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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
School of Chemistry

Doctor of Philosophy

DETERMINING SURFACE ORIENTED SRCD SIGNATURES OF PROTEINS ON
DNA NANOSTRUCTURES

by Christina Xyrafaki

Enzyme and protein activity is affected by their relative orientation when immobilised
on surfaces. Localising proteins on a well-behaved surface makes it possible to study
their orientation and by extension, their structure, which is pursued using oriented

Synchrotron Radiation Circular Dichroism (SRCD) spectroscopy.

SRCD is a powerful and sensitive tool to investigate the structure of proteins. Using
the B23 beamline at Diamond Light Source and the novel CD imaging (CD3), methods
for the preparation and measurement of oriented SRCD samples are developed in order
to characterise them on surfaces. Proteins bound to two-dimensional (2D) DNA nanos-
tructures are analysed in solution as well as absorbed on glass surfaces as films. The 2D
DNA nanostructures are designed to form long-range arrays for consistent orientation
over the entire sample area. Both the DNA on its own and functionalised with protein
are studied in order to investigate if the alignment of the proteins on the DNA lattices

can result in the change of the SRCD signature obtained from the proteins.

For this thesis, two DNA two-tiled systems are chosen, which self-assemble into 2D
nanogrids and double-crossover (DX) arrays. As proof-of-concept proteins, Green Fluo-
rescent Protein (GFP) and Cytochrome bs62 are used which are site-specifically modified
with azidophenylalanine, which allows to precisely position an azide at a defined residue

for a single site DNA attachment using click chemistry.

Finally, an new approach of sample preparation is investigated as an alternative to
the film formation, which is based on the immobilisation of biomolecules in a reversible
manner and which relies on non-covalent fluorous-fluorous interactions. This method can
overcome challenges that are faced during film formation which is particularly important

for protein studies under dry conditions.
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Chapter 1

Introduction

1.1 Proteins

1.1.1 Protein structure

Proteins are the most abundant biological macromolecules occurring in the cells and all
parts of cells. Proteins mediate virtually every process that takes place in a cell ex-
hibiting an almost endless diversity of functions, ranging from catalysis to construction.
Therefore, proteins are one of the most important molecular instruments through which
genetic information is expressed. Their study is vital and covers a vast field in order
to understand their structure, functions and impact that conformational changes may

have for the protein function and, by extension, the cells.

Loaded tRNA's:

Polypeptide: N @'@ @ @ @ @ @

Start Codon

mRNA:  AUG|CCC|CUA|GAC|CCU|CGA|AUC | AAA | GAG | CUC|

b —
) Ribosome
Open reading frame:

Start Codon

GlereieTalcan

TCAIGETITTTIATC |GTAICCA |
[GRGIGA BGTICC

[ AR TAGTCAT|GGTIT

ATELCOC LOTA LGAC [ CCT L CGA
1 e Nl s TeaTeleruTels

RNA polymerse

Figure 1.1: Central dogma of molecular biology- protein synthesis. Reprinted from*

The protein synthesis that takes place in the cells of all living organisms, consists of two
processes, the transcription and translation, which are summed up as central dogma

of molecular biology (Figure 1.1).? During transcription, DNA is used as a template
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to create a molecule of messenger RNA (mRNA) by RNA polymerase. The mRNA
then leaves the nucleus, where transcription takes place, and goes to a ribosome in the
cytoplasm for the second process, the translation. During this step, the genetic code in

mRNA is read and translated to a protein sequence by the ribosome and the transfer
RNA (tRNA) in order to make the protein.

As mentioned earlier, there is a great variety of proteins and thousands of different
kinds may be found in a single cell. Despite this variety, in humans, all proteins are
constructed from the same set of 20 amino acids, the combination of which is coded
by the genetic information in the DNA. All 20 amino acids have a carboxyl group and
an amino group bonded to the same carbon atom (a-carbon). They differ from each
other in their side chains or, as alternatively called R groups. The individual amino
acids are then joined together with a peptide bond, between the carboxyl group of the
first amino acid and the amino group of the next amino acid in the polypeptide chain.
This chain, depending on the arrangement of these amino acids, twists into multitude of
complex three dimensional shapes and each protein has a specific chemical and structural
function, suggesting that each has a unique three-dimensional structure. In general, this
is known as folding and it is very crucial for the protein’s functionality to have the

correct folding.?

The structure of large molecules such as proteins is commonly defined in four levels,
as shown in Figure 1.2. The first, the primary structure, is a description of a unique
sequence where all covalent bonds linking the amino acid residues in a polypeptide chain
in order to construct each protein. The secondary structure refers to the local three
dimensional (3D) shape formed by the folding of the polypeptide chain. The secondary
structures are further divided into four main elements such as alpha («)-helix, beta (53)-
strand, turns and unordered. The a-helix structure is a right-handed helical coil with 3.4
amino acid residues per turn, whereas the -sheet is a ribbon. Intermolecular hydrogen
(H) bonding between [-strands forms [-sheets. Furthermore, there is the tertiary level
structure of proteins which occurs when the secondary structures of a polypeptide chain
are packed together. Finally, when a protein has two or more polypeptide chains (sub-

units), their arrangement in space is referred to as quaternary structure.*5

Many proteins require covalently bound non-polypeptide units, called prosthetic groups
for their activity and biological function. The prosthetic groups can either be organic,
such as vitamin, sugar groups, lipid, or they can be inorganic such as a metal ion, but
none of these groups are composed of amino acids. A well-known prosthetic group is

the heme group which is included in hemoglobin and cytochrome ¢ proteins.”

Protein function is related to its folding that is determined by biophysical methods. The
most popular methods offering high resolution results are the X-ray crystallography, the

cryo-electron microscopy and the nuclear magnetic resonance (NMR) spectroscopy.
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Figure 1.2: Levels of structure in proteins. Reprinted from®

X-ray crystallography is a technique used to obtain the three-dimensional structure of
a particular protein by x-ray diffraction of its crystallised form. The formation of the
crystals creates a lattice in which this technique aligns millions of protein molecules
together leading to more sensitive data collection.® In addition, the X-ray radiation
can often harm or destroy the sample of interest.? Although, there are some proteins
which can successfully form well-structured crystal lattices, obtaining crystals from other
proteins requires more time and effort in order to find the correct conditions of crystalli-
sation. The proteins difficult to crystallise are those with large subunits, high degree
of flexibility or high surface hydrophobicity such as membrane proteins.'® On the other
hand, cryo-electron microscopy (cryo-EM) is particularly useful for larger protein com-
plexes, which are difficult to crystallise and the rapid freeze treatment that the sample
undertakes maintains its closer-to-native state.'! Cryo-EM used to have relatively low
resolution; however, it has seen rapidly progress in its technical features over the years.
Detectors with improved quantum efficiency, as well as the upgrade in the processing
algorithms, led to a resolution that is now comparable to crystallography (it reaches
3.5 A for membrane proteins).'? Furthermore, proteins show multiple conformational
states, but only one is reported by crystallography. In contrast, multiple conformations
are possible to be observed with cryo-EM, even though this can be challenging for the
interpretation of the data.'® Nevertheless, cryo-EM still requires improvement in order
to be able to ”compete” the resolution of crystallography, and it is particularly limited
to samples of high molecular weight. !4 The third approach is the NMR spectroscopy and
it is very important feature since the 3D structure information of macromolecules, such
as proteins, can be measured in the natural state (in solution). Furthermore, it is one
more technique with high-resolution. However, it is very complicated and difficult to
collect information for molecules with large amount of molecular weight and especially
since relatively large amounts of pure sample are required in order to achieve reasonable

signal.

Other spectroscopic technique used in parallel with the techniques described above, and
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which can determine the secondary structure of proteins are the Fourier transform in-
frared (FTIR) and circular dichroism (CD) spectroscopy which can provide information
regarding the overall protein structure. FTIR spectra can be obtained for proteins in a
wide range of environments with just a small amount of sample. Nevertheless, the spec-
tra can be complex and sometimes characteristic bands of secondary structure might
overlap leading to misreadings. In addition, FTIR is not necessarily protein specific and
therefore it can probe every chemical bond that is present in the sample. CD spec-
troscopy has gained attraction through the years and it can provide qualitative and
quantitative information about the protein’s secondary structure. There are still some
limitations though and similarly to FTIR, only information about the general protein
structure can be obtained. However, both FTIR and CD are most powerful when used
side by side or in combination with other methods, so that more site-specific details
can be collected about the protein of interest. CD spectroscopy is used in this thesis,
in combination with Synchrotron Radiation Circular Dichroism (SRCD) spectroscopy,
which exploits the high photon flux of the synchrotron beam and the highly collimated
micro beamlight leading to higher spatial resolution that the conventional CD. Both

methods are discussed in more detail later in this Chapter.

1.1.2 Current studies of proteins on surfaces

The interest in the attachment of proteins and other biomolecules to solid surfaces is
growing and is becoming increasingly important in the field of biotechnology. The im-
mobilisation of proteins on surfaces is developed in order to isolate and purify target
macro molecules, to perform chemical modifications and enzymatic catalysis, to identify
protein-protein, protein-DNA, protein-small molecules interactions and sometimes for
diagnostics purposes. ' Immobilized proteins and enzymes are also used for application
in electrochemistry as biosensors for capturing and detecting of macromolecules for an-
alytical purposes. However, further development of these technologies is still required in
order to achieve the highest density of protein immobilisation with the minimum amount

of protein.

Proteins can be attached to surfaces by (a) physical adsorption, (b) covalent attachment
or (c) bioaffinity immobilisation. Physical adsorption does not allow control over the
protein’s orientation on the surface which leads to randomly oriented proteins and weak
attachment. On the other side, covalent attachment is controlled through accessible
functional groups of the protein with suitably modified supports, which result in a high
surface coverage and irreversible binding. Although bioaffinity immobilisation provides
a gentle oriented and homogeneous attachment of proteins like the covalent chemistries,

it also offers the ability to detach the protein so that the surface can be reused. '
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Gold-coated substrates have been widely used as solid surfaces for proteins in different
studies. Many studies have focused on covering gold surfaces with monolayers of pro-
teins, such as monolayers of the polypeptide poly (L-lysine).!” Most of those strategies
are challenging, since it is difficult for the proteins to retain their activity and stability.
Another approach is to combine proteins with cysteine rich terminal sequences, in order
to attach the protein to gold (Au) nanoparticles of various sizes. This motif is believed
to provide greatly retained activity of the proteins when they are used as sensor devices

by controlling their orientation on the gold surface (Figure 1.3).18

Figure 1.3: Schematic diagram showing the attachment of the protein on the Au
nanoparticle. Tetracysteine motif. Reprinted from '8

Niu et al. used the gold surfaces as immunosensor. The gold surface was dipped into
a solution of carbon disulphide (CS2) and protein A, followed by incubation with im-
munoglobulin G (IgG) solution which formed the sensing surface.® The last step was
to incubate the sensing surface with anti-IgG, which aims to protect the bioactivity of

IgG in the sensor system (Figure 1.4).

+CS .
NH, : c

g6 M | anti-gG ' ﬁ{‘-
protein A . 2}(‘ LW . '
o ;f N
c. . :

R ] Bii Aii P Al

Figure 1.4: Schematic diagram of IgG immobilisation on a gold surface modified with
solution of CS, and protein A. A gold slide is firstly immersed into the mixed solution
of CSy and protein A and then, incubated in IgG solution to form the IgG sensing
surface. In the final step, the incubation of the sensing surface in anti-IgG solution will
allow the evaluation of the bioactivity of the immobilised IgG. Reprinted from '?

These systems have been complemented with other sensitive techniques for the detection
of bimolecular interactions. The binding effects can be monitored by specific signals, and

detection systems for the gold modified surfaces include atomic force microscopy (AFM),

20,21

surface plasmon resonance (SPR) and quartz crystals microbalance (QCM).??2
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During the last few decades, DNA nanostructures have also been used as a tool for
the attachment of proteins. Park et al. tried to create a platform, which would allow
the study of macromolecular interactions between interacting proteins when confined
in a controlled distance. Their strategy was to attach streptavidin protein arrays with
controlled spacing on self-assembled nanostructures.?? In a similar work from our group,
proteins such as sfGFP and p-lactamase, were modified with one single-stranded DNA
(ssDNA) at a precise location to achieve a well-defined orientation on DNA origami tiles,
in order to create a system that allows the study of the impact of orientation on protein
function.?* This research project is based on this approach, but a more extended DNA

nanostructure is chosen.

1.2 Deoxyribonucleic Acid, DNA

1.2.1 Building blocks of nucleic acids and tertiary structure of DNA

The history of the deoxyribonucleic acid (DNA) is commonly associated with the names
of Watson and Crick, who deciphered the structure of the DNA molecule as a three-
dimensional double helix in 1953.%2%26 DNA consists of two antiparallel single strands,
which contain several subunits called nucleotides (Figure 1.5 (a)). The nucleotide is
composed of a phosphate group, a 2’-deoxyribose (pentose sugars) and one of four het-
erocyclic nucleobases, linked together. The four nucleobases which appear in DNA are
adenine (A), guanine (G), cytosine (C) and thymine (T), which are shown in Figure
1.5 (b).%6 Each of these nucleobases is based upon the structure of either purines (A
and G) or pyrimidines (C and T). The nucleobases are attached to a sugar ring forming
a nucleoside. Adding a 5’-phosphate group to the nucleoside forms the nucleotide and
finally, when different nucleotides are linked together by a 3’,5’-phosphodiester bond,

they form a linear polymer.2”

The two antiparallel strands are held together by the bonds between opposite bases,
pointing inside the helix with phosphoester backbone on the outside.?® These bases
bond to one another by hydrogen bonds, following the Watson-Crick base pairing: A-T
and C-G. A-T has two hydrogen bonds, whereas C-G has three hydrogen bonds and all
bonds are depicted in Figure 1.6.

Over the years, it was found that DNA actually is a polymorphic system, which can adopt
more geometries than just the well-known double helix. This structural polymorphism
depends on various factors such as the surrounding environment, the nucleotide sequence
and the type of base pairing. 2?3 Therefore, DNA exists in many possible conformations,
but three of them are the main forms: A-form, B-form, Z-form, as shown in Figure 1.7.
Both the A-form and B-form are right-handed helices while the Z-form is a left-handed

helix. The B-DNA is the most common form and this is the type naturally occurring
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Figure 1.5: a) The building blocks of nucleic acids: phosphate group (green), sugar
unit (red), nucleobases(blue). b) Structure of four nucleobases.

Major groove side
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Figure 1.6: Watson-Crick Base pairings A-T and C-G. dR indicates the position of
the deoxyribose.

in humans. The A-DNA is mainly found in RNA-RNA and RNA-DNA duplexes and it
can also occur under non-physiological conditions in partly dehydrated samples of DNA,
whereas the Z-DNA is unfavourable but it can be formed by stretches of alternating

purines and pyrimidines, e.g. GCGC, in a solution of high salt concentration.

The B-DNA is not only recognised as a biological material, but also as a nanomaterial
and because of its geometry and its helical parameters (Figure 1.8) it has interesting
applications in technologies based on nucleic acids. Its appealing properties for use
in nanotechnology are: (1) its minuscule size with a diameter of 2 nm, (2) the short

structural repeat, known as helical pitch, of 3.4-3.6 nm, and (3) its stiffness with a
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Figure 1.7: Three main forms of DNA, from left to right: A-DNA, B-DNA, Z-DNA.
Reprinted from?3!

persistence length of around 50 nm (150 base pairs).??> The DNA as a nanomaterial will

be further discussed in Section 1.3.

Parameter A-DNA B-DNA Z-DNA
Helix sense Right Right Left
Base pairs per turn 11 10 12
Axial rise (nm) 0.26 0.34 045
Helix pitch (°) 28 34 45
Base pair tilt (°) 20 —6 7
Twist angle (°) 33 36 =30
Diameter of helix (nm) 2.3 2.0 1.8

Figure 1.8: Different helical parameters for the common DNA conformations.
Reprinted from 33

The tertiary arrangement of nucleic acids is not limited to a double helical geometry.
In particular, constructions like triplex-DNA3* (three-stranded DNA or also known as
H-DNA) and G-quadruplexes®® are found. Triplex-DNA is thought to strongly influ-
ence the DNA transcription processes, and the expression of normal and disease-linked
genes. 3637 G-quadruplexes seem to be involved in multiple cellular processes, such as
transcription, translation, replication and the regulation of telomere structure.?® This
structural overview is not conclusive, but it should be clear that the shape diversity of

nucleic acids is important for them to maintain their biological function.

1.2.2 Oligonucleotide Synthesis

Solid phase synthesis is the most common way to synthesise DNA. It contains a number
of reactions that builds up the DNA from the 3’-terminus to the 5-terminus (Figure

1.9). A solid support bead is used for the reaction, which is made from either controlled



Chapter 1 Introduction 9

pore glass or polystyrene. Some beads contain the first base of the sequence bound via

an ester linkage and some “blank” beads allow the modification of the 3’-terminus.
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Figure 1.9: The phosphoramidite oligonucleotide synthesis cycle (ATDBio Nucleic
Acid book). Reprinted from?3°

During the first step, the dimethyoxytrityl (DMT) protection group of the 5-oxygen is
removed using dilute trichloroacetic acid. An orange colour is visible from the cleaved
trityl group, which can be used to estimate the coupling efficiency by monitoring its
absorbance. The deprotected hydroxyl group is now free to react with the next phos-

phoramidite monomer.

The nucleoside phosphoramidite is activated by an activator (tetrazole) and both of
them are dissolved in acetonitrile. The diispropylamino group of the nucleoside phos-
phoramidite is protonated from the tetrazole catalyst and this makes it a good leaving
group. Therefore, the leaving group is displaced by the 5-hydroxyl group, forming a

new oxygen-phosphorus bond and creating a support-bound phosphite triester.

A small percentage of unreacted 5’-hydroxyl groups are blocked during the capping
step by acetylation. The unreacted alcohol groups are then unable to react to further

monomer additions.
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Subsequently, the phosphite triester [P (III)] is unstable in acidic conditions and needs
to be oxidised to an oxidation state P (V), which is more stable for the next steps of
the cycle. This step is achieved by iodine oxidation. Another detritylation of the DMT
hydroxyl group on the 5’-monomer begins and the cycle is repeated, once for each base,
to produce the required oligonucleotide. Finally, when the final oligonucleotide is ready,
it is cleaved from the solid support (beads) using ammonium hydroxyde, which is also

used for the deprotection of the groups that are protected on the bases.

1.3 DNA as structural material

Today, DNA is considered far more than just a molecule and it has become the icon
of modern biosciences. Therefore, remarkable progress is made to further understand
the human genome and the impact of DNA to life and health. By taking advantage
of its base-pairing rules and structural characteristics, DNA is able to spontaneously
form into larger structures, which has led to the development of research area known
as bio-nanotechnology.® Researchers working in DNA bio-nanotechnology made a great

stride in creating building blocks or DNA tiles with nanometre precision. 4!

The field of DNA bio-nanotechnology was pioneered by Ned Seeman, who created various
important DNA motifs for self-assembly, such as Holiday Junctions (Figure 1.10).3%42
The four Holiday branched junctions include protruding complementary sticky ends

which allow for the self-assembly of large arrangements of DNA.

Figure 1.10: Four arm-DNA branch junctions with complementary sticky ends (a-a’
and b-b’ pairing) to self-assemble into 2D lattice. Reprinted from *2

This is the fundamental principle behind DNA nanostructure assembly via the tile-based
method and the beginning for numerous kinds of DNA nanostructures to be developed,
including double-crossover (DX) DNA tiles, triple-crossover (TX) tiles, 4 x 4 tiles, and

32,43-45

three-point-star tiles. These nanostructures are shown in Figure 1.11. The tiles

can be combined in different ways using sticky ends, in order to create higher order

nanostructures such as 2D lattices, nanotubes and more complicated 3D structures. 6

Paul Rothemund proposed the technique of folding DNA to build complex shapes and

patterns, which are referred to “multi-stranded”, “scaffolded” and “single-stranded”,
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Figure 1.11: From left to right: double-crossover (DX) tiles, triple-crossover (TX)
tiles, 4x4 tile and three-point-star tile. The top images are the structures of motifs, the
middle images 2D and 3D assembly patterns, and the bottom images are AFM images
of the lattices. Adapted from*°

with the last two known as DNA origami.*” The scaffolded DNA origami structure is
usually composed of one long strand of circular virus DNA, called scaffold strand, and
a set of shorter oligonucleotide strands, called staple strands, which finally fold into
designed 2D shapes. Each of the typically ~200 staple strands are designed to be com-
plementary to multiple regions on the long scaffold strand. The most commonly used
scaffold is M13mp18, a single stranded, 7249 nucleotide, and circular DNA genome de-
rived from bacteria phage M13.4® Exploiting the same long virus genome strands and
different staple strands, many different 2D shapes can be created such as squares, rectan-
gles, five-pointed stars, smiley faces and different triangles with approximate dimensions
of 70 nm x 100 nm (Figure 1.12).4? 3D structures have also been achieved by Douglas et
al., which could be bent and twisted following established design rules to give structures

like rugby balls and nanoflasks. %051

1.3.1 DNA nanostructures as templates for self-assembly

DNA origami, and in general DNA nanostructures, became highly versatile tools with
many applications relying on the incorporation of guest molecules into these structures,
exploiting the DNA as a scaffold or template in order to control their spatial posi-
tioning. The two-dimensional DNA nanostructures can contain specifically addressable
sequences to which further functionalities can be attached. Diverse range of molecules
including nanoparticle, proteins or enzymes, antibodies and other chemical groups have

been incorporated in these nanostructures through the years.
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BRSS
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Figure 1.12: DNA origami structure. (A) Method employed to prepare a DNA
origami structure. (B) Design of a self-assembled DNA origami structure and geome-
try of the incorporated dsDNAs. (C) Design and AFM images of self-assembled DNA
origami structures. Adapted from*°

Zhang et al. used the 2D DNA nanogrids to arrange Au nanoparticles with accu-
rate control of interparticle spacing in order to be used in nanoelectric and nanopho-
tonic devices.?? In 2002, Niemeyer et al. proposed the organised attachment of Flavin
mononucleotide (NAD(P)H:FMN) oxidoreductase and luciferase with a single stranded
DNA template.?? Based on this work, Engelen et al. used two enzyme systems, the
horseradish peroxidase (HRP) and the glucose oxidase (GOx), which were assembled
with DNA nanostructures. The goal of this study was to investigate the enzyme activity
and it was concluded that the best possible rates are when the interenzyme distance is re-
duced, and the proteins are actually in touching distance.?® The programmability of the
DNA nanostructure was also exploited by Selmi et al. who used the 2D DNA templates
to attach proteins with the aim of creating non-overlapping arrays of protein molecules
suitable for imaging by cryo-electron microscopy. This technique could be beneficial for

studies of hard-to-crystallise membrane proteins or other protein complexes. %

As mentioned earlier in Section 1.1.2, recent work from Stulz’s group used DNA origami
tiles for attachment of proteins on a well-defined orientation in order to create a system
that can allow the study of the impact of orientation on protein or enzyme function.?*
In this thesis, this application is taken a step forward in order to attach proteins in more
extended DNA nanostructures, such as the 2D DNA nanogrid or the DX-array, and study

the protein orientation and, by extension, their structure using SRCD spectroscopy.
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1.4 Protein-DNA conjugation

DNA nanostructures are a tool with multiple uses, since it is a well-defined template.
One of their most interesting attributes is the ability to assemble proteins on DNA tiles
at precise locations. To achieve the precise assembly of the protein to the DNA origami
structures, a method of conjugation of protein and DNA nanostructure is required.
Proteins are made up of amino acids and they are folded into a three dimensional
structure. The functional groups of the amino acids, which are on the surface of the
proteins, are ideal targets for the conjugation with the DNA templates without any
enzyme modification. Cysteine and lysine sites are usually used as targets, where the
ssDNA is conjugated to the protein through cross-linking agents to form covalent linkages
between the protein and the DNA. This method can also be used for the attachment of
proteins on other solid surfaces, such as gold, as mentioned earlier. The disadvantage of
this approach is that there is usually more than one attachment points on the surface of
the protein leading to ill-defined conjugates with potentially more than one DNA strand
attached to the protein.?®%0 Other methodologies that exist are the biotin-streptavidin
coupling, formation of fusion proteins or the addition of terminal sequences tags, but
unfortunately all of them restrict the attachment site of the modifier. %' %4 Some examples

of these methodologies are presented in Figure 1.13.

A Biotin-monoavidig binding
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B Expressed protein ligation
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Figure 1.13: (A) Biotin-monoavidin binding. (B) C-terminal fused intein protein-
DNA conjugation by expressed protein ligation. (C) Acyl transfer reaction catalysed
by microbial tansglutaminase (MTG) between N-carbo benzyloxyglutaminylglycine (Z-
QG) DNA and short peptide tag. The schemes were adapted from 46

Therefore, it is important to have a well-defined protein-DNA conjugation in order to

control the orientation of proteins on the DNA nanostructure’s surface. One suggestion
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to this problem was the use of specific cysteine residues. Nevertheless, the structure
of the protein might be affected.% A more interesting perspective is to involve specific
modification of the proteins regardless of the original amino acid structure. Duckworth
et al. performed a copper catalysed alkyne-azide Click reaction and used C-terminal
tetrapeptide tagged proteins with azide-modified isoprenoid diphosphate.®® Yet, this
may induce further problems since CuAAC can affect the function of the protein by

changing its structure.%7-69

In Marth’s work, the approach that was followed and is followed in this research project
as well, is the introduction of a non-biological reaction handle at a specific point in a
protein, such as an azido-modified amino acid through engineering of the genetic code.
In particular, azido-phenylalanine is introduced into proteins at specific points. This
reaction handle can be used for the attachment of the ssDNA through a copper-free
strained ring promoted alkyne-azide cycloaddition (SPAAC) reaction (Figure 1.14.24
The attachment points of proteins are precisely defined through genomic engineering
and hence, the control and accuracy of the assembly can be tuned. By choosing an
appropriate residue, ssDNA conjugation had minimal impact on protein function, even
when attached close to active sites. This design approach allows fine-tuning of protein
assemblies on DNA nanostructures in order to precisely study protein activity and there-
fore, this will be vital for the biological systems where orientation is essential, such as
membrane bound proteins or in multienzyme assemblies. It should, however, be noted
that the approach of using genomic engineering can induce the same issues as noted
above: the introduction of non-natural amino acids may well have an impact on the
protein structure, which will need to be evaluated, for example using CD spectroscopy

by comparing the native vs mutated protein.
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Figure 1.14: Schematic of the genetically encoded p-lactamase with the azide in dif-
ferent residues and its further modification with the ssDNA through biocompatible and
orthogonal click chemistry. Finally its attachment to the DNA origami tiles. The con-
jugation position and by extension the orientation of S-lactamase to the DNA origami
tile is important in terms of catalytic activity. In the case at the top, this conjuga-
tion position leads to greatly improved enzymatic activity than the free enzyme and in
the case at the bottom, it shows lower activity and therefore, product transformation.
Reprinted from *
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Marth’s approach was part of preliminary work to this thesis by exploring click chemistry
to enzymes, which were then attached to DNA origami tiles, in order to measure the
activity and see the impact that the genomic engineering and the different orientations
of the enzyme on the tile may have to its general activity. In this thesis, this approach
has been taken a step forward by applying it in different systems, more extended and
well-oriented surfaces of DNA nanostructures, in order to obtain oriented CD spectra of

proteins or enzymes and correlate the spectral features to specific orientation.

