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Résumé

La nanoconstruction avec ADN est utilisée comme un outil puissant pour étudier le
fonctionnement de systémes biologiques comlpexes. Dans cette étude, nous avons
utilisé et dévéloppé une nouvelle méthode pour construire des assemblages en
utilisant des protéines couplées a I'ADN avec des réactifs bifonctionnels. J’ai montré
la fonctionalité de ces méthodes avec le coulage et 'assemblage de deux protéines
fluorescentes la sfGFP et la mRuby3. Nous avons pu confirmer la formation des
assenblages souhaités par transfert d'énergie de fluorescence et par electrophorése.
Notre méthode nous permet de concevoir positionner plusieurs differentes molécules,
telles que des protéines, dans assemblages complexes guidées par 'ADN. Ceci offre
une plateforme nanotechnologique pour construire des nouveaux metamateriaux mais
également permet de tester des hypothéses sur le role de I'organisation dans le
fonctionnement de systemes biologiques telles que les voies de signalisation, ou bien
les membranes biologiques. Dans l'ensemble, cette méthode offre flexibilité,
polyvalence et contrdlabilité a la conception en raison des caractéristiques de I'ADN
lui-méme et des modifications chimiques pour les protéines de manipulation sont
simples et peu colteuses. Afin de permettre l'utilisation dans les constructions
complexes j'ai également étudié la formation d’assemblages d’ADN dite origami en
conditions isothermes. Cette methode basé sur la gestion de la concentration d’ions
promet la formation d’assemblages complexes a des temperatures ambiantes sans

recours a une chaufage susceptible a denaturer des protéines.

Mots clés: ADN, nano-assemblage, réactifs bi-fonctionnels, assemblages

macromoléculaires guidés par I'ADN.



Abstract

DNA nanoassembly offers a powerful tool for the study of complex biological systems.
In this study | have used and developed a new method for the construction of complex
assemblies using DNA attached to proteins by bi-functional reagents. | have
demonstrated the fitness of these methods with the linkage and assembly of two
fluorescent proteins sfGFP and mRuby3. | was able to confirm the formation of the
expected and designed assemblies by fluorescence energy transfer and gel
electrophoresis. My method allows to imagine the accurate positioning of multiple
different molecules, such as proteins, in DNA guided macromolecular assemblies.
This opens the possibility of using DNA guided assembly as a platform for the
construction of complex metamaterials and for the investigation of the role of
organization in the function of biological systems such as signaling pathways or
membranes. Altogether this method offers flexibility, adaptability, and controllability in
the design of complex assemblies based on DNA properties and the ease and
controllability of the chemistries used. To pave the way for their use in the formation
of complex structures | also studied the formation of, so called, origami DNA
assemblies under isothermal conditions. This technique based on the control of ionic
strength ammowl the assembly of complex structures at ambient temperatures without

using a heating step that could well denature proteins.

Key Words: DNA, nano assembly, bi-functional reagents, DNA guided

macromolecular assemblies.



Acknowledgements

The completion of this dissertation would not be possible without the support of many
people. First, | would like to thank to my thesis advisor Prof. James Sturgis is an
amazing scientist and mentor, and he provided me the best training environment |
could have imagined. | was pushed to come up with my own ideas and learned how
to write and speak like a scientist. His willingness to share his knowledge and expertise
in every single step and progress of the ongoing projects at any time day and night
was very fruitful for shaping up my ideas scientifically. It was an honor and great
experience to work with him. | would like to thank Research Engineer Valérie Prima
who provided me her generous guidance, constant positive attitude, and excellent
training during my PhD. She taught me how to be strong even in the worst scenarios.

| would like to thank the entire Sturgis Lab, past and present members; Prof. Jean-
Pierre Duneau, Dr. Lucie Bergdoll, Dr. Marcel Giansily and Batiste Thienpot for their
help with designing experiment, their friendship and support.

| would also thank to my best friends because things are never quite as scary when
you have best friends. | have overcome many challenges about my academic and
personal life thanks to them. | would like to thank Sinem Usluer, Nazli Kocatug, Aurely

Cébe, Kevin Johan, Nur Su Cakir and Bulent Uraz for sincere friendship.

Without my family, | would not be where | am today. | would like to thank my parents
Sirvan Savsun and Kemal Karatas, my sister Yagmur Karatas and Denat Pavli for
supporting me in everything that | do. They always pushed me to do better, and my
drive to succeed was instilled from a young age. Thank you from the bottom of my
heart.



Abbreviations and Acronyms

2-ME
BChl
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RC
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Rb.
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TCEP
EM
EtBr
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SST
TAEMg
TANa

2-mercaptoethanol

Bacteriochlorophyll

Core Complex

Copper(l)-catalyzed azide-alkyne 1,3-dipolar cycloaddition
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Endoplasmic Reticulum

High Performance Liquid Chromatography
Intra Cytoplasmic Membrane
Light-harvesting

N-hydroxysuccinimide Ester
Photosynthetic Unit

Post-translational Modification

Reaction Center

Roseobacter

Rhodobacter

Strain-promoted Alkyne-Azide Cycloaddition
Tris (2-carboxyethyl) phosphine

Electron Microscope

Ethidium Bromide

Forster Resonance Energy Transfer
Single-Stranded Tiles

Tris - Acetate - EDTA + MgCI2 buffer

Tris - Acetate + 100 mM NacCl (for 1x) buffer



TAENa Tris - Acetate - EDTA + 100 mM NaCl (for 1x) buffer
(T)EM (Transmission) Electron Microscopy
TEMg Tris-EDTA buffer

Tm Melting Temperature
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Chapter 1 DNA nanotechnology

The object of supramolecular chemistry is understanding and controlling non-covalent
interactions which exist between molecules in a defined environment. Supramolecular
chemistry has a capability of creating highly complex and functional molecules,
ranging from catenanes to molecular muscles or nano robots. This field allowed to
open new perspectives on how to use molecules not only as reactants, but also as
building blocks for larger, more complex, and reconfigurable structures. With the
development of supramolecular chemistry, the perspective of scientists on some
molecules changed. In the beginning of 80's, DNA started to be regarded as a potential
building block for nanomaterials. This eventually led to the birth of DNA
nanotechnology which has the potential to be a valuable tool for the creation of nano
objects with an unprecedented control over their shapes and sizes.

In the first section of chapter 1, | will provide a general overview about the DNA
structure and its potential as material for nanofabrication. In the second section, | will
present the more important technologies in this field: DNA origami and DNA Single-
Stranded Tiles (SST) as well as their most common applications. Also, it will be
described the thermal assembly and isothermal self-assembly process of DNA
origami. The final part of the section describes application of DNA nanotechnologies.

1.1. Structure of DNA

Deoxyribonucleic acid (DNA) is the main macromolecule which encodes genetic
information in all living organisms. DNA was discovered for the first time as nuclein in
1869 by Friedrich Miescher and its name changed from the original nucleic acid to
deoxyribonucleic acid [1]. The chemical composition of DNA was demonstrated by
Albrecht Kossel, Phoebus Levene [2] and Erwin Chargaff [3]. In 1953, Francis H.C
Crick, Rosalind Franklin, James D. Watson, and Maurice H.F. Wilkins published the
structure of this key molecule, and they were awarded the Nobel Prize in Physiology
and Medicine in 1962.

10



1.1.1. Composition of single strand DNA

A DNA molecule is composed of two polynucleotide chains which are known as DNA
strands. DNA strands are copolymers consisting of four repetition of monomers called
nucleotides (see figure 1.3). A nucleotide is a chemical unit constituted of three parts:
a phosphate group, a deoxyribose sugar, and a nitrogenous base, as presented in
Figure 1.1. The association between sugar and nitrogenous base is defined as

nucleoside.

Jpr s —.Nucleoside
Nitrogenous |
Base

4 ..e----.Nucleotide

Nitrogenous |
Base :

H \

Phosphate ./~ Deoxyribose sugar

Figure 1.1. A DNA strand is composed of a succession of nucleotides composed of a phosphate

group (pink), deoxyribose sugar (blue) and nitrogenous base (yellow) Adapted from [4].

The attachment of the phosphate group to the nucleoside forms a nucleotide. The
single nucleotides bind each other through a phosphodiester bond between the 5
primary alcohol group of one sugar and the 3’ secondary alcohol group of the adjacent
nucleoside’s deoxyribose. Each polynucleotide chain of dsDNA is constructed by
nucleotides through phosphodiester bonds. At this point, | need to mention two
features of the DNA structure: firstly, the phosphate molecule in the DNA structure
does not only allow the construction of DNA strands but is also responsible for the

negative charge of DNA molecules, because of the negatively charged oxygen atoms
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of the phosphate group. Second, the pentose moiety does not have an alcohol

functional group on its 2’ carbon, thus it is named as deoxyribose [4].

In the chemical composition of DNA in all living organisms, while the phosphate group
and deoxyribose sugar are common, the combination of the nitrogenous bases makes
DNA different for each organism. In the 19th century, the nitrogenous bases were
discovered by Albrecht Kossel as four different bases: Adenine, Thymine, Guanine,
Cytosine. These four bases are heterocycles containing nitrogen atoms as presented

in Figure 1.2.
NH,
TL)\
Adenine Thymine
o) NH,
z‘fw >
N N)\NHZ m/Ko
Guanine Cytosine

Figure 1.2. Structures of the four nitrogenous bases adenine, thymine, guanine, and cytosine. Adenine
and Thymine are known as Purines Guanine and cytosine is known as Pyrimidines. The red nitrogen
atom representation of the attachment points between the bases and the 1’ carbon of the ribose.
Adapted from [4].

The nitrogenous bases are categorized as purines and pyrimidines according to their
structures. While pyrimidines (thymine and cytosine) are heterocyclic molecules
composed of a six-atom cycle, the purines (guanine and adenine) are bi-heterocyclic

consisting of a six-atom cycle conjugated with a five atoms cycle as molecules [5].
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1.1.2. Formation of double helix

The DNA molecules are formed as a double helix which means that two strands
interact with each other. The interaction between two strands of DNA forms by the
hydrogen bonds between the nucleotides. There are A, B and Z forms of double helix.
In the A form, since there is less distance between bases, it makes the turn every 11
base pairs and it is a right-handed double helix. The Z form of double helix is left-
handed and has lots of purines and pyrimidines that make alterations consecutively.
However, among these three forms of double helix forms, the most common form
adopted by DNA in solution is the right-handed double helix (hamed B-DNA) but
depending on environmental conditions such as pH or ions present in solution, a left-
handed Z-DNA helix or an A-DNA conformation can be observed. In living organisms,
only B- and Z-DNA have been observed [6].

Axis of helix

Base pairs
Backbones

Backbones

Figure 1.3. Representation of DNA double helix (B-formed) with characteristic inter-helical and inter-
helical turn distances [4].
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As anticipated before, the interaction between two strands of DNA forms by the
hydrogen bonds between the nucleotides. To form base pairs, while Adenine and
Thymine make two hydrogen bonds, Guanine and Cytosine form three hydrogen
bonds. This variety of hydrogen bonds between nucleotides affects the melting point
of the DNA. The backbones of the DNA molecules are made of deoxyribose molecules
connected to each other through phosphates. While the base pairs point to the center
of the helix, the backbones stay in the outer part of the helix (see figure 1.3.A).
Additionally, the strands of DNA molecules run antiparallel, meaning that the 5’ end of
one strand is next to 3’ end of the other. Therefore, the double helix forms the
secondary structure of the DNA [4].

The double helix does a full turn every ten pairs of bases, and the period length is
around 3.4 nm. It thus turns +36 degrees per base pair and the distance between two
strands is about 2 nm (see figure 1.4.B) [7]. Additionally, since Adenine-Thymine and
Guanine-Cytosine interaction creates the minor and major groove of double helix,

relying on the groove, double helix turns either closer to each other or further apart [8].

