E inverted microscope

(confocal). The wavelengths of the lasers usedhi®idetection of fluorescence was 474
nm with a 525/39 nm Band Pass filter (lipids, ATT834DOPE), and a laser at 644 nm
with a 680/42 nm Band Pass filter (DNA-conjugatéex@-647).

A.12 ELECTRON MICROSCOPY

TEM micrographs were acquired using a JEOL JEM100@K a tension of 120 eV at
LMU, Germany, and a FEI Tecnai 12 with a tensiba@ eV at University of Oxford,

UK.

Protocol and setup used for grid preparation (fanfiim and carbon coating) can be
found in Chapter 6, section 6.1; details on theatieg stains and staining method is
described in section 6.2. A general sample prejoarédr the DNA star (Chapter 2), the

triskelion (Chapter 3 and 4), and the tetrahed@mapter 5) for imaging is described:
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A.12 Electron microscopy

A.12.1 TEM grid preparation

A 5-10uL droplet of DNA sample (1-50 nM) was placed onlagdischarged grid for

3 minutes with the grid held by a reverse actioadwer. Excess liquid was removed by
carefully touching the edge of the grid with a giex filter paper. The sample was then
quickly washed with {iL of stain solution (UFo in LMU, UAc in Oxford Unersity)
and then blotted once more with filter paper. Aosetdroplet of stain was then aplied
to the adsorbed sample and left on the grid fosdébnds before being blotted away.
For DNA sample of concentration between 50 and BBI) the deposition time was
reduce to 1-2 minutes before being blotted witteffipaper and stained as described

above.

A.12.2 Cryo-EM

Cryo-EM micrographs of the DNA tetrahedron (Chagigmvere acquired on a Tecnai
TF30 (FEI), operating at 300 kV, equipped with aFQQuantum LS energy filter
(Gatan) and a K2 direct electron detector (Gatasiy)g a Gatan 626 side entry holder.
Images were constructed by Lindsay Baker at theisin of Structural Biology
(Strubi), Wellcome Trust Centre for Human Genetithiversity of Oxford. The
tetrahedron samples for imaging were prepared byn&rSilvester at the Clarendon

Laboratory, University of Oxford.

After PEG purification of the DNA origami tetrahedr and removal of residual PEG
using the QIAquick PCR purification kit by Qiagam TE buffer with 5 mM MgCl, a
final concentration of 21lM was obtained. The purified origami solution (R) was
mixed with mammalian cell lysate (8., from freeze-thaw technigti&"). The sample

was then prepared and imaged as described in me&{802]. In brief, a EM grid (type
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A.12 Electron microscopy

Quantifoil 2/1) was glow discharged and washed \aithtone before applying 4 of
the tetrahedron-lysate mixture. Excess liquid vessaved after 10 seconds with a filter
paper, as for negative staining, and the guillotihelding the grid) immediately

released into the liquid ethane recipient (locateal pool of liquid nitrogen).
A.13 ATOMIC FORCE MICROSCOPY (AFM)

AFM images were acquired in LMU, Germany, using @t Dimension and AFM
probes Olympus TR400-PSA variety, using the smalettilever. A volume of a few
uL of annealed DNA strands was applied to a fresiyaved mica surface, allowed
several minutes to deposit the DNA three-way jurcton the mica disc, and then
imaged. Images were recorded in tapping mode, wtherenaging buffer was 1 x TAE
with 12.5 mM MgC} and 4 mM nickel chloride (NiG). Micrographs were then

analysed using the software NanoScope Analysis 1.5.

A.14 MELTING CURVE

Melting curves were recorded in LMU, Germany, usadix3005P QPCR System,
Agilent Technology. The melting curve was recordad follows: increase of
temperature from 25°C to 95°C at a rate of 1°/rwld at 95°C for 15 min, decrease
the temperature from 95°C to 25°C at a rate of itf/rand hold at 25°C for 15 min.
This cycle was repeated 3 times, and fluorescentamnsity was recorded 3 times at

every change of temperature (i.e: 3 measuremeniiepgeee).
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A.15 Additional TEM images for section 3.2.6

A.15 ADDITIONAL TEM IMAGESFOR SECTION 3.2.6

The following figure shows selected electron micegdns of triskelia with 90 bp long
bridges and either the initial bridge (one DNA kglior the reinforced, stiff bridge
(three DNA helices). This illustrates the irreguam positions observed on the EM
grid when the weaker bridge was used. Triskelidsiiff bridges showed improved
dihedral angle distribution, as a large majoritytieé structure (>95%) exposed the
expected 120°+ 5° angle between them (Figure A.6BJt bridges were visible on the
micrograph, confirming the successful integratidntiee strands composing the stiff

bridges. Single dsDNA bridges were not observablech is why we have to consider

the possibility of a ssSDNA bridge (Figure A.6D).

Figure A.6:Electron micrographs sho e range of arm posiig for triskelion (A) with one
double helix bridge and, (B) with three double tedi bridge. Scale bars 50 nm. lllustration of (C)
triskelion with stiff bridges of three double he&lg; and (D) triskelion with bridge of one doubléixher
ssDNA.