1.5 Introduction to circular dichroism and synchrotron ra-

diation circular dichroism

1.5.1 Circular Dichroism (CD) and applications

Nature is remarkably skilled at creating and tailoring chirality of biomolecules in order to
accomplish specific functions, such as chiral recognition in biochemical reactions. The
majority of biomolecules (like proteins, nucleic acids, lipids, and carbohydrates) and
modern drugs are chiral and their chirality is conveniently tested by measuring Circular
Dichroism responses. The phenomenon Circular Dichroism (CD) refers to the differential
absorption of left- and right- handed circularly polarised light passing through chiral
molecules. ">"! For a given wavelength the molar CD (Ag) is given by:

Ae =¢€1, —€R (1.1)

where €1, and er are the molar extinction coefficients for left and right handed circu-

larly polarised light, respectively. After the circularly polarised light passes through an
optically active sample, both components are absorbed to a different extent, resulting
in an elliptical polarisation, which is measured by a spectropolarimeter and referred
to as the CD effect and initially called the Cotton effect.”? CD is a widespread and
well-established spectroscopic technique in structural biology alongside with other high-
resolution techniques such as X-ray crystallography and NMR spectroscopy. Despite
this, for structural studies of proteins, such as membrane proteins, the NMR spec-
troscopy and X-ray crystallography are rather challenging, due to their size or irregular
structure and their difficulty to crystallise.”™ Although CD is a low-resolution method,
it is also a fast and easy spectroscopic technique to study the structural behaviour of
proteins and other chiral bio-macromolecules in their native environment, i.e. aqueous
or membrane-bound, though the latter is proving difficult due to the experimental setup
and stability of the proteins. The main issues arise from overexpression of the proteins,
stabilising in suitable media, and high background signals of lipids. CD is finally con-

sidered as a sensitive physical technique to determine structures and monitor structural
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changes, since in the case of proteins, it can directly interpret the changes of protein

secondary structure, even though the method is empirical. ™

Information about the secondary structure of proteins can be obtained from the CD
spectra in the far UV wavelength region, which is between 180 and 250 nm, and the
near-UV spectra reflect the contributions of aromatic side chains, disulfide bonds, and
induced CD bands of prosthetic groups. The most studied CD signatures of proteins are
the secondary structural elements, such as the alpha-helix, the beta-strand, turns and
unordered. The far UV spectra of these groups are shown in Figure 1.15. Apart from the
information about the secondary structure of proteins, the ligand-protein interactions
can also be determined, and the folding and unfolding of the protein can be observed
through changes in the CD spectrum.” Each band in the spectra is associated with
an electron transition of the peptide bond. The spectra of the proteins in the far UV

* and m—7* transitions of amide groups, and they

regions are dominated by the n—m
are influenced by the geometries of the polypeptide backbones.”® At these wavelengths,
the chromophore is the peptide bond and the signal is present when it is located in a
regular, folded environment. The first and the weakest energy transition in the peptide
chromophore is an n—7* transition observed at 210-220 nm, which involves non-bonding
electrons if the oxygen of the carbonyl. On the other hand, the strongest one is an
absorption band at 190 nm deriving from 7—7* transition involved the m-electrons of

the carbonyl.”"7®
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Figure 1.15: CD signatures of a-helical protein (blue), S-strand (red) and unordered
(black) proteins. Reprinted from?”

As determined and according to Figure 1.15, in the case of the unordered proteins, the
far UV CD is positive at 212 nm (n—7*) and negative at 195 nm (7—7*). For the
B-strand, there is a negative peak at 218 nm (7—m) and a positive at 196 nm (n—7*).

However,for the a-helix, the 208 nm negative band and the 190 nm positive band result
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from exciton splitting of the m—7* absorption band into a long-wavelength component
polarised perpendicular to the helix axis (190 nm) as predicted by Moffitt.” Finally,
there is also a negative band with a maximum at 222 nm which is assigned to the

n—m*transitions. 80

CD spectroscopy is widely used for determining the secondary structural content and
integrity of proteins but, it is very useful to elucidate the electron structure of DNA,
which is linked to the conformational structure. The four bases of DNA account for
optical transitions in the UV due to their delocalised m-electrons. However, they are
planar and therefore, they are not chiral and alone they do not give CD signal.®' On the
other hand, the sugars of nucleosides have an intrinsic asymmetry, and therefore, they
are chiral and they induce a small CD into the electronic transitions of the bases in the
monomeric nucleotides and induce the superasymmetric helicity of the oligomers and
polymers. “* The interaction of the strong m—7* transitions of the chromophoric bases
with the high energy in the sugars lead to a CD of low intensity.®? However, there are
also two types of n—7* transitions which can take place at the same wavelength region.
The first one corresponds to non-bonding electrons on the nitrogens of the bases that are
excited to empty 7* orbitals, and those transitions have moderate intensity. The second
n—7* transition is due to the non-bonding electrons on the amidelike oxygens which can
also be excited to 7* orbitals but those are of low intensity. Each CD band corresponds
to a transition in the normal absorption, so some of the extra CD bands may well be
due to underlying n—7* transitions which are though buried under the intense T—m*
transitions.™ In fact, circular dichroism of nucleic acids is mainly dependent on the
stacking geometry of the bases. The hydrophobic stacking of the bases in the oligomers
and polymers leads to close contact and coulombic interactions that result to intense
CD bands which correspond to each base transition. The details of the CD spectrum are
determined by the nature of the interactions and that makes CD spectroscopy extremely

sensitive to secondary structure.®3

CD is a valuable technique because nucleic acids are polymorphic, and they can assume
a variety of secondary structures. As it was discussed in Section 1.2, DNA can assume
many conformations that depend on the salt, solvent, humidity and base composition.
Each conformation has a characteristic CD spectrum that depends on somewhat on
the sugar type and base composition. In Figure 1.16, the CD spectra of A-RNA, A-
DNA, B-DNA and Z-DNA are presented. It is evident that each conformation has a
very characteristic CD signal. The A-RNA and A-DNA have similar CD in terms of
shape, with a difference in the positive peak, which is shifted for the A-DNA at 270
nm instead of 260 nm that is seen for the A-RNA, and furthermore, in the intensity
of the negative peak at 210 nm.?*8 The B-DNA shows approximately equal maximum
and minimum at 275 nm and 245 nm, respectively, and a crossover around 260 nm.5¢
The positive peak of B-DNA gives less than one-half the magnitude of A-DNA positive

peak. In fact, the shape and magnitude of CD spectra depend on the base sequence,
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but that does not mean that the overall patterns do not remain constant.®” On the
other hand, the Z-DNA has a different behaviour with conservative spectra at 240 nm,
a negative peak at 290 nm and a positive one at 260 nm, showing that the CD will also
depend on the orientation.®® According to literature and the CD data that have been
collected using vacuum CD, CD is a useful technique to compare conformation of DNA
or RNA and differentiate right-handed double helix or nucleic acids from left-handed.
The former shows a positive peak around 186 nm whereas the latter gives a negative
peak.® Therefore, a good method to establish the sense of a duplex helix is to measure

the CD in the wavelength range from 170 to 220 nm.
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Figure 1.16: Circular dichroism spectra for right-handed A-RNA and A-DNA, right-
handed B-DNA, and left-handed Z-DNA. Adapted from5?

Many studies have also been made on CD characteristics of natural molecules, such
as peptides and double-stranded DNA, when used as templates for the growth of chiral
metal (plasmonic) nanostructures. 892 Those plasmonic nanostructures have several ap-
plications in optics, sensing, medical diagnostics and therapeutics. %% CD spectroscopy
is a useful tool in order to explore the new CD response at the plasmon resonance, gen-
erated by the achiral plasmonic nanoparticles and the chiral molecules (peptides, DNA),

the CD intensity of the chiral molecules in the UV region, and the plasmon-plasmon
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interactions between the building blocks.?? Figure 1.17 shows, characteristic example of

CD studies of plasmonic nanostructures.
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Figure 1.17: Optical characterisation of the DNA origami dressed with single AuNRs.
Chiral molecule-induced CD is clearly observable centred at around 730 nm. CD in the
parallel AuNR cases (red and blue) shows opposite chirality compared to that in the
vertical AuNR case (purple). The experimental results clearly demonstrate that the
chiral molecule induced CD is highly orientation dependent. Reprinted from 2

CD spectroscopy can also be used for other applications, such as monitoring structural
changes. For instance, a study on lipid membrane anchors, which are suitable for solid-
supported DNA synthesis, used the CD method in order to examine whether the duplex

structure of the modified dsDNA is distorted after thermal denaturation experiments. %4

The bench-top CD instruments have been improved in the past decade and CD spectra
can be measured in the far UV region down to 180-185 nm. Nevertheless, the vacuum
ultraviolet (VUV) region cannot be reached with these instruments, since there is a limit
of signal detection for those using Xe-lamp light source. It is very important to be able
to measure CD spectra at least down to 185 nm as important CD spectral feature at

about 190 nm can be very diagnostic of the protein-DNA template folding.

1.5.2 Synchrotron Radiation Circular Dichroism (SRCD) Spectroscopy

Synchrotron Radiation Circular Dichroism (SRCD) is a rapidly growing technique used
as a light source for CD, which is referred to as SRCD spectroscopy. SRCD has extremely
evolved over the years for the structural analysis of proteins and other chiral biomaterials
and bio-macromolecules. ?>¢ In comparison with the bench-top CD, the high photon flux
of a synchrotron beam does not have the limitations of the Xe-lamp, and therefore it
extends the wavelength range to the VUV region, often down to 130 nm, while providing
an extremely bright light source. Thus, only small amounts of biological samples are
required and the spectra allow for a more accurate secondary structures estimation of

proteins. In addition, even with the use of strongly absorbing matrices, such as buffers,
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salts or scattering lipid vesicles, the measurements of the protein have high quality
because very short path lengths can be used which suppress scattering and absorbance

of salts and buffers.?”

The SRCD beamline B23 at Diamond Light Source, UK, provides a unique highly colli-
mated microbeam sine qua non for CD imaging at the highest spatial resolution. Unlike
other existing synchrotron beamline for SRCD, B23 beamline can measure a broad
wavelength range from the VUV to the visible spectral region (140-650 nm), which is
important since the absorption bands of the peptides or the aromatic amino acids of
the proteins absorb in this range.”® B23 beamline is used for SRCD spectroscopy and it
can overcome most problems in the study of proteins, and especially of the membrane
proteins that are available in small quantities. It can use small volume cells for the
measurement in far-UV and near-UV spectral regions (180-350 nm), which is not pos-
sible with bench-top CD.™ What makes it innovative and unique in comparison with
other beamlines worldwide is the installation of a horizontal X-Y motorised stage (Fig-
ure 1.18(a)), which can be used for CD imaging (CDi) at unprecedented 50 pm spatial
resolution which is unattainable with bench-top CD instruments (Figure 1.18(b)).?® The
chamber also has control of the temperature in order to be used either in high or cryo-
genic temperature conditions (-150°C to 300°C) and it can adopt either microtiter or

microwell plates to achieve higher work rate screening.?’
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Figure 1.18: a), Unique B23 vertical sample chamber equipped with a motorised XY
stage for imaging sample films. b), CD imaging (CD3) of a polymer film using B23.
Reprinted from 9

1.6 Atomic Force Microscopy, AFM

Atomic Force Microscopy (AFM) is a versatile tool for the characterisation and imaging
of surfaces. It was developed by Gerd Binnig, Calvin Quate and Christoph Gerber in
1986 for which they won the Noble Price. Their idea was to create a microscope, which
would investigate surfaces on an atomic scale.'%9 This kind of microscopes, known as
Scanning Probe Microscopes (SPMs,) can produce images with atomic resolution. AFM

performs through forces which are generated between the surface of a sample and the
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probe. 101

Therefore, it is a near field approach and the term “Atomic Force Microscopy”
(AFM) is justified, since this technique measures the interaction forces when a micro-
fabricated sharp tip, referred to as AFM tip, probes the surface of the sample into close

proximity (um range) (Figure 1.19).102
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Figure 1.19: AFM schematic. Reprinted from 02

As mentioned earlier, Seeman first used DNA origami structures in 1998 to image 2D
DNA lattices and since then, AFM has become the most popular and reliable tool for the
characterisation and imaging of DNA nanostructures.'?3 In addition, some other well-
known techniques can often be used for visualising structural properties of DNA origami,
such as Scanning and Transmission Electron Microscopy (SEM & TEM respectively)
and High Resolution Fluorescence Microscopy. The electron microscopies, for example,
are chosen for imaging metal containing DNA origami scaffolds because of the high
contrast between the biological and metallic materials. 1% However, AFM has the ability

to visualize the structures in their native environment and at a nanometre resolution.

One of the biggest challenges while imaging DNA nanostructures using AFM was to
overcome the DNA’s instability caused by mounting onto the surface, which leads to the
microscope tip to exert forces that removed most molecules from the scanned area.!0°
Thus, the surface where the DNA origami will be added plays the most important role.
An atomically flat, strongly absorbing surface is required and it was found that AFM
images were best obtained when DNA was deposited on a mica surface. Using a scotch
tape the top layer of mica can be easily cleaved to retain a clean, negatively charged
surface. %6 The DNA strands are negatively charged due to the presence of phosphate
groups on the DNA backbone. However, the DNA adheres strongly to the mica when
a “salt bridge” is created between the negatively charged mica and DNA, which is
mediated by the presence of divalent cations (Mg?*, Ni?*, Ca?*) in buffer. The force
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is found to be attractive, provided the cations are divalent or higher valency, as high
density of monovalent cations has been found to inhibit the attraction of DNA to the

mica surface, since a salt bridge cannot form efficiently. 197

1.7 Aims and objectives

The overall aim of this thesis is to develop a protocol which will allow to orient a protein
of interest on a surface, such as DNA nanostructures, and study the complex system
with SRCD spectroscopy in order to correlate the SRCD spectral features to specific
orientation of proteins. This platform technology will open a door to the study of a
number of proteins that require specific orientation for their function, such as membrane

proteins. The aims of the research presented in this thesis can be summarised as follows:

1. Adaption of a suitable long range DNA nanostructure which will be utilised as a

platform for protein attachment with precise orientation

2. Utilisation of various azF engineered proteins and investigation of immobilisation
onto the DNA templates

3. Characterisation of the DNA-protein system using SRCD spectroscopy at B23

Beamline

4. Exploration of the feasibility to create ordered films of DNA nanostructures on
surfaces for SRCD studies

1.8 Thesis structure

Chapter 2 investigates the 2D DNA nanogrid as the first DNA template for organising
proteins, and more specifically for the attachment of an engineered Green Fluorescent
Protein (GFP), along with the first CD data recorded for this system. The B23 CD
imaging (CDi7) method is also introduced which allows the probe of different areas
of a film sample. Challenges faced with the 2D DNA nanogrid system were solved
in Chapter 3 by adapting a different DNA nanostructure, the double-crossover (DX)
array and multiple variants of cytochrome bs62 protein for the hybridisation to the
DNA template. CD data of the standalone DX-array or with protein attached are also
presented as they were captured both in solution and in films using the CD7 method.
Chapter 4, introduces an alternative approach for immobilisation of the DX-array with
and without protein onto the quartz crucibles used for the SRCD experiments based
on the fluorous-fluorous interactions. The thesis is concluded in the Chapter 5 which

presents the conclusions which can be drawn from this thesis, as well as future work
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on the field of bio-nanotechnology and protein studies. Finally, all the experimental

procedures carried out throughout this research are outlined in detail in Chapter 6.






Chapter 2

2D DNA Nanogrid for Protein
Attachment

The formulation of reliable protocols for the folding of DNA into 2D and 3D structures
by exploiting the Watson-Crick base pairing rules led to complex structures, the DNA
origami tiles as they are called. The DNA origami tiles are used as a well-defined and
addressable template and they have arisen as a versatile tool in bio-nanotechnology for

assembling a range of molecules, including proteins.

The hybridisation of the protein on DNA origami tiles is critical, since the attachment
of the addressing ssDNA strands to proteins is still limited. Various protein-DNA con-
jugation methods have been discussed in Section 1.4 of the Introduction, however, a
recently explored method is getting more attention. The research of Marth et al. has
shown that one DNA strand can be attached to a precisely defined residue in a protein,
including enzymes, using copper-free click chemistry. This protein modification with
the ssDNA allows nanoassembly on base materials such as DNA origami tiles, in order
to study the activity of enzymes based on well-defined orientations, tile placement and

stoichiometries. 24

This method of attachment is yet to be applied to extended DNA nanostructures and,
subsequently, to structural studies of proteins using SRCD spectroscopy. The idea
of this PhD project has evolved from the protein-DNA conjugation method described
above, which would be employed in order to orient proteins on more extended and pro-
grammable DNA nanostructures. This approach will be transferred to surfaces, where
the DNA nanostructures with the attached proteins will be absorbed and, subsequently,
studied with SRCD spectroscopy in order to gain a unique insight into the CD response

of proteins with fixed positions.

In this chapter, the first DNA nanostructure, which belongs to the family of pro-

grammable self-assembling of DNA tiling lattices and which is chosen as a template

25
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for organising proteins, is presented, along with the first CD experiments. As such, the

aims addressed in this chapter are:

1. Synthesis of the chosen DNA nanostructure and its basic analysis

2. Modification of a proof-of-concept protein with a ssDNA, attachment of the mod-
ified protein to the DNA nanostructure and investigation of the system for suc-

cessful hybridisation

3. Recording of the first CD data of the DNA nanostructure (unmodified or with

protein attached) both in solution and in solid state

4. Determination of suitability of the chosen DNA nanostructure for the purpose of

this project

2.1 2D DNA Nanogrid Design Overview

The first DNA nanostructure system which was tested was the 2D DNA nanogrid de-
signed by Hao Yan et al.>®> The composition of DNA tiles known as four by four (4 x
4) resembled a cross structure composed of four arm DNA branch junctions. In this
project, a two-tile system is used and the tiles are self-assembled into 2D nanogrids.
These templates are utilised for protein and enzyme binding. In order to achieve the
conjugation of proteins and enzymes to the scaffold, one of the tiles contains an ex-
tended strand to allow the attachment, as shown in Figure 2.1). The conjugation will be
accomplished when a complementary strand will be introduced to the extended strand.
This system was selected for two main reasons. First, the anchoring point, which in
our case is used for the protein hybridisation, had already been introduced, hence no
complex modification of one of the tiles was required. Finally, only one tile contained
the anchoring point and, as a result, there is a larger spacing between the neighbouring

proteins, avoiding any undesirable interaction.

2.2 Results and discussion

2.2.1 Synthesis and analysis of the oligonucleotides

A set of 19 DNA single strands, 10 for CTA tile and 9 for CTB tile, were synthesised
(Figure 2.2). The CTA-1 strand contained the extended strand, I. The sequence of the
extended strand differs from the one that Hao Yan and his group proposed, as it only
had 15 A bases, whereas the strand used in this project included A and G bases, for

increased stability.
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Figure 2.1: a) Two tile system to form b) the 2D nanogrid. In Subfigure (a), the
single strand in red is the extended strand for the conjugation of proteins and enzyme.
# 1-8 and # 1'-8’ are the designated sticky ends. Reprinted from °2
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Figure 2.2: Left, Schematic of cross tile A (CTA), which consists of 10 strands.
Right, Schematic of cross tile B (CTB), which consists of 9 strands. Reprinted from. >?

The sequences of each strand included in CTA and CTB can be found in the Table 2.1.

The DNA synthesis was carried out using an ABI 392 DNA synthesiser and all the
strands were synthesised 5> DMT-ON in order to be purified using Glen Pak purification
columns. As soon as the protecting groups were cleaved from the bases, Glen Pak

purification was performed as indicated in the protocol (see Section 6.3).
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Following the purification, UV-Vis spectroscopy was used to measure the absorbance
of a DNA sample. Given the absorbance, the concentration of the oligonucleotides was
then calculated using the Beer-Lambert Law (eq. 2.1), and therefore, the number of

moles synthesised was obtained.

A=ecd (2.1)
where A is the absorbance, ¢ is the extinction coefficient (M-tcm™), ¢ is the concentration
in (M) and [ is the path length (cm).

The path length is a known value (1 cm) and the extinction coefficient is determined
using the ATDbio oligo calculator. In Figure 2.3, the UV-Vis spectra of CTA and CTB
are shown. The peaks observed at 260 nm correspond to the DNA.

e CTA-1
e CTA-2
e CTA-3
CTA-4
CTA-5
CTA-6
CTA-7
e CTA-8
e CTA-9
e CTA-10

Absorbance
Absorbance

0.5
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280 300 320 220 240 260 280 300 320
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Figure 2.3: UV-Vis spectra of unmodified DNA with a peak at 260 nm for DNA.
UV-Vis spectra of the strands involved in CTA tile (left) and in CTB tile (right).

Once the concentration is calculated and since the volume is known, the number of moles

of DNA can be obtained using the following equation.

Number of moles = volume x concentration (2.2)

The DNA samples were further analysed using mass spectrometry (MS) which was car-

ried out by the MS group of the Chemistry Department at the University of Southamp-
ton. The masses were calculated using the Oligo calculator from ATDBio.!%® The mass
of each strand found using mass spectrometry is shown in Table 2.2. Traces from all
DNA strands included in CT-A and CT-B tiles can be found in the Appendix A. The
table also shows the number of moles of DNA and the synthesis yield.

2.2.2 Formation of 2D DNA cross-tiles and nanogrid

After the synthesis and analysis of the DNA strands, their assembly into the 2D DNA

nanogrid could be performed. Different protocols of assembly in solution were tested.
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Calculated Mass Mass Found Number of moles Yield

CTA Tile " (g/mol) (g/mol) (nmol) (%)
CTA-1 14773.6 14774.3 459.0 46
CTA-2 13471.6 13471.2 579.6 58
CTA-3 14351.2 14351.1 483.6 48

13791.8 13792.0 452.4 45

7144.6 7143.8 535,8 54

CTA-6 4037.6 4036.4 664.8 67

11206.2 11205.1 315.6 32

CTA-8 11118.1 11118.1 447.6 45

CTA-9 3972.6 3972.4 638.4 64

CTA-10 30679.6 30679.5 234.0 23
CTB Tile Calculated Mass Mass Found Number of moles Yield

(g/mol) (g/mol) (nmol) (%)

CTB-1 11335.3 11335.1 643.2 64

CTB-2 12232.8 12231.6 522.6 52

CTB-3 12864.3 12863.3 558.0 56

11975.7 11974.3 634.2 63

CTB-5 8092,2 8091.6 484.2 48

8992.8 8994.6 539.4 54

CTB-7 9038.8 9037.6 364.2 36

CTB-8 8035.2 8034.5 607.8 61

CTB-9 80544.5 30544.2 174.0 17

Table 2.2: Analytical data of Mass Spectrometry for CTA and CTB.

According to the Protocol F1 (Section 6.10), all the single strands involved in the tiles
were mixed in an Eppendorf tube with 1 x TAE/ Mg?* buffer in total volume of 60 uL
and concentration 1 uM. The mixture was heated up to 90 °C and cooled down to 4 °C

in a period of ~13 hours on T100 Thermal Cycler.

Based on Protocol F2 (Section 6.10), each individual tile (CTA & CTB) was assembled
by mixing a stoichiometric quantity of the DNA strands was in 1 x TAE/Mg?* buffer.
The oligo mixtures were cooled from 90 °C to 4 °C in a period of ~13h using the T100
Thermal Cycler (similar Protocol F1). Then, the tiles were mixed with a ratio of 1:1,
heated up to 50 °C and cooled to 4 °C in a period of 6 hours, in order to form the
aforementioned 2D DNA nanogrid.

Agarose gel electrophoresis (1.0%) was performed to visualise the fragments and give
an insight into whether the individual tiles and the extended grid were formed. The gel
showed that the self-assembly was completed to a certain extent. According to the gel
image (Figure 2.4), the individual CTA and CTB tiles were obtained. The 2D nanogrid
was also formed, regardless of the protocol used, as shown in the fragment at the top of
the gel. However, it did not run through the gel due to its large structure compared to
the single tiles. Finally, the individual tiles and strands can also be observed, moving
through the gel.
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Figure 2.4: 1.0% agarose gel. Lane 1: AB grid annealed with Protocol F1, Lane 2:
AB grid annealed with Protocol F2, Lane 3: CTA Tile, Lane 4: CTA Tile, Lane 5:
CTB, Lane 6: Control a consists of 4 strands involved in tile CTA, but not heated.

2.2.3 Synthesis of the modified oligonucleotide

In order to attach the protein on the DNA nanogrid, the protein must be modified with a
ssDNA, which is complementary to the extended strand I involved in CTA tile. For this
purpose, the ssDNA must be first modified with an alkyne, which in turn will react with
the protein via Click Chemistry. The modifier used in this research is the 5-Click-easy™
BCN CEP 1II (Figure 2.5). This modifier can be used to “prepare” the oligonucleotides
for the strain-promoted alkyne-azide cycloaddition (SPAAC).
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Figure 2.5: Strained bicyclononyne (BCN).
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Figure 2.6: The ssDNA with the terminal bicyclononyne (BCN) for subsequent
copper-free click elaboration.

The synthesis of the DNA strand and its modification were carried out on an Applied
Biosystems Expedite DNA synthesiser. The modifier, 5’-Click-easy™ BCN CEP II, was
dissolved in anhydrous acetonitrile, vortexed and then, it was added to the DNA syn-
thesiser. Extended coupling time up to 8 minutes was used for the modification of the
oligonucleotide. The modifier was added at the 5’-end of the desired strand. The mod-
ified oligonucleotide was synthesised twice in order to have more material available for

the experiments. The sequence of the modified DNA is presented in Table 2.3.

Strand No. of Bases Sequence (5 - 3’)
5 BCN-DNA 1 18 YTTTTTTCTTTCTTTCTTT
5’ BCN-DNA 2 18 YTTTTTTCTTTCTTTCTTT

Table 2.3: Sequence of the modified oligonucleotide, where Y is the 5-Click-easy™
BCN CEP 1T .

The BCN-DNAs were cleaved from the beads using aqueous ammonia and they were then
left for deprotection in the thermomixer. The deprotected modified oligo was evaporated
to dryness using the speed-vac and, subsequently, desalting procedure was performed
using Glen-Pak (see protocol in Section 6.3) to remove excess salt. The ssDNA with the

modification is shown in Figure 2.6.

Following the desalting procedure, the absorbance of the BCN-DNAs was measured
using UV-Vis spectroscopy. The concentration of the oligonucleotides was calculated

using the Beer-Lambert Law, as mentioned in Section 2.2.1.

In Figure 2.7, the UV-Vis spectra of the BCN-DNAs are shown. The peaks observed at
260 nm correspond to the DNA.

The number of moles of DNA was also obtained and the modified oligonucleotides were
further analysed using mass spectrometry. For the calculation of the masses the ATDBio

oligo calculator was used here as well. The mass of each strand found using mass
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Figure 2.7: UV-Vis spectra of BCN - DNA with a peak at 265 nm.

spectrometry is shown in the following table (Table 2.4). Traces from the MS analysis
can be found in Appendix A, Figure 20.This table also shows the number of moles of
DNA and the synthesis yield.

Calculated Mass Mass Found No of moles Yield

(g/mol) (g/mol) (nmol) (%)
5 BCN-DNA 1 5710.8 5711 197.2 19.7
5 BCN-DNA 2 5710.8 5711 102.4 10.2

Table 2.4: Analytical data of Mass Spectrometry of the BCN-DNA.

It is important to highlighth a mistake that was made in the synthesis of the modified
DNA, which was used for the click chemistry with the protein. As mentioned in sub-
section 2.2.1, the extended strand included on the CT-A tile consists of 15 bases and it
would be sensible that its complementary strand (BCN-DNA) also consists of 15 bases.
However, an 18-base long modified strand was synthesised, including 3 more thymine
nucleobases at the 5 end, which was a mistake only noticed at a later stage, but it did
not affect the hybridisation of the protein on the tile. This mistake was corrected when
the strands were synthesised again for use with the new DNA nanostructure in Chapter
3.