The length of the genome depends on the organism, and it ranges between a few
thousands to several millions of base pairs. In the human genome, the length of DNA
is about two meters, and it is estimated to be composed of around 3x10° base pairs.
However, the 2 meters of DNA in the human genome is packed tightly with histones
proteins. As the length and packaging of the genome relies on the organism, this
phenomenon is different in bacteria. The bacterial genome can range in size from 130
kbp to 14 Mbp and the packing of genomic DNA in bacteria is mediated by the DNA
binding proteins [9].

1.1.3. Other nucleotide structures

The structure of oligonucleotides is not restricted to only double helix formation but
also other structures with the numerous nucleotides associations might be found both
in nature and synthetic systems. As an example, hairpin formation occurs when the
single strand DNA has a part of sequence that are complementary to each other.
Hence, the complementary part of the sequence matches, the molecule folds up on
itself. The parts of the sequence that completes each other are called stems; the rest
of the sequence is defined as a loop. These structures are mostly found on single
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stranded DNA molecules and occur in RNA molecules (Ribonucleic acids which have
a similar structure to DNA and crucial role on gene expression). The hairpin patterns
on RNA molecules can act as recognition sites for RNA binding to proteins for example
and therefore they are of crucial interest in living organisms. These kinds of structures
are mostly appeared cellular processes such as: replication on the template for
lagging-strand synthesis, DNA repair, rolling-circle replication (RCR), therefore they

have crucial roles in living organisms [10].

1.2. Evolution of DNA nanotechnology

Nanotechnology is one of the most promising technologies capable of converting the
nanoscience theory to useful applications by measuring, manipulating, assembling,
controlling, and manufacturing matter at nanometric scale [11]. Nanotechnological
construction can be designed in two different ways as top-down and bottom-up
systems. In the top-down systems, the structures require some manipulations at
microscopic scale. On the other hand, in bottom-up constructions, building
nanostructures is done by utilizing to advantage material properties. Among the
materials which can be usable for this purpose, DNA has attractive features; its
diameter around 2 nm and its short structural repetitions of about 3.4 nm-3.6 nm which
are quite convenient to work at nanometric scale. As a chemical property, DNA is one
of the best candidates to be part of bottom-up construction in nanotechnology [12].
This is especially true since it is structurally well defined on nanometric scale and
because of the specificity of the base pairing, which makes the material programmable
on the nanometric scale. Additionally, it can be rapidly synthesized and modified by
various reactive groups depending on the purpose and has a high chemical and
structural stability. All these properties make the DNA an ideal material for DNA
nanofabrication [13].

The creation of the programmable molecules started in early 1970 by using the
advantage of sticky ends. Sticky ends are sequences which can exist at the end of the
dsDNA. Therefore, when the sticky ends are designed as complementary to each
other, they can hybridize with each other. By this way, the connection between two
double strand DNA would be possible. Thus, sticky ends allow to design

15



programmable molecules by DNA [12]. However, tacking together double strand DNAs

limits the design in the sense of dimension and offers just longer lines.

A B
cC+G
c:op
c+G
AT
7oA
“A
1 c-gl] 4
4 c-6
QCACOAST o T0ATACCO
CGTGCTYCA ACTATGGC
|
2 G.c 3
AT
AT
T*A
G+C
dc-a

Figure 1.4. Holliday Junctions A Representation of DNA strands of chromatids [14]. B Representation

of four arm Holliday junction [15].

Besides from assembly of dsDNA with sticky ends, there is a way to create a 2D
Structure, which is composed of multiple dsDNA, by the aid of Holliday junctions.
It can consist of four strands complementary by two or four strands partially

complementary to two other strands [14] (See Figure 1.4).

In the 80's, the perspective about DNA was changed in a more comprehensive way
by the first publication of a DNA nanotechnology paper which is Nucleic Acid Junctions
and Lattices [16]. Nadrian Seeman and Alexander Rich predicted that DNA could be
used as a building material for nanoscale fabrication. With the contribution of Marvin
Caruthers [17], who developed DNA synthesis methodology to make the DNA
synthesis easily available, Seeman introduced the possible formation of complex DNA
nanostructures. The complexity of DNA nanofabrication increased with the
contribution of N. Seeman over the past thirty years. To show how much DNA

nanotechnology was developed by the time, an overview is presented in Figure 1.5.
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IiSEaARte ;| Tavaces
carcee / Acarece
- -

Figure 1.5. Summary of N.Seeman et coll. achievements in DNA nanotechnology. A DNA cube
constructed from connected three-arm junctions Adapted from [13]. B Six helix bundle constructed
from DNA. The strand sequences are shown for a version of this motif with 14 nucleotide pairs
between crossovers. Points A and B are the places where the cyclic bundle closes. Strand numbering
is indicated. There are six helical strands, shown in black, and the other strands perform the
crossovers (left). A cross-sectional geometrical view of a six-helix bundle in which the helices are
indicated by Roman numerals (right). Adapted from ref [18]. C 3D DNA crystals consist of triangular
DNA motifs. The three unique strands are shown in magenta (strands restricted to a single junction),
green (strands that extend over each edge of the tensegrity triangle) and dark blue (one unique
nicked strand at the center passing through all three junctions). Arrowheads indicate the 39 ends of
strands. Nucleotides with A-DNA-like characteristics are written in bright blue. Cohesive ends are

shown in red letters (left). This stereoscopic image distinguishes three independent directions by

base-pair color. The central triangle is flanked by six other triangles (right) [19].

The 3D DNA cube, which is composed of DNA strands in three-armed junctions, was
reported at the beginning of the development of DNA nanotechnology (figure 1.5.A).
Even though the structure formed in a low yield because of the technology of the time
(the gel based structural characterization used could detect the strand in closed cycles
only), it demonstrated that the possible formation of 3D DNA structures was incredibly

promising for the future of DNA nanotechnology [13]. As another significant example,
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a cyclic DNA motif was designed, composed of six DNA double helices that are linked
to each other at two crossover sites (see figure 1.5.B). Thanks to Watson-Crick
hydrogen bonding, small sticky ends can direct the associations of larger DNA
molecules in a sequence-specific fashion such as crossover molecules (DX, TX, PX)
[18]. This study demonstrated that sticky-ended cohesion pioneers not only to
programmable affinities between molecules, but also to predictable local product
structures. A first example of a self-assembled 3D DNA crystal was published in 2009
(figure 1.5.C). This 3D DNA crystal relied on the association of branched, rigid DNA
3D triangular motifs tailed through the short sticky ends [19]. This report demonstrated
that the association of these sticky ends in directions that span 3D space results in a
crystal-line arrangement which might be used as template for protein crystallization

and as porous host for nano-materials.

Even though the development of DNA nanofabrication was started with N. Seeman,
developments were not limited to just his works. In 2006, formation of 2D DNA
nanostructures (DNA origami) was reported by Paul Rothemund, and Yin developed
single stranded tile technology by the assembly of a high number of single stranded
DNA into a predefined shape. Both technologies will be the subject of the following

paragraph.

1.2.1. Techniques to create DNA nanostructures as 2D and 3D

Even though the work of Seeman made an enormous contribution to the
nanofabrication field, the limitation of 3D DNA nanostructure was that they were not
suitable to form in large dimensions. Thus, it was crucial to raise the size and
complexity of the structures for the DNA nanofabrication field. Therefore, this evolution
path was improved through the two technologies as DNA tiles and DNA origami.

18



1.2.1.1. DNA tiles

Yin and his colleagues presented a solution to the challenge of 2D nanostructure,
limited in size and complexity, by introducing the technology of DNA Tiles. These DNA
tiles are single strand DNA molecules that are designed to form the desired shape
through the sticky ends complementary with each other, relying on the Watson-Crick
base pair rule [20]. Sticky ends are the base pairing of single-stranded overhangs [13].
One sticky-ended molecule self-assembles to form one-dimensional arrays 1-15
microns [18].
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Figure 1.6. Formation of Single strand Tiles from a mix of unique ssDNA A Each ssDNA is separated
into four domains. B Formation of “Brick wall “diagram C Formation of DNA nanotube. Adapted from
[20].

In the design of Yin and his colleagues’, single stranded tiles are made of a 42-base
strand of DNA, composed of concatenated sticky ends, and they bind to four local
neighbors during self-assembly. In figure 1.6.A, each brick (labeled as U) is composed
of four domains and each brick has its own unique sequence. Each domain can bind
the other domain of the other brick according to their sequence; hence the bricks can
connect intermolecularly with each other to become the desired shape as shown in
figure 1.6.B. It is prevented the formation of unpaired sequences by addition of shorter
DNA strands (labeled as L). Long L "side" strands are also used to force the wall to
fold on itself and create a tube-like shape as it is shown in figure 1.6.C. Since the
complexity and the size of the molecule is controlled by the number and design of the
DNA tiles, other shapes could be obtained by selectively removing some of the bricks
[20]. Thus, thanks to this technique, the size and complexity is not limited with a few
geometric structures. Additionally, Yin and his colleagues designed bricks from the
single strand tile and hence obtained 2D and 3D structures. In this design, all bricks

form a unique shape, when they are integrated into the target structure.
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Figure 1.7. 3D Single strand tiles. A 3 D structures consist of ss-DNA of 32 bases separated into four
domains. B Assembly of two strands. C Molecular model of 3 D assembly composed of all strands. D
LEGO model of 3 D cube. E Through selection of strands it is possible to obtain any desired 3 D

shape. F Representation of 3 D cubes as a 3D canvas composed of vowels. Adapted from [21].
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A single DNA brick is composed of 32 nt and has four domains and each domain
(sticky ends) consists of 8 nt (figure 1.7.A). Among the four domains, the ones that are
linked to each other by phosphodiester bonds are called head domain, the other two
are called tail domains as presented. An orange DNA brick with a tail domain with a

sequence represented as ”"a” makes a linkage with a complementary sequence as

"a*” head domain of the blue brick. All brick pairs form three parallel helices with 90
dihedral angles (figure 1.7.B). The difference here is that the strands bind with other
strands by forming a 90° angle, allowing for the construction of a 3D DNA object. The
structural design of this 3D object was shown in 6 helix by 6 helices by 48B (bp) cuboid
structure. (figure1.7.C and D). Since each brick has a particular sequence that guides
it to fit only to its pre-designed position, the cuboid is self-assembled from DNA bricks
in a one-step reaction (figure 1.7.E). It is convenient to create a more complex
structure like a 3D cuboid canvas which includes thousands of voxels that are
incorporated with each other via the distinct nucleotide sequence for each. The
authors reported the formation of a hundred different 3D shapes ranging from the
"simple" cube to more complex sculpted shapes [21].

In 2017, the group of Yin managed to produce a 20 times larger 3D DNA Canvas than
the previous one. This demonstrated that SST technology can create highly complex

structures [22].

The technology of SST has reached a level that it is possible to control the shape and
size both in 2D and 3D. Also, since there is a high specificity of DNA base pairing,
folding reaction conditions and sequence complementary between the SST, the
presence of non-complementary DNA strands does not create a critical issue during
the experimental procedure. Nevertheless, there is still a possibility that the efficiency
of formation might be low. The appearance of these cases triggered the development
of new technologies to create DNA nanostructures as DNA Origami.
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1.2.1.2. DNA origami

Differently from the single strand tiles technique, in DNA origami, a nanostructure is
assembled from a very long single-stranded scaffold molecule held in place by many
short single-stranded staple oligonucleotides instead of the usage of DNA sticky ends
to connect different tiles. In this technique, DNA nanostructure forms through
hybridization of staple strands and scaffold due to each staple strand being targeted

to the specific location in the scaffold in the sequence design of the structure [23].