It is important to stress that the triskelia in &g A.6 are structures with bad
conformations and are presented only for the p@rpddlustration of the improvement
made by the stiffer bridge. Analysis of the TEM gea showed that, out of 400 counts,
60% (243/400) of the triskelia folded and imagedBM with the single double DNA
helix were in the expected configuration with therms spaced by 120 * 5°, against

95% (382/400) when folded with the reinforced bedg

200



A.16 DNA sequences

A.16

DNA SEQUENCES

A.16.1 Chapter 2

SEQUENCE STAR

strand name sequence

S1 TCA AGC ATC

S2 CCG GAG ACT CCAGCT

S3 TAT TGC TGG AGA AGT GAC GGT CAG ACA CCT GCT GGC AAG CCT
ACG ATT GGA CGC GGT ATG GAA CGT ACA CGT GCC GA

sS4 CCGTCACTT CGC TTC TGT ATT CGATCC GGT TCG TCIGC CAATCT
AGT ATC GCG CAG TCGGCA CGT TA

S5 AGC ACC AAT CGT AGGITT TTCTTG CCA GCA CCA ATC GTAGGTITT
TCT TGC CAG CAC CAATCG TAG GTTITCTTG CC

S6 TGG CTTTGA GAC GAA CCA CTA GAT TGG CTTTGA GAC GAA CCACTA
GAT TGG CTTTGA GAC GAA CCA CTA GAT

S7 AAT AGA TGC TAG TAC GTT CCATAC CGC GTG GTG TCT GA

S8 CTG CGC GAT GGA TCG AAT ACA GAA GCG TCT CCG GTAA

s8' CTG CGC GAT GGA TCG AAT

S9 ACA GAA GCG TCT CCG GTANA

S1 TTG TCA ACT AGC ATC

S1' for 3bp A AGC ATCA

S1' for 2bp AA AGC ATCTA

S2 for 4bp CCG GAG ACT CCAGCT

S2 for 3bp ACCG GAG ACT CCA GCA

S2 for 2bp TA CCG GAG ACT CCA GQAA

S4 CCG TCACTT CGC TTC TGT ATT CGA TCC GGT TCG TCIGC CAATCT
AGT ATC GCG CAG TCG GCA CGT GTT GAC ATTA

chol-DNA GGT AGT AAT AGG AGA ATG BCholTEG

red: sequence of sticky ends, or T-loops or T-cap,

dark green: extra nucleotide in compensation dfaater sticky end
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A.16 DNA sequences

A.16.2 Chapter 3and 4

SEQUENCE TRISKELION

black staples on CaDNAno file: common to all thekeelia in the thesis

CORE and VERTEX STAPLES (black in caDNAnNo: see A.15)
core_staple_45[95]33[108] GAG CAA CAG TTT ACT AGAMA AGC CTG TTT AAT AAA
GCT AAA GTATTC AGC TAT TC
core_staple_53[102]45[94]  GGA AGA GGT CAT TTT TGTGR CCA GAA GCA AAA ACA
GTA ATG CAG GTAA
core_staple_21[109]25[101] AGG CGG GGT TGA GGG TGTA CTC AGG AGG TAG AA

core_staple_69[70] 71[90] ~ GTA ACG TAG ATG ATT ACCIT TAC ATC GCA GAA ATA
GCT CAT TTC GAT C
core_staple_21[74] 13[69]  CGG CAT ATC GGC CTT GCT@RGAA TGG ATT AGG CCA AC

core_staple_67[70] 69[83]  GGC GCA TAA ACA TAT TTGAE TAC CTT TCA AAA GAG
CCG GAA

core_staple_71[91] 73[112] GGT GCG GAT TTG CAT APAC CTG ATT GTA AAA GTG GTT
TTC CCAGTTTT

core_staple_16[112] 21[108] TTT CGC AGT CTC TGA TGAT GAT ACA GGT GCC TTG TAA
G

core_staple_68[112] 83[112] TTT AGG CTG CGC AAC GBBA CTG CGC TCACTATTA
AAG AATTT

core_staple_19[77] 27[80] AGA GTA GCG TCA TAT ATAAC TAT TCT GGC GCC GCT
ACA GGG TTAG

core_staple_63[98] 69[112] TAC ATAATATTC ATC ATCGC CATTCT TT

core_staple 70[112] 74[98] TTT TTACGC CAG CTG AANTG TCATAG CT

core_staple_81[102] 58[95] GTG TGG CCC TGA GAG AGAG TCC ACT GCC CGA AGC
ATG CGA AAG ACG CCA GTT G
core_staple_30[58] 46[63]  CGC GCC TGA TAT TAT ACAMG GCA AAA GAA TTC TTT CC

core_staple_25[91] 10[87] CAC CCT CTT AGT ACA TAATG CCA CCACCA GAG GCC
ACCCTCTCAG
core_staple_27[81] 24[66] TAA GTG AGA ATA GAA AGGAC AACCGT CTT TAC TG

core_staple_52[45] 40[52] ~ CAT GCG GTT TAT CAG CTGA CAA CTC GCT GAT AGG
core_staple_15[60] 22[63] =~ GCT TGG TAA TAA ACA GGAGE CCT TAT GGT TAC CAC

CAG GAA GGG

core_staple_32[72] 44[70] TAA CCA GTA ATA AGA GAART GAG AAT TAC GAATCA
TCTTTG ACC

core_staple_33[109] 38[102] CAA GAG AAC AGA CTT GGICT ATT TTG CAC CAC TTT AAC
TG

core_staple_42[112]46[98] TTT CCA CAT TCA ACT TGBAA AGA TAG CG

core_staple_43[91] 45[112] CAG TTG AAA CGC GCG TAGA CAA AAG GCA ACG CTC
AAC ACT ATC ATT TT
core_staple_83[81] 80[67]  GTT AAA CCG TCT ATC AGAIG ATG GGG TTG AGG T

core_staple_79[84] 60[73] =~ ATG CAT TGG GCG CCA GTGGTGT ACC ACT CAT ATT
AGG AAC TTA AAT CAA AG

core_staple_23[84] 4[73] AAT GCG GCG CCA CCC TCGGGGA GAA ACA CCC GCT
CTG AAA ATA CCT AAA TT
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A.16 DNA sequences

core_staple 35[56] 48[59]
core_staple 33[67] 38[56]
core_staple 57[84] 64[84]
core_staple 41[70] 43[90]
core_staple 29[77] 33[66]
core_staple 74[97] 70[84]

core_staple 5[98] 15[112]
core_staple 4[72] 16[70]

core_staple 54[112] 53[90]

core_staple 49[109] 53[101]
core_staple 77[109] 81[101]

core_staple 78[62] 77[52]
core_staple 5[109] 7[97]

core_staple 79[46] 80[35]
core_staple 14[83] 19[76]
core_staple 39[81] 39[69]
core_staple 24[65] 21[73]

core_staple 24[45] 12[52]
core_staple 1[77] 5[66]

core_staple 57[77] 61[66]

core_staple 77[74] 69[69]

core_staple 12[112] 27[112]

core_staple 39[70] 41[83]

core_staple 70[83] 75[76]
core_staple 80[45] 68[52]
core_staple 11[81] 11[69]

core_staple 82[112] 81[90]

core_staple 26[112] 25[90]

core_staple 13[70] 15[90]

core_staple 23[45] 24[35]
core_staple 42[83] 47[76]