2.2.4 Protein Modification- Click Chemistry

As soon as the BCN-DNA was synthesised and analysed, it was used for the modi-
fication of the protein, Green Fluorescent Protein (GFP). GFP is an easy-to-handle
protein that is easily detectable by fluorescence spectroscopy and tolerant to high tem-
perature. A modified variant of GFP residues, the superfolder GFP (sfGFP, MW ~
27kDa) was modified with p-azidophenylalanine (azF') at position 204 (Figure 2.8) using
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an expanded genetic code system by our collaborators, Dafydd Jones and his group from

the University of Cardiff.6%-109

Figure 2.8: Structure of sfGFP#¥204  Residues critical to function are shown as
spheres, and residue targeted for replacement with azF is shown in stick representation.
Adapted from 0

In order to introduce the BCN-DNA at the defined site of the GFP, a bio-orthogonal and
biocompatible copper-free strained ring promoted alkyne-azide cycloaddition (SPAAC)

=

Figure 2.9: The protein contains a genetically encoded p-azido-L-phenylalanine (azF;
enclosed in box) and the ssDNA contains the BCN. The two components create a
triazole link.

reaction was carried out (Figure 2.9).

SfGFP*204 wwas mixed with modified 5-BCN for 48 hours at room temperature in the
dark. The sfGFP variant was successfully modified with the BCN-DNA. The progress
of the modification was monitored using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Figure 2.10). The percentage refers to the amount of protein
or protein-DNA sample included in 10 uL total volume of loading buffer and protein or

protein-DNA which was loaded on the gel.

The mixture was concentrated using Amicon filters. Following, the absorbance and
the fluorescence intensity were measured using UV-Vis and Fluorescence spectroscopy,

respectively. The spectra are presented in Figure 2.11. For the UV-Vis spectra, the
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Unmodified
Protein :

Figure 2.10: Gel mobility shift analysis of protein-DNA conjugation. The left hand
lane is the molecular weight standards. Lanes represented the unmodified protein and
the protein-DNA are annotated on the figure. Three different concentrations were used
for the protein-DNA. The MW of the sfGFP##F204 and the sfGFP#*F204.DNA is ~27.7
kDa and ~37 kDa, respectively.

peaks at 265 nm and 495 nm correlate to the DNA and the GFP, respectively. The
shape of the intensity signal is similar to the ones found in Marth’s work,?* which has
also shown that the DNA has very little impact on the function of the protein, since the

overall fluorescence intensity of unmodified and modified GFP was very similar.
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Figure 2.11: Left, UV-Vis spectrum of the protein-DNA with a peak at 265 nm for
the DNA and at 495 nm for the sfGFP%¥204 and UV-Vis spectrum of BCN-DNA with a
peak at 265 nm, Right, Fluorescence of protein DNA, emission spectrum was recorded
on excitation at 485 nm.
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2.2.5 Protein-ssDNA co-assembly on DNA nanogrid

The 2D DNA nanogrid was formed using F2 protocol described in section 6.10 and
it was mixed with sfGFP conjugated with addressing ssDNA, complementary to the
extended strand I of the CTA tile. 70% of sftGFP*F'204 was used for the first experiment.

The solution was annealed either from 37 °C to 4 °C on Thermal Cycler, or at room

temperature.

The system was then visualised using Atomic Force Microscopy and it was further anal-

ysed with Synchrotron Radiation Circular Dichroism spectroscopy.
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Assembly of the protein on the DNA grids. Adapted from®2
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2.2.6 Atomic Force Microscopy of 2D DNA nanogrid

The accomplishment of the self-assembly were assessed with Atomic Force Microscopy
(AFM). The main goal was not only to image the DNA nanostructure, but also to
determine the optimal conditions to produce the best quality of samples and images.
For the experiments that were performed for this project, all images were obtained using
tapping mode AFM, both in air and in liquid. Tapping mode was developed to image
soft biological samples at high resolution. It reduces the lateral forces that are exerted
on the sample since the tip spends less time on the surface of the sample in contrast
to the contact mode that is constantly in contact with it (Figure 2.13) The cantilever
vibrates at its resonance frequency, so it effectively taps as it travels over the sample
resulting in a decrease of its oscillation amplitude. "' This is detected by the photodiode
and the image of the sample surface is produced. As the tip is not in constant contact
with the sample, the chances of deformations are minimised as it exerts less force on
the sample and can image loosely bound objects on the substrate.'? Consequently, this

mode is preferred to contact mode when imaging samples as DNA nanostructures.

Contact mode Cantact mode '

e — ! "

Tapping mode
Tapping mode

Figure 2.13: Different modes of AFM, including contact and tapping mode. Adapted
from 13

According to Yan et al., the distance between CTA and CTB tiles is supposed to be 4
or 4.5 helical turns of DNA plus the diameters of the DNA between the adjacent tile
centres, totalling approximately 17.6 nm or 19.3 nm.?? The 2D DNA nanogrids that were
self-assembled in solution were imaged by being deposited on a cleaved mica surface,
which is a negatively charged material and commonly used to immobilise DNA via a
charge bi-layer. The buffer that was used for the absorption on the mica surface was
1X TAE/ Mg?*. The magnesium ions present in the buffer create a positive layer on
mica, allowing the DNA nanostructure to be immobilised on the surface. 11415 Different
areas of the mica surfaces with the deposited sample were scanned randomly in order
to collect as many data as possible and capture the most representative images of the

DNA nanostructures with and without the protein attached.
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2.2.6.1 AFM under dry conditions

The visualisation of the nanogrid with and without the protein attachment was first
obtained with AFM under dry conditions.

The 2D DNA nanogrid (1 M) was formed using the Protocol F2 (Section 6.10) and
subsequently, it was imaged with the Nanoscope III SPM controller AFM at the Uni-
versity of Southampton. 10 uL of 1 uM DNA nanostructure solution was deposited on
a freshly cleaved mica surface and dried using a nitrogen gun. The images captured
are presented in Figure 2.14(a) and 2.14(b). Some cross structures can be observed in
random parts of the mica surface, but they are not similar to the nanogrid reported in
literature (Figure 2.14(c)). The major part of the sample area seems disordered with
high nanostructure density and some areas resembling the desirable nanogrid structure

which has either not fully formed or was damaged by the AFM tip.

Figure 2.14: a),b) AFM images of 2D DNA nanogrid (1 gM)as captured using AFM
in air (1 x 1 pgm). ¢) AFM image of 2D DNA nanogrid as captured by Yan et al. (190
x 190 nm).52

The DNA nanogrid with the protein attached was imaged in air using FastScan Bio™
AFM from Bruker at Strathclyde University in Glasgow. The nanogrid was formed
using the Protocol F2 and then it was co-assembled with the protein-ssDNA (70%), as
described in Section 6.12. This time, 5 uL of sample was disposed on the mica, in order
to check if the density of the sample on the mica would change. In Figure 2.15(A), there
are a few visible cross structures (enclosed in squares). However, the sample was too
concentrated and no periodicity could be observed. Hence, it is not clear whether the

nanogrid was successfully formed.

Following, the ochre and white spots, which are visible in both images, might be either
the attached protein or buffer salt that remained even after washing the mica surface
with deionised water. In Figure 2.15(B), the proteins are more detectable than the
nanogrid which can help to investigate if the distance between neighbouring proteins
is similar to literature. The zoomed-in area of Figure 2.15(B) presents 3 protein dots
whose spacing is measured according to the section analysis at ~38 nm in linear direction

(blue-to-blue tile, Figure 2.12(c)) which is in accordance with the spacing of neighbouring
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nanoparticles in Yan’s study.?? The height profile, which is 1.5 nm, can also indicate the
presence of protein since the nanogrid should have a height of 1.0 nm. The difference in
the height after the hybridisation of the protein may not be very large, but it could be
because the protein is located closer to the surface of the tile and subsequently it is facing
towards the mica surface. Nevertheless, since the sample was highly concentrated, it was
hard to locate another series of proteins in line for comparison with the one described
above and therefore, it cannot be safely concluded that all the proteins observed in the

figure were bonded to the tile and the three dots were not accidentally in line.

1.4 nm

-1.6 nm

400.0 nm

260.0 nm

Figure 2.15: Images of 1 uM DNA nanogrid with protein attached A. Image 1.3 x
1.3 pm. Cross structures are visible and eclosed in blue squares. B. Image 2.0 x 2.0
pm. The protein dots are more visible here than the nanogrid. The section analysis
presented is for the zoom-in area that shows 3 protein dots with a distance of 38 nm
from each other.

2.2.6.2 Liquid AFM

Liquid AFM was used to obtain useful information regarding the structure of the 2D

DNA nanogrid, as it is able to offer better resolution compared to the dry AFM.

The sample of the 2D DNA nanogrid without the protein was also imaged with tapping
mode with liquid AFM (FastScan Bio™ with ScanAsyst from Bruker) at Strathclyde
University in Glasgow. 5 uli of 1 uM sample was spotted on the mica and then, 20 uL
of the annealing buffer was added on top. Some small cross structures can be observed
in random parts of the mica surface, but with no periodicity as presented in Figure 2.16.
Important details might have been lost as single strands or tiles might be covering the
nanostructures on the surface. Furthermore, DNA assemblies are fragile and, therefore,
they might deform or break in smaller pieces during the liquid handling. However, the

the higher resolution images of the liquid AFM showed a more visible structure.

The images were further analysed with NanoScope Analysis 1.5 from Bruker in order to

obtain structural information such as the distance between the cross tiles.

Figure 2.17 presents the AFM image from Figure 2.16(b). Despite the high density of the

sample in the mica surface, some square lattices are clearly visible and especially those
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1.9 nm

-1.9nm

2.4 nm

-2.2nm

200.0 nm

Figure 2.16: Images of 1 uM 2D DNA nanogrid as captured in liquid AFM. a) Image
791 x 791 nm. b) Image 1.4 x 1.4 pm. ¢) Image 1.0 x 1.0 pm.

which are enclosed in light blue squares. For each zoomed-in area, the related analysis
sections are also presented. Area A was analysed for the blue-to-blue tile diagonal repeat
(as indicated in Figure 2.17) noted with the yellow arrow. According to the analysis,
the periodicity is 25 (£ 2) nm. In the meantime, area B was analysed for the linear
repeat along the red and the blue arrows. Furthermore, the cavities from one centre to
the other measure 17 (£ 3) nm, and subsequently the distance between blue-to-blue tile
linear repeat is 34 (+ 3) nm. All the distances are in agreement with the literature, as

shown in Figure 2.17(C) with the DNA nanostructure reprinted from Yan’s work. 52

2.2.7 SRCD & CD Spectroscopy for the 2D DNA crosstiles & nanogrid

The SRCD measurements described below were recorded at B23, Diamond Light Source,
UK, during beamtime allocations including SM15269 and SM18017. Measurements were
performed both in solution and solid phase (films) using the module B end station. On
the other hand, conventional CD spectra were acquired on a nitrogen-flushed Chirascan
Plus spectropolarimeter. Both the SRCD and CD data were processed in CDApps 16
and Origin (OriginLab Corporation). More details are presented in Chapter 6 (Section
6.14).
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Periodicity = 25 (£ 2) nm

Figure 2.17: Image of 1 uM 2D DNA nanogrid (1.4 x 1.4 pm) from Figure2.16(b) as
captured in liquid AFM and the analysis sections for each zoomed area A. A zoom-
in area showing a square lattice. The section analysis above represents the diagonal
distance of the tiles along the yellow arrow. B. Another zoom-in area showing a bigger
square lattice. The analysis sections below and above describes the linear distance of
the tiles along the red and blue arrows, respectively. C. The expected distances of the
cross tiles (blue-to-blue tile, diagonal repeat: 25-27 nm and linear repeat: 35-39 nm).
DNA nanogrid scheme adapted from ref.5?

In the following subsections, the CD and SRCD spectra of the 2D DNA nanogrid, which
is referred to as AB grid, with and without GFP attached, as well as the individual
crosstiles CTA and CTB, and the sfGFP?204 are presented as they were measured

either in solution or in solid phase.

2.2.7.1 SRCD measurements in solution

A series of preliminary measurements were performed in order to investigate the SRCD
spectral features of the individual crosstiles CTA and CTB, and of the AB grid. Two
different samples of the AB grid were prepared using the two different formation proto-
cols, Protocol F1 and F2 (as described in section 6.10), in order to compare them and
confirm their similarity. Protocol F1 was followed for the formation of the individual

tiles.
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30 uL (1 puM) of each crosstile (A and B) and of each AB grid was pipetted in a
Suprasil quartz cylindrical cell (Hellma) of 0.02 cm pathlength and subsequently, they
were measured in solution using the Module B at B23 Beamline at Diamond Light
Source. The average of four scans recorded for each sample is presented in Figure 2.18.
All the measurements were baseline-corrected with a spectrum obtained from the 1 x
TAE/Mg*? buffer.

———CTA tile
——CTB tile
——— AB grid (Protocol F1)
——— AB grid (Protocol F2)

CD (mdeg)

\/

V N —~7

T T T T T T T T
200 220 240 260 280 300 320 340

Wavelength (nm)

Figure 2.18: SRCD spectra of the CTA (red) and CTB (blue) tiles and the AB grids
Protocol F1 & F2 (green and blue, respectively) in solution. Conditions: 1 M in 1x
TAE/Mg?" buffer.

The B-form duplex and consequently the DNA nanostructures that belong in this cate-
gory are characterised with a CD signal which consists of broad maximum at 260-280 nm
and a minimum at 245 nm. The traces of CTA and CTB crosstiles behave in a similar
manner. The signatures of the AB grids also behave similarly, with only the intensity
differing. The AB grid formed with Protocol F1 has higher intensity at ~275 nm than
the one formed with Protocol F2, even though they have the same concentration. Quali-
tatively, they have the same B form folding but quantitatively it seems that they do not.
This may be due to the fact the AB grid protocol F2 has smaller fragments. However,
the SRCD signatures recorded for each sample are comparable to the characteristic ones

of the DNA with a positive peak at ~275 nm and a negative one at ~245 nm.

It is crucial to record the absorbance on every CD and SRCD signature measurement, in
order to ensure that the CD and SRCD spectra are measured above the noise. Therefore,
the data points are valid and the optimal conditions for the film preparation (thickness,
concentration) can be determined. Nevertheless, the absorbance was not measured in
this case, since the purpose of this preliminary experiment was to get familiarised with
the behaviour of the system. Yet, Figure 2.19 shows the High Tension (HT) on the
photomultiplier detectors of Module B, which can also give information about the re-
liability of the measurements. When the HT voltage is greater than 600 V, the signal
start to become noisy. Greater than 700 V, the noise becomes disproportionate to the

signal and the PMT data points are not reliable and should not be used. Ideally, the
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HT must be smaller than 600 V. In the case of the samples presented in Figure 2.19,
all the HT data from 190-350 nm are below 600 V, hence the SRCD data (Figure 2.18)
at this wavelength are reliable and useful. It is important to highlight though that the
HT voltage reaches 1000 V below 195 nm and, therefore, there is a cut-off for the SRCD
data at 195 nm.

_‘ ——CTA Tile
1000 ——CTB Tile
—— AB grid (Protocol F1)
—— AB grid (Protocol F2)

800

HT (V)

600

400

W

200

T T T T T T T T
180 200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 2.19: High tension (HT) on the photomultiplier detectors of Module B of the
CTA (red) and CTB (blue) tiles and the AB grids Protocol F1 & F2 (green and blue,
respectively) in solution.

2.2.7.2 Benchtop CD measurements in solid phase

The 2D DNA nanogrids were further analysed in solid phase (films). For the preparation
of the films, a fused silica substrate (quartz disk, Supracil) with 22 mm diameter and 1.25
mm thickness was used. This material is widely found in CD cuvettes and substrates due
to its inherent strength and excellent transmittance in the UV region, as well as in the
preparation of oriented CD samples according to literature.!'” The films of the AB grid
(Protocol F1) and the AB grid (Protocol F2) consisted of 3 and 4 layers, respectively,
of 5 uL sample. After the addition of each layer, the sample was dried under a stream

of nitrogen.

The samples were first tested with the Chirascan Plus (bench top instrument). Two
recordings were made on each film, with the second one upon rotating the sample by
90° clockwise. The absorbance was also recorded and the respective results, including
the CD data, are shown in Figure 2.20.

The CD spectra of the films showed more complex spectral features rather than a char-
acteristic DNA signature in the B form as shown in Figure 2.18. The characteristic
positive peak at ~280 nm is visible, however the negative peak at ~245 nm is almost
missing, since its shape is broader and not distinguishable. A positive and a negative
peak at 220 nm and 210 nm, respectively, are also visible, which also usually appeared

in DNA CD spectra. The intensity among the samples varies and the original samples
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Figure 2.20: Left, CD spectra of AB grid films before and after 90° rotation (solid
and dotted lines, respectively). Right, Absorbance spectra of AB grid films before and
after 90° rotation (solid and dotted lines, respectively).

lead into different signatures compared to the rotated ones. However, if the CD spectra
are offset at around 310 to 320 nm, as shown in Figure 2.21, the solid and dotted grey
line for the AB grid formed with Protocol F2 match, and they have the same profile,
in contrast to the green ones for the AB grid Protocol F1. Hence, the question which

arises is whether Protocol F2 is better than the F1, which will be further investigated

in the following sections.

CD (mdeg)