As | described in section 1.2.1.1, there are attractive features of single stranded tiles
technique. Every single component in the DNA nanostructures can be included,
excluded, or replaced without changing the remaining structure and 3 D structures can
be built through the short oligonucleotides without requiring long or fragile single
stranded DNA. However, the assembly in solution of a high number of DNA strands to
form a large DNA nanostructure is limited by the encounter probability of
complementary strands. The formation of the "brick wall" is a sequential process and
the integration of each brick into the structure leads to entropy loss for the system. It
is probable that the entropic cost for the formation of complex DNA nanostructures
with the SST technique is one of the reasons why the observed yields are low. Thus,
this challenge triggered the birth of another way of technology to design DNA
nanostructure called scaffold DNA origami in 2006 by Paul Rothemund. The DNA
origami technique has potential to decrease the entropy loss because staple strands
are targeted to the specific location in the scaffold, and it makes the system organize
before the final assembly. Pre-organized systems have fewer degrees of freedom and

the entropic loss over the assembly process is therefore less significant.

As | mentioned before, there are two elements of this reaction. The first one is circular
or linear ssDNA which is composed of 7249 nucleotides from the M13mp18 virus,
called the scaffold. The second one is small oligonucleotides that are named as
staples (30 nucleotides). The principle of the technique is that each staple can bind
different domains of the scaffold and form a desired shape. The folding is achieved by
staple strands and the complexity of the structure relies on composition of the staples.
In general, the size of 2D origami molecules is around 100 nm [24].

The standard experimental procedure consists of heating up to 90°C-95°C that

prevents the misfolding between staples and gradually cooling down to around 20°C
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that ensures that the folding procedure has been done among staples and scaffold
M13. Here, the buffer composition, which is TAEMg (Tris, Acetate, EDTA and Mg*?)
and large excess of staples, such as 100 X, is important to ensure to obtain the desired
shape.

There are a few advantages of DNA origami technology compared to the SST
technology. Firstly, since the number of staples in the solution was more than the
scaffold, the folding process is maintained by staples. These excessive staples provide
an advantage to the process by shifting the equilibrium through the formation of
origami since a large excess of staples increases the possibility that the staples might
find the right position easily on the scaffold. Secondly, the incubation time of DNA
origami molecules is less than SST technology [25].

In 2009, the DNA origami technology application field was expanded to 3D structures
by Shih and his colleagues. This design was done through stacking parallel helices in
a honeycomb lattice.

ﬂ\\(\\ o \‘;‘ .::.- '\:;
WS SRS
Ny

0°9°¢° %’ \"ﬁ |
‘Mu {’;3 8t

Figure 1.8. Formation of 3D Origamis through stacking sheets of helices on top of each other. A
Formation of honeycomb lattices. B-D Example of shapes achieved with this method. C Principle of
the technique for the assembly of square lattices. Adapted from [26].
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The purpose of this study was assembling a target three-dimensional shape using the
honeycomb-pleat-based strategy. An unrolled two-dimensional schematic of the target
shape is presented in figure 1.8.A. In this scheme, double helices are composed of
scaffold (gray) and staple strands (orange, white, blue) and phosphate linkages form
crossovers between adjacent helices, with staple crossovers bridging different layers.
The cylinders in the model represent the double helices, with loops of unpaired
scaffold strand linking the ends of adjacent helices in figure.1.8. B. Complementary
staple strands wind the scaffold strands in an antiparallel direction to assemble B-form
double helices. The geometrical configuration is characterized by a diameter of 2 nm,
a base-pair pitch of 0.34 nm and a rotation of 34.3 degrees base-pair average twist
(or 21 base pairs / 2 turns). Crossovers between adjacent scaffold helices occurred at
positions displaced upstream or downstream of the corresponding staple-crossover
points by 5 base pairs or a half-turn, thanks to the features of B-form DNA. Each helix
in the honeycomb lattice was connected to three others, making angles of 0°, 120°,
and 240° (figure 1.8.C). A more explicit DNA model, showing individual strands, of the
obtained honeycomb is shown in figure 1.8.D [26].

Thus, Shih achieved to design curved 3D DNA origami structures and later the method
of Shih was furtherly improved by Yan and his colleagues for the formation of various

3D nanostructures [27].

Even after those kinds of revolutions in the DNA Origami technology, there were still
some limitations in the field, since the total number of folded objects was quite low
because of the usage of low M13 concentrations (1nM). However, this limitation was
overcome by Dietz et coll., thanks to his method for biotechnological mass production
of DNA origamis. The principle of the method is to build the structure on generated
single-stranded oligonucleotides via excision from circular ssDNA with type IIS
restriction endonucleases [28]. However, instead of using auxiliary proteins for the
isolation of single oligonucleotides from a precursor ssDNA, they defined the staple
list during the design process and used it to generate a pseudogene in which the target
staple sequences are concatenated and interleaved with self-excising DNAzyme
cassettes. First, self-cutting DNA cassettes generate the desired target strands.
Afterwards, the pseudogene is assembled and cloned into phagemid backbones.
ssDNA production is performed in Escherichia coli cultures using either a helper-
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plasmid or a helper-phage approach. In both approaches, the expression of phage
gene stimulates the intracellular rolling circle amplification of the phagemid DNA in a
single-stranded form and then, the packaging into extracellular phagemid particles. By
this way, both ssDNA and staple strands can be isolated from phagemid particles [29].

Another limitation of DNA origami structure was the size of the object that is guided by
the size of scaffold M13, which is why the largest size of the object was around 100
nm. Qian and Dietz reported methods for the assembly of large DNA origami
structures. The study of Qian et coll. was the fractal assembly of multiple DNA origami
platforms in a pre-arranged manner to form a large 2D squared DNA origami assembly
of 1 ym [30]. The strategy of Dietz was the stacking of multiple 3D origami
nanostructures for the formation of a larger composite around 300 nm [31].

The emergence of DNA nanotechnologies led to a new promising method for the
formation of complex nanostructures of highly controlled shape and size through the
perfect specificity of DNA base-pairing interactions. Single Stranded Tile and DNA
origami techniques represented revolutions in the field since they allowed the
formation of always more complex and elaborate 2D and 3D DNA nanostructures.
Both techniques are similar on some aspects, but the SST technology has a limitation
as a low yield production of objects, partially due to the stoichiometric proportions
between the constituting DNA strands. On the other hand, DNA origami depends on
the folding of a circular single-stranded template strand which, in the presence of a
large excess of small DNA strands (staple strands), folds quantitatively into the final

nanostructure.

The recent developments tend to bring this field of nanotechnology toward the
microtechnology, with increasing complexity but still high control of the bottom-up

process.
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1.2.1.3. Designing and formation of DNA nanostructure
Design

The design phase is the first and most important step for the formation of DNA
nanostructure and the principle relies on the Watson-Crick base pairs. That is the
reason why several software packages have been developed to minimize the error
rate of the design. The software to design DNA nanostructures can be categorized in
two main categories: manual and automated tools. CaDNAno is a well-known
computer-aided design (CAD) tool for the manual design of DNA nanostructures using
the bottom-up approach. This software allows users to determine the optimal
crossover positions, but it is limited by the expertise of the designer. This limitation
makes it difficult to carry out and compare a range of possible designs. To overcome
this challenge, the scientist developed automated tools which accelerate the design
process and expand the design space. DAEDALUS, TALOS, PERDIX are some of the
popular automated tools. However, these automated tools also are limited to top-down
design since they require a designer to fully conceptualize the structure. Therefore,
while CaDNAnNo and its newer versions remain more suitable for bottom-up designs
despite their limitations, the automated tools likely seem more convenient for the top-
down designs [32].

1.2.1.3.1. Thermal and isothermal Assembly techniques for DNA nanostructures

There are basically two techniques for the formation of DNA nanostructures at
nanometric scales. Even though both allow us to build nanostructures which are made
by DNA and improve the complexity of the objects in 2D and 3D, they differ from each
other in the experimental procedure. These are categorized as thermal and isothermal
assembly. The main difference between them as a principle is that while in thermal
assembly, annealing temperature is carried out for the formation, only a fixed
temperature is used in isothermal reactions. Additionally, their approach of avoiding
mismatches among the DNAs differs in thermal and isothermal assembly.
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Thermal assembly DNA tiles and DNA origami

Both techniques have several similarities, they allow one to build highly controlled
nano objects out of DNA, and one can thus obtain a large variety of possible 2D or 3D
shapes in a very simple manner, while the experimental procedures are different for
the two technologies.

Thermal assembly of DNA tiles

The first methodology to create DNA nanostructure through the single strand tiles was
reported by Yin in 2012. This method was based on the self-assembly of many single
strand DNA strands into desired shape. The detail of this protocol is presented below
as:

Formation buffer TE 0,5x buffer with 12,5 mM MgCl2

Concentration of each ssDNA tile 100 nM

Table 1.1. Thermal assembly conditions through DNA Tiles.

The mixture of ssDNA in the formation buffer is thermally annealed through two steps.
A first annealing goes from 90°C to 61°C (-0.2 C/min), the second annealing goes more
slowly from 60°C to 25°C and total annealing time was between 5.4h and 72.5h. During
thermal annealing it is crucial to keep the staples apart at the beginning of the process
to prevent the mismatches between them. The formation time of DNA nano objects is
long, and the efficiency of the method is around 20% for DNA Tiles. The reason for
the low efficiency is that ssDNA molecules are required in stoichiometric proportions
in DNA tiles. Since the usage of small oligonucleotides are limited in DNA tiles
techniques, the possibility of hybridization between DNAs is dramatically reduced.

Therefore, the folding time is increased, and the yield of the reaction is decreased [20].
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Thermal assembly DNA origami

The first protocol of thermal DNA origami folding as demonstrated by Paul Rothemund
and according to his method, the desired shape can be obtained through folding long
single strand DNA with short oligonucleotides, named as staples under the conditions
listed in Table 1.2.

Formation Buffer TAE 1 X buffer with 12,5 mM MgCl2
Template Strand (Scaffold) M13mp18
Ratio between template and staples From 1:40 to 1:100

Table 1.2. Thermal assembly conditions through DNA Origami.

The mixture of M13 template and staple strands is heated up to 95°C and kept at 95°C
for 10 min and gradually cooled down to 20°C at the rate of -1°C /min [33]. This protocol
was shown to be very robust, with the yields of origami formation at around 70% and
even at 90% for the rectangle origami. Since M13 is the limiting reactant of the reaction
and no unbound M13 is left in solution at the end of the annealing process. The system
can furthermore no longer evolve at room temperature. After the thermal annealing,
purification of the objects is required and this can be performed by agarose gel
electrophoresis [34], size exclusion chromatography [35], ultra-centrifugation [36] or
PEG precipitation [37]. Among these methods, agarose gel electrophoresis is the most
usual one, but it can have low recovery yield because of the contamination with the
residual agarose. However, through the optimization of running buffer and pH etc., this
method keeps its popularity since it is easy to perform and provides bulk estimation
for the nano objects. Chromatography methods have great potential for the purification
of DNA nano objects. While other chromatography methods, such as ion exchange
and affinity purification, often require high ionic strength buffer to elute the molecules
of interest, size exclusion chromatography can be performed in a variety of biologically
compatible buffers. This feature of size exclusion columns is an advantage compared
to the other purification methods because it allows easy optimization of parameter
such as Mg*? and Na* ions concentration and a high yield recovery of DNA nano

28



objects. Ultracentrifugation and PEG-precipitation methods that involve pelleting or
concentration of samples have a higher tendency to aggregate the samples during the
purification process [35].