AAG GCT TCC AAT AGA ACCQG3 AGG CGC AGG CTT GCG
CAT

TGT ACC GCG CAT CCG GTE®B CTA ACG AGC GCC AGA
ACC AAA GCT

GAA GTATAC ATT ATT CATAA CGT AAA AGG AGA AAA
CCT GAG TTT AAT GCT TAG AA

TAC CCA AAATCA TTA GAABC AAT CAATTC AAC AAT
TGAAAG AGT TCAT

CAC CGG ATT CTG ACC TAAATAATGG TTA AAT AAATAT
TTATTT CGA GGT CCT GAA GCA

GTT TCC TAT GCC TGA AAGAG GGC CAG TTT GGG TAG
GGG ATG

TTATTC ATAAGT TTT TGAAG GAG GTT TT

CAT ATT ACG CAG TAT GTA ACGAG CAA ATAATACTG
TCC ATC ACG

TTT CGC AAATGG TCAATRCC TGT TTAGCATTT AGT CGG
ATG GGC AAACT

GAA GAC TAT TGA TTA AGAAT TCG AGC TTC AGT CA

CCT ATT GCG TCT GTC GBGA GAG GCG GTT TAC CA

TAT GAC CAT AAA GCC CCAdA GGC GAA AAATAG CCG
GGT GAG TGAT

AGG GGG AAT TCG TCA GAT &CCC CTT ATT AGC GTT
AAA AGT TTG

GCAACT TTT GCG GGA GA/GA ATTTTG ATG G

ATATTC AAACCT ATAGTTAT GCC CCC TGA GTA AA
GAG GAC GTT GGG AAATCACE TAAGAG TAG T

AGT GAC GGG GAA AGC CGGR ACA CCATGT ACC GTA
ACC CAG ACG CGC GTACATTT
CTA CGG AGC CCC CGATTGR AAG GTC ACG CTT GGC

AAT AAG ACA AAG TCA GAG GGAAT TGA GGA GTT AAA
ATA ATA ACT CCT TAT GGT TTC CGA

GGATTT ATATCT AAA ATACGT TTA GGA GGA TAATAA
AGA AACTGATTATTT GCG TAG TAA

ACA AGA GGA AGATTG TAATIT TTG GCC ATC ATG AGC GA

TTT CCG CCA CCA GAA COGG ATT GCT CAT GGG ATTTTG
CTITTT

AAATTG GTC TTA CCA TTAR GAA CGC GTC GTA GGG
AAA AAT

TGC TGC ACAACATAATTGIA TCC GCT CGT CTG GA

CTG TAG CAA AAT TAA GCATG TAA TAG GAT AAT TCG
TGA CGC CAC CCT TAG AACTTCT AGTCTT T

TTT CGT GGA CTC CAA CGRA AGG GCG AAT GGA ACA
TTGCAGCTGGTTTT

TTT AAACAACTT TCAACBTT TCA GCG GAATGA ATT TAG
GAA CGA ACC GC

AGA GAC ATT ACC ATA GGGGAG GAA GGT AAATAG AAC
ATTTTG ACCCGCC

GCG GAG CGG GCG CTA GGGIAAAA GAA CGC CT

ACG CCAACC CTC AAATCEA TAA ATATAC ACT AA
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A.16 DNA sequences

core_staple 11[70] 23[83]
core_staple 75[77] 83[80]
core_staple 80[66] 77[73]

core_staple 81[91] 79[83]

core_staple 25[102] 17[94]

core_staple 40[112] 55[112]

core_staple 46[97] 42[84]

core_staple 61[98] 71[112]

core_staple 1[84] 8[84]
core_staple 43[60] 50[63]
core_staple 5[67] 10[56]

core_staple 63[56] 76[59]

core_staple 15[91] 17[112]

core_staple 67[81] 67[69]
core_staple 60[72] 72[70]

core_staple 41[84] 35[97]
core_staple 52[65] 49[73]

core_staple 22[62] 21[52]

core_staple 14[112] 18[98]

core_staple 76[58] 80[46]

core_staple 49[74] 41[69]
core_staple 18[97] 14[84]

core_staple 20[58] 24[46]

core_staple 51[84] 32[73]

core_staple 33[98] 43[112]
core_staple 44[112] 49[108]

core_staple 2[58] 18[63]
core_staple 17[95] 5[108]

core_staple 7[56] 20[59]