3 ~—— AB grid (Protocol F1)_film

24  \F L AB grid (Protocol F1)_film _rotation 90°
—— AB grid (Protocol F2) _film

~~~~~~~ AB grid (Protocol F2)_film _rotation 90°

N T T T T T T T T
200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 2.21: CD spectra of AB grid films before and after 90° rotation (solid and
dotted lines, respectively) after offset at around 310 to 320 nm.

On the other hand, the variations in intensity might be due to different concentrations of
the area recorded, which is noticeable from the absorbance spectra (Figure 2.20(right)).
The same sample film, but with different film orientation, has dissimilar absorbance

which led to the conclusion that the film was not uniform in terms of concentration.

Another important aspect for the CD experiments of the oriented samples when they

are absorbed on surfaces as films is that the samples must have good optical properties



Chapter 2 2D DNA Nanogrid for Protein Attachment 45

in order to avoid the effects of artefacts, which are mostly related to linear dichroism
(LD). LD occurs when the fused silica used for the oriented CD studies is tilted and
not exactly perpendicular to the incident light source. According to literature, poorly
prepared samples with uneven and inhomogeneous layers lead to increased LD, whereas
the well prepared samples which should have the DNA helix axis parallel to the electric
field, have an LD equal to 0.''® In the case of the spectra presented in Figure 2.20
and the corresponding off-set data presented in Figure 2.21, the changes of CD due to
rotations are indicative of LD contributions that can certainly distort the overall CD

spectrum.

These LD artefacts can be minimised by rotating the sample using eight sets of spectra
that are collected at every 45°. That kind of experiment was performed using the film
of the AB grid (Protocol F1) as it was the one that showed differences in the signature
upon 90° rotation from the original. The resulting spectra are presented in Figure 2.22
and each spectrum derives from the average of 5 scans. Usually, for the experiments in
solid phase, the blank fused silica substrate is being used as a baseline, but unfortunately
those data were missing in this experiment. Thus, the data for the same blank silica
substrate but from a different experiment were used, which were also recorded using the

Chirascan, in order to subtract them from the samples’ data.

However, it is evident from Figure 2.22 that the CD signal is quite different for every
rotation, concluding that either the sample was not perfectly aligned or the film was
not well prepared. In any case, it is evident that there was LD contribution present
here as well and therefore, it is important to investigate modifications of the sample
preparation to assess whether it can be optimised and made reproducible. There is a
significant difference also in comparison with the CD data of the films that are presented
in Figure 2.20 since the sharp peaks at 210 and 220 nm are either not visible or have
a very low intensity. The most probable cause for the issue is that the sample was
better aligned in the case of the latest experiment, poorly prepared though, leading
in slightly different signatures after each rotation. Samples must be always inspected
prior to measurements to ensure that the surface is thin, smooth and even, in order to
minimise the LD effect. 17 Therefore, the films from both samples were inspected using

the ZEISS Stereo microscope.

In Figure 2.23(left), the film for the AB grid (Protocol F1) appears to be uneven with
some crystallised areas and the different layers of samples that were applied for the
sample preparation are visible, which is referred to as “coffee ring effect”. This effect is
not desirable since the sample is not homogeneous and it can affect the signal. Another
film needed to be prepared for the AB grid (Protocol F1) sample in order to continue
with the experiments. In contrast, the film for the AB grid formed with the protocol F2
in Figure 2.23(right) seems to be more homogenous and smooth, even though the film
was formed by 3 layers of samples. This difference in the creation of these films may also

explain the variations in the intensity of the data presented in Figure 2.20 for AB grid
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Figure 2.22: Left, CD spectra of AB grid film (Protocol F1), upon 8 rotations by
45° clockwise. Right, Absorbance spectra of AB grid film, upon 8 rotations by 45°
clockwise.

protocol F1 or F2. It is essential, challenging though, to evenly deposit the same sample

concentration across the same area each time in order to get reproducible results.

Figure 2.23: Images as captured using ZEISS Stereo Microscope. a) Film of the AB
grid (Protocol F1). b) Film of the AB grid (Protocol F2).

2.2.7.3 CD imaging

B23 is the only beamline for SRCD that generates highly collimated and high-photon
flux microbeam for chiroptical spectroscopy. This is a particular advantage since it
makes possible the use of smaller amounts of samples, which is beneficial in the case
of proteins. In the meantime, exploiting the bespoke vertical sample chamber equipped
with motorised XY stage (Figure 2.24) enables an unprecedented, spatial resolved CD
spectra at 50 pum spatial resolution can be recorded, something unattainable with bench-
top CD instruments.”® The focused microbeam in combination with the vertical chamber
contribute in the investigation of oriented solid samples (films) in order to scan specific
regions of the sample area and create a map of the film, which could help to spot any
molecular and supramolecular changes. It can also give information about the uniformity

of the film and find any uneven or defective zones. These areas can be then excluded
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from the spectra something that is not applicable when larger beam sizes are used. This

method was first introduced by Zinna et al. and it is referred to as CD imaging (CD7).%

Figure 2.24: Unique B23 vertical sample chamber equipped with a motorised XY
stage (Prior Stage) for imaging sample films.

A series of preliminary measurements were performed using the CD¢ method in order
to investigate the uniformity of the films and their CD spectral features than can be
used as sample signatures. Thin films of the CTB tile, AB grid (Protocol F1), AB grid
(Protocol F2) and the AB grid with the protein, deposited on fused silica substrates
were measured. For each film, a grid array was designed and ran in order to compose
the maps of the films. The spectra of these systems were subtracted from the spectra of

the corresponding fused quartz substrate windows.

CTB tile

The SRCD signature of the CTB tile film was compared with that of the solution-
based sample. The absorbance was also recorded and the CD4 method was used for
both CD and absorbance measurements. 16 CD spectra were recorded by scanning
a 4 x 4 grid array at 700 pum intervals, which are presented in Figure 2.25. The
positive and negative SRCD bands were visible, but shifted to about 285 nm and
230 nm, respectively. The shape of these spectral features were slightly different
than that of the B tile measured in solution (Section 2.2.7.1), since it is noticeable
that the peaks at 220 and 210 nm are again sharper than those in solution.

In general, the signal for the single DNA tile is weak, as expected. All the 16
CD spectra look fairly similar, with a small difference in intensity. This can be
justified by the absorbance data and the fact that the film was not homogenous in
terms of concentration. It is evident that the absorbance spectra also show some
variations. In order to determine the CD signature/absorbance combination, the
data were processed in a multi-panel, presented in Figure 2.26.

The absorbance data are changing significantly between the scans and the most
of them are below 0.1 or with no absorbance at ~260 nm. The CD signal is
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Figure 2.25: Left, SRCD data of the film for the CTB tile, mapping a 4 x 4 grid
array of 700 pm? step size. Right, Absorbance data of the film for the B tile, mapping
a 4 x 4 grid array of 700 um? step size.

present even without UV absorbance which is confusing, as either presence of UV
absorbance or absence of CD signal is expected. Hence, it would be useful, if both
the UV absorbance and the CD intensity magnitude were increased, in order to
ensure that we record above the noise and the results are corresponding to the
desirable sample.

AB grid (Protocol F2)

In section 2.2.7.2, the films of the AB grid annealed with both protocols F1 and
F2 were investigated using the Chirascan. It was concluded that the AB grid
(Protocol F1) film was not well-prepared in comparison with the AB grid film
(Protocol F2). Therefore, the AB grid film (Protocol F2) was further investigated
using the Linkam tower sample compartment unit that has a camera that can be
used to look at the sample guiding a more precise selection of desirable areas to
be scanned.
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9 CD spectra were collected for this sample as a result of mapping a 3x3 grid array
at 500 pm interval steps. The same film was then rotated by 90° clockwise and
the results for both cases are presented in Figure 2.27. In addition, an image of
the film was captured using the camera of the chamber as shown in Figure 2.27.
The film is enclosed in the dashed circle and the position of the irradiated 3x3

sampling grid is also presented in order to demonstrate the CDi concept.
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Figure 2.27: a) SRCD data of AB film (Protocol F2) after scanning 3x3 grid array at
500 pm interval steps including also an image of the film as captured with the chamber’s
camera, showing the irradiated 3x3 sampling area. The 2D maps were generated for
the 283 and 245 nm, respectively. b) SRCD data and 2D maps (283 and 245 nm) upon
rotation of the sample specimen by 90° rotation clockwise.

Before the film rotation, the sample looks homogeneous since all the CD signals
give a similar signature for every position scanned, even though there are some
small variations in the intensity of the negative peak at 245 nm. The DNA CD
profile is similar to the one recorded with the bench-top instrument though weaker
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(Figure 2.27). As soon as the film was rotated by 90° (without removing it from
the stage holder to ensure that the grid area rotated around its centre), the varia-
tions in the intensity of the peak at 245 nm were increased along with the overall
spectrum profile. The CD signal for the positive peak is the same in all areas
except for the last one where the beam probably hit the edge of the film, since the
whole signature does not match with the dsDNA.

Unfortunately, the absorbance was not recorded as at the time of the measurement
this was not possible for the CD7 setup. By missing those data, it is not possible
to find out if those intensity variations are related to the concentration or they
are due to conformational changes of the AB grid. The film formation of the same
sample was attempted during a different beamtime, but unluckily it was poorly
prepared and it did not produce any distinguishable signal from the noise.

AB grid (Protocol F1)

10 pL of AB grid (Protocol F1) sample was deposited on the fused silica surface
and dried slowly under a stream of nitrogen in order to form a new film for CDq
measurements. 16 CD and absorbance spectra were measured by scanning a 4x4
grid array at 700 pum step size. The 16 CDs spectra for both CD and absorbance
are reported in Figure 2.28(a) and (b), respectively. The spectra were analysed
by processing the data into distinct 2D colour maps, which were generated from
the CD intensity at fixed wavelengths at 280 nm and 240 nm and from the UV
absorbance intensity at 263 nm.

The shape of the spectra looks similar to the one measured with the bench-top
CD instrument. Two main peaks are visible, a positive one at 280 nm and a
negative one at 240 nm, which are the characteristic peaks of dsDNA in the B-
form. However, the various CD7 2D spectra were different from each other which
is better highlighted by the colour scale. Each spot has a different peak in terms
of intensity but qualitatively they are quite similar. This indicated significant
inhomogeneity in the film due to differences in concentration, aggregation or layer
thickness. Variations in the SRCD signals can be explained by observing at the
absorbance spectra. In this case, the concentration of the sample was not uniform
at the surface of the film. According to the 2D colour map, the film’s concentration
is higher at the top-left corner of the grid array.

The CD and absorbance data were also analysed and presented in a square grid
map (multipanel), which is shown in Figure 2.29, in order to inspect the CD
and the UV absorbance for every spot scanned more carefully and to ensure that
they are in accordance. Nevertheless, according to the grid map, it seems that in
the parts with high absorbance, the CD signal is not so strong, even though the
opposite would be expected. The answer to this problem could be the fact that the
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Figure 2.28: a) SRCD data of AB film (Protocol F1) after CDi experiment by scan-
ning 4x4 grid array of 700 pm. The 2D colour maps for the fixed wavelengths 280 and
240 nm are also presented. b) Absorbance data after CDi experiment by scanning 4x4
grid array of 700 ym and a 2D colour map at 263 nm.

CD and the absorbance CD7 measurements were not running at the same time,
but they were two different runs. Even though the disk was not removed from the
stage and the coordinates of the starting position were known and selected for the
absorbance run, the beam might have been positioned to a shifted starting point
leading to slightly different areas to be scanned between the two runs. Therefore,
it was very important to be able to measure CD and absorbance simultaneously,
a feature that was only supported in software later during the project. In case the
disk is either removed, moved manually or even when there are issues with the
automated movement of the stage, it is challenging to find the exact same position
of the beam in the sample and with 50 pum accuracy, every small change counts

for the imaging.
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However, the CD and SRCD signals do not only depend on the concentration, but
also on the structure of the analysed molecule. In order to determine whether the
film is homogeneous in terms of structure, the measurements of SRCD and UV
spectra were used to analyse the data in terms the g-factor (anisotropy factor)
which is usually used for the characterisation of secondary structure of proteins
in solutions and films. %120 G-factor reveals immediately any change in the ho-
mogeneity of the adopted supramolecular structure at the substrate surface. This
is because the g-factor is the ratio between the CD in AA units and the UV ab-
sorption in A unit. In this way the g-factor is independent of concentration and
pathlength and it is related to the thickness for films in the solid state. This is
more accurate though if the CD and UV are measured simultaneously.

CD and UV-absorbance spectra are converted to dimensionless g-factor spectra
by dividing the CD by the UV absorbance at each wavelength. The spectra are
presented in Figure 2.30. The variation of the signals is obvious and interestingly,
more negative peaks are visible at the range of 300-320 nm. The film does not ap-
pear to be uniform in terms of thickness. Therefore, the g-factor spectra of Figure
2.30 are indicative of non-homogeneous supramolecular structure, confirming the
image captured with AFM which showed a non-uniform structure.

0.0020

0.0015

—(AA/A)

g factor

s e B B |
200 220 240 260 280 300 320 340
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Figure 2.30: G-factor spectra of AB grid (Protocol F1) in film.

AB grid-GFP

The next film tested with the CD¢ method was the AB grid with attached GFP
protein. The sample of the AB grid with the attached GFP was prepared as
described in Section 6.12 and then the film was prepared by adding 10 pL of this
sample on a quartz surface and dried by purging nitrogen gas. The AB grid used
in this sample was formed with Protocol F1 and then hybridised with GFP. The
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AB grid Protocol F2 was also investigated with GFP attached, but unfortunately
none of the films produced a revealing CD signal, therefore they are not included

in this thesis.

The SRCD signature and the UV absorbance of the film of the AB grid with the
GFP were recorded the same way as the AB grid (protocol F1) itself. 16 CDj
spectra after mapping a 4 x 4 grid array of 700 pum step size are presented in
Figure 2.31.
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Figure 2.31: SRCD data of the film for the AB grid with GFP attached after mapping
of a 4x4 grid array of 700 um step size. The two SRCD graphs on the right are zoomed
in a scale of 190-350 nm and 300-600nm, respectively.

Variations of SRCD signatures can be observed, with two scans exhibiting a com-
pletely different behaviour probably due to spectral artefacts. The positive peak
at 280 nm is broader and has a lower intensity than the one in the previous SRCD
spectra of the AB grid itself. On the other hand, the negative peak at 240 nm
is almost invisible. The GFP absorbs at 495 nm according to the UV-Vis spec-
trum obtained in section 2.2.4 (Figure 2.11), hence a peak should appear in this
wavelength range. The GFP is a beta-barrel and the characteristic peaks for this
family of beta-sheets are a positive one at ~217 nm and a negative one at ~195
nm. However neither peaks are clearly shown in the following spectra that were

consistent with spectral artefacts.

According to the UV absorbance data in Figure 2.32, the absorbance also varied,
leading to the conclusion that the film was not uniform in terms of concentration.
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A peak at ~510 nm was visible and it could be a shifted peak for the absorption
of the GFP (the characteristic one is at 495 nm), but it was too weak (absorbance
below 0.1) in the visible region. Therefore, unless the UV bands are stronger, this
measurement is not successful. The absorbance needs to be 0.3 or above in order to
ensure an acceptable signal-to-noise ratio. The weak signal of the UV absorption
of the GFP was consistent with the fact that there were no peaks visible in the
SRCD spectra.
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Figure 2.32: UV absorbance data of the film for the AB grid with GFP attached
after mapping a 4x4 grid array of 700 um step size. The graph on the right side is the
zoomed graph data at the DNA wavelength range (characteristic peak of DNA at 260
nm).

2.3 Discussion and conclusion

In this chapter, the 2D DNA nanogrid was studied as a template for protein attach-
ment in a precise orientation. This was possible through well-defined protein-DNA
conjugation, achieved via click chemistry on the engineered proteins, such as GFP
protein. One of the first challenges of this DNA nanostructure was the AFM
imaging, since it was not possible to get a clear image of the 2D DNA nanogrid
structure. Fortunately, some grids were visible, allowing the analysis of the sys-
tem in order to ensure that the distances between the tiles were correct, which
was then confirmed. In addition, when the DNA nanogrid with GFP attached
was imaged, some protein dots were presented and the analysis showed that the
distances between one another are in correspondence with the literature when they
are attached to the tiles. However, it cannot be concluded that all the proteins
observed in the images were bonded to the tile. In most cases, other features
seemed to interfere with the imaging. There was an attempt of purifying the sys-

tem in order to remove unwanted free tiles, free proteins or smaller structures in
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general using Amicon filters, but the nanostructure being very big lead to filter
blockage. Another solution would be the purification with agarose gel, which was
not possible since the nanogrid sticks on top of the gel and it cannot move further
due to its size.

Some preliminary SRCD experiments of the DNA nanogrids with and without
protein attachment were performed both in solution and solid state as thin films
using B23 beamline. In the experiments under dry conditions (films) a new method
was introduced which is called CD imaging and it gives the opportunity, in com-
bination with the small size beam available at B23, to scan different areas of
the film resulting into a more detailed image about the desirable sample. The
biggest challenge of the CD7 method was to prepare smooth and homogeneous
films, in order to avoid any artefacts that could affect the CD signal of the sample.
All the samples investigated in this chapter were not very uniform, nevertheless,
they produced some CD spectra consistent with dsDNA largely of B form. The
films were inhomogeneous not only in terms of concentration, but also in terms
of supramolecular structure, according to the g-factor analysis that were consis-
tent with the AFM data. Despite the many attempts, the characterisation of the
attached GFP protein to the DNA origami by B23 CDi remained elusive. The
identification of the critical steps in the preparation of these protein DNA con-
structs revealed that fluorescence spectroscopy at high spatial resolution could be
the solution for this problem as measurements with much smaller concentration
used for this investigation are required. This instrument is not available yet, and
B23 could be used for this purpose in the future.

Due to the challenges presented in this Chapter (and described below), the 2D
DNA nanogrid was proved to be difficult for the purpose of this project. Hence,
a new DNA nanostructure with a different protein than GFP will be discussed in
the following chapter.






Chapter 3

DNA Double-Crossover array for

protein attachment

In the previous chapter, the DNA nanostructures were introduced as templates
for the attempt to immobilise a GFP protein in a precise orientation through well-
defined protein-DNA conjugates, achieved via copper-free click chemistry with the
engineered protein. This system was then used for SRCD experiments in order
to obtain CD spectra of proteins where precise alignment is important. The first
DNA nanostructure studied was the 2D DNA nanogrid which was proven to be
difficult to form and showed a uniform structure resembling the expected nanogrid
as reported in the literature. The GFP was chosen as a proof-of-concept protein
for hybridisation with the 2D DNA nanogrid, which, failed to show detectable
SRCD spectra.

In this chapter, the same recipe is followed, with the disparity that a new nanos-
tructure is presented, as well as a new proof-of-concept protein, which have the
potential to overcome some of the challenges encountered in the previous chapter.
The DNA nanostructure belongs to the double-crossover (DX) molecules family
containing two crossovers connecting collinear duplexes and upon successful for-
mation, it will be used as a template for aligning an a-helical protein. In the work
carried out in this chapter aims to address the challenges faced before with the

following aims:

1. Synthesis and imaging of the DNA double-crossover with both liquid and dry
AFM

2. Attachment of a-helical protein (modified with ssDNA) to the DNA nanos-
tructure and investigation of the system for successful hybridisation

59
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3. Formation of suitable thin films from the DNA nanostructure with and with-
out attached protein for CD imaging experiments in order to identify con-
formational changes due to the hybridisation of the protein

3.1 DNA Double-Crossover (DX) Array Design Overview

The second DNA nanostructure system was the double-crossover (DX) array,
which was first introduced by Seeman et al..!9%12! The DX-array is fabricated
from two small tiles that consist of two double helices aligned side by side, with
strands crossing between helices, yoking them together. The DX tiles have an
antiparallel arrangement of non-crossover strands and they belong to the double-
crossover, antiparallel, even spacing (DAE) class of DX molecules which has an
even number of half-helical turns between the crossover points (4 half-helical turns
is 21 base pairs). In this type of tiles, three strands are found in both helices and
two strands do not cross over (Figure 3.1(a)). In this project, a similar DX system

of the one used by Rusling et al. was adopted, as shown in Figure 3.1(b).!??
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GTGCTGG ACCGCAACATGATGCGTTAGS ACGGCATAGCTGCCTACCGS
3’ CGCAGTCGCACGACC TOGCOTTGTACTACGCAATCC TGOCOTATCOACG

l Assembly

DX-AB array

Figure 3.1: a) Model structure of DAE class of DX molecules. Adapted from %3 b)
DX tiles and arrays. The two tiles can be mixed in equal amounts to generate the
DX-AB array. Adapted from 122

The DX tiles are programmed to contain single-stranded sticky ends with unique
sequence at their four duplex termini. The association of the two DX molecules
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using their complementary sticky ends generates the DX-array. A schematic rep-
resentation of how the DX tiles are arranged in order to fabricate the DX-array
leading to a pattern of stripes is presented in Figure 3.2.

ends

Sticky [

T

Figure 3.2: The DX tiles (grey and blue) that generate the DX-array. Their sticky
ends are presented as oddly shaped adaptors which interlock to specific pieces of the
other tile in order to form the bigger DX molecule

As discussed before, the DNA nanostructures are utilised as a scaffold to hold
and precisely orient proteins. The cross structure designed by Hao Yan and his
group had an extended ssDNA in one of the CT tiles to operate as an anchoring
point for the protein attachment. However, Rusling’s DX system did not include
one of this. The modification of a DX tile with an extended ssDNA was therefore
essential. There are many different approaches to this modification, however it
is often easier to modify the central strand of one of the tiles.'?3'2* Hence, the
middle strand involved in the original DX-A tile was modified by extending both
the 5" and 3’ prime of the strand after shifting the 5" prime along by three bases,
in order for the helical turn to face outwards, away from the extending lattice.
The extended ssDNA was the same as the one used at CTA tile of the 2D DNA
nanogrid in Chapter 3. For increased stability, the initial part of the protrusion
would be a complementary double helix, thus forming a complete circular strand
of DNA. This would enable the extending strand to remain as vertical as possible
and would, therefore, aid the attachment of the modified protein. The initial part
of the protrusion was also identical to the 2D DNA nanogrid. An additional loop
of two thymidine nucleotides was introduced to avoid increased stiffness in the tile.
In the end, the new demonstrated tile would include the crossovers, as well as one
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double-helical region (junction), like a bump at the top of the tile, which ends up
as ssDNA and serves as the hybridisation point of the protein.

However, in the case of the CTA tile of the 2D DNA nanogrid, the extended single
stranded area (protein hybridisation site) was located at the 5’ prime end of the
strand. When the protein was modified with the ssDNA, complementary to the
hybridisation site, it was introduced on the 5 prime of the DNA, and, therefore,
resulted to be close to the surface of the grid (Figure 2.12) after its hybridisation to
the DNA nanostructure. Using the same part of protrusion and extended ssDNA
for the modified DX-A tile, the protein should be positioned closer to the surface
of the array. In order to investigate whether the location of the protein on the
DX-array affects the supramolecular structure, another version of the DX-A tile
was prepared, which had the extended ssDNA on the 3’ prime of the middle strand
and therefore, the protein was positioned at a bigger distance from the tile surface.
For this reason, for the rest of the thesis the DX-A tile with the ssDNA on the
5 prime will be referred to as DX-As,, whereas the tile with the ssDNA on the
3" prime will be called DX-Aj3, and the DX-arrays, DX-arrays and DX-arrays,
respectively. In Figure 3.3, the original DX-A tile along with the modified ones

) B

are illustrated.

DX-A Tile
5" GATGGCGACATCC TGCCGCTATGATTACACAGCC TGAGCATTGAC
CTGTAGG ACGGCGATACTAATGTGTCGG ACTCGTAACTGGCGTCAGC 5°
5 GTAGCGCCGTTAGT CCAACTGGCATGTAGTATCGT CCATCAACCAG
GGCAATCA GGTTGACCGTACATCATAGCA GGTAGTTGGTCGCAGTC 5°
.
b |
5 3
) A c) A

A A
A A
G G
A A
A A
A A
G G
A A
A A
A A
G G
A A .
A . A DX-A Tile

A DX-A Tile A

TA TA

5’ GATGGCGACATCC TGCCGCT ‘é ; ATGATTACACAGCC TGAGCATTGAC 5’ GATGGCGACATCC TGCCGCT é é ATGATTACACAGCC TGAGCATTGAC
CTGTAGG ACGGCGA AT TACTAATGTGTCGG ACTCGTAACTGGCGTCAGC S CTGTAGG ACGGCGA | 4 -|- TACTAATGTGTCGG ACTCGTAACTGGCGTICAGC S

TA TA

A)
5 GTAGCGCCGTITAGT CCAACTG GCATGTAGTATCGT CCATCAACCAG 5° GTAGCGCCGTTAGT CCAACTG GCATGTAGTATCGT CCATCAACCAG
GGCAATCA GGTTGAC CGTACATCATAGCA GGTAGTTIGGTCGCAGTC 5 GGCAATCA GGTTGAC CGTACATCATAGCA GGTAGTIGGTCGCAGTIC 5

Figure 3.3: a) Original DX-A tile with sequences included. Adapted from'?? b) and
c) Modified DX-A tiles, DX-A5: and DX-A3: with the extended ssDNA (red) either on
the 5’ prime or the 3’ prime end, respectively.

The final schematic representation of the DX system that is used in this chapter
is presented in Figure 3.4.
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5or3’ DNA double-
crossover tiles

- 6P

DX-Arrays: ;3

Figure 3.4: DX tiles and the DX-array. The DX-A tile (grey) and DX-B tile (blue)
contain complementary sticky ends and then can be mixed in equal amounts to generate
the DX-array. The DX-A consist of the extended strand (red), the anchoring point for
the protein attachment.

3.2 Results and discussion

3.2.1 Synthesis and analysis of the oligonucleotides

Sets of 10 DNA strands, 5 for DX-A and 5 for DX-B tiles, were synthesised. The
sequence of each oligonucleotides included in DX-A and DX-B can be found in
Table 3.1. The DNA strands DX-A55. and DX-Ab53 are the modified ones, as
described earlier (Section 3.1) in order to introduce the extended ssDNA (either
at the 5 or the 3’ prime, respectively) for the protein attachment. In Figure
3.3(b) and (c), the DX-A tiles with their sequences were introduced as schematic
representation. In Figure 3.5, the DX-B tile with the sequences for each DNA

strand is also presented.

o

DX-B Tile

>l
CGACGACA GGCTACGCCAGTGACCAATCA GGTACTACGTGCCATCGC-5'
5’ -CGTCAGGCTGCTGT CCGATGCGGTCACTGGTTAGT CCATGATGCACG

> | | >

P | |

GTGCTGG ACCGCAACATGATGCGTTAGG ACGGCATAGCTGCCTACCG-5'
5/ ~CGCAGTCGCACGACC TGGCGTTGTACTACGCAATCC TGCCGTATCGACG

Ld

Figure 3.5: DX-B tile with sequences included.
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The DNA synthesis was carried out using the Expedite Synthesiser from Applied
Biosystems and then purified following the same procedure described in Section
2.2.1. The Beer-Lambert Law (equation 2.1) was used to calculate the concen-
tration of those oligos upon absorbance measurement using UV-Vis spectroscopy.
The absorbance spectra recorded are presented in Figure 3.6. The DX-A53> is not
included in the spectra since it was introduced at a later stage on in the project

and it was purchased from Sigma-Aldrich.
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Figure 3.6: UV-Vis spectra of unmodified DNA with a peak at 260 nm for DNA.
UV-Vis spectra of the strands involved in DX-A tile (left) and in DX-B tile (right).

The number of moles of DNA was also obtained and the unmodified oligonu-
cleotides were further analysed using mass spectrometry. The mass of each strand
is shown in Table 3.2 along with the number of moles of DNA and the synthesis
yield. The traces of the MS analysis can be found in Appendix B.

Calculated Mass Mass Found Number of moles Yield

PX-ATile " (g/mol) (g/mol) (nmol) (%)
DX-A1 13805.9 13803.9 176.4 17
DX-A2 14519.3 14517.4 160.2 16
DX-A3 6493.2 6491.4 673.2 64
DX-A4 9450.1 9448.7 388.2 39
DX-A55: 22030.2 22025.2 71.9 7.2

] Calculated Mass Mass Found Number of moles Yield

DX-B Tile

(g/mol) (g/mol) (nmol) (%)
DX-B1 6485.1 6483.5 360.0 36
DX-B2 9466.1 9464.6 304.2 30
DX-B3 12970.3 12968.1 144.0 14
DX-B4 14403.2 14410.3 270.0 27
DX-B5 14994.6 14992.5 270.0 27

Table 3.2: Analytical data of Mass Spectrometry for DX-A and DX-B tiles.
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3.2.2 Formation of the DX tiles and array

Before the formation of the DX-array, the oligos were further purified using dena-
turing urea DNA gel electrophoresis (PAGE purification, Section 6.5) in order to
ensure that the oligos are as pure as possible and there are no unwanted smaller
sequences that might cause the formation of undesired structures. In addition, the
best purification methods for oligos with a length, which overcomes 60 bases, like
the DX-A5 strand (71 bases), is PAGE purification compared to High Performance
Liquid Chromatography (HPLC), which is suitable for shorter oligos.

After this extra purification step, the oligos were used for the annealing of the
DX-Ag or DX-A3 and the DX-B tiles and finally the formation of the DX-Array
following Protocol F2 as described in Section 6.10. In order to clarify whether
the individual DX-A and DX-B tiles were formed, as well as the DX-array, 1.0%
agarose gel electrophoresis was carried out. Two different controls were used so
that they could be compared with the tiles and the DX-array. Controls al and
b1 consist of the strands DX-A1, DX-Ab55 and DX-B3, DX-B4 respectively, mixed
together, but not heated. Controls Al and B1 consist of all the strands present