The concentration of magnesium, annealing temperature and ratio between scaffold
and staples all have an important role in the formation of DNA nano objects. The
presence of magnesium is known to be crucial as it reduces the electrostatic repulsion
between DNA strands. Thus, optimization of magnesium concentration plays an
important role in the folding of nano objects [38]. The role of magnesium on the
interaction between strands of DNA was known as ion bridging [39]. However, in case
of DNA origami formation, the situation is different, and it is demonstrated that
magnesium concentration affect the Debye screening. Low magnesium concentration
causes the longer Debye length and longer Debye length means a larger inter helical
distance [40]. The presence of multivalent ions such as Mg*? affects electrostatic
interaction potential more than monovalent ions such as Na*. The reason is that in the
lack of ionic strength, the efficiency of charge screening of DNA phosphate groups
decreases, and this causes the induction of electrostatic repulsion between DNA nano
objects.

Another factor is the thermal annealing temperature; it is significant that the
temperature should be higher than the melting temperature of the mixture since the
thermal annealing prevents the mismatch between template and staple strands. The
other factor is the ratio between template and staple. High excess of staples increases
the possibility of encounter between template and staple strands [25]. This ratio might
differ between 1:1 to 1:100 according to the protocol and the specific aim of the

experimental procedure.

The two main differences between the DNA origami and DNA tile techniques formation
procedures is that the DNA tile method requires longer incubation time (over 5 hours
for DNA tiles and 1 hour for DNA Origami) and the presence of all strands in
stoichiometric proportions (whereas the origami staples are used in overwhelming
excess compared to the M13 template). Because of the stoichiometric proportions
needed for the formation of SST, the thermal annealing process has a low yield. Since
the system almost does not evolve any more at 25 °C, and therefore often largely

constituted of partially formed SST [20,21,41,42]. Folding times are significantly higher
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for SST than for DNA origami and yields significantly lower. The difference in formation
time might have originated from the usage of the staples excess because this creates
a kinetic advantage in DNA origami compared to the stoichiometric conditions for SST.

Isothermal assembly of DNA origami and SST

The formation of DNA nanostructures has become a process which is controllable and
promising. However, even though the formation protocol of nano objects is precise, it
still has some weak points like in every recent technology. Especially since this
process can create complex nano objects which require a very precise approach, the
probability of having defects should be as low as possible. Since this process requires
thermal annealing, it is convenient to discuss the thermodynamic effects on the
stability of the nano objects.

The folding process includes gradually decreasing temperature and means if the
temperature change is faster than the time needed to reach the equilibrium state of
DNAs at each temperature, there would be lots of mismatches between the
oligonucleotides and it causes creation of unstable complex nano objects.

To overcome these limitations, the larger objects need a longer incubation time to
reach thermodynamic equilibrium. Therefore, the need of isothermal folding came out
at this point to allow the system to reach equilibrium without limitation of time at
constant temperature. These systems provide a thermodynamic base for folding rather
than a kinetic one. The isothermal folding not only has many contributions (as
explained above) for the formation of complex structures but also it offers a favorable
path for a wide range of applications including proteins and enzymes [43] since they
are thermosensitive biomolecules, and they might lose their properties and functions
under high temperatures. In the isothermal process, not only the certain temperature
but also the assembly time needs to be optimized since they are the base factors
which control the system thermodynamically. Since there were several logical reasons
for the need of isothermal folding, some researchers have developed several methods
for the formation of DNA nanostructures at constant temperatures. These methods
can be categorized as two groups as isothermal assembly with and without denaturing
agents.
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Isothermal protocol without denaturing agents

The history of isothermal folding has been started by Simmel et coll. in a negative way
since the TAEMg buffer and room temperature were not the suitable conditions for this
process even with a long incubation time [44].

Dietz et coll. thus investigated the folding and melting processes for a variety of DNA
nanostructures by fluorescence spectroscopy to determine the optimal temperature
for the isothermal process to occur (see figure 1.9.A). They found out that the formation
of a rectangular structure was possible even in a TAMg buffer; however, it required
the pre-denaturation step at 65°C (see Figure 1.9.A). The optimal temperature was 53
°C and below this temperature, the folding rate decreases. (See figure.9. A 1). The
folding process was completed after 5 minutes (figure1.9.2) and resulted in flawless
rectangular DNA origami (figure1.9 3) [45]. However, even though isothermal folding
is partially possible with those research, pre-denaturation step remained problematic
for the design, involving thermosensitive biomolecules. Thus, the requirement of pre-
denaturation step was removed by the report of the Fritzsche. They showed that the
assembly of DNA nanostructure is feasible in the temperature range between 43°C-
57°C without denaturing step and 54°C was the optimal temperature for the highest
yield. Outside of this temperature range, it was not possible to observe well folded
structures (Figure 1.9.C). Since those temperature trials were performed maximum for
60 minutes, it was not reported how the yield changes by also optimizing the time
versus the temperature [44].

To understand comprehensively the folding kinetics of DNA nanostructures under
isothermal conditions, Dong, Besenbacher and his colleagues came out with a
different method where they used partially folded (obtained by thermal annealing
process but incomplete mix of the staples) rectangle DNA origami instead of starting
with the mixture of scaffold and staples. They immobilized the partially folded DNA
origami on mica surface and gradually added missing staples at 60°C and 25°C
separately. The measures were continuously taken by scanning the sample through
AFM. The pore-filling at 60°C for an adsorbed origami was resulting in well-folded
objects in less than 24 minutes, as shown in Figure 1.9.B., however, the same process

at 25°C showed an incomplete pore-filling, even after 120 minutes. Thus, these results
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pointed out that the pre-folded origami has an entropic advantage since the template

was already half organized [46].

A

Folding at 53°C

qlau] =

4'0 50 60 70 5 10 15 Roth
Temperature [°C] Time [min]  protocol

"

Figure 1.9. Isothermal formation of DNA nanostructures without chemical modification. A Isothermal

formation of the tall-rectangle origami. 1) Folding rate. Determination of the optimal temperature for
isothermal folding (53°C). 2) Isothermal folding’s kinetics at T = 53°C.”U” represents the unfolded,”F”
represents the folded DNA origami. 3) TEM image of the isothermally folded tall rectangle at 53°C.
Scale bar: 20 nm [45]. B Isothermal pore-filling at T = 60°C. Red arrow = addition of staples [46]. C

Isothermal formation of the tall-rectangle origami at different temperatures [47].

Isothermal assembly for DNA tiles

Additionally, isothermal assembly can be profitable not only for the DNA Origami, but
also for the DNA tiles method. Yin and his colleagues published a study showing that
the isothermal assembly can be applicable without any denaturing step. The key point
of this study is that assembly of the object is controlled by GC content and the length

of the binding domain of the bricks.
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It was demonstrated that length of the domain and the needed temperature of the
system are related to each other. While longer binding domains of the bricks require
higher temperatures, shorter ones need lower temperature for the formation [48]. In
the other study of Yin, the authors reported that isothermal assembly of 3-D crystal
bricks was achieved through isothermal assembly. They found out the optimal

temperature 33°C for this process without any need of denaturation step [42].

As a brief conclusion of those studies above, there are some methods which have
been developed with denaturation steps and on the other hand a few ones not
including the denaturation step, with an average temperature around 53°C for the
isothermal assembly through DNA origami technique. However, 53°C still can be
counted as high for the thermosensitive biomolecules. Therefore, it was crucial to
develop new methods such as isothermal assembly to overcome the challenge of the
previous methods and to increase range usage of DNA nano objects. Thus, some
group of researchers demonstrated the protocol of isothermal assembly through the
chemical reagents which can decrease the melting temperature of DNA

nanostructures.

Isothermal protocol with denaturing agent

From the previous section, the denaturing step remained as a challenge for the
isotherm assembly process. Even though some studies showed that isothermal
assembly is possible at certain temperatures around 50°C - 55°C, this challenge led
the scientist to work on decreasing the melting temperature through denaturing agents
[49]. These agents can disrupt the hydrogen bonds between DNA strands, thus the
stability of DNA is reduced. But at the same time, there would be a trap for DNA if the
reagent reacts with a DNA base with an interaction between two bases. In this case,
denaturing reagents might work in the opposite direction from the main purpose by
building multiple hydrogen bonds. Simmel and his colleagues reported isothermal
assembly protocol through the formamide and urea [44] which can reduce the melting
temperature of DNA by 0,60-0,72°C per 1% of formamide [50]. In their protocol,
templates, and staples in a 1X TAEMg with 85% of the agent were incubated at room
temperature. Afterwards, to lower the concentration of agents, dialysis was carried out
to lower the formamide progressively over 24h as presented in Figure 1.10.A 1).
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The purified samples were measured by AFM and resulted in flawless structures (see
Figure 1.10. A 2 and 3 respectively). Even though the formation of DNA nanostructure
was possible with the aid of denaturing agents, dialysis remained as the limitation of
the process. Then, the modification of protocol was done by Dong, Gothelf, and his
group and thus, they incubated the template and staples at 25°C with 30 to 40%
concentration of formamide instead of dramatically changing the concentration of the
agent [51].

Figure 1.10. Isothermal formation at room temperature using denaturing agents. A Isothermal
formation of the tall-rectangle origami using a formamide and urea at room-temperature [44]. B
Isothermal formation of several DNA nanostructures through a room-temperature formamide
incubation process [51]. C Isothermal formation at 33°C of rectangles (1 and 2) and smiley origamis
(3 and 4) through incubation with betaine [47]. D Isothermal folding of the tall-rectangle origami in
dehydrated glycholine as solvent at 20°C [49].
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At the end of the incubation, 2D and 3D DNA origami were successfully folded (see
Figure 1.10.B). Another advantage in using denaturing agents is that they prevent
aggregation of DNA structures in the bulk. Thus, they also help the isothermal folding
process through increasing the possibility of having non-aggregated DNA
nanostructures in the solution. Thus the usage of denaturing agents aids the process
to avoid non-specific hydrogen bonds between template and staples strands and that
is why isothermal folding can be more suitable for the complex nano object.
Additionally, isothermal assembly of DNA nanostructures including DNA origami was
carried out with betaine at 37°C by Fritzsche and betaine is known as an effective
reagent to disrupt the binding between base pairs. The experimental protocol was the
incubation of template and staples in the presence of 1M betaine for 24 hours to form
a rectangle origami and smiley origami. Sufficiently folded structures were obtained at
37°C (see Figure 1.10.C.). But the same efficiency was not observed at room
temperature. The advantage of this process was that several biomolecules like some
enzymes and proteins can still protect their function. Therefore, this method was
promising for several applications [47]. Moreover, Hud and his colleagues developed
a method allows to fold DNA origami at room temperature in the presence of 1:4
mixture of glycerol and choline chloride named glycholine in 6 days, after a thermal
denaturation step at 70°C [49]. The structures are perfectly folded and folding of the
structures were improved with the longer incubation (see Figure 1.10.D). This method
is convenient except for deep-eutectic solvent which are known to be very unstable
with time and especially to dramatically change their properties through water
absorption from the air humidity. Also, non-standard conditions limit the use of this
method for biological applications.
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Imaging can be done in
fluid or in air

Time-consuming

Methods Advantages Disadvantage Best Practices
Provide bulk estimation | Cannot provide deep Gel should run at 0
about the structure structural inside at the | -4 C to prevent sample

single molecule level degradation
Gel Allows extraction of
electrophoresis | desired sample Running buffer should
not contain more 100
mM monovalent ions
Highly sensitive Requires fluorescence | Fluorescently labeled
modified standards oligomers should be
Provide distance checked for purity
Fluorescence dependent' information Structural information
Spectrosco when applied to FRET is related to the local Accurately prepare

P Py dye’s environment control donor-only
Can be used to monitor samples for reliable
dynamic events in real quantification of the
time FRET effect
High fidelity Unsuitable for 3D or Purified samples give

multilayer DNA best result
Lateral resolution up to structures
AFM 1-2 nm Nickel acetate can be

used to fix the DNA
sample on the mica
surface

Transmission

Best for 3 D structures Negative staining is TEM grid should be
cumbersome and time | discharged to enhance
Highest Resolution consuming hydrophilicity

Electron Suitable )for metal_ _ Difficult to thain Before stainfng, add_
Microscopy nanoparticle modified sample height NaOH solution to adjust
structures information the pH of the uranyl
solution
Structural deformation
due to the drying
Detects molecular forces | Highly specialized A dual optical tweezer is
Single Molecule | with piconewton technique the preferred
Force resolution instrumental
Measurement

Table 1.3. Quality control of DNA origami with different techniques adapted from [25].