AAT GCG CAT ACC GAG TAACA GTA GCG AAG CAC CAG
AAC CGCTCAATCGCG CGCTT

GCA AAC AAG CTT GCG TGAG CGA GCC GGC ATG CCT
GAG TAATCCA

TTG CCT CAG AGC ATA AAGTEB AAG GAA GCG GTC CAC
GCTGTGTTGTTG TGT AGT TCC

TCTTTT CGC GTATTT CCAGTGT TGG GAA GGG TTT AAC
CAAATTTTAA

CCG GAT AGC AAG CCC AATT GTAGTA CCA GAA ACA
TGG ACG ATTTTAA

TTT ACA ACATTA TTA TCAAA AAT AGT CAT TAG ATA CAT
TTITTT

TCC AAT AGC GAG AGC CAGCS ACG ATA AAG GCATAA
TAC ATA

GGATTC GCAAAATTG CCITT CGC TATTT

GCA AGA AAG AAG GAT AGC AARAC AAT CAATAT TGC
ACC AGT CAG AAT CCATCG CC

AAC GCT CCATTT CAT GAGAB GAT AAA GAC AAG GGA
GTAGTT GCG

TTG TAG CAA GCA GCA CCABARACC ACC AGC AGG CTA
TTG ACC TGA

ATT TAA CAC ATC AAT TAARG AAA ATA AAAATT TTT TCA

GCC AGC AAT TTT GTC GT3RA AAT ACATCG AAC AAC
AGA ATG GAAAGT TT
ACC CCG CTT CTG AAC CCGA GAT GTAGAT G

AAA CAG ATG ATG GCA ATCTA TTG GAT TAA GGC CAA
GAG AAT CGA

CTACGT TCA GTC AGA TGGTAAT TTC ACA GCT ACT TAG
CGA

AAT AGG TGA ATT TCT TAAGA GAA CTT AGA GCT TAA
TTC TGC GAA AGC AGC GTG AA

AAG AAA GAG AGC TTT TCCCR CCA GTA CAT CTA AAC
GAG CAC GGG A

TTT TGA GGC AGG TCA AAATA TAG TAACA

AAA CGA GAT AGC CCA CTAGZ CCA AAT CAA GTC AAA
AGATC
TCC AAAATC CGC GAC CT@AGCTG ACAGAC CTATTC AT

GTG CCC GCATGG CTATTTCAGTT CCA GAT CCT CAG GCC
TG

TGAGTT TTG TTA AAG GAATG TTT TTT CAC GCG TAA CGA
AA

GCG GGC GCC AGA CCG GGIATTAC CGATTA AAG GCA
CGG TGT ACC AAC TTAGA

CCT TAT CAATGC AGG ATTAG GAATAT TT

TTT AAC CCT CGT TTAGATT GCA AAA GAT AGA CTG ACG
A
AAT TGA GTA GAC CGT TGT GATGA GGC CAC CGC GAT TA

AGC AGT TAC CAC AAT GAATAA GCA ATA GCT AAG ATA
GCA CAT AAA CAC GGA ATT AA
TCG ATA GGC CGG AAACATTATT ACATGC GCG TAG CTT
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A.16 DNA sequences

core_staple_53[91] 51[83]  CCA ACA GAA GCG AAG ATTGA CAG GTA GAA AGA GAC
AGATGACGC TTTT

core_staple_47[77] 55[80] ~ AAC ACA CCA AAA TAC TGC®A ATG CTT TAG ATC GTC
ACC CTC CGA G

core_staple_69[84] 63[97]  ACC AGG CTC CGG CAG TGT@TGC CAG TAT TTT CCG
AAA CAG

core_staple_29[84] 36[84]  ATC ATA AAG GGC TTA TATAA CTG TTT AAA TCG GCA TTT
TCA AGG CGT TAATTT TA

core_staple_51[45] 52[35]  TCG GAA CCA TCG CCC ACGRGTA TTT TTA AA

core_staple_58[58] 74[63]  AGA TCA GAA ATA ATC GTGCOA TTG CCT GAG AAC CTG AT

core_staple_58[94] 61[108] AGT ATA GAC TTT ACA AABAT TCG ATT AAT TTT TTG GAT
ACC ATATCC TG
core_staple 7[98] 13[112] CCT TTA GAG AGC CAC CACTCAG AGTTT

core_staple_72[112] 77[108] TTT CAC GAC GTT GTA CA&TC GAC TCT AGT CAT GGT AAA
G

core_staple_71[60] 78[63]  TAA TAA GCA ACA ACC GTTT® GAA GTA AAG ATA GAA
CCA AAA CAT

core_staple_50[62] 49[52]  CCG ACA AGC TTT CGA TAAGT TGT AGC TTA TAA CAA
ACG AGG AGA C

core_staple_55[81] 52[66] ~ TAG TAT ATT TTC ATT TGGGE GCG CCC AAT TGC TG

core_staple_48[58] 52[46] CGG GTT GAT TAG CTG AA/GA TCT ACT AAT ACATTC CAC
AA
core_staple 35[98]41[112] ACC TCC CAG CAAGCC GERAAACGGATTT

core_staple_61[109] 67[101] ATT GGC GAA TAT CAA TATCG CTA TTA ATT ATT GA
core_staple_61[67] 66[56]  CAG GAA ACA AAA TTT CAG®A TAG CTT AGA TCG TTG

GTT CTC CGT
10[123]11[123] -not in TTT GAA CCA GAG CCA CCA CAT AAT CAA AAT CAC CGT TT
contact

38[123] 39[123] -not in TTT TAT GCG ATT TTA AGA ATC ATT GTG AAT TAC CTT TT
contact

66[123] 67[123] -not in TTT GCC TCA GGA AGA TCG CGA CGA CGA CAG TAT CGT TT

contact

triskelion_vertex 6T_21[53] GCT ATC CAG AAC TTG CCA CCC AAA AGT TTT TT

2[42]

triskelion_vertex_6T_68[51] CGT AAA ATT CAG GTT TAA CTT TTT TTT TTT TAT TAT CAT
58[59] CAT ATT CCC ACC

triskelion_vertex_6T_79[27] TTT TTT CCT TTA TTT GGA GAC ATT ATA AAT TTT TTG GGG
82[21] TCG AGG TGC CG

triskelion_vertex_6T_12[51] AGA ACA GGA ACC AAA GAC ATT TTT TTT TTT TAA CTG GCA
2[59] TGA TTA AGA CGG

triskelion_vertex_6T_46[62] ATT AAA CGG GTA AAA AAC GAA CAA GCG CGA AAC AAA
44[31] GTACTTTTTT

triskelion_vertex_6T_83[28] AAA TCC CGT TTT TTT TTT TTT CAA ATC ACC GCT ATT TTT
74[27] TTTTTT

triskelion_vertex_6T_73[31] TTT TTT TAT GTA CCC CGG AAT TGT AAA CGT TTT TTT
70[31]

triskelion_vertex_6T_9[42] TTT TTT ACA GAG GTG AGG CGG TCA GTA TTA ACA CCG CCT
11[80] GCA AAT TAA AAG AAC