in each tile individually, mixed together, but not heated. According to the gel
presented in Figure 3.7, tiles DX-A and DX-B were obtained. The DX-array, since
it is a large structure, cannot run compared to the tiles and, therefore, remained
at the top of the gel. The strands consisting of Controls al and b1l also formed

the individual tiles spontaneously, regardless of not being heated. Hence, they are
visible in the same level with the band of the DX-A and DX-B tile, respectively.

2
= &
g <
5 ;
<
3 A
1 2

w Control a
+ DX-Arrays
v Control bl
o DX-B Tile
~ Control b

DX-array

DX Tiles

Small tile
fragments

Figure 3.7: 1.0 % agarose gel. Lane 1: Control al, Lane 2: DX-As:, Lane 3: Control
a, Lane 4: DX-Arrays>, Lane 5: Control bl, Lane 6: DX-B, Lane 7: Control b.
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3.2.3 Protein Modification- Click Chemistry

Similarly to Section 2.2.3, the protein hybridisation to the DX-array requires the
protein to be modified with an ss-DNA which has the complementary sequence
of the DX-A tile’s hybridisation site. Therefore, the concept was that the protein
would be genetically engineered with an azide which would then react with the 5'-
Click-easy™ BCN CEP II (alkyne) modified DNA through SPAAC click chemistry.
As discussed in the conclusion (Section 2.3) of the Chapter 2, the modified ssDNA
was synthesised 18 bases long instead of 15. In this chapter, the sequence was
corrected (Table 3.3) and the BCN-modified DNA was purchased from ATDBio.

Strand No. of Bases Sequence (5 - 37)

5 BCN-DNA 1 15 YTTTCTTTCTTTCTTT

Table 3.3: Sequence of the modified oligonucleotide, where Y is the 5-Click-easy™
BCN CEP 1T .

In this Chapter, a new protein was introduced for protein attachment to the DX-
array, since the sfGFP*t2% did not yield the desirable results in the CD experi-
ments. This new protein, cytochrome b5 (cytbsee hereafter), is a soluble, 12kDa
a-helical protein which is expressed in the periplasm of Escherichia coli.*?>'26 The
protein is comprised of four antiparallel a-helices that wrap into a left-handed
bundle and binds non-covalently a single iron heme through the axial ligands me-
thionine (Met7) and histidine (His102).12"12% According to the literature, cytbseo
tolerates azF inclusion at different positions in its structure.'® The protein sam-
ples of cytbsga were provided by Dafydd Jones” PhD student, Benjamin Bowen,
from Cardiff University, who carried out the mutation of the protein with the azF
and the click chemistry of the genetically modified protein with BCN-DNA.

Initially, two variants of the protein were provided in their homodimer form, linked
together by a disulphide bond between their cysteine’s SH group. The first variant
was the “Short Axis” (SA) cytbsee with an azF mutation at position 5 and a
cysteine opposite at position 104. The second one was the “Long Axis” (LA)
cytbsge with azF mutation at position 50 and a cysteine opposite at 21. Cysteine
mutation was indeded for attachment to gold surfaces as part of Benjamin Bowen’s
work but does not play a role here. The sequences of the mutated variants can
be found at the Appendix C. The protein variants along with the positions of the
mutations are presented in Figure 3.8. Both variants were mixed at a 1:2 ratio
(DNA /protein) with BCN-DNA. The results of the SDS-PAGE and the UV-Vis
obtained by Benjamin Bowen are shown in Figures 3.9 and 3.10.
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Asp21Cys

Lys104Cys

N Asp50AzF

Figure 3.8: Left, short axis (SA) cytochrome bsgo with azF mutation at position 5
and cysteine mutation at position 104. Right, long axis (LA) cytochrome bsg; with
azF position at 50 and cysteine mutation at position 21.

Figure 3.9: Gel mobility shift analysis of protein-DNA conjugation. The left hand
lane is the molecular weight standards. Lanes represented the unmodified variants of
cytbsge and the protein-DNA are annotated on the figure. The monomeric and the
dimeric form of the variants are visible. This SDS-PAGE image was obtained by our
collaborator Benjamin Bowen.

For both protein variants in Figure 3.10, the protein in the protein+ssDNA sample
is a dimer and that explains its similarity in the spectrum to the SA or LA cytbses
dimer on its own. The difference in the intensity of heme’s A\« for SA cytbseo
and SA cytbsga+ssDNA may be due to different concentration of samples. In the
case of the LA variant, the two spectra (black and blue) overlap if one of the
spectra will be shifted up or down, suggesting that those two samples have similar
concentration. However, it is evident that the monomer for both variants gives
slightly shifted A,.x at around 426 nm instead of 418 nm that the dimer has.
This variation in the A,.x resembles the absorption characteristics of the ferric
form (oxidised, Fe*™) of cytbsea with Soret band at 419 nm and the ferrous form
(reduced, Fe3™) with A\pax at 427nm.13° Furthermore, based on the information
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Figure 3.10: Left, UV-Vis spectra of SA cytbsga dimer, SA cytbss2 monomer and
SA cytbsge+ssDNA with a peak at 265 nm for the DNA and at 418 nm for the
cytbsge. Right, UV-Vis spectra of LA cytbsge dimer, LA cytbsge monomer and LA
cytbsga+ssDNA with a peak at 265 nm for the DNA and at 418 nm for the cytbsgo.
The UV-Vis data were obtained by our collaborator Benjamin Bowen.

provided by our collaborators, in order to go from dimer to monomer , they used
a reducing agent and that explains why the monomer ended up with a red shift
in the Soret band indicating that the monomer for both variants is predominantly

in its ferrous form.

KDa  Cytbs2 71A2zF

a)

71azF

Figure 3.11: a) Short axis cytochrome bsg2 (Q71) including the location of the azF
mutation on the sort axis of the protein at position 71. b), Gel mobility shift analysis
of protein-DNA conjugation. The left hand lane is the molecular weight standards.
Lanes from left to right show bands of the unmodified and the modified variant of Q71
cytbsge. The SDS-PAGE image was obtained by our collaborator Benjamin Bowen.

At alater stage, one more variant of short axis cytbsee was added, the Q71 cytbbses.
This variant has the azF mutation at position 71 and it was provided as a monomer.
The approximate structure of the protein variant, and the SDS-page gel taken by
Benjamin Bowen are presented in Figure 3.11(a) and(b), respectively. It is not
identical compared to the SA cytbsgo (azF in position 5), but they have similar
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orientation. In the gel (Figure 3.11(b)), the bands for the Q71 cytbsgy before and
after the BCN-DNA modification are visible in the expected levels according to
their molecular weight.

All the variants demonstrated above were used for hybridisation with the DX-
array, followed by CD experiments.

3.2.4 Protein-ssDNA attachement to DX tile and array

The proteins were mixed with the DX-array in 1:1 or 2:1 molar ratio. The DX-
array with the different variants of cytbsee were co-assembled at 25°C overnight
on thermal cycler. As mentioned earlier in this chapter, depending on which end
(5" or 3’) the middle strand of the DX-A tile has the recognition sequence for
hybridisation with the complementary strand of the modified protein, the protein
will be positioned either closer to the surface of the DX-array or in a bigger distance
from the tile surface. The schematic representation of the DX-array system before
and after the protein attachment is presented in Figure 3.12.

5’or 37

® - %

DX-A Tile DX-B Tile

5ord

DX-Arrays. 5

3
Protein-ssDNA i+ ¥ gProtein-ssDNA

3

DX-Array;- DX-Array,.

Figure 3.12: Schematic representation of the final DX-array system. DX-A tile and
DX-B tile are mixed in equal amounts to generate the DX-array, which includes the
extended strand on each DX-A tile (either on the 5" or 3’ end of the middle DNA
strand) pointing out of the plane. Finally, the protein of interest is immobilised on the
DX-array either close to the array surface or on top of it.
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Figure 3.13: a) 1.0% agarose gel of the DX-Aj: tile and DX-Arrays with and without
protein (SA cytbsea, azF in position 5). Ration of protein:DNA=1:1. b) 1.0% agarose
gel of the DX-Ag: o, 5 tile and DX-Arrays: o 57 with and without protein (Q71 cytbsgs).
Ration of protein:DNA=2:1.

In order to confirm that the protein was attached to the tile, the protein-ssDNA
was mixed with the DX-A tile in a ratio 1:1 or 2:1 in order to investigate which
ratio gives less free DX-A tile and subsequently, they were visualised using 1.0%
agarose gel. Control a (mix of DX-A1 and DX-A55 3> DNA strands) and the
individual DX-Agy ., 3> tile were used as controls. According to the gel presented in
Figure 3.13(a), which has protein-DNA ratio of 1:1, the protein binds to the DX-A
tile since there is a band in a higher level for the DX-A+SAcytbsse compared to
the DX-A. However, there is still a high portion of DX-A tile band left in the
DNA-protein lane that runs as an individual tile. Some strands are also visible at
the lower part of the gel, which might have fallen apart while the gel was running.
On the other hand, in the gel where the protein-DNA molar ratio is 2:1 (Figure
3.13(b)), the protein seems to bind again to the DX-A tile and the amount of the
free tile is less than the one with 1:1 ratio. It is also noticeable that in the case
of gel B, when the protein is attached at the DX-Ag (far from the tile surface), it
yields a band in slightly higher level than the one of the DX-Ag+cytbsge (closer to
the tile surface), which could be further investigated using CD spectroscopy. This
will enable the comparison of the CD signals of those two different positions of
the protein-ssDNA non covalently bound to the array. Finally, in the case of the
DX-array with the attached protein in both gels, it is hard to determine whether
the hybridisation is successful, since the DX-array hardly moves on the gel due to
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its larger size. It is assumed that it is successful considering that it binds to the
individual tile, but this will be further characterised and confirmed by AFM.

3.2.5 Atomic Force Microscopy of DX-Array with protein attachment

Further investigation on whether the DX-array was successfully formed, along
with the accomplishment of the protein hybridisation, was performed using AFM.
However, in contrast to the 2D DNA nanogrid, the DX-array was only imaged
after the hybridisation of the protein on its surface, since it would be easier to
spot the structure on the mica. Protein hybridisation takes place at every other
tile within the DX-array and according to the literature, the repeat spacing of the
proteins corresponds to 32 nm that is 94 nucleotides apart.'?? All AFM images
were obtained using tapping mode both in air and in liquid of the samples on

freshly deposited on cleaved mica.

3.2.5.1 Liquid AFM of DX-Array with GFP attachment

The sample of the DX-array with attached GFP (1:0.7 ratio, where 1 is 1 pM)
was imaged with tapping mode at liquid AFM (FastScan Bio™ from Bruker) at
Strathclyde University in Glasgow. 5 pl of sample was spotted on the mica and
then, 20 pL of the annealing buffer was added on top. In Figure 3.14, it is shown
that the tiles were joined together by their sticky ends creating a regular pattern
of stripes, which corresponds to the data reported in the literature (Figure 3.14,

b) 103

230.0 nm

Figure 3.14: a) AFM image of DX-array with GFP attached (1:0.7 ratio) as captured
wih liquid AFM, 1.2 pum scan size.b) DAE-O AB lattice with 3343 nm periodicity,
500nm scan size, captured by Seeman et al.1%3
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It appears that the attachment of the protein was successful, as bright spots aligned
to the linear pattern were visible. However, the sample is too concentrated and
as a result, it was difficult to perform the section analysis. Consequently, the
spacing between the protein molecules and the height of the sheets could not be
obtained and therefore, comparison with the literature was not possible. At a
glance, though, the DX-array formation and the protein attachment to the DNA
surface appear to have been performed successfully.

3.2.5.2 AFM under dry conditions of DX-Array with Cytbsg2 attachment

The sample of DX-array with attached cytbsgs (short axis) was prepared for imag-
ing using AFM under dry conditions. The ratio between the DNA and the protein
was 1:1, with each part being 1 pM. 5 L. of sample was spotted on freshly cleaved
mica surface, left for hybridisation for 3 minutes, washed with deionised water and
dried under nitrogen. The sample was then imaged using tapping mode.

DX-Array;.

Figure 3.15: a) AFM image of 1 uM DX-array with cytbsge attached and the section
analysis of the light blue dotted arrow showing the distance between proteins, scan
area 302.6 nm b) AFM image of sample containing the DX-array, the bioti-TFO and
an excess of SA as captured by Rusling, 300 nm scan size. Adapted from'2?? c¢) The
expected distances between tile to tile.

According to the results presented in Figure 3.15, clear patches are revealed on
the mica surface that can be ascribed to DNA lattices with attached cytbses.
The section analysis of these patches showed a height of 2.0 (£0.2) nm, which
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is in good agreement with a monolayer of DNA and it is consistent with the
literature. 13122 The average spacing is 32 (£5) nm between cytbss; molecules
which is in line with the calculated distance between the anchoring points bound
to every other DX-A tile (Figure 3.15(c)).%%122 The pattern of the DX-array was
not as visible compared to the images captured by liquid AFM, but in general, it
is comparable with Rusling’s AFM image of DX-array, biotin-TFO and an excess
of streptavidin (SA), also captured with dry AFM (Figure 3.15(b)). The amount
of protein recruited on the DX-array depends on the concentration of the added
protein. Here, the amount of protein was not in excess, resulting to fewer molecules
being attached to the DNA surface, whereas in Rusling’s case, there was an excess
of streptavidin. Considering all the above, the results demonstrate successful
hybridisation of the protein to the recognition sequence of the DX-A tile.

3.2.6 CD & SRCD Spectroscopy of the DX tiles and DX-Array

The subsequent sections present the CD and SRCD experiment of the DX-array
with or without protein attachment, which were recorded at B23 beamline at Dia-
mond Light Source, during beamtimes allocations including SM18017-2, SM18017-
3, SM19117-1, SM19117-2, SM20669-1 and SM20669-2. CD measurements in so-
lution were recorded using the bench-top instrument, Chirascan Plus, whereas the
SRCD and CD1 experiments using films were performed in the module B station.
Similar to Chapter 2, all the CD and SRCD data were processed in CDApps and
Origin.

3.2.6.1 Thermal denaturation of cytbsg2 using circular dichroism

Prior to the CD experiments with the new DNA nanostructure (DX-array) and
protein (cytbsez), the Chirascan Plus CD instrument was used to obtain infor-
mation about the conformational change of the cytbsge associated with thermal
denaturation. If the temperature at which protein denatures is known, it is easier
to identify the conditions in which the protein handling can take place. The instru-
ment was equipped with a Peltier cell (Quantum Northwest, Washington, USA)
allowing adjustment of sample temperature. For the execution of this experiment,
the LA cytbsgo, after its modification with ssDNA, was chosen with a concentration
of 3.5 uM in 1x phosphate buffered saline (PBS) pH 8.0. Conventional CD and
UV-absorbance spectra of the protein were measured simultaneously in the near
and far-UV regions at various temperatures. The measurements were performed in
fused quartz cuvettes with 0.3 cm path length (Hellma, Essex, UK). The desired

temperature range ranged between 20 and 90°C with programmed temperature
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interval at 2.5°C. The temperature was raised using a stepped ramp with 2 min-
utes incubation at each point once the temperature had stabilised. After the last
scan (90°C), a final scan at 20°C was recorded to monitor and quantify the protein
re-folding after denaturation. Two consecutive repeated scans were collected for
each temperature and then averaged, prior to subtraction of baseline spectrum of
PBS buffer at 20°C. The CD and UV absorbance results of this experiment are

shown in Figure 3.16.
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Figure 3.16: a) CD data of the LA cytbse2-ssDNA, full wavelength. b) CD data of
the LA cytbsee-ssDNA, heme region and, c) absorbance data as they were all recorded
during thermal denaturation experiment.

The temperature ramp experiment reveals that the protein under physiological
conditions (starting at 20°C) adopted the expected helical structure for an a-
helical protein characterised by the negative CD bands at ~208 nm and at 220
nm (Figure 3.16(a)). However, the maxima at ~195 nm is not visible due to
cut-off. In addition, a negative peak at 420 nm was observed associated with the
heme chromophore non covalently bound to the cytbses protein (Figure 3.16(b)).
The heme is an achiral molecule, but since it is bound to a chiral molecule, an
induced negative CD band, the Soret band, at about 420nm is observed. The
UV absorbance spectrum shows a sharp Soret band at around 420 nm, which is
typical of a ferric heme (Figure 3.16(c)).'?> A sharp peak at 260 nm is also visible
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which corresponds to the ssDNA that was incorporated to the protein through
click chemistry. The ssDNA’s contribution to the CD signature of the protein is
represented with a weak positive peak at around 280 nm, characteristic for ssDNA.

As the protein is heated and begins to denature, there is a significant loss in
spectral intensity, as expected, because the protein unfolds to become mere and
more unordered. The double negative peak is constant over the first series of
scans but in a lower magnitude, and after 35°C the CD signature of the minima
alternates. By the time 60°C is reached, the entire shape of the curve is distorted
since the protein is above the critical temperature, indicating a loss of structure.
Similarly, the loss of the heme ligands with increasing temperature results in a
noticeable shift of the Soret band in the visible spectrum, which is also stated
in the literature. 31132 This behaviour was expected, as heme-containing proteins
(like cytochrome bsgy) are particularly sensitive to the variations in temperature
and, therefore, it is important to avoid excessive sample heating as they operate

in a better way under physiological conditions.

Finally, in order to determine the exact melting temperature (7',) of the LA
cytbsee-ssDNA | the CD response obtained at 220 nm, which is one of the charac-
teristic negative peaks of a-helical proteins, was plotted against the temperature
and the melting temperature was determined by using the Boltzmann fit in Ori-
gin. According to the analysis, the (7,) was calculated to be 55.5°C. Figure 3.17

presents the results of the Boltzmann fit analysis.
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Figure 3.17: Melting temperature of the LA cytbsg2-ssDNA at 55.5 °C as calculated
using Boltzmann fit analysis in Origin.

The function of cytbsgs is lost already at 40°C as indicated by the plateau from
20 to 40°C of Figure 3.17 and where the a-helical is fairly maintained. Above
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40°C the heme starts to dissociate from the bound protein, which in turn starts
to denature to an unordered structure as it is also evident from Figure 3.16. The
process is not reversible at all with the protein back at 20°C adopting a mainly
p-strand conformation and the achiral heme molecule remaining unbound. CD is
very sensitive to chiral molecules and it is a very useful technique since it is the
only one that can see only the bound species of achiral ligands. In the case of
cytbsga, as the protein does not absorb in the Soret region in general, CD is an
unambiguous method to determine ligand binding.

3.2.6.2 CD measurements in solution

CD measurements of the DX system before and after protein hybridisation were
recorded in solution prior to the SRCD experiments to inspect the CD in terms
of correct profile shape and intensity magnitude of this new DNA nanostructure
system and in order to assess which procedure would give the best film sample
preparation. Cylindrical cell made of fused silica and path length 0.02 cm was used
for the DX-A tile and array, whereas a fused silica cuvette with path length 0.3 cm
was used for the protein samples before and after attachment to the DX-A tile and
array. 30 uL of each sample were pipetted into the cell or cuvette and the average
of three repeated consecutive CD and UV absorbance scans were recorded at 20°C.
The UV absorbance data of the DX-A tile and array were normalised in order to
be comparable with the rest of the samples since a different cuvette path length
was used for their recordings. It is also important to note that all samples were
in 1 uM concentration except for the LA cytbsgo-ssDNA and SA cytbsge-ssDNA
which had 7 pM and 4 pM concentration, respectively. The protein/DNA ratio
for the DX system with protein was 1:1, with each component’s concentration of
1 uM. The data collected during this experiment are presented in Figure 3.18.

The CD spectral features of the DX-A and DX-array are weak, however the charac-
teristic positive band at ~280 nm and the negative one at ~250 nm are noticeable
and consistent with the related UV band at ~260 nm. Also, the characteristic
negative double CD bands at 222 and 208 nm associated to the protein helical
conformation, though small in intensity, could be seen for both LA cytbsge-ssDNA
and SA cytbsgo-ssDNA. The positive band of the DNA included in the two variants
is also present, along with the negative peak for the heme at 420 nm, which can
be seen in more detail in Figure 3.18(b). The CD Soret band is an indication that
the folding of the cytbses is retained when attached to the DNA as demonstrated

in the thermal denaturation experiment.

When the proteins are hybridised to the tile (DX-A with LA cytbsee, the DX-
A+SA cytbsgy data are missing), the negative CD Soret band is very small but it
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Figure 3.18: Conventional CD (a, b) and UV absorbance data (c) of the DX-A tile,
DX-array and of the different variants of cytbsge before and after their hybridisation
on the tile or array as captured in solution.

is there and since this negative CD band is an unambiguous indication that the
heme is non covalently attached to the protein, it means that the native folding of
cytbsgo is retained as otherwise the CD Soret band would vanish as demonstrated
in Figure 3.16 and 3.17. However, when the protein is attached to the DX-array,
the negative band at 420 nm is not detectable or very weak. Similar behaviour
is observed with the UV-absorbance spectra. This experiment was repeated by
examining the different variants of cytbsge before and after the attachment to the
DNA nanostructure all at the same concentration, by using different cuvette path
lengths and by investigating the DNA-protein and the heme regions separately.
The different path length could help increasing the CD signal of the DX-array and
DX-A tile with the attached protein.

It is important though to keep in mind that the DX-A+protein and the DX-
array+protein systems have not been purified any further after their hybridisation.
That means that it is likely to have unbound protein in the samples that can easily
influence the final data. Especially in the case that the data of the DX-array are
subtracted from the DX-array+protein, the resulting spectrum may not reflect
only the protein that it was bound to the array but also the free one. This can
give mixed information about how and if the protein structure is affected after

CD (mdeg)
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its hybridisation to the DNA nanostructure. Unfortunately, until a way to purify
the system is found, there is anything else that can be done in order to avoid this

phenomenon.
Q71 cytbsge in solution

Initially, the Q71 cytbsge (short axis, monomer) was investigated in solution, both
before and after its hybridisation to the DNA nanostructure. The control sam-
ples used were the wild-type holocytbsgs, the Q71-cytbsgs with the azF or ssDNA
modification, along with the DX-A tile and the DX-array. Considering the exper-
iment in solution described earlier, the induced CD of the heme is weak and as a
result a 3 mm path length cuvette is not ideal for exploring this region (350-500
nm). Therefore, a 1 cm path length was finally selected. In addition, a 0.5 mm
path length cuvette was firstly used for the protein/DNA region (200-350 nm) but
the signal of the DNA was not strong enough. The absorbance was ~0.1, which
would result into 0.05 after the buffer subtraction. Even when the protein was on
the DNA, the absorbance would not be more than 0.2 (the data of this recording
are not presented). Consequently, a 3.0 mm path length was finally employed for
the investigation of the protein/DNA region. Three scans were recorded for each

sample and reported in the following figures.

In Figure 3.19, the controls DX-A tile and DX-array show the expected DNA CD
signature with positive bands at 275 nm and 220 nm and a negative one at around
245 nm. As expected, the CD intensity of the DX-array is higher than that of the
single tile’s signal. On the other hand, the wild-type holocytbsee appears to have
slightly lower a-helicity (lower magnitude) compared to the Q71 cytbsg-azF or
Q71 cytbsgo-ssDNA | indicating that the secondary structural changed upon azF
and ssDNA binding. As Mart et al. reported in their research, the attachment
of ssDNA impacts the activity.?* The secondary structure of cytbsg, appears to
change after the addition of other compounds as it was also noticed when the
holocytbsgs was compared with the apoprotein in Kamiya’s research. 32 The latter
yielded lower intensity, so reduced a-helicity, compared to the former, indicating

change in the secondary structure when the heme was incorporated.

The attachment of the azF or the ssDNA does not appear to affect the CD Soret
band of the heme though (Figure 3.20), since the induced CD for all the control
protein samples has similar intensity, which is consistent with the corresponding
UV spectra. Similar behaviour is observed for the heme even after the hybridis-
ation of the protein to the DX tile and array as the shape and the CD intensity
are similar among all the samples. Therefore, from the CD of the Soret band, the
protein is qualitatively intact and should retained its function related to the heme.
However, the CD of the protein when it is immobilised to the DNA nanostructure



80 Chapter 3 DNA Double-Crossover array for protein attachment

15

(Z
|

o

~ = Wild type cytsq
~ Q71 Cylys5ra2F
Q71 CYly545-5SDNA
-5 ===DX-Ay
DX-arrayy

———DX-A+Q71
—DX-As+Q71
e DX-array;+Q71
DX-array;+Q71

CD (mdeg)

*All samples are in [uM concentration
measured with 3.0 mm cuvette

T T T T T T T
200 220 240 260 280 300 320 340

Wavelength (nm)

b) —— Wild type cyt,s4,
=—=Q71 cytys4,azF
Q71 cyt55-ssDNA
===-DX-Ay

=== -DX-arrayy
———DX-A,;+Q71
——DX-A;+Q71

= DX-array;+Q71

DX-array;+Q71
*All samples are in 1uM concentration
measured with 3.0 mm cuvette

0.8 1

s
>
v
\

=

0.6

)

Absorbance

0.4 +

0.2

0.0

T T T T T T T T T T T T T T T
200 220 240 260 280 300 320 340
Wavelength (nm)
Figure 3.19: Conventional CD (a) and UV absorbance (b) data of the Q71 cytbsez

before and after hybridisation to the DNA nanostructure. The protein/DNA region
(200-350 nm) was scanned with 3.0 mm path length cuvette.

(DX-A3z o 5+Q71 or DX-arrays o, 5+Q71) is affected and the expected minima at
220 and 208 nm are not detected. The shape of these CD spectra features resemble
the CD signal of the DNA control samples rather than the protein control samples.
It is expected that the CD spectra of the DNA are predominant between 250 and
300 nm as it is a stronger chromophore and the contribution of the protein’s aro-
matic chromophores is weaker. '3 Nevertheless, it was also predicted that the two
negative characteristic peaks of the protein would be present, which unfortunately
is not the case.

In Figure 3.21, the CD data of Q71 cytbses are pesented as they are configured
after the subtraction of the DX-As .. 5 or DX-arrays o 5 from their respective
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Figure 3.20: Conventional CD (a) and UV absorbance (b) data of the Q71 cytbsea

before and after hybridisation to the DNA nanostructure. The heme region (350-500
nm) was scanned with 1.0 cm length cuvette.

samples with Q71 attached. This subtraction was carried out in order to examine
the concept mentioned earlier by removing the DNA CD signal and ideally getting
the CD signature just for the protein. As predicted, the signal at the heme region
is not affected and remains exactly the same (Figure 3.21(b)). However, at the
protein/DNA region, it seems that the CD signal for Q71 cytbsee (red and green
solid line) resulted from the subtraction of DX-Ag o 5 from DX-Aj o, 5+Q71 has
changed in comparison to the one from Figure 3.19 revealing the expected protein
CD signature with the minima at ~220 and 208 nm. It is notable that the position
of the protein on the tile, either positioned closely to the tile surface (DX-As) or
protruding away from it (DX-Aj), does not appear to affect the signal significantly,
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giving a similar result in both cases, which are also comparable to the Q71 cytbsgz-
ssDNA (purple fainted line), as expected. Only the negative peak at 208 nm from
the Q71-ssDNA with CD signature indicated with the red line looks smaller than
usual. This might be due to the original DX-A+Q71 sample (before subtraction)
and the fact that the readings below 210 nm were slightly affected by the cut off.

In principle, when the structure of the protein, or molecule in general, after its
hybridisation with other molecules does not change, the spectra should be addi-
tive. In this case here, it seems that when the protein is hybridised to the tile,
the spectrum changes leading to the speculation if this is influence of secondary

structure of protein or some other impact of exciton coupling.
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Figure 3.21: CD data of the Q71 cytbsge after the DX-Ajs: o 5 or DX-arrays: o 5
subtraction as recorded at the protein/DNA region (a) and heme region (b). The solid
fainted lines belong to the CD signal of the Q71 cytbsgeazF (pink) and Q71 cytbsea-
ssDNA (purple) used for comparison.

When it comes to the subtraction of the DX-arrays o 5 (Q71-ssDNA blue and
orange line), the characteristic peaks are not visible and in general the CD signa-
tures do not feature the signal of neither the DNA nor the protein. In addition,
the two signatures behave quite differently from each other, which means that the
position of the protein when it is immobilised on the bigger DNA nanostructure
(closer or far from the array surface) may play an important role. Moreover, the
CD signature might differ from the typical one of an a-helical protein because
there could be a change in the secondary structure upon hybridisation. The most
probable scenario is that since the readings of the original samples (not subtracted
ones, Figure 3.19) around 210 nm are affected by the buffer which absorbs around
this region, important information is missing after the subtraction. Therefore, the
SRCD experiments of these samples will shed light on those scenarios. The CD
and UV measurements using the other cytbsg, variant should indicate whether the

observations mentioned in this section are due to the protein.
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Q50 cytbsge in solution

Q50 cytbsee (long axis, dimer) was the last protein investigated in the series of the
experiments in solution before and after its hybridisation to the DX tile and array.
The wild-type holocytbsga, the Q50 cytbsge with azF and ssDNA modification
were used as control samples, as well as the DX-A tile and DX-array. The 1
cm and 3 mm path length cuvettes were chosen for the heme and protein/DNA
region respectively. As described in in the Q71 cytbsee experiment, three scans
were recorded for every sample and only the average was plotted upon subtraction
against the respective buffer. All samples were in 1 uM concentration in order to

be comparable.

In Figures 3.22 and 3.23, the conventional CD and UV absorbance data are plotted
for the protein/DNA and heme region separately. The data displayed for the ref-
erence samples DX-A tile and DX-array were discussed in detail in the experiment
of the Q71 cytbsgo experiment and, therefore, they are not analysed further.

Similar to Q71 cytbsga, Q50 cytbsge with either the azF or the ssDNA modification
show higher magnitude than the wild type holoprotein and between these modified
proteins, Q50 cytbsge-ssDNA gives greater signal for the minima at 220 and 208
nm. However, when it comes to compare the two different variants of cytbsg, (Q71
and Q50, short and long axis respectively) with the ssDNA, it is evident that Q50
yields greater signal (~ -8 mdeg), double than Q71 (~ -4 mdeg, Figure 3.19(a))
at 220 and 208 nm. According to this result, it is evident that the position where
the ssDNA is incorporated into the protein, either in the short or long axis of the
protein, plays an important role to their CD signature.

Furthermore, the heme region shows changes between the reference samples of
the Q50 cytbsee variant. As mentioned earlier, the literature states that cytb562
tolerates azF incorporation, which was also confirmed in the case of the Q71
variant, even when the modification occurs in the residue 50 which is very close