There are plenty of methods to confirm the structure of DNA nano objects after
performing the assembly reaction. As a general aspect, one method which gives a
bulk estimation is necessary to predict the best conditions depending on the purpose.
Then, another method is essential to visualize exact geometry of the structure and

efficiency of the assembly. According to the objective, selection of visualization
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methods is as critical as selection of formation and design. Every method has its
limitation for different structures such as 2 D and 3 D. Also, while some of the methods
can show the deep internal structure, some of them cannot. These methods were
described in table 1.3 including their advantages and disadvantages.

1.2.2. Applications of DNA nanotechnologies

Nucleic acid junctions
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7

DNA Origami for 2D
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DNA Origami for twisted 3D
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DNA Nanorotor
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DNA Origami CRISPR
Delivery System

DNA Robotic Arm

First example of DNA self assembly DNA Dngaml for 3D DNA Single Stranded Tiles for

2D & 3D

Figure 1.11. Evolution of DNA Nanostructures.

The main reason which makes DNA technology quite interesting is that the design and
production are not complicated, and the usage range is incredibly wide for site-specific
functionalization, biophysical and biomedical purposes. The main steps that allowed
the evolution of DNA nanostructures were shown in figure 11. In 1982 the DNA started
to be used as a material by the guide of a publication called as nucleic acid junction
by sticky ends. Then, the first example of DNA self-assembly was reported in 1991
and 15 years later the first comprehensive technique, DNA origami, was developed
for formation of DNA nanostructure by Paul Rothemund. Three years later, DNA
in 2011 this
technique was advanced for twisted 3D nanostructures. A year later, the DNA single

origami technique was improved for designing 3D structures and,

stranded tiles technique was developed to construct DNA nanostructures by Yin. The

demonstration of these techniques opened the path to many useful designs.
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1.2.2.1. The utilization of DNA nanotechnology for a site-specific functionalization

Thanks to the Watson-Crick base pairing and the high chemical and structural stability
of the DNA, we can control the design of staples and thus the shape of structure
according to the sequence. In general, site specific functionalization of proteins has
been done through attaching a protein of interest to the one of the DNA strands of the

nanostructures via chemical modifications.
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Figure 1.12. Positioning of proteins on DNA nanostructures. A Examples of monofunctionalized
DNA-origami conjugates are shown for CH-, biotin-, and BG-bearing origami with mKate-Snap
(indicated by violet spheres), CCP-Halo (yellow spheres), and mSTV (blue spheres) Adapted from
[52].

In the study of Christof M. Niemeyer et coll. (illustrated in figure 1.12) the authors
modified selected strands of DNA origami by attaching biotin, BG- and CH-. The BG-,
CH-, and biotin-tagged origami was initially labeled with mKate-Snap, thus giving rise
to the mouth feature. This origami was then allowed to bind CCP-Halo, which resulted
in an appearance of the eye features. Finally, treatment with mSTV led to formation of
the fully decorated smiley face structure (figure 1.12.A bottom). The smiley face
origami sample was observed through AFM, since the coupling between the
chemically modified DNA strands and mSTV, mKate- Snap, CCP-Halo, and EYFP-
Halo occurred in a highly specific manner and the smiley face origami with nose, mouth
and eyes was flawless (figure1.12. A up). In this study, protein-DNA coupling, and
DNA origami techniques are mainly used [52]. This report is interesting because; the

sequential functionalization with the various proteins proved an orthogonal specificity
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of the binding process, thus paving the way for synthesize and use of more complex

patterns of proteins.

1.2.2.2. Use of DNA nanostructure for biophysical and biomedical applications

There are numerous studies of use of DNA nanostructures for biomedical and
biophysical applications. For instance, the application of DNA nanostructures is
popular in drug delivery field, while for biophysical applications DNA nanostructures
are used to organize and reposition the proteins and enzymes in complex systems on
DNA scaffolds.

A B

% ;@ Glucose O KO apyd’

DNA origami tile

!

Figure 1.13. DNA nanostructure-directed assembly of GOx and HRP enzymes with control over inter

enzyme distances. A The assembly strategy and details of the GOx/HRP enzyme cascade (top).
Rectangular DNA origami tiles with assembled Gox/HRP pairs spacing from 10 to 65 nm (bottom).

B The nanostructured complex consisting of G6pDH, MDH, LDH, and NAD*-anchored HJ on a
rectangular DNA origami platform. In the presence of switch 1, the NAD* substrate channeling binds
to anchor 1 and is located between G6pDH and MDH, thus activating the G6pDH-MDH pathway. In
the presence of switch 2, the substrate channeling is located between G6pDH and LDH, activating the
G6pDH-LDH pathway.

In the studies of enzymatic cascades, it is quite challenging to fully understand their
specific mechanisms. In this area, the DNA origami technology offers a certain
advantage: it allows to position enzymes of various types at well-defined positions on
a 100 nm scaffold, to bring mechanically two enzymes at a pre-defined distance. As

39



an example, Yann and his colleagues studied the impact of the distance between two
enzymes involved in an enzymatic cascade. To do this, they coupled protein with a
ssDNA and attached the complementary of the strand, which is attached to the protein,
to rectangle DNA nano object. Then, they placed two enzymes glucose oxidase (GOXx)
and horseradish peroxidase (HRP) with the controlled inter enzyme spacing on
specific positions the rectangle DNA nanostructure (Figure1.13.A). They studied the
efficiency of enzyme activity with different distances (from 10 nm to 65 nm) and proved
the optimal distance (45 nm) between the enzymes for the maximum efficiency of
enzymatic reaction [43]. The proximity between enzymes was here shown to play an
important role in their activity, therefore other systems with DNA nanostructures have
been developed.

The metabolism of living systems is a complex structure which involves various
delicate multi-enzyme systems and the precise and dynamic control of enzymes and
substrates [53]. Because of this, the construction of smart artificial multi-enzyme
systems that directionally activates different enzyme pathways in response to different
environmental conditions (e.g., different stimulants, different substrate levels) is critical
for enzyme regulatory circuitry and signal transduction pathways [54]. As another
important example in this domain, Yann showed the possibility of regulation two
cascade enzymes (G6pDH-MDH and G6pDH-LDH) by being able to control the NAD*
substrate (Figure 1.13.B). Because the proximity of this substrate induces the enzyme
activity for both systems (bottom and up of figure.13. B), the continuous changing of
position of NAD* allows the location of the enzyme activity on a DNA origami structure
[55].

DNA origami technique has also been used for medical applications (see Figure 1.14).
It is crucial for the drug delivery systems since the carrier molecule is made by DNA
and this increases the possibility of success due to the biocompatibility. Thus, it is
more probable that the drug can be accepted by cells during in vivo studies. Another
advantage of this technique for medical purposes is that a small receptor can be
inserted to the surface of the DNA nanostructure with the purpose targeting the
structure and facilitating cell entry. In in vivo studies, this technique has been used for
the cancer treatment as illustrated in Figure 1.14 where a triangular DNA
nanostructure is loaded with doxorubicin for cancer treatment [56].
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Figure 1.14. DNA origami and doxorubicin origami delivery system assembly. The long single-strand
M13mp18 genomic DNA scaffold strand (blue) is folded into the triangle and tube structures through
the hybridization of rationally designed staple strands. Watson—Crick base pairs in the double helices
serve as docking sites for doxorubicin intercalation. After incubation with doxorubicin, the drug-loaded
DNA nanostructure were delivered to MCF-7 cells [56].

The DNA nanotechnologies has a wide range of applications as mentioned above.
However, since these nano objects are static instead of being dynamic the system
needs to be induced to make them dynamic. Therefore, it is significant to design and

produce those nano machines in more reversible, dynamic and a controllable way.

Conclusion

The DNA molecule appears to be an ideal building material for supramolecular
constructions. The double-stranded DNA itself is a supramolecular object self-
assembled through the exquisite specificity of the base-pairing interactions between
the two strands composing the DNA double helix.

Over the years, complex architectures including many interacting molecules were
developed by chemists. Nadrian Seeman led to improvement of two technologies as
the DNA origami and Single-Stranded DNA Tiles. Both methods were feasible for the
formation of 2D and 3D DNA nanostructures. Thanks to their constitutive material,

41



DNA nanostructures were functionalized with several entities and with nanometric

resolution.

For the self-assembly process, two assembly protocols were developed so far as
thermal and isothermal assembly. Thermal assembly protocol was optimized through
numerous studies, whereas there are few studies for isothermal self-assembly of DNA
nanostructures at room temperature, at high temperature and using the denaturing
agent or not. Particularly, isothermal self-assembly at room temperature was just
achieved in the presence of denaturing agents which could decrease the melting and
folding temperature of the DNA objects. However, the inconvenience of this process

is the need for removal of the denaturing agent after folding.

Since DNA nanostructures are formed through self-assembly of custom-designed
DNA strands, it is possible to know for each architecture the precise position of every
strand, every sequence and even every base pair. Thus, this programmability feature
gave birth to the usage of DNA technology for biomedical and biophysical applications.

Therefore, when DNA nanostructures are functionalized with biomolecules, DNA they
enable molecular transportation, sensitive molecular detection or to control
amplification of molecular events. Additionally, they pave the way of engineering and
mimicking biological complex systems.
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Chapter 2 - Protein-DNA coupling methods and challenges

2.1. Principles of chemical modifications of proteins

In biological organisms, post translational modifications occur after the translation of
the proteins. These Post Translational Modifications (PTMs) contribute to the variety
of protein structure and functionality and post-transcriptionally modified protein
molecules are included in many complex biological processes. Inspired by natural
modifications of proteins, synthetic modifications have been made both chemically and
genetically [57]. The broad range of modification methods allows us to construct and
assemble various structures by modifying residues [58].

In early studies, the group of Heinz Fraenkel-Conrat has performed studies to identify
amino acid residues which are crucial for the biological activity of the protein [59]. By
the improvement of biotechnology, chemical and genetic modification methods have
been used both in vivo and in vitro studies. The tracking of protein-fluorophore probes
[60], probing the mechanism of pathological enzymes [61] are some of the studies that
have been done in vitro. In general, chemical modification of proteins includes post-
translational modifications and chemical engineering of proteins. The PTM is based
on the chemical reactions with amino acids residues, so it is affected by the chemical
reaction types and the reactivity of residues. Chemical engineering of proteins has the
potential to introduce non-natural amino acids into peptides and synthetic peptides
that scientists design without the limitations imposed by the genetic code. Despite the
important progress in the field of modification of proteins, scientists still face many
challenges, not only about synthesis but also from processing, manufacturing, and
stability [62].
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2.2. Chemo diversity of proteins in nature

The post transcriptional modification increases the variety of proteins by covalent
modifications, hydrolytic cleavage of peptide bonds and reductive cleavage of disulfide
bonds. Half-life and the turnover of proteins are maintained by the hydrolytic cleavage
of peptide bonds. Since proteolytic cleavages are irreversible, proteases are firmly
regulated. The features coming from the PTMs determine the working principle of
proteases. For instance, proteases are not able to reach their substrates until required
and zymogen forms of proteases are activated by other proteases when they are
needed [63]. Another form of PTMs is reductive cleavage of disulfide bonds and this
maturation is maintained in Golgi, ER and post Golgi complex [64]. Most of the
disulfide bonds are in function in the extracellular environment of Endoplasmic
reticulum, Golgi and endosome. Also, plasma and organelle membrane proteins
consist of a high proportion of disulfide bonds [65]. Therefore, PTMs has crucial roles

in many aspects as, protein functions, activation of proteases, maturation of proteins.