triskelion_vertex_6T_23[27] TTT TTT CTG GCA AGT GTG CTT TTA GTT AGT TGA AAA TCT
26[21] CCA AAA AAA AG

triskelion_vertex_6T_74[62] AAA TTA ATG CCG GAC TAT CAG AAA ACT AGC ATG TCA
72[31] ATCATTTTTT
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A.16 DNA sequences

triskelion_vertex_6T_18[62] AAG GGA TTT TAG ACT TTA TAA TAG CAA TAC TTC TTT GAT
16([31] TITTITT

triskelion_vertex_6T_19[27] TTT TTT AAT CCT GAG AAG TGT TAG GAA CGT CAG AGC
23[44] GTA TAA CGT A

triskelion_vertex_6T_41[31] TTT TTT CAA GAG TAA TCT CAG TGA ATAAGG TTT TTT
38[31]

triskelion_vertex_6T_51[27] TTT TTT TAA CCG ATA CGG CTA CGA AGT TTG TAG TAG CAT
54[21] TAA CAT CCA AT

triskelion_vertex_6T_65[41] TTT TTT GAG AAG AGT CAA TAG TGA ATT TAT CAA AAT CAT
67[80] AGG TTC CTT GAC GTA

triskelion_vertex_6T_55[28] GTG TCT GAG TTT TTT TTT TTT AGG CTT TGA ATG CCA CTA
46[27] TTTTTT

triskelion_vertex_6T_69[31] TTT TTT TAG CCA GCT TTC AAC GGC GGA TTG TTT TTT
66[31]

triskelion_vertex_6T_77[53] ATT ATA TTT ATT GAT AAA GGA GCG GAT TTT TT

58[41]

triskelion_vertex 6T _27[28] GCC CTCACC TTTTTTTTT TTT TCG TTA GAA GTA CGC CAG
18[27] TITTTT

triskelion_vertex_6T_47[27] TTT TTT CGA AGG CAC CAA CCT AAT ACG TAG GAC TAA
51[44] GTAGCAATAT

triskelion_vertex_6T_17[31] TTT TTT AGT AAT AAC ATC ACAATATTACCG TTT TTT
14[31]
triskelion_vertex_6T_37[41] TTT TTT AGC CTA ATT TGC CAG TTA CAA AAT AAA CAG CCA

39[80] TAT TTC CTG AAG CTT
triskelion_vertex_6T_40[51] CTG AAT CAT AAAATAATATTTTTTTTT TTT TAT TTA GGC
30[59] AGA GGC ATA CAA

triskelion_vertex_6T_49[53] TTT GTT ACT TTA TCA TCC AAC ATG TAT TTT TT

30[41]

triskelion_vertex_6T_29[41] TTT TTT GTG ATA AAT AAG GCG TTT GAA ATA CCG ACC GTT
28[41] TTTTT

triskelion_vertex_6T_15[31] TTT TTT CCA GCC ATT GCA TTC ACC AGT CAC TTT TTT
12[31]

triskelion_vertex_6T_43[31] TTT TTT GCG CAG ACG GTC GCT GAC CTT CAT TTT TTT
40[31]

triskelion_vertex_6T_75[27] TTT TTT GAG AGA TCT ACA AAG GGA GGG TAA TCA ATA
79[45] AAA GGC CCA AC

triskelion_vertex_6T_1[41] TTT TTT ATA ACC CAC AAG AAT TCG CTA ATA TCA GAG AGT
0[41] TTTTT

triskelion_vertex_6T_13[31] TTT TTT ACG ACC AGT AAT AGA ATA CGT GGC TTT TTT
10[31]

triskelion_vertex_6T_57[41] TTT TTT ATT AGA GCC GTC AAT ACA CTA ACA ACT AAT AGT
56[41] TTTTT

triskelion_vertex_6T_45[31] TTT TTT AAC GGA GAT TTG AGC CGG AAC GAG TTT TTT
42[31]

triskelion_vertex_6T_71[31] TTT TTT TAA TAT TTT GTT CTG GCC TTC CTG TTT TTT

68[31]

triskelion_vertex_6T_66[55] GGG AAC AAT CAA CAG AAA ACA AAT TTT TTT TTT TTG TCA
71[59] GAT GAA TAT ACA GAT TTT CGC AT
triskelion_vertex_6T_10[55] AAG CGT AAA AAG GGA CGT CAC CAT TTT TTT TTT TTA AAG
15[59] GGC GAC ATT CAA ACC AGC GAA AC
triskelion_vertex_6T_38[55] GCT CAT TTG ACA AGC AAG CAA ATT TTT TTT TTT TTC CCA
43[59] TCC TAA TTT ACG ACA AGA AAG GG

extra_support_25[21] 22[27] CAC TAA ATC GGA ACC GTITT T
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A.16 DNA sequences

extra_support_53[21] 50[27]
extra_support_80[34] 55[27]
extra_support_52[34] 27[27]
extra_support_81[21] 78[27]
extra_support_24[34] 83[27]

AAA AGG AGC CTT TACATTTT T

TGGTTC CGAAATTTTTTITT TTT TGT ACG
TAT GCAACT AAATTTTTTTTTTT TTAGAC A
ATA CAG GCAAGG CAAGTITT T
GTAGCATTCCACTTTTNOTTTITTTC GGC A

STIFF BRIDGES three DNA helices (curved 60 bp and flat 90 bp)

bp60_2_ 85
Duplex_62_87
bp60_1 87
bp60_2 87
1*-flat_84
2*-flat_84
3*-flat_84
4*flat_84
5*-flat_84
1*-curved_84
2*-curved_84
3*-curved_84
4*-curved_84
5*-curved_84
1*-flat_85
2*flat_85
3*-flat_85
4*-flat_85
5*-flat_85
1*-curved_85
2*-curved_85