to the heme cofactor.'? Nevertheless, the absorbance (Figure 3.23(b)) of the Q50
cytbsge-azF does not exhibit this behaviour since the absorbance is greater than
the wild-type, but it could be a mistake in the stock concentration and the final
concentration derived from the dilution of the sample. In addition, when the
ssDNA is introduced in the Q50 variant, it yields stronger CD minimum at ~ 420
nm than the wild-type (Figure 3.23). Compared to the respective sample for the
Q71 variant, it is evident that the CD is enhanced for the Q50 variant. Hence,
the incorporation of the ssDNA in residues closer to the heme cofactor seems to
boost the CD signal.

When the protein is hybridised to the DX-A tile and DX-array (DX-Az o, 5+Q50
or DX-arrays or 5+Q50), the same behaviour as for the Q71 variant is observed.
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Figure 3.22: Conventional CD (a) and UV absorbance (b) data of the Q50 cytbsez
before and after hybridisation to the DNA nanostructure. The protein/DNA region
(200-350 nm) was scanned with 3.0 mm path length cuvette.

The positive peak at 270 nm for the DNA is present in all samples but expected
minima are not visible, most likely due to the fact that the CD signal of the DNA
is dominant, since it is a stronger chromophore and the protein is not in excess. In
the case of Q50 variant, having the protein close or far from the array obviously
has an impact to the spectrum, where the protein signals are somewhat weaker in
the DX-arrays compared to the DX-arrays.. Furthermore, the DNA signal is also
affected and the maximum at 275 nm becomes broader when the protein is close
(DX-arrays). Although the signal below 240 nm does not match accurately the
protein’s signal, compared to Q71, the Q50 variant shows greater intensity in this

wavelength region than Q71, verifying the results discussed earlier. Therefore, the
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Figure 3.23: Conventional CD (a) and UV absorbance (b) data of the Q50 cytbsez

before and after hybridisation to the DNA nanostructure. The heme region (350-500
nm) was scanned with 1.0 cm length cuvette.

long axis (Q50) variant, which is attached to the DNA nanostructure vertically,
increases the CD signal in contrast to the short axis variant (Q71) which is attached
horizontally, and therefore in the proximity of the DX-array surface which may
lead to influence on their structure and decrease in the overall signal. Taking all
the above into account, this method can be used to distinguish protein variants
when they are immobilised on surfaces and their position is not known. However,
in many cases, the signal intensity is also influenced but the alignment of the

protein to the beam, e.g. perpendicular or parallel.

The subtraction of DX-Az .. 5 or DX-arrays . 5 from their respective samples
with the Q50 variant attached was carried out similar to the Q71 variant, in order
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to isolate the protein CD signal by removing the DNA. The CD data resulted by
this subtraction are presented in Figure 3.24. The heme region is not affected by
the DNA as it was expected since the DNA does not absorb in this region. On the
other hand, in the protein/DNA region, the CD spectra for the protein samples
where the protein was attached either to the DX-A tile or the DX-array change sig-
nificantly. After the subtraction of the DX-As: ; 5, both CD signatures (magenta
and blue, respectively) yield a minimum at 220 nm and almost at the same mdeg
value that the reference sample was recorder (light blue), but unfortunately the
second negative peak at 208 nm is not visible due to the buffer interference. When
DX-arrays o, 5 is subtracted, similar results to the Q71 variant are obtained, which
did not show any characteristic peak of the a-helical protein or the DNA. Due to
buffer absorbance at ~210 nm, significant amount of information is missing and
the same challenges faced with the Q71 variant are also observed here. Therefore,
the SRCD experiments are needed in order to collect the information that could

not be collected from series of experiments.
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Figure 3.24: CD data of the Q50 cytbsge after the DX-Ags: o 5 or DX-arrays: o 5
subtraction as recorded at the protein/DNA region (a) and heme region (b). The solid
fainted lines belong to the CD signal of the Q50 cytbsgoazF (orange) and Q50 cytbsea-
ssDNA (green) used for comparison.

3.2.6.3 CD experiments using films/ CD imaging

Thin films for the DX-A tile and the different cytbsgo variants reference samples,
as well as for the DX-array with and without protein attached were prepared to
be studied under dry conditions using SRCD spectroscopy. Although the aim was
to test the homogeneity of the films in terms of concentration and structure of all
the films using the CD¢ method (Subsection 2.2.7.3), single scans were carried out
for some samples, due to (a) either time constraints during the beamtimes or (b)
poor quality of the films discouraging their use for further analysis with CDi. All
films were prepared by depositing each sample at the centre of fused silica crucibles
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and letting them dry under a blanket of nitrogen (Section 6.14). CD of the fused
silica crucibles were used as baseline to be subtracted from the corresponding CD
spectra with the deposited DNA-protein arrays.

DX-A tile, single scans

The DX-A tile was the first reference sample studied using SRCD spectroscopy.
10 pL of 1 uM sample were deposited on the fused silica substrate in order to
form a thin film as described previously. In Chapter 2, it was concluded that
it is very challenging to create uniform films which are homogeneous in terms of
supramolecular structure with the appropriate thickness. In the case of the DX-A
tile, it was noticed that when the 10 uL of sample were deposited on the substrate,
the drying of the solution drop led to a non-uniform film. After visual inspection,
a coffee ring effect was observed, resulting most of the sample to be accumulated
at the edges of the film, leaving the film’s central area much thinner than the
border. Therefore, this film preparation was not appropriate for CD4 and it was
only used for single scan spectra in order to assess the supramolecular structure
of the DX-A tile. Two different spots were selected to be scanned (Figure 3.25).
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254 = Edge 2, scan |
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Figure 3.25: SRCD (left) and UV absorbance (right)) data of the DX-A tile (1 uM).
Two scans (scan 1, solid and scan 2 dashed) were recorded for each spot of the film

The CD of the film of DX-A tile is weak in general, however a small broad positive
peak at ~270 nm, a negative peak at ~250 nm and a crossover at 258 nm can
be distinguished, which are similar to those observed in solution. Under other
circumstances, it would be ideal to increase the signal of the sample in order to
ensure that we record above the noise, but it was expected that the CD of the tile
itself would be weak since the same was also observed for the CTB tile of the 2D
DNA nanogrid in Chapter 2.

DX-array, CD imaging

Thin film of the DX-array was prepared by depositing 15 ul. of sample in quartz
substrate and drying it slowly under a stream of nitrogen. The film was visually
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inspected appearing fairly homogeneous in terms of thickness, and most impor-
tantly devoid of any coffee ring effect. The DX-array film area was scanned as a
4x4 grid, measuring 16 spots at the spatial interval of 500 pm. The absorbance
spectra were recorded simultaneously and the system was calibrated in both cases
with regard to the background spectrum of the blank fused silica substrate as CD
baseline. The 16 CDi spectra measured for the DX-array film (Figure 3.26(a))
were analysed by processing the data into two distinct 2D colour maps, which
were generated from the intensity at fixed wavelengths at 275 nm and 220 nm for
the 4 x 4 grid arrays (Figure 3.26(b), right and left respectively), as well as the
corresponding 3D colour maps. Each square represents the spot mapped.

In Figure 3.26(a), two main peaks are visible, a positive one at 275 nm, a negative
shoulder at about 245nm, and a negative one at ~220 nm. The negative band at
220nm has been observed, though shifted to 210nm for the AB film of preparation
F1 (Figure 2.28). Interestingly, the sign of this band was positive for the AB
film of F2 preparation (Figure 2.27). The same sign but shifted to 230nm was
also observed for CTB tile (Figure 2.25). Since there is limited information about
DNA nanostructures in films and their SRCD or CD spectral features, it is hard to
speculate what the real reason causing this shift is. In general, the SRCD signal for
the DX-array film is more intense in comparison with the one recorded for the 2D
DNA nanogrid indicating the better quality of the DX-array film. The 16 SRCD
spectra were qualitatively very similar with small intensity changes particularly
for the 220nm negative band.

The variations in the intensity can be explained by examining the absorbance
spectra in Figure 3.28(a) or in Figure 3.27(right) where the absorbance spectra
are superimposed next to the CD for the corresponding area that was mapped. It
is evident that there are no critical variations among the absorbance spectra since,
according to the 3D colour map (Figure 3.28(b)), the film fairly homogeneous in
terms of concentration. Hence, the different intensities of the SRCD signal at 220

nm could be due to conformational changes of the DNA upon dehydration.
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Figure 3.26: a) SRCD spectra of DX-array film after scanning a 4x4 grid array of
500 pm step size. An image of the film as captured with the camera of Linkam stage,
showing the irradiated 4x4 sampling area. b) 2D and 3D colour maps at 220 and 275

nm (left and right, respectively).
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Figure 3.28: a) UV-absorbance spectra of DX-array film after scanning a 4x4 grid
array of 500 pum step size. An image of the film as captured with the camera of Linkam
stage, showing the irradiated 4x4 sampling area. b) 2D and 3D colour maps at 220
and 275 nm (left and right, respectively).

The DX-array film was further analysed by mapping a 50 x 50 grid array with 50
pm step size but at two distinct wavelengths. The wavelengths chosen were the
one of the negative peak at 220 nm and the second one of the positive peak at
275 nm. For each experiment, 2500 scans were recorded and the data collected
were processed into 3D colour maps and 2D image plots (Figure 3.29(a) and (b),
respectively). Based on the 3D maps and image plots, it is deduced that the film is
uniform. However, some scattered anomalies are observed in Figure 3.29(b), while
the top-right corner of the plot shows greater inconsistency compared to the rest
of the data (Figure 3.29(b), left). The film exhibits similar behaviour in Figure
3.29(a), even though the scattered anomalies are absent. This suggests that the
beam hit the edge of the film, resulting into the deviation noticed at the top-right
corner of the plots.
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Figure 3.29: SRCD data. Image plots and 3D colour maps after single wavelength
mapping of 50 x 50 points with 50 pm per step at a) 220nm and b) 275 nm.

Finally, the g-factor analysis introduced in Chapter 2 for the AB grid (Protocol F1)
was also carried out for the DX-array film in order to investigate if there are any
structural changes occurring when the DNA sample is prepared as a film (Figure
3.30). It is evident that the behaviour among the spectra in terms of intensity
is divergent, leading to the conclusion that the film it is not homogeneous in
terms of structure which also verifies the speculations made during the analysis of
the SRCD data using the CD¢ method. In the literature it is stated that DNAs
which belong to the B-form family can be forced to succumb to the A-form under
dehydrating conditions.™ However, it does not seem to apply in the case of the
DX-array film since the characteristic peaks for a B-form DNA that goes into A
form are even more positive CD at 270 nm with an intensive negative CD band
at 210 nm. These do not appear to be the case as illustrated in Figure 3.26.
However, the reduced positive CD at 275 nm could be consistent with dehydrated
dsDNA.™ An alternative potential root cause for this type of spectral change is
that this reduction is linked to the interaction of neighbouring nucleotides and
more specifically, is related to the increase in the winding angle and decrease in

t 134

the base pair twis Even though, this information could explain the differences
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in the CD signal and by extension in the structure of the DNA among the different
areas mapped in the film, conclusions were made after analysing different kind of
DNA samples than the DNA nanostructures. Since there are not many studies
conducted about the CD of DNA nanostructures and especially as solid state films,
it is not easy to draw any conclusions. Nevertheless, it is very likely that there are
structural differences due to the base conformation upon its dehydration which

may differ in each position mapped.
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Figure 3.30: G-factor spectra for the DX-array film.

Cytbsge variants, single scans and CD imaging

The focused microbeam of B23 Beamline was further used to investigate the films
of the different variants of cytbsgo before and after their hybridisation to the DX-A
tile and array. For each film created, 10-15 puL. of sample were deposited and dried
on the fused silica crucibles. SRCD and absorbance data were collected either
during single scan at different positions on the films or during CDi experiments.
The approach which would be followed for the measurements depended on the
quality of the film after visual inspection. All data were calibrated with regard to

the background spectrum of the blank fused silica substrate.

Initially, the dimers of the ssDNA modified SA (position 5) and LA (position
50) cytbss2 were examined using single SRCD scans and the average of three
consecutive repeated scans for each sample are shown in Figure 3.31. For each
protein variant two sets of data are presented as they were recorded in different
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beamtimes using different batches of protein. The samples used for the SA cytbsgo-
ssDNA were in 4 or 10 uM concentration (3.31(a), left and right, respectively) and
for the LA cytbsga-ssDNA were in 7 and 10 uM concentration (3.31(b), left and
right, respectively).
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Figure 3.31: SRCD spectra showing the average of three scans for a) SA cytbsee-
ssDNA at 4 (left) and 10 uM (right) and b) LA cytbsee-ssDNA at 7 (left) and 10 pM
(right).

The results recorded for the SA and LA cytbsge-ssDNA at 4 uM and 7uM, re-
spectively, are not in line with the data collected for the same protein variants
(different batches and films) at 10 uM concentration. The spectra for the 10 pM
protein samples resemble the spectra obtained in solution using the bench-top CD
instrument (Figures 3.18, 3.19 & 3.22) yielding a characteristic minima at 220 nm
and 208 nm. It is not surprising that the DNA peak is not visible since it was
observed earlier that the DNA signal for the DX-A tile was very weak and, as
a result, it would be very challenging to actually record the signal for an even
smaller piece of DNA as ssDNA when the sample is being investigated as a film.
As expected the induced CD signal for the heme is also absent since it showed
low magnitude when the samples were investigated in solution, and it leads to the
conclusion that the quality of the film was poor and therefore the data do not

provide any useful information.
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The following SRCD experiments are focused on the Q71 cytbsge variant (short
axis, monomer). The samples tested were the azF and ssDNA modified Q71
cytbsez, along with the protein after its hybridisation either to the DX-A s or DX-
A5y (2:1 protein/DNA ratio). 10 pL of 1uM sample was deposited on individual
crucibles in order to prepare the different films. After visual inspection, the coffee
ring effect was noticed again, resulting the sample to be concentrated mostly at
the edges of the film. Therefore, various positions of each film, mainly close to
the edges, were probed and the results are presented in Figure 3.32. The solid
lines correspond to the first scan of each position whereas the dashed and dotted
lines of the second and third scans, respectively. The black, blue, red and green
lines stand for the centre, the edge at the right-hand side (edgeR), the edge at the
left-hand side (edgeL) and the edge at the bottom (edgeB) of the film, respectively.
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Figure 3.32: SRCD spectra for the films of the different Q71 cytbsee samples.a)
Cytb562—aZF, b) Cytb562-SSDNA, C) DX-A(37)+Cytb562 and d) DX-A(57)+Cytb562. All
samples are in 1 pM concentration and various positions of each film were probed.

The SRCD spectra show different behaviour from sample to sample, as well as
among the positions of the same film. Some of the scans resemble the spectra of
an a-helical protein. However, the negative CD associated to the Soret band is
not detected or the signal is too weak when the protein is in solid phase as film.

The Soret band should be the diagnostic signature and since it is not present here,
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it could indicate that the sample is compromised, certainly in terms of the protein
structure and therefore, it is hard to draw any conclusions from this set of spectra.
In general, the signal is very weak which is reflected by the UV absorbance data
in Figure 3.33. A general observation is that the films are not uniform in terms
of structure and this does not seem to derive from the changes in the localised
concentration (Figure 3.34) as it is fairly similar for almost all positions for each

respective film.
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Figure 3.33: UV absorbance spectra for the films of the different Q71 cytbsez
samples.a) Cytbsez-azF, b) Cytbse2-ssDNA, c) DX-A(s)+cytbsez and d) DX-
A(57)+Cytb562.

Moreover, the Q71 variant was also hybridised to the DX-array (2:1 protein/DNA
ratio) and the respective film was used for CDi experiment. A 3x3 grid array
was scanned with 500 um step size for the DX-arrays)+cytbse, film, whereas a
10x10 grid array was probed for the DX-array s, +cytbssz but with smaller step of
150 pm. In Figure 3.34, the SRCD and UV absorbance spectra are presented, as
well as the average of all the spectra recorded for each film. Here, the CD Soret
band is also missing indicating that the sample is compromised. Some CD spectral
features might give positive and negative bands characteristic for DNA or protein
but it could be driven by luck.
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Figure 3.34: SRCD and UV absorbance data of a) DX-arrays+cytbsee film after
scanning a 3x3 grid array of 500 um step size and b) DX-array s, +cytbsez film after
scanning a 10x10 grid array of 150 pum step size.

Finally, the diversity between the data in solution and in films is apparent and
there is an obvious loss of intensity too, which derives from dehydration effect.
In low hydration condition, proteins can aggregate which may lead to flattening
effect or look more like crystallised which may result to scattering. In Figure 3.35,
two different SRCD spectra of the DX-arrays,)+cytbses are presented as they
were recorded at the same position of the film. The only difference between those
spectra is that the sample used in Figure 3.35(a) was still in its liquid form on the
crucible and the sample in Figure 3.35(b) was half liquid, half dried. Two scans
were recorded for each condition and the data were baseline-corrected against the

clean quartz crucible.

It is clear that when the sample is hydrated, the two minima (210 and 220 nm) of
the protein are present, as well as the positive characteristic peak for the DNA at
275 nm. As soon as the sample is dehydrated completely, as shown in Figure 3.34,
or to some extent (Figure 3.35(b)), the SRCD signature changes and depending
on the orientation the protein is dried in, the CD spectrum is shaped accordingly.
However, in the half-dried samples, the signals are quite large, which means that
could reflect LD instead of CD results, which is an artefact that needs to be
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Figure 3.35: SCRD spectra of DX-array s, +cytbse2 as the sample goes from a) liquid
form to b) half dry/ half liquid state.

considered since it is directly associated with drying. Therefore, this fact needs to
be taken into account when the films are prepared for oriented SRCD studies in
order to ensure the proper conditions for the experiment that will lead to better

quality of results.

3.3 Discussion and conclusion

In this Chapter, different protein variants of cytochrome bs5; were introduced
which results in diverse orientations upon hybridisation to the DNA nanostructure.
To achieve this, a new DNA nanostructure was introduced, the DX-array, since a
number of challenges were faced in Chapter 2 with the 2D DNA nanogrid. The
formation of the DX-array proved to be successful, as well as its hybridisation with

cytbsga, according to agarose gel results and AFM analysis.

The complex system (DX-A or array with protein attached) along with its ref-
erence samples (wild-type protein, azF ssDNA modified protein, DX-A tile and
array) were tested both in liquid using conventional CD, and in films using SRCD
spectroscopy and the CD7 method. Various challenges were faced throughout these
experiments. For the experiments in solution, the greatest complication was the
buffer interference at the far UV and, as a result, important information about
protein’s characteristic peaks is missing. Based on the spectra after the subtrac-
tion of the DX-A and the DX-array, leaving just the CD of the protein-ssDNA] is
difficult to draw any conclusion about any conformational change of the protein
upon its hybridisation to the tile or array. This is mainly due to the fact that
there are not enough information if the folding of DNA has been affected in the
far-UV region, where the protein’s and DNA’s chromophores absorb. The DNA
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retains its positive band at 280 nm, which comes mainly for the DNA, after pro-
tein attachment and it’s not present after the subtraction and, it could be said
that the DNA folding does not change. However, the cut-off at 210 nm does not
provide further information about the DNA and therefore, it does not allow a con-
fident protein comparison. The different variants of cytbsge also showed diverse
behaviour when they were modified with either just an ssDNA or a bigger DNA
nanostructure, leading to the conclusion that their orientation on the DNA can
be distinguished using CD experiments in solution. On the other hand, for the
experiments with the films, the biggest challenge was their preparation. Homo-
geneous films with the proper thickness and transparency are preferred in order
to avoid any artefacts that arise due to sample inhomogeneity. We successfully
determined the homogeneity of prepared DX-array films through CD mapping,
and observed the first oriented SRCD spectra of cytbsg; immobilised to the DX-A
tile or array. The protein signatures compare quite well to the native protein in
solution. However, the intensities of the bands were scalable for different positions
of the same film, indicating thicker or thinner regions with greater or lower num-
ber of proteins present, respectively. Visual inspection of the films showed regions
with aggregation or crystallisation of the sample which could result to artefacts
which could also derive from the dehydration effect. Using the CD¢ method, these
areas can be excluded from the sample and this is an advantage of this method
compared to other oriented SRCD techniques that average the signal over a larger

area.

Even though the CD7 method and the film preparation techniques have been es-
tablished, there are still several issues that needs to be overcome. The arrays with
the protein are not always stably absorbed on the fused silica crucible, and remov-
ing the excess salt and protein through washing is not practical and reproducible.
Multi-layers are also likely to form which lead to averaged readouts rather than
single orientation information. The biggest challenge is the tendency of the film to
create the coffee ring effect, where the sample is concentrated mostly at the edges
of the film. In order to investigate whether these issues could be overcome, a new
modified system is introduced and discussed further in the following Chapter.






Chapter 4

DX-array immobilisation on fused

silica surface using fluorous effect

In the previous Chapters, various challenges were faced in the attempt to create
suitable films with the right thickness and homogeneity, factors that are pivotal
for the oriented SRCD studies in films. The coffee ring effect and the partially
crystallisation of the protein samples at the edges of the film were some of the
biggest challenges. The CDi method is capable of overcoming these problems since
specific areas of the film can be probed by excluding regions where anomalies are
present. Nevertheless, especially for the protein films, it was noticed that most of
the sample and, by extension, most of the information was clustered at the edges,
and upon dehydration the crystallisation of protein was inevitable. Therefore,
the discovery and introduction of a new immobilisation approach, which would
allow immobilising the sample of interest on the fused silica crucible in a more
controllable way, was essential.

A potential approach would be the modification of the fused silica surface with
microarrays, which allows biomolecular interactions using small amounts of sam-
ples. This method involves the sample to be covalently bounded to the substrate
and hence, the molecule of interest needs to be chemically modified, which is
not easy in most cases.!3>136 A recent, simpler method to attach biomolecules to
solid supports came from Flynn et al.. Based on the work of Nichola Pohl, which
demonstrated the formation of microarrays relying on the non-covalent fluorous
effect, Flynn et al. made a step forward by attaching fluorous-tagged DNA onto

187138 The advantages of this approach are (a) the high

fluorinated-solid supports.
resistance to non-specific binding, (b) strong and specific affinity of the fluorinated
substrate to biomolecules including fluorous modifications and most importantly,

(¢) the complete removal of surface bound biomolecules using simple washes with

101
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solvent (methanol) and the complete regeneration of the surface, allowing for the

immobilisation procedure to be repeated. 3’

Herein, the fluorous effect approach will be exploited by modifying the fused silica
crucible with perfluoro-carbon chains, as well as the DX-array. This modified
approach has a three-fold advantage: (a) the grid will be stably attached and in
a confined area, allowing the surface to be washed thoroughly to remove excess
salt, DNA and protein; (b) the grid will be absorbed in a much more controllable
way where the surface exposing the fluorous tag will be oriented towards the fused
silica surface selectively; (c) the DX-array can be manipulated on the surface and

138 This new arrangement twill allow

is only released under stringent conditions.
to orient the conjugate onto the surface more precisely, to obtain cleaner systems,
and, as a result, obtain SRCD signatures of superior quality. Therefore, the aims

of this Chapter are the following:

1. Modification of the DX-array and the fused silica crucible with perfluoro-
carbon chains.

2. Evaluation of successful immobilisation of the fluorous modified DNA nanos-
tructure to the fluorinated fused silica crucibles.

3. Execution of SRCD experiments in order to obtain the preliminary data of

the system before and after protein hybridisation.

4.1 Fluorous Chemistry

Fluorous chemistry involves the studies of the structure, composition, properties
and reactions of highly fluorinated molecules. The term “fluorous” refers to a class
of perfluorinated organic compounds in which all of the hydrocarbon backbones
are substituted with fluorine atoms, leading to the general formula C,Fap,;.°
Horvath and Rabai first coined this term as opposed to term “aqueous”. ' A few
years after the first use of term ”"fluorous”, Gladysz and Curran suggested a formal
definition as ”of, relating to, or having the characteristics of highly fluorinated

saturated organic materials, molecules, or molecular fragments” .42

Highly fluorinated or perfluorinated compounds have a tendency to exclude them-
selves from both aqueous and organic phases. The answer behind this innovative
feature of fluorous chemistry and the fluorous interactions is the unique atomic
properties of fluorine atom exerted when introduced to organic molecular frame-
works. The unique characteristics derive from fluorine’s high electronegativity,

steric profile, and low polarisability.** When fluorine is bond to carbon atom, it



Chapter 4 DX-array immobilisation on fused silica surface using fluorous effect 103

forms the strongest bound to a in organic chemistry, and the stability of C-F bond
is increased as the number of fluorines bound to the same carbon increases. 44
The secret to this stabilisation is the overlap between fluorine 2s and 2p orbitals
with the corresponding carbon orbitals. The C-F bond is polarised from the sp?
carbon (67) to the fluorine (07), ih the opposite direction from C-H bond, due to
the high electronegativity of fluorine. Despite the higher electronegativity though,
C-F bond involves lower van der Waals interactions due to low polarisability. 144
According to Pauling’s principal, the fluorous-fluorous non-covalent interactions
are also stabilised and can give significant energy distribution to the structures

due to the low polarisability of fluorine. '4°

In contrast to hydrocarbon chains, fluorous chains are both hydrophobic and
lipophobic, avoiding unfavoured interactions of fluorine atoms with other elements,
the so-called “fluorous effect”.4%146 Exploiting the selectivity of fluorous-fluorous
interactions, Curran et al. introduced the fluorous synthesis, which included tag-
ging a molecule with highly fluorinated tags which was then used as analogs of
solid phase synthesis and later on for fluorous solid phase extraction and fluorous
chromatography. 147148 Since then, a vigorous research has relied on fluorous tags
for many applications in synthesis and separation technologies, in catalysis and in

novel technologies, such as microarray developments. 137:149:150

An organic compound can be modified to a fluorous analog by incorporating flu-
orous tags which include a perfluorocarbon group (Rp), a suitable spacer, such
as a hydrocarbon spacer, and the organic compound of interest whose reactivity
remains dominant. For this kind of tagged molecules, the new incorporated flu-
orous region is usually referred to as a fluorous ponytail.*>* This novel approach
of using perfluorocarbons requires just a small single perfluorocarbon tail, most
commonly CgFi7, to be attached as a tag to a compound. This method was
demonstrated in such a way to ensure stable immobilisation from water solutions
into a perfluorocarbon-coated solid surface. Further to this and unlike traditional
microarrays, the perfluorinated substrates could be rinsed and re-used multiple
times. '3 That makes the fluorous effect a very strong candidate for an effective

alternative to the covalent immobilisation approach.

4.2 Results and discussion

4.2.1 Fabrication of fused silica surface using fluorous tags

As mentioned earlier in this Chapter, many challenges were faced in the previous
two Chapters especially during the formation of the films. The DNA nanostructure
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is not stably absorbed on the fused silica surface, and removing excess salt and
protein through washing is not feasible. Furthermore, multi-layer systems are
likely to form and in general, the system is prone to the “coffee ring” effect and
the partially crystallisation of the protein upon dehydration. Therefore, it was
essential to devise an alternative approach of depositing the sample to the solid
surface, which would also require small sample volumes. A potential solution to
these issues, which is explored in this Chapter, is the immobilisation of the DNA
nanostructure to the solid surface using fluorous tags. This method would provide
a stable system that can be washed and most importantly, the surface can be
re-used multiple times.

For performing the SRCD experiments relying on the fluorous effect approach,
it was essential to modify the fused silica crucible which is used in all the ex-
periments presented in this Thesis. Therefore, a fused silica crucible (15 mm of
internal diameter, Linkam) was sent to our collaborator, Alasdair Douglas from
the University of Glasgow, in order to proceed with the fluorous modification. The
quartz crucible was first cleaned thoroughly to remove any organic contaminants
and particles by sonication in acetone, followed by isopropanol (IPA) rinses and
oxygen plasma treatment. In order to create specific patterned areas, photolithog-
raphy was carried out and finally the substrate was silanised with the Heptafluoro-
1, 1, 2, 2-tetrahydrodecyl trimethoxysilane (FTDS).

Figure 4.1 presents the fluorinated patterns that were selected to be created on
the crucible. The first fluorous array (left) consists of multiple 50x50 ym? mini