The many basic types of post translational modifications contain additions to the
protein such as; acylation, methylation, phosphorylation, sulfation, famesylation,
ubiquitination, glycosylation [66]. While all of these have their own significant roles in
cellular processes, phosphorylation and glycosylation are known as the most common

modifications.

2.2.1. Phosphorylation

Phosphorylation is described as addition of phosphate group to the serine, tyrosine,
threonine in eukaryotes and histidine, aspartate for prokaryotes. It is achieved by
various by protein kinases [67]. Addition of a negative charge to the protein (-2) results
not only in conformational changes, alteration of enzymatic activity and protein-protein
interaction [68,69] but also, creates new docking sites for interactions [70].
Phosphorylation has a major role in cell-cell communication and coordination. For
instance, cell cycle progression and cellular growth control are maintained by
phosphorylation of serine and threonine residues [69]. Protein phosphorylation is used
also for biotechnological applications. As an example, chemical reaction was utilized
to add the sodium tripolyphosphate to the soybean protein and resulted in increasing
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the particle size distribution of phosphorylated soybean protein concentrate and

improvement of the emulsifying property of SPC through phosphorylation [71].

2.2.2. Glycosylation

Protein glycosylation is controlled by over 200 glycosyl transferase enzymes. In this
process, these proteins can be glycoproteins, positioned glycans on those proteins or
glycans [72]. The proteins can be glycosylated in two different ways as enzymatic and
non-enzyme glycosylation. In non-enzymatic glycosylation, lysine and arginine
residues of proteins react with glucose and then go through further changes and then
become ready to be involved in pathways which are important specifically for aging
and diabetes. Enzymatic glycosylation occurs through the enzymes and formation of
a glycosidic bond using a sugar nucleotide donor during synthesis of glycoproteins
which is an example of enzymatic glycosylation. Glycopeptide bonds are separated
into three groups as N-, O - and C- linked glycosylation, glypiation and glycosylation
[73]. N- linked glycosylation occurs through attachment of sugar molecules to the
nitrogen atom. There is the intrinsic and extrinsic role of N-glycans in maintaining
glycoproteostasis. N-glycans have an impact on protein structure as maintaining
folding of the proteins [74]. For instance, proteins that are involved in the eukaryotic
secretory pathway are commonly modified with N-linked carbohydrates. These bulky
amphipathic modifications at asparagine intrinsically enhance solubility and change
folding energetics through carbohydrate-protein interactions. N-linked glycans can
also extrinsically enhance glycoprotein folding by utilizing the glycoprotein
homeostasis or “glycoproteostasis” network [75].

Another important type of glycosylation is O- linked glycosylation which plays an
important role in the determination of secondary, tertiary, and quaternary structures of
fully folded protein [76].

N- and O- linked glycosylation are known as the most common types in cellular
processes [77]. The enzymatic process of glycosylation occurs and mature in
endoplasmic reticulum and Golgi complex and mostly secreted proteins are
glycosylated [78].
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2.3. Engineering of proteins

Besides from natural PTM, proteins can be chemically modified to create a wide range
of chemo diversity. Protein engineering is a field that refers to the development of new
proteins through modification of amino acid sequences that exist in nature or the

invention of new sequences of the amino acids naturally found in proteins [57].

There are basically two ways to manipulate proteins as genetic modification and site-
specific modification. The first one modifying the protein features by implementing the
modification directly to the genes. Site directed mutagenesis of the gene of interest
can be an example. In that regard, modified genes programs that specific feature of
the protein according to modification [79]. This was proposed by Schultz and Yarus in
1996 [80]. Even though the consequences of this technique are promising, there is a
limitation of probes and the number of cell lines which are usable [81]. The second
category, chemical modification of proteins, was started by the discovery of
crystallization of protein structure in 1920. By the development of organic chemistry,
X-ray crystallography, and molecular biology, understanding of established reagents
and procedures was improved. These developments also led to development of many
new, and more sophisticated, reagents and procedures [82]. In 1945, the scientists
started to study on amino acid residues necessary for the biological activities of
proteins. This interest led to the publication of two important reviews of protein
modification in 1947 [83].

By the time, methods for the chemical derivatization of proteins continued to expand
and develop. Various studies were published about site specific modifications, side
chain modifications, modifications by fluorescence label, crosslinking and
immobilization. The purposes of these chemical modification of proteins are
categorized in three; labeling with probes [84] and observing the interaction between
proteins and other biomolecules [85].

Chemical modification of proteins with special probes allows their functional
characterization, including dynamics, localization, and protein-protein interactions
[86]. As example, Toboya and his colleagues reported a labelled probe, TLSHalo, to
Halo-Tag proteins which was expressed by cells on the plasma membrane for the

investigation of concentration changes in K+ caused by transfer channel [87]. As an
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example of modification of protein functions, the group of Mohsen chemically modified
the lysine residues of Bacillus licheniformis a-amylase (BLA) by citraconic anhydride
and succinic anhydride and they observed that the specificity of enzymes was
changed and caused dramatic increasing in maltosidase and a reduction in amylase
activity [88]. As an example of observing the interaction between proteins with other
biomolecules, chemical crosslinking method was used by Yeo, to obtain DNA-green
fluorescent protein complex, DNA-23 mer peptide complex and DNA-10 mer peptide
complex. Investigation of these DNA-protein lesions indicated the polymerases cannot
read through the larger DNA-protein complexes [89].

Furthermore, better understanding of fundamental biochemical structure and function
also contributed to the pharmacological or medical diagnostic applications.

For instance, the modification of protein therapeutics with polyethylene glycol (PEG)
improves their stability and half-life in the pharmaceutical industry [90]. As a result of
these studies, a wide variety of protein modification methodologies have been studied

to obtain an accurate control of these macromolecules [91].

In the protein engineering field by chemical modifications, the main purpose is to
engineer the proteins without damaging the structure and folding properties of
proteins. That is why, it is critical to consider the critical factors and provide careful
control about reaction conditions such as pH, solvents, and temperature. By following
this approach, it is also possible to overcome the limitations of chemical modification
of proteins as degree of site-selectivity and regioselectivity. So far, various techniques,
that allows engineering of proteins without damaging the structure and function, are

demonstrated for the chemical modifications of proteins.
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2.3.1. Modification of proteins through reactive group and modifying reagents

Chemical modification of protein methods relies on the roles of amino acid residues in
the manner of biological, chemical, and functional properties of proteins [92].

Four basic chemical modifications, which are commonly used, are listed below as:

® Primary Amines (-NH2): This group is located at the N-terminus of each
polypeptide chain and at the side chain of Lysine amino acid(K).

® Sulfhydryl (-SH): Itis found at the side chain of cysteine amino acids. Cysteines
forms disulfide bridge (-S-S-) in the protein structures.

® Carboxyl (-COOH): It is located at C terminus of each polypeptide chain and
side chain of Aspartic and (D) and Glutamic acid (E).

® Phenol (-Ph-OH): This group is found at the side chain of Tyrosine (Y).

-NH2 groups are located at the N terminus of each polypeptide change and at the side
chain of lysine amino acids. The chemical reaction with an amine group is required to
perform in the alkaline conditions since the amino acids are supposed to be
deprotonated [93]. Since there are several reactions which can be done with the
primary amines group, usage of lysine remains popular for chemical modifications.
Also, lysine is an amino acid that is found on the surface of proteins. This feature
makes lysine accessible and facilitates the chemical modification reactions [94].

N-hydroxy succinimide ester (NHS) reaction

o

j—NHZ " ‘y)ko)):] ————— i i"/“jl) + EéZ—OH

Primary amine NHS ester

Intermediate

Figure 2.1. The mechanism of chemical reaction of NHS ester with primary amine.

48



The primary amines are mostly able to be protonated in physiological conditions, but
they can still function as nucleophiles in the neutral state. The N-hydroxy succinimide
groups are commonly used for the modification of amines due to the proportion of
amines, and they are transiently deprotonated even at pH values below the pKa. The
electron distribution, which occurs in C=0 bound, of the NHS ester molecule to get
closer to O atom due to its electronegativity and the carbon atom has a partial positive
charge. The reaction occurs through the attack of the N atom of the NHS to the C atom
to form an intermediate. Thus, the C=0 bound breaks and the primary amine loses
H+( see figure 2.1).

The preparation of stable NHS esters should be in non-aqueous solutions such as
DMSO. NHS ester cross linking reagents react with primary and secondary amines
and form amide and imide bonds. Therefore, they can couple with the a-amines at the
polypeptide N-terminals and the e-amines of lysine side chains. Additionally, NHS
esters can react with the tyrosine, serine, and threonine —OH groups [95].

NHS reagents react with nucleophiles and at the end of the reaction, they release the
NHS, to form an acylated product. The reaction between NHS ester and primary
amines is pH dependent. When the pH is quite low, the amino group is protonated.
However, when the pH is high, NHS esters can be hydrolyzed. Therefore, the optimal
pH is around 8.3-8.5. This reaction to work efficiently, requires 2 hours incubation at
25°C. To maximize the coupling primary amines with NHS ester groups and minimize
the rate of hydrolysis, high concentration of protein usage and molar ratio between
protein and NHS ester groups are crucial factors. The control of over sites of
protonation of peptides is maintained through the difference between the pKa values
of N terminus and amino group of lysines [96].
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Figure 2.2. Two-step conjugation enabled identification of the more exposed lysines of CRM197.

As an example, the reactivity of the lysines were characterized from nontoxic cross-
reactive material of diphtheria toxin (CRM197) through NHS ester linkers bearing alkyne
or azide by Stefano and his colleagues in 2014 (see figure2.2). This characterized
method enabled the preparation of lysine-mediated glycoconjugates with developed
batch-to-batch reproducibility, thereby producing neo-glycoconjugates with more-
consistent biological activity. This study demonstrated and mapped the reactivity of
lysine residues via LC-MS/MS analysis [97].
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Figure 2.3. A schematic representation of highly selective tumor imaging with an activatable
fluorescence probe-antibody conjugate. The probe is nonfluorescent when outside the tumor cells.
After internalization by endocytosis, the probe is accumulated in late endosomes or lysosomes, where
the acidic pH activates the probe, making it highly fluorescent.
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Particularly, conjugation of proteins with fluorescently labeled NHS esters can be a
useful tool to construct in vivo probes [98]. As an example, NHS ester was used to
label the cancer cells with fluorescent probes in the study of Yasuteru and his
colleagues for developing the specific and sensitive tumor-imaging techniques (see
figure 2.3). They conjugated this fluorescent probe to a cancer-targeting monoclonal
antibody. This conjugation was conducted through fluorescence probes to
trastuzumab (monoclonal antibody) by using their mono NHS ester derivatives to form
an amide bond with lysine residues of the antibody. The feature of this fluorescent
probe is being acidic pH- activatable fluorescent probe. It is activated after cellular
internalization by sensing the pH change in the lysosome [99].

In addition, due to the selectivity and specificity of the method, it can be a useful
technique to manipulate complex proteins in biological systems such as oligomeric
proteins in cell membranes. Therefore, | can conclude that the main advantage of this
technique is being able to be selective and specific for several purposes in numerous
fields and applications.

Other reactive groups that react with primary amines

The other groups that can react with primary amines are isothiocyanates, aldehydes,
and imidoester. Isothiocyanates can react with the primary amines but just in aqueous
solution and the disadvantage of this molecule is that it can be hydrolyzed to ammonia,
CO:2 and H2S. The potential of being hydrolyzed leads to a risk of deterioration during
the storage [100].

Aldehydes can react with the amines to compose Schiff base intermediates. The
reaction between aldehydes and amines group is pH dependent and it forms Schiff
base at low pH [101]. The limitation of aldehydes is that the indecisive form of Schiff.

It can be stabilized through reduction with the addition of sodium borohydride.