3*-interm_85

CGTGCATTCTCGCCATGTTCCGTCAGTACAAGTTGAAGAGTCG
GTCACGTTAGAACAACG
CGCCTCACTAACATGTAAGTGTAATTGAATGTGAGATTCAGCT
CGAGAGACTAACACACAGC
GCGCTGTCGTGCCGCACGTGTAAGTAAGGTTAGCGTACTGACA
GGTCGAACCGGCGCTGC
GCGGTCCAGTGACCGCCATTCGGACCGCTCTCACACACACGA
ATAACGAAGTCAAGGTGC
CCGGCGCGACCAGTTAAGTTATGATGGCAAATATATTTTAGTT
AATTTTTAAGTGTCTGGTTT
CAACAGTTTGGGTTATATAACTATATGTAAAAACGCGAGAAA
ACTTTTTAACACGT
TGGCGGGACTTCCGCGCGGCCCCTGCGTTGGTCGGTAGTTCTC
TCTGTCT
AACCTCCGGCTTAGGAGTTATAGCCGCACTCGACCTCATGTGT
ATTGTAC
GAGACTACGAGATAGGAAGAAGCGCGCACAACAACTGTCGGC
GTGCGACACTTTTT
CCGGCGCGACCAGTTAAGTTATGATGGATATATTTTAGTTAAT
TT
CAACACTAGGTTGGGTTATATAACTATATGTGCGAGAAAACTT
TTTCAAAACACGT
TGGCGGGACTTCCGCGCGGCCCCTGCGTTGGTCGGTAGTTCTC
TCTGTCT
TTTAACCTCCGGCTTAGTTATAGCCGCACTCGACCTCATGTGT
ATTGTAC
GAGACGAGATAGGAAGAAGCGCGCACAACAACTGTCGGCGTG
CGACATACCTT
GAACCGCGGTAGGAGAGGCACCTGAGAACAGTTGAAAGGAAT
TGAGGATTGTCATACTGCTTT
GTGACCGAATCTAAAGCATCACCTTGCTGAATGGTCAGTTGGC
AAATCACTCTCGG
ATCTCCGCTCCGAGCGCGTTGCTCCGGAGTTGCATTGTACTTA
GGTCTAG
CAGCAGCAAATGAAAACTCTTCCGACGACAGGATCCACAGTT
CTTCTAAC
GCCACGCTGAACATGGAATGCACGCGCAGTCCGGTCAACTTG
TACTGACGGAGAGC
GAACCGCGGTAGGAGAGGCACCTGAGAGTTGAAAGGAATTGA
GGA
GTGACCGAAAAATCTAAAGCATCACCTTGCTTCAGTTGGCAAA
TCAACACTCTCGG
ATCTCCGCTCCGAGCGCGTTGGTCCGGAGTTGTATTGTACTTA
GGTCTAG
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A.16 DNA sequences

4*-interm_85

5*-interm_85

1*-flat_87
2*-flat_87
3*-flat_87
4*-flat_87
5*-flat_87
1*-interm_87
2*-interm_87
3*-interm_87
4*-interm_87

5*-interm_87

AGCCAGCAGCAAATGACTCTTCCGACGACAGGATCCACAGTT
GTTCTAAC
GCCACGAACATGGAATGCACGCGCAGTCCGGTCAACTTGTAC
TGACGGCTGAG

GAGGCGGCTGTGTCGAGCTGAATCTCAGGGAGAATTAACTGA
ACACCCTTTCTCTGTTACTTT
CGTTATTGTTTAACGTGAAAAATCAAAATAGCAGGGAAGCGC
ATTAGACCATTCAA
TTACACACGACAGCGCGCACCTTACTTACACGTGCGGCTTACA
TGTTAGT
AAGAAACGATTTTTTCGTGTGTCGACCTGTCAGTACGCTAACC
TTGACTT
ATCCCAATAATGGCGCTGGACCGCGCAGCGCCGGTTGTGAGA
GCGGTCCGCCAAAT
GAGGCGGCTGTGTCGAGCTGAATCTCAAGAATTAACTGAACA
CCC
CGTTATTGTTTAACGTCAAAAATCAAAATAGCAGGGAAGCGC
ATTAGACCGTTCAA
TGATTGTACATTCGGCGTGCACATTCATTCCACGCGCGACAGC
ACACATT
AATAAGAAAGCATTTCGTGTGTCGACCTGTCAGTACGCTAACC
TTGACTT
ATCCCAATGGCGCTGGACCGCGCAGCGCCGGTTGTGAGAGCG
GTCCGAAT

POLYMERISAITON STAPLES (4 bp sticky endsarm 2-3 only)

30[131]29[131] 2<->3, 4bp
32[131]31[131] 2<->3, 4bp
34[131]33[131] 2<->3, 4bp

36[127] 35[127] 2<->3, 4bp
48[131]49[131] 2<->3, 4bp

50[131]51[131] 2<->3, 4bp
58[131]57[131] 3<->2, 4bp
60[131]59[131] 3<->2, 4bp
62[131]61[131] 3<->2, 4bp

64[127] 63[127] 3<->2, 4bp
76[131]77[131] 3<->2, 4bp

78[131]79[131] 3<->2, 4bp

INVADING STRANDS (6T
arm 1-1)

2[121]1 [133] 1<->1, 6bp
TTT

GAC GAC AAATTC TTA CCATE TAT CAT ATG CGT TAT AGT
CCTG AGA CAA TAA ACAACAGATTC TGT CCA GAC GAC
T(CSSCC:J:\ CAA GTA CCG CAC TCACIG AAC GGG TAT TAAACC
C$$TTTTA AAT CAA GAT TAG GG GAG GTT TTG AAG CCT CAG

ACG TAT CAG GTC TTT ACCIT GAC CAT AAATCA AAA CGT
GTTT TTC AAATAT CGC GTTAIG GAA GCC CGA AAG ACG
TC(:?I'G CCT TTG CCC GAA CGAQ AAC TCG TAT TAAATC CTG
ATCA GGG AAG GGT TAG AACTT ATACTT CTG AAT AAT
'A\(C:Z-{B'I('3 CTA CAA AAT CGC GCAX& CTT TGA ATACCA AGT
T('IB"(I;TTCTT GCT TCT GTA AATTA TGT GAG TGA ATA ACG ACT