squares as a sensing area extended along the surface of the substrate, whereas the

second one (right) has a single larger square of 3x3 mm?.

Usually, the silanisation of the surface is investigated by determining the hydropho-
bicity of the FTDS-modidied substrate using static contact angle measurements.
In the case of the fused silica crucible here, our collaborators characterised the
FTDS silanised crucibles with mini squares pattern presented in Figure 4.1. The
characterisation showed that the contact angle measurement was in accordance
with all the reported values for FTDS modified surfaces, demonstrating typical
contact angle measurements of 114°.142152 On the other hand, the square becomes
distinguishable for the second crucible (single square) by depositing a few drops of
water, since no water covers the hydrophobic square. Therefore, it was concluded

that the silane was deposited onto the surface.
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Two fluorous-modified quartz crucibles

Figure 4.1: Pictures show the FTDS- modified surfaces on the quartz crucible. Mul-
tiple mini squares of 50x50 pm? or big square of 3x3 mm?. The positioning of a water
drop on the hydrophobic surface of the fused silica with the multiple mini squares is
also present.

4.2.2 Formation of fluorous-tagged DX-array

Two different DNA nanostructures have been used during this project, the 2D
DNA nanogrid and the DX-array. However, only the latter forms very well in so-
lution. Therefore the DX-array was selected to get modified with the fluorous tags
for its immobilisation to the fluorinated quartz crucible via fluorous interactions.

As mentioned in Section 3.1, Rusling’s original DX-array was modified in such way
to create an anchoring point for protein hybridisation. This was accomplished by
modifying one of the tiles used for the generation of the DX-array. In this case,
the middle strand of the DX-A tile was modified (Figure 3.3). For the fluorous
tag modifications though, the DX-B tile was chosen in order to avoid making the
system more complicated.

First, the most appropriate location for the modification needed to be addressed
so that the fluorous tags would be facing outwards, away from the extended lattice
and in opposite direction of the protruding anchoring point of the DX-A tile. In
other words, ideally the fluorous tag would be facing down towards the crucible
while protein’s hybridisation point will be facing up, away from the crucible and the
DX-array surface. Therefore, the 5’ terminal of the DX-B middle strand, where
the fluorous tag would be introduced, was moved by 21 bases. The original 5’
terminal position of the DX-B tile, as well as the modified DX-B tile are presented
in Figure 4.2 (a) and (b), respectively,. The strand that has been modified is
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3’ -CGACGACA GGCTACGCCAGTGACCAATCA GGTACTACGTGCCATCGC-5'
5/ -CGTCAGGCTGCTGT CCGATGCGGTCACTGGTTAGT CCATGATGCACG-3’

4 J 11 -
3’ -GTGCTGG ACCGCAACATGATGCGTTAGG ACGGCATAGCTGCCTACCG-5"
57 -CGCAGTCGCACGACC TGGCGTTGTACTACGCAATCC TGCCGTATCGACG-3’

>

a)

b)
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DX-B Tile

3’ -CGACGACA GGCTACGCCAGTGACCAATCA GGTACTACGTGCCATCGC-5’
5’ -CGTCAGGCTGCTGT CCGATGCGGTCACTGGTTAGT CCATGATGCACG-3’

| ] | -
-

3’ -GTGCTGG ACCGCAACATGAYGCGTTAGG ACGGCATAGCTGCCTACCG-5'
57 =CGCAGTCGCACGACC TGGCGTTGTACTRCGCAATCC TGCCGTATCGACG-3’

Figure 4.2: Schematic drawing including the sequences of DX-B tile a) Original
design. The red strand indicates the strand that will be modified. b) DX-B tile after
alteration of the middle strand’s 5" end (red line) and after modification with the
fluorous chain (purple solid line). An example of fluorous chain is pointed out with a
purple dashed arrow.

indicated with red colour. After this alteration, the middle was further modified
by introducing the fluorous tag at its 5" end (purple solid line in DX-B tile, Figure
4.2(b)).

The most common fluorous-phase tags used for the immobilisation of biomolecules
onto fluorinated solid surfaces are the mono-CgH;7. Nevertheless, Flynn reported
that branched fluorous tags (bis-CgH;y7) can lead to stronger fluorous-fluorous in-
teractions between the fluorinated biomolecule and the solid surface.!®® It was
considered that the branched-fluorous-tagged oligonucleotides showed an increased
binding capability due to the increase in their distance from the surface. The fur-
ther the molecule is from the surface, the better, since it is far from the hydrophobic
surface and permeates greater flexibility to the molecule. In addition, another fac-
tor that plays an important role in the increase of binding activity is the presence

(or absence) of a linker between the fluorous ponythail and the carbohydrates. In
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the same research work, mono-CgH;7; fluorous tagged oligonucleotides with and
without linker (Hexaethyleneglycerol , HEG, linker was used) were compared and
it was found that the fluorescence activity value for the oligonucleotide containing
the linker was significantly higher than the other. Similar to the branched-fluorous-
tagged molecules, it is likely that the oligonucleotide without the linker is too close
to the hydrophobic fluorinated surface and therefore, it is sterically prevented from
participating in the hybridisation reaction. As such, the presence of a HEG linker
is beneficial for the fluorous- tagged molecule since it increases its flexibility. '%3

Taking into account all the observations regarding the effect of the amount of the
fluorous content and the presence (or absence) of a linker on the immobilisation
performance of the fluorinated molecule to the fluorinated surfaces, three different
modifications were selected in order to be used for the modification of the tile’s
middle strand. These modifications are: (i) mono-CgH;; with four thymidines as
a linker instead of HEG, (ii) mono-CgH;7; with a HEG linker and (iii) bis-CgH;;
with four thymidines as a linker instead of HEG. Furthermore, the DX-array is a
very large molecule, therefore, in order to ensure its successful immobilisation to
the fluorinated crucible, two more strands will be modified on their 5 end with
mono-CgHq7-fluorous tags with four thymidines as a linker. These two strands
are next to the middle strand (DX-B3), the side DNA strands DX-B1 and BX-
B2. In Figure 4.3, the DNA strands and their 5-end fluorous modifications and
respective linkers are presented. Dr Andrea T. Sender from Glenn Burley’s group
(University of Strathclyde) carried out the synthesis and HPLC purification of the
fluorous-tagged oligonucleotides.

Different combinations of the fluorous modified strands were tested for the for-
mation of the individual DX-B tiles as well as the DX-arrays. However, it was
not possible to investigate all combinations, due to time limitations. The most
probable combinations to increase the stability of the DNA nanostructures on the
fluorinated surfaces were chosen. The DX-B tile and DX-array were formed in
solution following Protocol F2 described in Section 6.10. The formation of the

DNA nanostructures was then monitored using 1.0% agarose gel electrophoresis.

Observing the gel presented in Figure 4.4, it is clear that the DX-B tiles (4 uM)
are successfully formed, since each respective band is visible on a higher level than
the control sample (1 uM), which consists of just two strands, DX-B3 and DX-B4,
creating a duplex. However, there is no clear difference among the DX-B tiles with
different fluorous content on their structure. The DX-array (2 M) also seems to
form as expected, since there is a band at the top of the gel indicating the formation
of a bigger DNA structure than the individual tiles, which is in accordance with
all the agarose gels shown in this thesis. Each of the followings gels was run at
different dates. The names used for each DX-B tile and DX-array sample on the
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Figure 4.3: Schematic of the different branch fluorous-phase tags attached to the 5'-
end of the DX-B tile DNA strands. a) DX-B1 strand with mono-CgH;7 and 4 Ts as
a linker. b) DX-B2 strand with mono-CgHj7 4 Ts as a linker. ¢) DX-B3 strand with
mono-CgHy7 4 Ts as a linker. d) DX-B3 strand with bis-CgHy7 4 Ts as a linker. e)
DX-B3 strand with bis-CgH;7 4 Ts as a linker.

gel description are shown in Table 4.1, along with the fluorous modified strands
that were used for their formation.
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Figure 4.4:
differences among the samples can be found in Table 4.1.
Fluorous modified | Fluorous modified Fluorinated
DX-B tile DX-array tile DX- B strands
DX-B1-Rf
DX-B (i) DX-array (i) DX-B2-Rf
DX-B3-(HEG)s-Rf
DX-B1-Rf
DX-B (ii) DX-array (ii) DX-B2-Rf
DX-B3-(Rf),
DX-B1-Rf
DX-B (iii) DX-array (iii) DX-B2-Rf
DX-B3-Rf
. . DX-B1-Rf
DX-B (iv) DX-array (iv) DX_B2-Rf
DX-B (v) - DX-B3-(Rf),

Table 4.1: DX-B tiles and arrays run on the 1.0% agarose gels with the respective
fluorous modified strands which are included in each of these samples.

4.2.3 Immobilisation of the fluorous-tagged DX-array on the fluorous

modified fused silica surface

The final step prior to the SRCD experiments was the immobilisation of the formed

fluorinated DX-array on the fluorous modified fused silica crucible. The steps for

the immobilisation procedure can been seen in Figure 4.5.

Briefly, the quartz crucibles were fabricated using standard photolithography and
the pattern created was either fluorous modified mini squares or a single big square
(Figure 4.1) surrounded by a non-fluorous background. Following, the fluorous-
tagged DX-array that was formed in solution, with or without protein attachment,
was incubated onto the crucible for 30 minutes minimum in a humidity chamber
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Figure 4.5: Schematic shows the immobilisation of the DX-array onto the photo-
lithographically defined fluorous arrays of the fused silica crucibles. DNA strands tagged
with fluoro ponytails will strengthen the absorption of the DX-array on the surface.
After a simple wash with 50:50 methanol/ buffer, the perfluorinated fused silica crucible
is regenerated and ready for re-patterning.

Methanol/ buffer wash

in order to prevent any evaporation. A washing step was added, to remove non-
specific bound proteins, staple strands or salt. Finally, the crucible was dried
very carefully and slowly under a stream of nitrogen. As mentioned earlier, the
immobilisation is fully reversible, after 50% methanol in hybridisation buffer wash,
enabling directed surface patterning, regeneration and re-patterning of surfaces
without any associated degradation of immobilisation efficiency or disruption of
Watson-Crick base-pairing.

In order to detect the presence of the DX-array on the quartz crucible, fluores-
cence microscopy was carried out and GFP protein was hybridised on the DX-array
(1.5:1 protein/ DNA ratio). The DX-array with the fluorous modifications DX-
B1-Rp, DX-B2-Ry and DX-B3-(HEG)3-RFr was used, and the array formation and
protein hybridisation were carried out in solution. Many experiments led to mis-
givings about the presence of the DX-array on the surface crucible and, therefore,
the assessment of this argument was very important, as discussed in Section 4.2.4
below. Access to Diamond Light Source Beamline B22 was granted in order to
examine samples of DX-array attached with GFP on both crucibles using fluores-
cence microscopy (ZEISS Axio Imager 2, Carl Zeiss Microscopy). Unfortunately,
the amount of the available sample was not adequate, therefore it was tested only
in the crucible with the mini square patterns. If the immobilisation of the DNA
through fluorous interactions worked in this crucible, then this result would apply
to the other crucible as well. An image of the DX-array with GFP attached as
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captured using the fluorescent microscope is presented in Figure 4.6. It is clear
that the fluorous modified DX-array can be immobilised on the fluorinated squares,
since the protein is visible and also the proteins are in line, according to the design
of the complex. According to AFM, the repeat spacing of the proteins is 32 nm. In
an attempt to try and measure the distance between two proteins (two dots), the
distance was much bigger (1.5 uM). However, this might not be real, since there is
not any other underlying structural features observed in earlier stages that would
lead to this pattern, and there fore it can be concluded that the DNA is present
on the crucible. GFP is sticky on fused silica surfaces and it needs to be washed
thoroughly in order to be removed completely. In this case, the area between the
squares is not masked and, hence non-specific binding cannot be avoided.

T

Figure 4.6: Image of the DX-array with GFP attached (1:1.5 ratio) on the quartz
crucible after immobilisation fluorous effect as it was captured using fluorescence mi-
croscope (50x objective was used).

4.2.4 CD and SRCD measurements of the fluorous-tagged DX-array
on fused silica surfaces

SRCD experiments of the DX-array were recorded at B23 beamline at Diamond
Light Source during the allocated beamtime SM24438-1, which was the final one for
this PhD studentship. CDi experiments were carried out after the immobilisation
of the DX-array (with or without protein) onto the fused silica crucible using
fluorous effect, an alternative sample preparation method, which has the potential
to overcome all the challenges faced in the previous Chapters. Therefore, the

aim of this Section is to investigate whether this new approach is suitable for
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discriminating DNA or proteins which are hybridised in DNA nanostructures by
SRCD or CD:x.

As mentioned in Section 4.2.2, various DX-arrays were formed which included
different number of fluorous ponytails in order to assess whether there was a sig-
nificant stability difference among the systems on the perfluorinated crucible. Al-
though all the DX-arrays were intended to be tested, only the DX-array-(HEG)s-
Ry was carried out using both crucibles templates due to time constraints. The
fluorinated DX-array-(HEG)3-Rp was chosen since it consists of 3 strands modi-
fied with the fluorous ponytails and it is assumed to be more stable on the fused
silica, as shown by the fluorescence microscopy in Section 4.2.3. Therefore, in
the SRCD experiments that follow, the standalone DX-array-(HEG)3-R¢, which
will be referred to as DX-array, as well as modified with the Q71 cytbsge (short
axis, monomer) or Q50 cytbsee (long axis, dimer) variants attached were examined
using the CDi technique.

DX-array

Initially, the crucible with the mini squares (50x50 um?) was used for the SRCD
experiments of the DX-array and two different CDi¢ experiments were run. 4x4
with 60 pm step size (covering an area of 240 pym x 240 pm) and 14x14 with 40
pm step size (560 pum x 560 pm) grid arrays were scanned and CD, as well as UV
absorbance data were obtained and plotted as shown in Figure 4.7. The average
of all CD and absorbance scans is shown in black solid line.

Both grid scans yielded in similar CD signal as expected, since the only difference
was the size of the scanned area. The CD signature, and especially for the CD
spectra presented in Figure 4.7 (b), seems to resemble the signature of the DX-
array which was recorded in previous sessions in films and showed a negative peak
at ~220 nm and a positive at ~275 nm. However, in this case, the positive peak
is slightly shifted at 260 nm. But since the CD spectrum of a DNA is sequence
and composition-dependent, maybe this small modification to the DX-B tile led to
this shift. Moreover, the intensity of the CD signal is also weaker (~3 mdeg) than
the previous results (8 mdeg) when the sample was immobilised on the crucible as
a film. This is also noticeable in the UV absorbance data in which the absorbance
is below 0.1. Ideally, the absorbance should be greater than 0.5 in order to make
sure that we record above the noise. However, it is not crucial to get a very strong
signal for the DNA nanostructure since the aim is to record the CD of the protein
when it is attached to the DNA.

The 2D maps plotted using the SRCD data from the 14x14 grid array scan at 220
and 258 nm, respectively, could give some information about the homogeneity of

the sample deposited on the crucible. Both maps yielded very similar patterns,
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Figure 4.7: a) CD and UV absorbance data of DX-array as they were recorded during
CDi experiment by scanning 4x4 grid array at intervals of 60 ym. b) CD and UV
absorbance data of the same sample obtained by scanning 14x14 grid array at intervals
of 40 pm. 2D maps of SRCD intensity at 220 and 258 nm, respectively, vs x-y; each
square represents the spot mapped (40 pum?) during the 14x14 grid array scan.

340

which show an adequately homogeneous sample. Nevertheless, it is surprising that
there is a CD signal in almost every spot mapped, since not all of them should have
DX-array sample. According to the pattern of the modified disk, DNA should be
present only in the area of the mini squares where the fluorous interactions will
take place upon the sample addition. Moreover, it is not expected that the beam
will hit each mini square after every 40 um step move. Therefore, this probably is a
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consequence of the fact that the area between the fluorous modified squares is not
masked in order to avoid any non-specific binding, and this outcome is explained.
Another explanation though that could be possible is that the CD7 mapped the
CD features of the fused silica since there is no film created following this sample
preparation approach, but only one molecule stacked to the surface and therefore
it is is too dilute too get detected.

The 2D map of the single wavelength CDi experiments for the DX-array at 265
nm is presented in Figure 4.8, where a 20x20 grid array was scanned with 40 ym
step size, corresponding to an area of 800 x 800 pm. This map could provide some
useful information about the pattern of the sample on the quartz and, in general,
information about the homogeneity at the surface of the crucible. However, a
specific pattern is not observed, and the result looks very similar to the previous
two colour maps. The map was plotted automatically using the OLIS program
while the experiment was running. This confirms that the resolution is too low to
see the distinct pattern.

10
Col,

Figure 4.8: 2D CD map of single wavelength CDi experiment for the DX-array at
265 nm. A 20x20 grid array was scanned of 40 pym step size.

The DX-array was then tested in the crucible with the single big square (3x3 mm?)
and CDi experiments were performed for scanning a 4x4 grid array with 70 gm
step size and a 10x10 grid array of 60 pum step size. In contrast to the previous
crucible, by using the single square, it was expected that the sample would bind to
the whole fluorous surface and the CD signal would be present in any spot mapped
on the modified area. However, according to the data shown in Figure 4.9, the
CD signatures do not feature the characteristic peaks of DNA and they are very
different in comparison to the previous crucible because most likely one molecule
on the surface is too dilute for detection. Therefore, it seems that since we are
not creating a film with multiple layers with specific thickness and transparency,
it is difficult to get a signal for the DNA, which is weak in general, as mentioned
earlier.
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Figure 4.9: a) CD and UV absorbance data of DX-array as they were recorded during
CDi experiment by scanning 4x4 grid array of 70 pm. b) CD and UV absorbance data
of the same sample obtained by scanning 10x10 grid array of 60 pm. 2D maps of
SRCD intensity at 220 and 258 nm, respectively, vs x-y; each square represents the
spot mapped (60 pm?) during the 10x10 grid array scan.

In terms of concentration and structure, homogeneity would be expected across
the modified square. Nevertheless, it seems that in case the DNA is present but
weak enough to complicate the recording of CD, the DNA has not bound to the
whole surface, since there are areas with some signal and others with almost no
signal, according to the 2D maps (Figure 4.9 (b)). This is also noticeable at the 2D
map which was plotted after CDi at single wavelength (220 nm, Figure 4.10). This
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suggests that covering a large area is not straight forward, and covering multiple
smaller areas seems to be a better approach with self-assembled and extended
DNA grids.

10
Col

Figure 4.10: 2D CD map of single wavelength CDi experiment for the DX-array at
220 nm. A 20x20 grid array was scanned of 40 pym step size.

DX-array with Q71 cytbsg2 variant

The next sample that was tested included cytbsgo, and more specifically the short
axis variant Q71 (monomer). As stated in Chapter 3, cytbss is an a-helical
protein and it is also a heme protein. The heme gives an induced CD at ~420 nm.
However, the following experiments were focused on the wavelength region 180 to
350 nm because, considering the previous SRCD experiments, the signal for the
heme is not strong enough to be recorded, and therefore, the protein-DNA region

was only investigated.

Initially, the Q71-ssDNA was pipetted on top of the DX-array that was tested
previously in order to see whether the protein would be able to immobilise to the
DNA nanostructure by attaching to its complementary strand. The DNA protein
ratio was 1:1. A 4x4 grid array was mapped with 60 pm step size using the crucible
with the mini squares first. In Figure 4.11 (a), the results originate. The minima
of the a-helical protein are not visible and, in general, the signal remains very low.
Since the signal resembles more the standalone DX-array, it leads to the conclusion
that the signal for the DNA is dominant. Therefore, in Figure 4.11(b), the data
shown are configured after the subtraction of the DX-array from the respective
sample with Q71 added on top. It is evident that there are no significant changes,
except for the fact that the CD intensity becomes even weaker without revealing
CD signature characteristic for this type of protein, but more like a 3-sheet, which
has a minimum band between 215 and 219 nm and a larger positive band between
195 and 202 nm.
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Figure 4.11: a) CD and UV absorbance data of DX-array as they were recorded during
CDi experiment by scanning 4x4 grid array of 70 pm. b) CD and UV absorbance data
generated by DX-array subtraction from the DX-array with Q71 attached sample.

It is important to note that the empty crucible (baseline), the disk with the DX-
array or with the DX-array+protein were tested in different runs. This means
that the crucible was removed from the stage and cleaned between runs so that
the next sample will be deposited. However, it is extremely hard to ensure that
the disk will be placed back to the stage at the exact same position, and as a
result, it is uncertain if the different samples will be aligned. Therefore, when the
subtractions are carried, this problem needs to be considered. The alignment, if
in an ideal distribution, would need to be checked by LD, which could give an
indication on the relative orientation.!®* This would then be used to orient the
samples in the same way, measure CD and finally, use this to subtract the data.
Nevertheless, it is not clear how feasible that would be in our case and due to time

limitations, it was not possible to investigate it any further.

In addition, another sample of DX-array with Q71 cytbsee attached was prepared
in solution (with protein/DNA ratio 1:1) and tested in the crucible with the mini
squares in a 10x10 grid map with 60 pum step size. The baseline subtracted data
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are presented in Figure 4.12 along with the CD maps, as plotted with the data
collected at 208, 220 and 251 nm and the UV absorbance data.
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Figure 4.12: CD data of DX-array with Q71 attached as they were recorded during
CDi experiment by scanning 10x10 grid array of 60 pm. 2D maps of SRCD intensity
at 208, 220 and 251 nm, respectively, vs x-y; each square represents the spot mapped
(60 pum?) during the 10x10 grid array scan. b) Absorbance data of DX-array with Q71
attached

Here, the CD signal for the areas scanned show different behaviour compared to
the earlier measurements. There are some negative bands at 220 nm but the
majority of the scans are above zero at this wavelength. Therefore, the CD data
are not clear enough for the protein region. However, the positive peak at 250-260
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nm could indicate the presence of DNA for most of the scans but it is not clear
enough whether the measurements were recorded above the noise or these spectra
reflect the fused silica surface. The 2D colour maps also show a different pattern

compared to the previous results.
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Figure 4.13: a) CD and b) absorbance data generated by DX-array subtraction from
the DX-array with Q71 attached sample. 2D maps of SRCD intensity at 202, 220 and
251 nm, respectively, vs x-y; each square represents the spot mapped (60 pm?) during
the 10x10 grid array scan.

The following step was to subtract the DX-array to check if any clear band relevant
to the protein would be uncovered. However, it is clear that the peak at ~250
nm has disappeared, and now there is a strong positive band at 220 nm and a
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negative at 200 nm (Figure 4.13 (a)). This result looks like a random signature,
which lead to uncertainty reading of the protein structure upon hybridisation to
the DNA nanostructure, or intensity of the signal.

The same change in the shape of the signal is also noticed at the UV absorbance
data (Figures 4.12 and 4.13 (b)). In general, however, the absorbance is not at an
adequate level. Some visible spikes are due to the beam loss while the experiment

was running.
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Figure 4.14: CD data of DX-array with Q71 attached as they were recorded during
CDsi experiment by scanning 10x10 grid array of 100 pm using the crucible modified
with a big squared pattern of fluorous. 2D maps of SRCD intensity at 208, 220 and
251 nm, respectively, vs x-y; each square represents the spot mapped (100 ym?) during
the 10x10 grid array scan.

The DX-array with Q71 was finally tested in the crucible with the modified single
squared area, performing a CD1 of a 10x10 grid area with 100 pum step. According
to Figure 4.14, the CD signal is very similar the results of the crucible with the
mini squares. The CD is much stronger here, since some of the scans yield CD
above 2 mdeg. A positive peak at 251 nm is present which belongs to the DNA
and some very weak minima are also observed at around 222 nm and 208 nm
which could result from the presence of the protein, however this is not conclusive.
The 2D colour maps plotted using the data from 208, 220 and 251 nm exhibit
a comparable pattern and it is noticeable that the sample is not evenly bound
on the surface, since the CD is stronger in some mapped areas. They all show a
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decreasing intensity from bottom right to top left. This seems to be a systematic
behaviour or error, but it cannot be determined whether it occurs due to the

sample preparation or the data recording.

The data obtained from this experiment were also corrected against the data of
the DX-array itself which were collected earlier using the same crucible, in order
to extract the data solely for the protein (Figure 4.15). These spectra did not
resemble the a-helical protein, even though a strong minimum at 208 nm is present
for some scans. This could be due to the subtraction, or it is an indication that
is not an actual characteristic peak of the protein but a random shoulder of the
signal recorded. The 2D maps show very similar behaviour with the ones before

the DX-array subtraction.
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Figure 4.15: CD data generated by DX-array subtraction from the DX-array with
Q71 attached sample using the crucible with the mini squares. 2D maps of SRCD
intensity at 202, 220 and 251 nm, respectively, vs x-y; each square represents the spot
mapped (100 pm?) during the 10x10 grid array scan

DX-array with Q50 cytbsge variant

The final sample that tested using both crucibles was the DX-array hybridised
with the long axis variant of cytbsee Q50 (dimer). A 10x10 grid array was mapped
with 100 pm step size. The graphs in Figure 4.16 show the data recorded using the
crucible with the mini squares after being corrected against the baseline (empty
crucible). The scans do not show any particular CD signature for either the DNA
or the protein (Figure 4.16). Even after the DX-array subtraction (Figure 4.17),
the signal looks random even though it is very consistent across the grid array

mapped.
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Figure 4.16: CD data of DX-array with Q50 attached as they were recorded during
CDi experiment by scanning 10x10 grid array of 100 um using the crucible with the
mini perfluorinated squares. 2D map of SRCD intensity at 251 nm, respectively, vs x-y;
each square represents the spot mapped (1000 ym?) during the 10x10 grid array scan.

In the final experiment, the same sample was used but this time it was immobilised
on the crucible with the big perfluorinated square. The data recorded and baseline
corrected, as well as the data generated after the DX-array subtraction (Figures
4.18 and 4.19, respectively) show comparable results with the Q71 when the same
crucible was used (Figures 4.14 and 4.15). The 2D maps are also similar to all the

previous results obtained with the same crucible.
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Figure 4.17: CD data generated by DX-array subtraction from the DX-array with
Q71 attached sample using the crucible with the mini squares. 2D maps of SRCD
intensity at 202, 220 and 251 nm, respectively, vs x-y; each square represents the spot
mapped (1000 pm?) during the 10x10 grid array scan.



Chapter 4 DX-array immobilisation on fused silica surface using fluorous effect 123

CD (mdeg)

CD intensity, 220 nm DX-Array-(HEG)-RF+QS0 vs x-y

Average
T

-20 +

T T T T T T T
200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 4.18: CD data of DX-array with Q50 as recorded during CDi experiment by
scanning 10x10 grid array of 100 pum using the crucible modified with a single square
of fluorous modifications. 2D map of SRCD intensity at 220 and 251nm, respectively;
each square represents the spot mapped during the 10x10 grid array scan.

4.3 Discussion and conclusion

In this Chapter, a new approach for immobilisation of DNA nanostructures onto
quartz crucibles was applied, since various challenges were faced with the film
creation in the previous two Chapters. This new approach was based on the
fluorous effect which can be used for the immobilisation of fluorous-tagged DNA
onto fluorinated-solid supports. This method of attachment allows the absorption
of the DNA nanostructure in a more controllable way, the surface can be washed
in order to remove any remaining salt, unbound DNA strands and proteins, but,
most importantly, the immobilisation is fully reversible, enabling regeneration and
re-patterning of the surface with a new fluorous-tagged DNA system.

In order to adapt the fluorous effect method in the system of the DX-array nanos-
tructure, the DX-B tile, which generates along with the DX-A tile the DX-array,
was modified with fluorous ponytails with different fluorous content, which in-
cluded different linkers between the fluorous chain and the carbohydrates. It was
shown that regardless of the number of fluorous chains included in the tile and the
linkers available, the individual tile and the DX-array were formed successfully.
Successful was also the immobilisation of the DX-array onto the perfluorinated
quartz crucible confirmed by fluorescence microscopy where GFP protein was used
in order to visualise the system. Two fluorinated fused silica crucibles were fluo-
rinated, with the first fluorous array including multiple 50x50 pgm mini squares as
a sensing area extended all along the surface of the substrate, whereas the second
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Figure 4.19: CD data generated by DX-array subtraction from the DX-array with
Q50 attached sample using the crucible with a big square modified with fluorous. 2D
maps of SRCD intensity at 210 and 222nm, respectively; each square represents the
spot mapped during the 10x10 grid array scan.

one with a single large square of 3x3 mm and finally, both crucibles were used for
SRCD experiments.

The approach regarding the attachment of the DX-array to quartz surfaces via
fluorous interactions and then the study of the system before and after protein
hybridisation using CD imaging seemed very promising, since, according to the
fluorescence microscopy, the DX-array can be immobilised to the quartz crucibles
successfully. The challenging part comes with the CD experiments that are not
so conclusive. Therefore, the system needs to be further investigated in order to
offer better quality in the CD experiments and ensure whether the spectra reflect
the DNA-protein samples or just the birefringence of the fused silica crucible.



Chapter 5

Conclusions & Future Work

The DNA origami tiles have been evolved as extremely versatile templates for
assembling proteins. It was indicated in previous Chapters that precise orientation
of the proteins on origami surfaces is possible through well-defined protein-DNA
conjugates, achieved via click chemistry with engineered proteins or enzymes. This
project made a step forward by adapting this technology and transferring it to