However, it requires an additional step [96].

The imidoester is a functional group that is involved in the group of acylating, reacting
specifically with primary amines. Like the other groups, there is a certain pH 7-10. The
reaction between imidoester and primary amines results in amidine which is positively

charged in physiological conditions due to it being protonated [102]. However, the
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stability of the bond relies on the pH; while at low pH the amidine bond is stable, at

high pH it becomes sensitive for hydrolysis [103].

Besides the functional groups which are mentioned above, there are sulfonyl chloride,
acyl azide, anhydride, epoxide, fluorophenyl ester. Sulfonyl chloride reacts with
primary amines. However, since it includes a tetrahedral configuration of substituents,
there is possibility that formation of an unstable pentavalent intermediate in case of

the reaction between nucleophile and sulfonyl chloride [104].

Acyl azides are known as activated carboxylate groups and can react with primary
amines. In the presence of hydrazine with sodium nitrate, the reactive acyl azide
forms. Acid anhydrides composed of dehydration of two carboxylic acid groups. Even
though they can react with cysteine, tyrosine, and histidine, side chains form unstable
complexes. However, amine functional groups of proteins are stable to acylation with

anhydride reagents to form the amide bonds [105].

Epoxide groups couples with nucleophile molecules in a ring-opening process. They
react with primary amines, sulfhydryl, or hydroxyl. The pH of the reaction depends on
the groups that epoxide reacts with. However, for the coupling of amines with epoxide,
optimal pH is about pH=9 [96].

Fluorophenyl ester is another functional group which couples with amines. There are
several types of fluorophenyl esters such as a pentafluoro phenyl (PFP) ester, a tetra
fluorophenyl (TFP) ester, and a sulfo-tetrafluoro- phenyl (STP) ester. They all react
with amines, but their electronegativity changes in the aqueous solutions as
uncharged ones are hydrophobic and the sulfonated one is negatively charged. The
reaction occurs at alkaline conditions around pH=7-9 and forms the amide bond like
NHS ester. Additionally, they are more resistant to hydrolysis compared to the NHS

ester molecules [96].

Chemical modification of sulfhydryl (=SH) groups

Cysteine labeling is known as more specific compared to the amine labeling. However,
generally cysteines are not located on the surface of protein molecules and it is a
versatile amino acid for selective chemical modification of proteins. This selective

chemical modification is conducted through site-directed mutagenesis [106]. Site-
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directed mutagenesis methods are used for generating DNA sequences with mutated
codons, insertions, or deletions. These mutations are generated by PCR using a pair
of oligonucleotide primers designed with mismatching nucleotides at the center of the
primers. Thus, this method allows to produce site selectively modified protein through
the DNA manipulating [107]. By this approach, it is feasible to mutate the amino acid
residues to other residues on the surface of the protein. This allows the usage of
accessibility advantages of the amino acid residues on the protein surface.
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Figure 2.4. Classic methods for the modification of sulfhydryl (-SH) a maleimide reaction b iodo (or

bromo) acetamides reaction ¢ aminoethylation reaction.

Maleimide derivatives have been commonly used for the modification of the cysteine
residues [108]. The reaction is called the Michael reaction and it occurs with the
addition of nucleophile to an a, B-unsaturated carbonyl compound (see figure 2.4). In
the Michael reaction, while the cysteine residue of the protein molecule is the donor,
maleimide derivatives are the acceptor. In the manner of Michael reaction conditions,
pH plays an important role to control the reaction since maleimide can also react with
other groups too. In pH of higher than 8.5, it can lose the specificity to cysteines and
can react with amines. Another scenario is that the maleimide can be hydrolyzed and
become an unreactive maleimide acid. The optimal pH is around 6.5 -7.5 [106].
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Figure 2.5. Site-selective glycosylation of bovine Hemoglobin at Cys93 by the lactose derivative.

An example of usage of chemical modification with maleimide is demonstrated that
maleimide- lactoside was coupled with cysteine for the glycosylation of myoglobin to
provide higher oxygen affinity to the protein by Yalong (see figure 2.5). The process is
composed of two phases. As a first phase, maleimide-lactoside was prepared. The
peracetyl protected lactoside 1 was treated with 2-[2-(2-chloroethoxy) ethoxy] ethanol
catalyzed by boron trifluoride and then reacted with sodium azide to yield 1-azido-4,6-
dioxa-9-octyl-peracetyl-lactoside 2. The acetyl groups were removed by treating with
sodium methoxide to yield compound. The azido group of 3 was hydrogenated to an
amine and reacted with 6-maleimidohexanoic acid N-hydroxysuccinimide ester to yield
maleimide-lactoside 4. As a second phase, the maleimide lactoside was introduced to
the hemoglobin on Cys 93 5 [109]. Halo carbonyl electrophiles are the other reagents
to couple the cysteine residues. In early studies, halo carbonyls were used to modify
the cysteines of the Keratin [110]. Even though coupling the cysteines with Halo
carbonyls offers stable conjugation, the reaction rate and chemo selectivity of this
reagent reduces the convenience of usage of the halo carbonyls [111].
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Modification methods of disulfide bonds

The modification of disulfide bonds by bis-alkylation has become attractive in recent
years since it is crucial for designing and improving the properties of protein-based
pharmaceuticals. For the protein function, the disulfide bonds have a role to stabilize
tertiary and quaternary of the protein structure. Even though the modification of

disulfide bonds is required, breakage might alter the stability of the proteins [112].

There are several methods to reduce disulfide bonds. As first a, B-unsaturated-f3’-
mono-sulfone functionalized PEG reagents were conjugated, and it resulted in a stable
thioether bridge. Another method is to introduce aryloxy maleimide and bridging of
disulfides permits the incorporation of PEG chains. This approach has been
demonstrated by Baker and co- workers in 2014 [113]. The other method, which is
mostly commonly used in recent years, is reducing the disulfide bonds by reducing
reagents. There are three most used to reduce reagents as Tris (2- carboxyethyl)
phosphine (TCEP), dithiothreitol (DTT) and 2-mercaptoethanol (2-ME) [114].

TCEP is a very stable reducing agent and soluble in aqueous solutions. Since it does
not include any thiol molecule, there is no need to remove the reagent from the solution
after the reaction and it is resistant to the oxidation rather that the other reducing
reagents. This reduction also does not require special pH (the pH range is 1.5-9) and
as a reducing time is quite short. It is commonly used in the coupling reaction of
cysteines by the maleimides [115]. Another well-known reducing reagent is DDT
(dithiothreitol). Due to the oxidation of DTT by the air, it is not stable compared to the
TCEP. Once it is oxidized, it becomes a molecule with a six membered ring containing
a internal disulfide bond. Additionally, its half-life is limited to about 40 hours, and it
requires quite specific pH = 6.5 for the protection of stability of the reagent [116]. 2-
mercaptoethanol (2-ME) is another reducing reagent which can reduce the disulfide
bonds in proteins. It is commonly used since it is more stable than DTT and soluble in

water. However, 2-ME is volatile and considered a toxic reagent [117].

Many reagents have been developed for cysteine-specific protein modification of
conjugation of cysteine residues through the disulfide bound. However, a few of them
allow for multi-functionalization of a single cysteine residue and disulfide bridging bio-

conjugation. The study of Zhu and his colleagues is an example for this conjugation
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and this conjugation was conducted through reducing the disulfide bonds by reducing
reagent (see figure 2.6).
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Figure 2.6. Disulfide bridging bioconjugation of protein using 3Br-5MP.

They reported a disulfide bridging conjugation through the addition of cysteine to 3Br-
5MP, which is a robust reagent for cysteine-specific protein modification. They
demonstrated the disulfide bridging bioconjugation with 3Br-5MPs by using the
endogenous hormone somatostatin (SST), which contains a single disulfide bridge.
The disulfide bond of SST was reduced with (TCEP) in HEPES buffer (pH 7.5) and
addition of 3Br-5SMP reagent allowed to disulfide re-bridging products. The products
were converted to the reduced product by the addition of 2.5 mM NaBH4. Purified
products were examined with Ellman’s test, which showed that they do not have any
free thiol groups. Thereby, they confirmed that the 3Br-5MPs were attached to SST
via disulfide bridging [118].

Chemical modification of Carboxyl (=COQOH)

Since carboxylate groups are less nucleophilic in aqueous solution, reactions with
carboxyl groups are not widespread. Nevertheless, some methods have been
developed for the modification of proteins via carboxyl groups. Diazo acetic
compounds have ability to couple with carboxyl groups naturally. The reaction occurs
through the attacking of carboxylate oxygen atoms to a protonated diazo alkyl group.
It results in covalent linkage. The reaction needs a specific pH range and the optimal
one was considered as 5. However, at pH=5, the diazo acetic compounds lose their
specificity to the carboxyl group and tend to react with the sulfhydryl groups at the
same pH. In case of higher pH, the specificity of the reaction stays low since the
reaction with other nucleophiles [119].
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Chemical modification of Phenol (ph-OH)

Hydroxylation of phenylalanine forms the tyrosine amino acid. Since tyrosine has an
electron rich side chain, it can be modified through chemical reagents by different
methods such as non-transition metal-catalyzed reaction and transition metal-
catalyzed reaction. The first modification of the tyrosine method was demonstrated by
Francis and his colleagues. The method was named as a three component Mannich
reaction, and the reaction occurs with the aldehydes and anilines. Another method is
to use preformed imines for tyrosine modification. This method has a usage in DNA-

protein conjugations [120].

Chemical modification with non-natural amino acids

In the last 20 years, site-specific mutagenesis of DNA has been one of the most
significant advances in biology. The site-specific replacement of an amino acid in a
protein enabled the examinations of the role of individual amino acids in folding,
structure, stability, and function of a protein by any of the other nineteen amino acids.
Despite of these advantages, the limiting factor of this technique is that can be used
to replace an amino acid only with one of the other nineteen naturally occurring amino
acids. The ability of unnatural amino acids (amino acid analogues) with novel
chemical, physical and biological properties either at multiple sites or at specific sites
into proteins brings a new dimension to studies of protein structure and function. The
novel properties of these analogues include being photoactivatable or fluorescent
amino acids, those that carry heavy atoms such as iodine, reactive side chains such
as keto groups, spectroscopic probes, and those that mimic natural phospho-amino
acids. This method not only offers the design of proteins with novel chemical and
biological properties, but also proteins bearing such unnatural amino acids can be
used for in vivo and in vitro studies on protein folding, structure, function, protein-

protein interactions, and protein localization [121].

These non-natural amino acids can be synthesized as both biologically and
chemically. In biological synthesis, they can be synthesized through metabolic
engineering approach. Zhang and co-workers synthesized L-homoalanine directly
from glucose using engineered E. coli. This process carried out as threonine
synthesized after glycolysis and then it was converted to 2-ketobutyrate by threonine
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dehydratase and thus obtained 2-ketobutyrate was diverted to synthesize L-
homoalanine. By the time, this approach expanded by the other scientist, they also
managed to produce L-2-aminobutyric acid (L-ABA), L-proline, L-azidohomoalanine,
B-phenylalanine (from phenylalanine), nor-leucine, and several others, have been
successfully biosynthesized. This non-natural amino acid can be synthesized through
biocatalytic methods such as asymmetric methods. The limitations of biocatalytic
methods were overcome by protein engineering. Chemical routes are more profound
than biocatalytic routes, possibly due to versatile synthetic ways. In the group of
chemical routes, there are asymmetric synthesis, diastereoselective synthesis,
enantioselective synthesis, catalytic synthesis, chiral pool synthesis. Among them, it
is proved that the most efficient way is the asymmetric synthesis [122].
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Figure 2.7. Production of trastuzumab (blue)-AF conjugate. Reaction of genetically encoded pAcPhe

residue (green) with alkoxyamine-polyethylene glycol-derivatized AF in an oxime (brown) coupling.