ACG TGA GCT AAC TCA CATAG GGG TGC CTA ATG AGT
TGAC

TTT AAT CGG CCA ACG CGQ3E CAG CTG CAT TAATGC
ACG

AAA AGT AAG CTCTTACCG AAGCCCTTT TTT CGG CA
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A.16 DNA sequences

4[121]3 [133] 1<->1,6bp  GCA AAG ACA CGG TGG CAA CAT ATA AAT TTC CGA CT

TTT

6[121]5[133] 1<->1, 6bp TGA GCC ATT TTG AAT TAT CAC CGT CA TTA GAA AC

TTT

8[121] 7[133] 1<->1, 6bp  TTT TCG GTC ACT GTAGCG CGT TTT CATTT TTA AG

TTT

20[121]21[133] 1<->1, 6bp TTA GGA TTA GCT GAG ACT CCT CAAGA TTG GAATA

TTT

22[121]23[133] 1<->1, 6bp GGT GTA TCA CGA TAT AAG TAT AGC CA TTG AAG GA

TTT

A.16.3 Chapter 5

strand
Name

0[55]1[69]
0[94]4[70]
1[28]5[41]
1[42]4[56]
1[70]3[78]
2[17]0[1]
3[79]5[94]
4[25]2[18]
4[55]1[41]
4[69]0[56]
5[2]1[27]
5[42]4[26]
6[55]7[69]
6[94]10[70]
7[28]11[41]
7[42]10[56]
7[7019[78]
8[1716[2]
9[79]11[94]
10[25]8[18]
10[55]7[41]

SEQUENCE TETRAHEDRON
each colour correspond to one edge

Sequence
GGGGTCTAGTGAGGCACCTATCTCAGCGTTGATCTAACTAC

TTTTTTATCTCAAGAAGATCCTATCTGTCTCTGACA
AAACGTTAATACCGCTCTTGCCCGGCGTAAGTCATTTCT®BG
GCGAACGCTCAGTGTTCACCTAAATTAAAAATGAAATGCTTA

GTTAAGGGATTTTTTTTTTITTTTTTGGTCATGAGATATCAATCTA
CAGAACTTTTTTTTTTTTTTTAAAAGTGCTCATAGATCCAGTTTTTTTT
AAGTATATATTTTTTTTTTTTTGAGTAAACTTGGTATTTCGTTTTTTTT
AGTGTATGCGTTTTTTTTTTTTGCGACCGAGTTGCGCCARTAG

ATCAGTACTCAACCCACTTTTAGATCATACGGGATCTTC&G
GTTACCAGTTTTAATATCAAAAAGGATCGAACGAATTTCTAC
TTTTTTTGTCATGCCATCCGTAAGCTGTTGCATTGGA
ACTGGTGGAAACTCTCAAGGATCTTACCGATGCTTTCTGSAAT
ACAGGCAGCTAAGCGGATGCCGGGAGCATTGTTGCCGTAG
TTTTTTAATAGTTTGCGCAACGGACAAGCTCCCGGA
GAAGTAATGTGCAAAATAGGCGTATCACTCTAAGATTTQCCC
GCAGTGTGGTGTCAGAGTTACTTTCGTCTCGCGCGACATT

TATGGCTTCATTTTTTTTTTTTITTCAGCTCCGGTTCGATACGGT
AGCTCCTTCTTTTTTTTTTTTGGTCCTCCGATCTGCATAATCTTTTTT
GAAAACCTCTTTTTTTTTTTTTGACACATGCAGCCCGTBGGGTTTTTT
TATCATGACATTTTTTTTTTTTTTAACCTATAAAAAAAG CGGTT

GTCTGCACCTGACGGAGGCCCATGATCCCCCATGTGTBEC
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A.16 DNA sequences

10[69]6[56]
11[1]7[27]
11[42]10[26]

12[34]15[22]
12[55]13[69]
12[94]16[70]
13[42]16[56]
13[70]15[78]

15[23]15[34]
15[35]12[35]
15[79]17[94]
16[55]13[41]
16[69]12[56]
17[2]12[1]

18[34]21[22]
18[55]19[69]

18[94]21[78]
19[42]22[56]

19[70]18[56]

21[23]21[34]
21[35]18[35]
21[79]23[94]
22[55]19[41]
23[1]18[2]
24[55]25[69]
24[94]28[70]
25[28]29[41]
25[42]28[56]
25[70]27[78]
26[17]24[1]
27[79]29[94]
28[25]26[18]
28[55]25[41]
28[69]24[56]
29[2]25[27]
29[42]28[26]