surfaces in order to establish a new protocol for studying precise oriented proteins
on DNA nanostructures using SRCD spectroscopy at Diamond Light Source B23
beamline.

In order to carry through with the development of this new technology, different
DNA based long-range templates were investigated, which form extremely long
structures. They were intended to be utilised as templates for fine-tuned hybridi-
sation of the engineered proteins. The first DNA nanostructure examined was the
2D DNA nanogrid which proved to be very challenging, since despite its success-
ful formation, there were secondary structures and unbound tiles or DNA strands
in the sample that could not be removed, and therefore they could have nega-
tively affect the process. The GFP protein was used to be hybridised with an
ssDNA via click chemistry, in order to hybridise to the DNA nanostructure. Upon
AFM analysis it was shown that it can be successfully be introduced to the DNA

nanogrid.

The DNA nanogrid system before and after protein attachment was further anal-
ysed with SRCD spectroscopy in films. The films were first tested using con-
ventional benchtop CD in order to ensure the good quality of the films and by,
extension, that the recording of either DNA or GFP was possible. The CD data
for the DNA nanogrid showed the characteristic peaks of the DNA. However, the
size of the beam in benchtop CD instruments is large and as a result, the data
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collected represent the average of a large area of the film. This can be mislead-
ing, since important conformational information may be missing which is crucial
especially for the studies of oriented samples on surfaces. On the other hand, the
CDi method, which is widely used at B23 beamline at Diamond Light Source,
is different compared to the conventional CD methods since it is exploiting the
photon flux microbeam of the synchrotron, along with the X-Y stage (available
only in B23 beamline) in order to probe smaller and different areas of the film.
That gives the opportunity to avoid the non homogeneous areas of the film or
areas that could lead to artefacts. Furthermore, structural changes can be spotted
easily. The only challenge is the preparation of appropriate samples that are ho-
mogeneous in terms of thickness and concentration. In the case of the standalone
2D DNA nanogrid, the characteristic peaks were also observed after mapping an
area of 280 pm x 280 pm using the CD7 method. However, the CD signal was
very weak and after the analysis of the data with respect to the g-factor, the film
proved to be inhomogeneous in terms of concentration and structure. After visual
inspection, the coffee ring effect was observed since various sample layers were
present, as well as partial crystallisation especially at the edges of the sample. In
the case of the 2D DNA nanogrid with GFP attached, unfortunately, neither of

the components provided CD response.

In order to overcome the majority of the difficulties faced with the 2D DNA
nanogrid and GFP, a different system was introduced for investigation, the DX-
array, along with a new engineered protein, the cytbsge. In contrast to the 2D
DNA nanogrid that included an anchoring point for protein hybridisation, the
original DX-array did not offer one. Therefore, the original design was modified
and in the end it provided a protruding area for protein immobilisation. The
DX-array was easier to form, yielding the expected pattern. The hybridisation
of the different variants of the protein was also successful. CD experiments were
performed both in solution and in films. For the experiments in solution, both the
DX-array and protein variants even before of after their hybridisation to the DNA
nanostructure showed the characteristic CD signatures. The different variants of
the protein showed diverse CD intensity depending on which residue the protein
was engineered, as well as the position they were immobilised on the DNA nanos-
tructure (either closer to the DNA surface or far from it). On the other hand,
in the experiments with films, the preparation of homogeneous DX-array samples
was successfully determined using the CD7 method. The protein CD data showed
variations among the different areas scanned indicating that the films were not
homogeneous. Visual inspection also confirmed regions of aggregation or crystalli-
sation of the sample which can lead to artefacts.

Even though the efforts presented in this thesis have started to standardise the
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preparation methods of the films, since the preparation of uniform films (in terms
of concentration and thickness, without the “coffee ring” effect) was successful,
the consistent formation of homogeneous films is still unresolved and most of the
times visual inspection is not enough to confirm the homogeneity of the films. This
can be then confirmed by the CD¢ method. However, it is important not to focus-
ing the experiments on samples that are not suitable for the SRCD experiments.
Therefore, B23 beamline will allocate a 3D optical profilometer in the future which
can provide information about the thickness and uniformity of the film samples
prior to SRCD experiments. This method can be applied as an intermediate step
in order to ensure high quality of the films prepared for the CD¢ experiments, and
as a result, higher quality data will be collected. Another method for deposition
of the samples on the fused silica surfaces which could be explored in the future
is the micro bubble spraying. This method is very fast with devoid of any coffee
ring formation. Other methods for deposition of the samples on the fused silica
surfaces that could be explored in the future are the micro bubble spraying, which
is a very fast method with devoid of any coffee ring formation, and the solvents
with lower volatility. The challenge with the latter is that there is no vacuum
chamber at hand on the beamline, and it would lead to issues with blow-drying
of the samples. However, this would be tested by using systems outside of the

beamline.

Moreover, another approach for immobilisation of DNA nanostructures onto fused
silica crucible was adapted and investigated which was based on the fluorous effect.
A fluorinated crucible and a fluorous-tagged DNA were required for the execution
of this approach. The system can be absorbed in a more controllable way, the
surface can be washed in order to remove unwanted and unbound components
and most importantly, the immobilisation is fully reversible, allowing regeneration
and re-patterning of the surface with a new fluorous-tagged DNA system. Since
the DX-array is the DNA nanostructure that forms easily, it was chosen for the
investigation of this approach. Different number of fluorous ponytails and dif-
ferent linkers between the fluorous chain and the carbohydrates were tested and
regardless of the number of fluorous chains included in the DNA nanostructure,
the DX-array was formed successfully. Furthermore, the successful immobilisation
of the fluorous-tagged DX-array onto the fluorinated quartz crucible was confirmed
by fluorescence microscopy since the DX-array was hybridised with the GFP pro-
tein for the completion of this analysis. Nevertheless, the CD4 experiments were
challenging as the CD signal of either the DX-array or the protein seemed non-
existent. In some CD7 measurements of the standalone DX-array, it seemed that
there could be some signal coming from the DNA but it could also well be that
the birefringence of the fused silica was characterised. Unfortunately, the beam-
time session in which this approach was investigated for the first time, it was the
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last one for this PhD studentship and therefore, it was not explored further. This
new immobilisation approach though requires more optimisation in order to ensure
that it is suitable for the SRCD and CD+ measurements. For further exploration of
this method, different number of fluorous ponytails included on the DNA nanos-
tructures can be explored in order to find the system that can be immobilised
more stably in the crucibles. Finally, Fluorescence Detected Circular Dichroism
(FD-CD) can shed more light in whether the fluorous effect as an immobilisation
approach can be used with SRCD experiments. %1% If this is the case, differ-
ent proteins can be studied as a proof of concept in order to further develop this
technology for protein studies described in this PhD thesis.
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General Experimental Procedures

6.1 Materials & Instruments

The phosphoramides and all the reagents (acetonitrile, deblocking reagent, DCM,
activator, capping A & B, oxidizer) were purchased from Tides Service Technology,
Germany or Sigma-Aldrich (Merck). The Controlled Pore Glass (CPG) columns
for the synthesiser were procured from Sigma-Aldrich (Merck).

The deprotection of the strands was carried out in aqueous concentrated ammonia
(Fischer Scientific, UK). Glen-Pak columns were supplied from Glen Research.
Amicon filters were purchased by Merck Millipore. Milli-Q water was collected
using the Q-Gard purification filter, connected to the Milli-@Q Gradient A10 system
of Merck Millipore.

For the annealing of the 2D DNA nanostructures, T100 Thermal Cycler from
Bio Rad was used. Atomic Force Microscopy (AFM) images under dry conditions
were collected using Nanoscope I1I controller in Southampton University and AFM
images in liquid were collected using the Dimension Icon ScanAsyst AFM from
Bruker (USA) at Strathclyde University in Glasgow. Mica substrate was also used
for the imaging and it was purchased from Agar Scientific. The tips used were
supplied by NanoWorld.

UltraViolet-Visible spectroscopy (UV-Vis) for the optical characterization and the
measurement of the absorbance of the DNA strands was performed using a Varian
Cary 300 Bio UV-Visible spectrophotometer with quartz cells of 1 cm path length,
supplied by Hellma.

For the measurement of GFP emission, the Varian Cary-Eclipse Fluorescence spec-
trophotometer was used with quartz cells of 1 cm path length, supplied by Hellma.
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The excitation wavelength for fluorescence spectroscopy were the Amax values as
found by UV-Vis.

CD data were obtained using the ChirascanPlus CD instruments and SRCD data
were measured using the Module B (Linkam stage and ) at B23 beamline at
Diamond Light Source, UK. The quartz crucible used for the sample preparation
was purchased from Linkam Scientific.

6.2 DNA Synthesis

The 392 DNA/RNA Synthesiser and the Expedite Synthesiser, both from Applied
Biosystems, were used for the synthesis of the strands of the 2D nanogrid and
the DX-array, respectively. The DNA strands were synthesised by solid phase
synthesis using 1000 A pore CPG beads on a 1 pmol scale. Standard coupling
times were used for the bases.

The oligonucleotides were cleaved from the solid support by pushing 1 mL of
aqueous ammonia through the columns for 1 hour at room temperature. The
bases were deprotected in aqueous ammonia solution by either heating to 55 °C
for 4 hours or 40 °C overnight using an Eppendorf Thermomixer Compact. Finally,
the oligonucleotides were purified by Glen Pak cartridge column chromatography.

6.3 Glen Pak Cartridge Purification

After the protecting groups have been cleaved for the bases, the oligonucleotides
were purified using a Glen Pak column. If this type of purification is to be used,
the DNA strands are synthesised DMT-ON. This involves a reverse phase (RP)
column, which relies upon binding of the 5- DMT group to the stationary phase.
This allows the failure sequences to be washed through the column.

The sample was first prepared by adding 100 mg/mL Sodium Chloride solution (1
mL). The cartridge was prepared by washing with Acetonitrile (0.5 mL) followed
by 2M Triethylamine acetate (TEAA) (1 mL). The acetonitrile washes away or-
ganic residues from the resin, while the TEAA behaves as an ion-pairing reagent
in order to enhance the binding of the DNA to the resin.

The DNA salt solution was applied to the cartridge and washed with Salt Wash so-
lution (5% acetonitrile in 100 mg/mL sodium chloride) (2 mL). The wash solution
rinses away the remaining failure sequences. The cartridge was then washed with
2% Trifluoroacetic acid (TFA) (2 mL), which cleaves the DMT from the bound,
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full-length oligonucleotide, directly followed by deionized water (2 mL) to rinse
away the excess salt. The sample is then eluted using a 50% acetonitrile in water
containing 0.5% ammonium hydroxide (1 mL).

The solvent was removed from the DNA sample using an Eppendorf Concentrator
5301 (speed-vac) at room temperature. The selected settings for the evaporation
were based on the solvent used. The resulting solid DNA re-dissolved in deionised

water for further analysis.

6.4 High Performance Liquid Chromatography

The purity of the oligonucleotides was further analysed using a Varian 920-LC
HPLC and the samples were run in a Varian Polaris 3 C18-A column (150 x 4.6

5 uL of each strand was injected in 0.1 M TEAA buffer. Depending on the number
of bases included in the sequence, two different methods were created. For the
long strands (up to 100 bases), the method 1 was used (Table 6.1) and for short
strands (up to 25 bases), the method 2 (Table 6.2). In both methods, the column
was heated up to 60 °C for better separation. Flow rates were set to 0.6 mL min-1.

B%
A%
Time / min MeOH
TEAA Buffer (HPLC grade)
0 100 0
40 0 100
50 0 100
60 100 0
65 100 0

Table 6.1: Description of method 1 and solvents used for long DNA strands.

B%
A%
Time/min MeOH
TEAA Buffer (HPLC grade)
0 100 0
40 60 40
50 0 100
60 0 100
70 100 0

Table 6.2: Description of method 2 and solvents used for short DNA strands.
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6.5 Denaturing Urea Gel-PAGE (DNA Purification)

The denaturing urea polyacrylamide gel was first made using the amounts shown
in the following Table 6.3.

Denaturing urea polyacrylamide gel
(12.5 %)
UreaGel 29:1 Concentrate 12.5 ml,
(National Diagnostics) ’
Urea in deionised
aqueous solution, 8 M 10.0 mL
10 x TBE buffer (pH 8.3)
with urea, 8 M 2.5 mlL
TEMED 20 pL
10% APS 100 pL

Table 6.3: Required amounts of reagents for the preparation of denaturing urea poly-
acrylamide gel.

All the reagents shown in Table 6.3 were mixed together and the gel solution was
added to the frame. Comb was inserted and the gel was allowed to polymerise for
one to two hours. After one to two hours of polymerisation, the comb was removed
and the gel was placed in the running apparatus. The upper and lower chamber
were filled with 0.5 x TBE buffer (0.089 M Tris base, 0.089 M boric acid pH 8.3
and 2 Mm EDTA). DNA was loaded onto the gel using 90 pl. of DNA solution
and 10 uL of DI stop solution (blue dye with 80% formamide, 10mM EDTA, 5
mM NaOH and 0.1% bromophenol blue). The gel was run for 1 hour in 800 V.

The gel was then separated from the plates and imaged using a fluorescent indica-
tor (UV lamp). The main band was cut out and the DNA was recovered using a
“crush and soak” method. The band of the gel used was crushed and transferred
to a 1000 pL pipette tip in a microfuge tube. 400 uL of TE solution (10 mM Tris
and 0.1 mM EDTA) was added and the tube with tip in was placed in a rotary
shaker in order to recover the DNA overnight at room temperature.

Ethanol precipitation was followed for concentrating and de-salting the DNA. The
tube with the DNA was spinned in order to collect the entire liquid sample in
the tube (the gel remained in the pipette tip). 100% Ethanol (3 x the volume of
the DNA sample) and 50 pL of Sodium Acetate (3 M) were added in the tube,
which was then placed in dry ice. The DNA was chilled for at least 30 minutes.
Following, the DNA was spinned for 20 minutes using centrifuge. The supernatant
was removed and the tube with the precipitated DNA was placed in the speed-vac
for evaporation from the excess ethanol. In the end, the DNA was dissolved in
100 pL of deionised water in order to measure the absorbance.
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6.6 DNA modification with 5° BCN-CEP II modifier

The synthesis of the DNA strand and its modification were carried out on an
Applied Biosystems Expedite machine. The modifier, 5-Click-easy™ BCN CEP II
dissolved in 1.5 mL of acetonitrile and it was placed in the modifiers’ position at the
Expedite. Extended coupling time up to 8 minutes was used for the modification
of the oligonucleotide. The modifier was clicked at the 5-end of the strand. The
BCN-DNA was cleaved from the beads using 1.5 mL aqueous ammonia and it was
then left for deprotection in the thermomixer at 40 °C overnight. The DMT-OFF,
deprotected oligo was evaporated to dryness using the speed-vac and, subsequently,
desalting procedure was performed using Glen-Pak.

6.7 Desalting Procedure of BCN-DNA (Glen-Pak)

The fully deprotected, DMT-OFF and dried BCN-DNA was reconstituted in 2.0
mL 0.1M TEAA. In the meantime, the cartridge was prepared using 1.0 mL of
Acetonitrile, followed by 1.0 mL of TEAA. The BCN-DNA solution was loaded
onto the Glen-Pak column, which was then flashed with 3 x 1.0 mL of deionised
water. This wash removes the excess salt from the cartridge. The desalted BCN-
DNA was eluted by flashing the cartridge with 1.0 mL 50% Acetonitrile in water.
In, the end the sample was evaporated using the speed-vac and it re-dissolved in

deionised water for further analysis.

6.8 Protein-DNA modification (Click Chemistry)

sfGFP (1 equiv) was mixed with modified 5-BCN DNA (3 equiv) in 100 mM
sodium phosphate buffer (PBS, pH 8.0, reaction volume 250 ul) for 48 hours at
room temperature in the dark. The progress of the modification was monitored
using SDS-PAGE. The mixture was concentrated using Amicon filters (10 kDa).
The PBS buffer was prepared using the following amounts (Table 6.4).

6.9 SDS-PAGE

A resolving and a stacking gel buffer (stock solutions) were first made using the

following amounts shown in the Table 6.5.
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PBS (pH 8.0)
Sodium phosphate
monobasic solution, 0.2 M 1.325 mL
Sodium phosphate
dibasic solution, 0.2 M 23.675 mL
Sodium Chloride 029 g
Deionised water Up to 50 mlL

Table 6.4: Required amounts of reagents for the preparation of PBS buffer.

Resolving gel buffer | Stacking gel buffer
(4X, pH 8.8) (4X, pH 6.8)
Trizma® base, 1.5 M 91¢g 3.03 g
10% SDS 10.0 mL 02g
TEMED 2.5 mL 02g
Deionised water Up to 50 mL Up to 50 mL

The pH was adjusted using HCI.

Table 6.5: Required amounts of reagents for resolving and stacking gel buffers for

SDS-PAGE.

Those buffers were used for the preparation of the resolving and the stacking gel,

respectively, mixed with other reagents. The required amounts are shown in the

Table 6.6.

Resolving gel

Stacking gel

Deionised water

30% Acrylamide gel

solution

Resolving gel buffer (4X)

3.2 mLL
4.2 mL
2.5 mL

Stacking gel buffer (4X) -

10% APS

0.1 mL

1.55 mL
0.33 mL

0.62 mL
0.015 mL

Table 6.6: Required amounts of reagents for resolving and stacking gel for SDS-PAGE.

The loading and the running buffer were also prepared using the following amounts

shown in the Tables 6.7 & 6.8, respectively.

The resolving gel (Table 6.6) was first mixed, poured into the mould and left to

set for 30 minutes. Isopropyl alcohol (IPA) was used in order to ensure an even gel

and then it was poured out. The stacking gel (Table 4.6) was mixed and poured

on top of the resolving gel. A comb was inserted to form the wells to load in the

protein samples. The gel was left to set for further 15-20 minutes and then the

comb was removed. In the meantime, the samples were prepared by incubating
them in 2 x loading buffer (Table 6.7) at 95 °C for 15 minutes and then, they were
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2 x loading buffer
Tris HCI, 100 mM 2.5 mLL
4% w/v SDS 5.0 mL
0.05% Bromophenol Blue 1.25 mL
20% Glycerol 10.0 mL
DTT, 50 mM 1.25 mL
Deionised water Up to 25 mL

Table 6.7: Required amounts of reagents for 2 x loading buffer for SDS-PAGE.

10 x running buffer
Trizma® base, 0.12 M (pH 8.3) 300 g
Glysine, 1.25 M 144 g
0.5% w/v SDS 10g
Deionised water UptolL

Table 6.8: Required amounts of reagents for 10 x running buffer for SDS-PAGE.

loaded onto the gel. The gel was run at 150-200 V for 45 minutes in 1 x running
buffer (Table 6.8). In the end, the gel was stained using InstantBlue™ Coomassie

protein stain.

6.10 DNA nanostructures’ annealing protocols in solution

The annealing of the oligonucleotides for the formation of the individual tiles
and the 2D nanostructures was carried out with two different protocols. In both
annealing protocols, the buffer, which was used, was 1 x TAE/Mg?". However, 10
x TAE/Mg?" buffer was prepared, using the amounts shown in Table 6.9.

10 x TAE/Mg?T pH 8.0
Trizma® base, 400 mM 48 g
Acetic Acid, 200 mM 1.15 mL
EDTA, 20 mM 0.58 g
Magnesium Acetate, 125 mM 2.7g
Deionised water Up to 100 mL

The pH was adjusted using acetic acid.

Table 6.9: Required amounts of reagents for 10 x TAE/Mg?* buffer for annealing.

Protocol F1: All the single strands involved in the tiles were mixed in an Eppen-
dorf tube with 1 x TAE/ Mg?" buffer in total volume of 60 uL and concentration
1 uM. The mixture was heated up to 90 °C and cooled down to 4 °C in a period
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of ~ 13 hours on T100 Thermal Cycler. The whole protocol used is shown in the

Table 6.10.

Step Temperature, °C Hold duration/ Speed of cooling

90
90 — 70
70 — 60
60 — 50
50 — 45
45 — 37
37 — 20
20 — 16

4

© 00N ULk W=

2 minutes and 30 seconds
0.2 °C / 8 seconds
0.1 °C / 8 seconds
0.1 °C / 25 seconds
0.1 °C / 50 seconds
0.1 °C / 2 minutes
0.1 °C / 3 minutes

10 minutes
00

Table 6.10: Annealing protocol F1 (90 °C — 4°C).

Protocol F2: Each individual tiles were assembled by mixing a stoichiometric
quantity of the DNA strands involved in the tile in 1 x TAE/Mg*" buffer. The
oligo mixtures were cooled from 90 °C to 4 °C in a period of ~ 13h using the T100
Thermal Cycler (Table 6.10). Then, a ratio of 1:1 of each tile was mixed, heated
up to 50 °C and cooled to 4 °C in a period of ~ 6 hours, in order to form the 2D

DNA nanostructures (Table 6.11).

Step Temperature, °C Hold duration/ Speed of cooling

50
50 — 40
40
40 — 35
35 — 30
30 — 25
25 — 20
20 —» 15
15 — 10
10 — 5
5
4

e
ChBEocwowwoup wnwr

10 minutes
0.2 °C / minute
1 hour
0.2 °C / minute
0.2 °C / minute
0.2 °C / minute
0.2 °C / minute
0.2 °C / minute
0.2 °C / minute
0.2 °C / minute
1 minute
00

Table 6.11: Annealing protocol F2, second half 50 °C — 4 °C.

Formation of the DNA tiles and the 2D DNA nanostructures was analysed by 1%
Agarose gel electrophoresis and native PAGE.
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6.11 Agarose Gel 1%

1 x TAE / Mg*" was first prepared using the amounts shown in the Table 6.12.
This buffer was used both for the agarose gel preparation and as a running buffer.

10 x TAE/Mg?T pH 8.0
Trizma® base, 40 mM 48 g
Acetic Acid, 20 mM 1.15 mL
EDTA, 2 mM 0.58 g
Magnesium Acetate, 11 mM 24 ¢g
Deionised water UptolL

The pH was adjusted using acetic acid.

Table 6.12: Required amounts of reagents for 10 x TAE/Mg?* buffer for annealing.

Agarose (1 g) was suspended in 100 mL 1 x TAE/Mg?* (100 mL) and heated in
the microwave until all the solid had dissolved. The mixture was left to cool down
for 5 minutes. SYBR gold (10 uL) was then added to the solution before it was
poured into a mould and a comb was inserted. The gel was then left to set for
20-30 minutes and, subsequently, the comb was removed. The gel was placed in
the running apparatus, which was filled with the 0.5 x TAE/Mg?** buffer, as the
gel must be fully covered with the buffer. DNA was loaded in the gel using 2 L
of DNA sample, 8 uL of deionised water and 2.5 uL of 5 x Green GoTaq® buffer.
The gel was run for 1-2.5 hours in 60-70 V. Ice bags were used in order to prevent
the gel from overheating. In the end, the gel was imaged using the Gel Doc™ EZ
imager from BIO RAD.

6.12 Protein-ssDNA Co-Assembly on DN A nanostrustures

The DNA nanostructures in 1 X TAE/Mg*" buffer (1 uM) were mixed with protein
conjugated with addressing ssDNA with a molar ratio of 1:1. The solution was left
for hybridisation in room temperature over a period of 24 hours. As an alternative,
the hybridisation could be carried out from 37 °C to 4 °C over a gradient of -1
°C per minute on T100 Thermal Cycler. The system was then visualised using
Atomic Force Microscopy (AFM).
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6.13 Sample preparation for AFM

An approximately 1 cm mica disk was attached to a magnetic slide using double-
sided conducting adhesive tape. The mica was carefully positioned on the slide
and firmly pressed to ensure that no air bubbles formed beneath the disc.

Once the mica was positioned on the magnetic slide, it was cleaved using Scotch®
tape to produce an atomically flat surface. The tape was pressed onto the surface
and then slowly removed. This removed the very top layer of the mica disk. This
was repeated 3-4 times as the first couple of cleaves produced a rather inferior

surface.

Sample preparation for the AFM under dry conditions: The sample to be

imaged in the appropriate buffer (1X TAE/Mg?*") was pipetted onto the centre of
the mica disc (3-5 pLi). The solution was left to incubate for 1-3 minutes, depending
on the volume of liquid pipetted onto the surface, to ensure that the DNA was
completely bound to the mica. It was then washed with 100-200 puL deionised
water and dried using a nitrogen gun. The sample was transported to the AFM
in a sealed container to prevent any contaminants attaching to the surface and
was imaged straight away, using tapping mode. AFM imaging was performed on
Nanoscope III SPM controller.

Sample preparation for the liquid AFM: The sample to be imaged in the

appropriate buffer was pipetted onto the centre of the mica disc (5 pL) and it was
left to incubate for 5 minutes. Then, 20 uL of the annealing buffer was placed
onto the AFM tip and on the top of the sample. AFM images were obtained on
FastScan Bio™ with ScanAsyst from Bruker (USA) at Strathclyde University in
Glasgow. Images were then analysed using NanoScope Analysis 1.5 software.

6.14 CD and SRCD Spectroscopy

The CD experiments were performed using a nitrogen- flushed Chirascan Plus
spectropolarimeter (bench-top instrument) from Applied Photophysics (Leathrhead,
UK).All the SRCD and CDi measurements were recorded at B23, Diamond Light
Source, UK, during beamtime allocations. Measurements were recorded using a
nitrogen-flushed module B end station which is equipped with a highly modified
DSM 20 spectropolarimeter (Olis Inc, Georgia, USA).% Prior to the start of the
set of experiments, the signal calibration was checked using a standard solution of
0.6 mg mL™ camphor sulphonic acid, which normally gives a ration of 2:1 for the
absolute peak intensity at 290.5 nm and 192.5 nm. " The samples were measured

in the unique B23 vertical sample chamber equipped with motorised XY stage.
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The samples were analysed in solution and in solid phase (films). For sample
preparation in solution, at least 30 uL. of the desired sample was pipetted in a
quartz cell of the appropriate path length. The films were prepared by dropping
sample (5-15 puL) on a quartz substrate and they were dried under a stream of
nitrogen. All the CD and SRCD data were baseline corrected as appropriate and
processed further in CDApps. 116

6.15 Immobilisation of DNA nanostructures on fluorous

modified quartz disk

Fluorous-tagged DNA nanostructures were immobilised onto patterned quartz disk
with Heptadecafluoro-1, 1, 2, 2-tetrahydrodecyl) trimethoxysilane (FTDS). The
solution of the fluorous tagged DNA nanostructure with protein attached (1 M)
formed as described in Sections 6.10 and 6.12 was spotted onto the quartz and left
from 30 minutes to 2 hours at room temperature in a humidity chamber (container
with a lid, blue roll and parafilm). The quartz surface was then rinsed with 10 pL
of water and dried under nitrogen.

An alternative approach of introducing the protein into the DNA nanostructure
could be upon the immobilisation of the DNA onto the perfluorinated quartz
crucible and when the surface is washed and dried then the protein-ssDNA will be
incubated on the quartz following the same procedure.

6.16 Removal of the DNA nanostructure from the fluorous

modified quartz surface and its re-immobilisation

The DNA nanostructure was removed from the surface by immersing the substrates
in a solution containing 50% MeOH, in TAE/Mg** buffer, overnight. Following the
substrates were removed, rinsed in TAE/Mg?" and water. The re-immobilisation
of the DNA nanostructure and hybridisation with the protein-ssDNA was carried
out as described in Section 6.15.
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Figure 1: Mass Spectrometry analysis for CT-A1 ssDNA.
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Figure 2: Mass Spectrometry analysis for CT-A2 ssDNA.
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Figure 3: Mass Spectrometry analysis for CT-A3 ssDNA.
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Figure 4: Mass Spectrometry analysis for CT-A4 ssDNA.
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000 miz



162 Appendix Appendix A

H}NI\'ERSIT‘!’ OF

Southampton

Chemistry - micrOTOF Oligonucleotide Report

Iri1ar|°sv5 CX BO45 AB_RE3_0r1_40326.0- TIC -
%1
]

Intens. CX B045 AB_RE3 01_40378.d UV Chramatagram, 260 nm
[maL)

150

100 I

50 ||

a A M, I — -

o 2 4 B B 10 12 14 16 Time [rriri]

Irtens. 345, 6.7-7.0min #1402-418)
i

10
0E
0E
04

0.2
8 4- 2

¥ 1 1
wes omimoss OPT o i

oo

Iriens. CX 8045 AE_RE3_01_40329.d. -MS, 6.7-7.0min, Decanvoluted {MalEn_I.]

1.50 4038 4

1.25

a7s
.50

0.25

T3 l
i I

Q.00
3600 2800 4000 4200 4400 4500 4800 5000 miz

Figure 6: Mass Spectrometry analysis for CT-A6 ssDNA.
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Figure 7: Mass Spectrometry analysis for CT-A7 ssDNA.
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Figure 8: Mass Spectrometry analysis for CT-A8 ssDNA.



Appendix Appendix A 165

NIVERSITY OF

Southampton
Chemistry - micrOTOF Oligonucleotide Report

|m-nns CX B045 A9_RES_01_A0332.4 TIG -
Eal

Initens. ; CX B045 AD_REE_01_40332 4 UV Chramatogram, 280 Am
[mAU)

150
& ||
507 |

W A4 . |
o 2 4 B B 10 12 14 16 Time [min]

intens. BAS, B.8-7.1min #{A05-423]
wind

1.0

0.5

2.
6 & A L 19847
B02.1

e genp Teas B L L

Iniens. CX 8045 AB_REE_01_40332 d: M3, 6.8-7 Tmin, Decanolubed (MaxEnt)

34724

38673

ol Al e M
B0

3 3800 4000 4200 2400 4500 4800 mz

Figure 9: Mass Spectrometry analysis for CT-A9 ssDNA.
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Figure 10: Mass Spectrometry analysis for CT-A10 ssDNA.
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Figure 11: Mass Spectrometry analysis for CT-B1 ssDNA.
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Figure 12: Mass Spectrometry analysis for CT-B2 ssDNA.
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Figure 13: Mass Spectrometry analysis for CT-B3 ssDNA.
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Figure 14: Mass Spectrometry analysis for CT-B4 ssDNA.
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Figure 15: Mass Spectrometry analysis for CT-B5 ssDNA.
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Figure 16: Mass Spectrometry analysis for CT-B6 ssDNA.
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Figure 17: Mass Spectrometry analysis for CT-B7 ssDNA.
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Figure 18: Mass Spectrometry analysis for CT-B8 ssDNA.
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Figure 19: Mass Spectrometry analysis for CT-B9 ssDNA.
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Figure 20: Mass Spectrometry analysis for the BCN-DNA.
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Figure 21: Mass Spectrometry analysis for DX-A1 ssDNA.
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Figure 22: Mass Spectrometry analysis for DX-A2 ssDNA.
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Figure 23: Mass Spectrometry analysis for DX-A3 ssDNA.
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Figure 24: Mass Spectrometry analysis for DX-A4 ssDNA.
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Figure 25: Mass Spectrometry analysis for DX-A55> ssDNA.
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Figure 26: Mass Spectrometry analysis for DX-B1 ssDNA.
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Figure 27: Mass Spectrometry analysis for DX-B2 ssDNA.
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Figure 28: Mass Spectrometry analysis for DX-B3 ssDNA.
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Figure 29: Mass Spectrometry analysis for DX-B4 ssDNA.
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Figure 30: Mass Spectrometry analysis for DX-B5 ssDNA.
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Cytochrome b562 Variants

SA - 7short axis” variant cytochrome b562 with a p-azido-L-phenylalanine (AzF)
mutation at position 5 and a cysteine mutation opposite that at position 104.

E418nm = 52,000

Sequence: ADLE-AzF-NMETLNDNLKVIEKADNAAQVKDALTKMRAAALD-
AQKATPPKLEDKSPDSPEMKDFRHGFDIIVGQIDDALKLANEG- KVKEAQAAAE-
QLKTTRNAYHQCYR

Lys104Cys

Figure 31: Short axis (SA) cytochrome bsx with azF mutation at position 5 and
cysteine mutation at position 104.
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LA - 7long axis” variant cytochrome b562 with a p-azido-L-phenylalanine (AzF)

mutation at position 50 and a cysteine opposite at 21.
E418nm = 85,000.

Sequence: ADLEDNMETLNDNLKVIEKACNAAQVKDALTKMRAAALDAQKA-
TPPKLE-AzF-KSPDSPEMKDFRHGFDILVGQIDDALKLANEG- KVKEAQAAAE-
QLKTTRNAYHQKYR

s, Asp50AzF

Figure 32: Long axis (LA) cytochrome bsgo with azF position at 50 and cysteine
mutatuion at position 21.
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