GACGGTCTTTCGGTCCAACGATCAAGGCCGCTCGTCATACT
TTTTTTAAACAAATAGGGGTTCCGCAGCACGTTGTCA

GAAAAGTTCGTTATCACTCATGGTTATGGCGCACAAACATTAT
TATCGCCGTCGTGTGGCCCCAGTGCTGCAATGATTTTTTTTTTTTTACCGC
G

TTTCTCACGTTAATTGTTGCCGGGAAGCGGGAAGCTAIAGT
TTTTTTCCGCCTTTCTCCCTTCTAGAGTAAACTTTA
CCCGGGCTCACGCTCGAACCCTATCAGCAATAAACCCECCA

TCGGTGTAGGTCTTTTTTITTTTTTGTTCGCTCCAAGGEGAAGGG
AGACCGCCTTATCCTTTTTTTTTTTTGGTAACTATCGTCTTGCCGCTGCCA
CGCTC

ACCGGCTACCATCTAGATAACTACGATATATAAGACAGSACT

CCGAGCGCAGTTTTTTTTTTTITAAGTGGTCCTGCAGTBTTCGTTTTTT

GTCTAGGAGGGCTTCCAGATTCCCGTTCAGCCCGAAEICAA
TCCGCCTCAGCCAGCTGGGCTGTGTGCAGTAGGTAGTBEGC

TTTTTTTAGTTGCCTGACTCCCCACTGGCAGCAGCCACTETTTT
ACGGTTAGCACCACAACAACCGCTTTCCAGTCGTTTTTTTTTTTTGGAAAC
C

TACAGAGGTTTTTTTGTTTGCAAGCAGCTATGTAGAACACG
TTTTTTGATTAGCAGAGCGAGGAGATTACCAGTTACCTTCGGAGAGAGGC
GGTTTATTT

CACTCCTTGAAGTGGCTTCCTGGCCAACGCGCGGGAMGAG

GCTACACTAGAATTTTTTTTTTTTGAACAGTGCGTATTGGGCGCTCTTCCG
TGGCCTGCGGTGC
TGTCGCGGTCGTTCTTTTTTTTTTTTGGCTGCGGCGAGCGGTCTGCGCTT(
CCAGC
TGCATTATCCGGCACGCTGGTAGCGGTGTTAAAGGCGRAT
GGTATCTGCGTTTTTTTTTTTTCTCTGCTGAAGCGCGKGAAATTTTTT

TTGGTAGCTCTTGAATGAATCCGCTCACTGACTCGATRAGCT
TTTTTTATTGCGTTGCGCTCACTTCCACAGAATCAGGGGATTTTT
TAACTATGGGCGCTCTCCTGTTCCGACCTGTCGGGGTAGA
TTTTTTAGCGGGTGTTGGCGGGCTGCCGCGCGTTTC
TCGGTGCAGGCGCCCCCTGACGAGCATCAAGGCCGCGERAA
TTCGCGGCATCAGAGTAAGGATCGACGCTCAAGTCAAGTCC

GAGTGCACCATATTTTTTTTTTTTTGCGGTGTGAAAGGAAACCC
CAGGCTGCGTTTTTTTTTTTTCAACTGTTGGGATGTGAICAATTTTTT
GACAGGACTATTTTTTTTTTTTTAAAGATACCAGTTACCGGATTTTTTT
CGTTTTTCCATTTTTTTTTTTITTAGGCTCCGCCCATTGCCATT

CTCGTAACCGTAAAACAAAAAGAAAATACCGCATCGGECCTC
CCCCTGGAGAGGTGTACCGCACAGATGCGCAGATTGGIGCT
TTTTTTAGGAAAGAACATGTGAGAGGGGGAAGGGCGA
AAGGCCAGCTATTACGCCAGCTGGCGAACAAAAGGCGIGCTGG
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A.16 DNA sequences

30[55]31[69]
30[94]34[70]
31[28]35[41]
31[42]34[56]
31[70]33[77]
32[17]30[2]

33[78]35[94]
34[25]32[18]
34[55]31[41]
34[69]30[56]
35[2]31[27]

35[42]34[26]

ATCTTTTGTCTCATGAGCGGATACATATAACTGATGGGGAG
TTTTTTACCCACTCGTGCACCCTTGAATGCACGGAA
TACGAGCTGTTTCCGACGGCCAGTGAATCAATATTTTACAG
ATAAATTTCACCAGTGGCGTACGGTACCCGGGGATATATCA

CAAAAACAGGAATTTTTTTTTTTTGGCAAAAACCTGAGTCGTGC
TGTTATCCGTTTTTTTTTTTTCTCACAATTCCATGAGCRAACTTTTTTT
CGCAAAAAAGGTTTTTTTTTTTTGAATAAGGGCGATATITAGAATTTTTT
CCCAGTCACGTTTTTTTTTTTTACGTTGTAAAACTGTGGAAAT

TACTCTTCCTTTTTTCGAGCTATCATGGTCATAGCCGRAGC
ATGTTGACCTCTAGCAGGCATGCAAGCTCGTTTCTCTTAGC
TTTTTTAAGTTGGGTAACGCCAGTAATGAGCACAACA
GGTTATTACGTGTAAAGCCTGGGGTGCCGGAGCATATBATTTT

Cholesterol-DNA conjugates sequence is the sarnteeasne for the triskelion and for

the star.

DNA staples for cholesterol functionalisation oé tietrahedron

arml- instead of
lipid- 4[25]2[18
hdle CATTCTCCTATTACTACCGCGACCGAGTTGCGCCACATAGCA ]

armil- instead of
new ACTGGTGGAAACTCTCAAGGATCTTACCGATGCTTTCTGAGAATAGTG 5[42]4[26
str. TATGCGTTTTTT

arm2- instead of
lipid- 7[70]9[78
hdle CATTCTCCTATTACTACCCAGCTCCGGTTCGATGACGGT

arm2- instead of
new ACAGGCAGCTAAGCGGATGCCGGGAGCATTGTTGCCGTTTGGTATGG 6[55]7[69
str. CTTCATTTTTTTT

arm3- instead of
lipid- CATTCTCCTATTACTACCTACCGCGAGACCGCCTTATCCTTTTTTTTTT @ 12[34]15]
hdle TTGGTAACTAT 22]
arm3- instead of
new CGTCTTGCCGCTGCCACGCTCACCGGCTACCATCTAGATAACTACGAT 15[23]15]
str. (1) ATATAAGACACG 34]

arm3- instead of
new 15[35]12]
str. (2) ACTTATCGCCGTCGTGTGGCCCCAGTGCTGCAATGATTTTTT 35]

arm4- instead of
lipid- CATTCTCCTATTACTACCGGAAACCTGTCGCGGTCGTTCTTTTTTTTTT  18[34]21]
hdle TTGGCTGCGGC 22]
arm4- instead of
new 21[23]21]
str. GGAAACCTGTCGCGGTCGTTCTTTTTTTTTTTTGGCTGCGGC 34]
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A.17.2 Tetrahedron

blue: DNA scaffold

The staples for each edge are marked in colour code (red, green, blue, orange, purple and black)
yellow: strands bearing cholesterol handle (4 strands)
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