An example of the usage of non-natural amino acids were shown in figure 2.7. They
coupled Auristatin F(AF), which is a highly potent tubulin inhibitor, to an anti-Her2
antibody (trastuzumab). p-Acetyl phenylalanine (non-natural amino acid) was site-
specifically incorporated into an anti-Her2 antibody Fab fragment in Escherichia coli
and mammalian cells. The mutant protein was efficiently and selectively conjugated to
an auristatin derivative through a stable oxime linkage, which contains two ethylene
glycol moieties modified with a terminal alkoxy-amine group. By this approach, they
overcame the limitation of non-selectively cysteine or lysine labeling in the antibody
that leading to make optimization of the biological, physical, and pharmacological
properties of an ADC difficult through heterogeneous products [123].
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2.3.2. Comparison of chemical modification methods

The main purpose of chemical modifications is to create bio conjugated molecules
while protecting the function and structure of proteins. To reach the high modification
efficiency without an overly complicated experimental protocol, the requirements for
these reactions are aqueous reaction buffer, or near neutral pH and room temperature

(up to 40°C), high reaction rates, low reactant concentrations, and non-toxic reagents.

Among the modification groups, the modification of phenol and carboxyl groups have
several limitations. For instance, carboxylate groups become low nucleophilicity in
aqueous solutions, they lose their reactivity during the nucleophilic addition.
Furthermore, some modification reactions targeting these amino acids require two
steps. This makes the modification more complex and reduce the yield. The addition
of primary amines in the system can also make the chemistry difficult to control. The
reaction of Pd-catalyzed allylic O- alkylation of tyrosine has solved this problem to
some extent. However, metal-catalyzed reactions are not always compatible with
proteins. Each time it is necessary to find a suitable concentration of metal to allow
rapid reaction while preserving the function of target protein.

The pH is another crucial factor for the future of the reaction because almost all the
chemical modification processes are pH dependent. The challenge of carboxyl group
modification is the requirement of pH5. However, pHS is not always compatible for the
proteins, they mostly maintain their function around neutral pH which is 7. Therefore,
phenol and carboxyl groups are not first choices for the chemical modification of
proteins compared to the lysine and cysteines.

Modification of lysine and cysteine residues have been commonly used since they
have more advantages compared to the other chemical modification groups. Thanks
to the nucleophilicity of the lysines and cysteines, as an average modification of these
residues is efficient and simple. For instance, lysine is an amino acid residue which is
located mostly on the surface of the proteins and so, it makes conjugation with lysine
residues quite convenient because they are mostly accessible. [124]. However, this
accessibility can be both an advantage and disadvantage. Since lots of lysines are
accessible on the protein, it leads to a lack of selectivity especially in protein-DNA
coupling. When the DNA attaches with the aid of lysine conjugation to the critical part
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of the proteins such as the binding domain, that can preclude its function [58]. In
contrast, cysteine does not usually expose on the surface of proteins, this results in
an accessibility problem. At the same time, it prevents the lack of selectivity. Even
though the accessibility problem was overcome by introducing cysteines to the surface
of proteins, this might lead to protein dimerization or aggregations, through disulfide
bond formation. These new disulfide bonds might cause critical changes in integrity
and stability of the proteins [125]. Therefore, modification of lysine residues is more
favorable than the cysteine residues.

For the modification of amine groups of lysine residues, reagents contain NHS ester
are more favorable and thus highly popular compared to the others since
isothiocyanates, aldehydes, and imidoester have some limitations as stability,
hydrolyzation and pH.

NHS esters are reagents that have half time depending on pH. However, it is quite
easy to prevent its hydrolysis by just preparing the reagent just before the reaction.
Also, it does not require extreme temperatures and pH for the bioconjugation reaction.
The rate of the reaction is high since the NHS group is an excellent leaving group.

2.4. Protein-DNA coupling reactions

Development of the protein-DNA coupling methods offers a new path for the
immobilization of the proteins to DNA nanostructures. These DNA nanostructures
might be the one ssDNA, dsDNA, or more complex DNA structures.

DNA is chemically inert, and nanostructures based on unmodified DNA mostly lack
function. However, functionality can be obtained through chemical modification of DNA
nanostructures and the opportunities are endless. This chemically modified DNAs is
being used to create functional nanodevices and make DNA nanostructures more
applicable. DNA nanostructures provide a powerful method for spatial organization of
objects on the nanometric scale. Such nanometric organization of different materials
opens the way to the formation of diverse meta-materials with properties emanating
from the spatial organization of their components. In this context, it is interesting to
improve methods for coupling proteins to DNA, to increase the possibilities for
functionalizing DNA nanostructures with proteins. Indeed, the wide range of protein
functions provides the possibility of constructing many interesting and useful materials.
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2.4.1. Coupling strategies

There are different ways to attach oligonucleotides to proteins: by using covalent links,
which is known as conjugation; or based on non-covalent interactions, such as
absorption and encapsulation. Antibody-Hapten interactions, aptamer binding, biotin-

streptavidin interactions are examples for non-covalent interactions [126].

2.4.1.1. Non-covalent coupling strategies
Antibody

Target-specific therapy was discovered by the inventor of chemotherapy, Paul Ehrlich
[127]. The ensuing development of hybridoma technology for generating monoclonal
antibodies by Ehrlich along with the therapeutic success of antibodies led to the
development of several novel antibody drugs conjugates (ADCs) [128]. In this novel
antibody drugs, both polyclonal and monoclonal antibodies can be used. Polyclonal
antibodies are mixtures of serum immunoglobulins and collectively are likely to bind to
multiple epitopes on the antigen. Monoclonal antibodies contain only a single antibody
clone and have binding specificity for one epitope. Haptens are many small molecules
of Mr < 1000 such as toxins, drugs and hormones do not have an ability to invoke
immune response by direct injection. Thus, they are not immunogenic by themselves.
However, it is discovered that these small molecules can triggers an immune response
when attached to a large carrier such as a protein thanks to the revealing of the first
X-ray structure of an antibody [129] and the structure of the Fab fragment of antibody
with the cognate hapten [130]. Furthermore, the knowledge of structural composition
of antibody binding regions which are constant and hypervariable regions led the many
antibody engineering approaches that were emerging in subsequent years. They are
still widely applied as essential capturing, cross-linking, or detection reagents in many
diagnostic assays. Hapten-binding antibodies can serve as versatile bridging elements
between small chemically synthesized entities and large molecules that are produced
recombinantly in bacterial or eukaryotic expression systems. Many scientific reports
published that shows designed recombinant hapten-binding antibodies, hapten-binding
IgGs for modulation of pharmacokinetic properties of small molecules, hapten-binding
antibodies for targeted and pre-targeted payload delivery, bispecific hapten-binding
antibodies as cell biology research tools through engineering approach [131].
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Additionally, they engineered a technology that connects haptenylated payloads by a
covalent disulfide bond to the antibody through by spontaneous redox shuffling
reaction. However, this strategy requires the wise use of informatic tools and various
optimization, thus it could not compete with other covalent conjugations. ADCs has
the limitation of linkage and conjugation chemistry to link an optimized number of the

payloads to the antibody in predefined location homogeneously [132].

Streptavidin-Biotin

The interaction between Streptavidin and biotin is one of the strongest non-covalent
interactions known so the use of this interaction is popular. Streptavidin is a homo-
tetramer from the bacterium Streptomyces avidin that binds up to four biotin molecules
with Kd ~ 107'* M. The protein also has high thermostability (Tm of 73°C for apo-SA
and 112°C for biotin-SA) and is resistant against extreme pH, denaturing agents, and
enzymatic degradation, which are important traits for use under a wide range of
experimental conditions. There is also engineered variants of streptavidin as
monovalent and monomeric. Due to it being the strongest non-covalent interaction and
streptavidin being a very stable protein, they are used in pre-targeted cancer therapy,
enzyme engineering, cell biology studies development of biosensors, and designing
DNA nanostructures (see figure 1.11). Among these applications, there are some
limitations of use of streptavidin-biotin interactions. For drug targeting systems, there
is a challenge that prevent its long-term use, which originates from the immunogenicity
of streptavidin. Another challenge exists in cell biology studies that coupling of
biotinylated cell surface receptors with streptavidin can causes receptor crosslinking,
which perturbs cellular signaling, induces receptor internalization and changes

receptor dynamics [133].

Aptamers

Aptamers are defined as short, single-stranded DNA, RNA, or synthetic molecules that
can be developed with high affinity and specificity to interact with any desired targets.
Aptamers has several advantages that make them amenable to play significant roles
on the improvement of clinical diagnostics, and therapeutics, such as cancer and
pathogen recognition. They are cheap to synthesize in a short time and can easily be

62



modified without affinity loss. Their specificity can be provided through single point
mutations. They are resistant to temperatures. While their potential targets vary widely
from small molecules to cells. Their cellular uptake is fast, however, target specific
delivery is a limitation for these molecules particularly for in vivo studies [134].

Aptamers have more advantages compared to the monoclonal antibodies and
monoclonal or polyclonal antibody-hapten interactions [135]. Aptamers are produced
synthetically, modified by chemical substitutions and these substitutions raise the
stability and half-life of the molecule [136]. Secondly, they have an ability to be stored
for a long time, have low immunogenicity and the production of aptamer is low cost
compared to antibodies especially for targeted medical therapies [137]. In contrast,
antibodies can be easily denatured and are temperature sensitive, furthermore
incorporation of modifications to antibodies often leads to reduced activity. Thus, this
increases the possibility of binding different antibodies to the same antigenic

molecules.

Among the antibodies, the use of aptamers is more favorable for conjugations with the
other molecules and particularly with DNA. In the context of coupling with DNA,
aptamer immobilization onto the DNA nanostructures is more carried out concept than
protein immobilization. Therefore, there are more published reports about the coupling
of aptamers than coupling of the proteins with DNA. Nevertheless, these non-covalent
interactions are not as stable as covalent conjugation because of the limitations
explained above. Particularly, if they are RNA or peptide aptamers, they are prone to
quick degradation in the biological environment because of the biomolecule’s

interactions [138].

2.4.1.2. Covalent coupling strategies

In DNA nanostructures, the individual DNA strands are the building blocks, and their
nature eventually decides the structure and properties of the desired design. Adapting
the chemical functionality of the DNA building blocks is the first step toward obtaining
nanostructures with desired function. In many cases, a chemical handle is
incorporated to the DNA strand in-synthesis. The desired modification is subsequently
coupled to the DNA strand in a post synthesis conjugation reaction between the
chemical handle on the DNA and a complementary chemical functionality on the
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modification. Amino groups, thiols, alkynes, and azide are the most common

oligonucleotide modifications [112].

Amino Handles

Amino modifications enable selective reaction with activated carboxylates in amide
bond forming reactions. Since there is a wide range of commercially available probes
containing activated carboxylates, such as N-hydroxy-succinimide (NHS) esters,
amino-modified oligonucleotides offer access to a broad range of functionality.

Despite the coupling of NHS esters with amino-modified oligonucleotides is highly
popular, this method has some disadvantages. While at low pH to neutral pH, amines
are protonated and thus, hardly react with NHS esters, at high pH NHS esters undergo
hydrolysis, which also complicates the conjugation. Thus, appropriate buffer
composition and high concentrations of reactants are required for the high yield from

conjugation of NHS ester [139].
Thiol

Thiol-modified DNA also provides access to functionalization with a wide range of
probes. Their efficient reaction occurs with maleimides, a-halo carbonyls, and vinyl
sulfones [140]. Particularly, the reaction of thiols with maleimides is commonly used
due to its high reaction rate at pH 6.5-7.5. The reaction is also very selective even in
the presence of reactive primary amines. A limitation of the thiol-maleimide
conjugation is the risk of thiol-exchange in complex medium, but this can be
compensated by hydrolytic ring-opening of the thioether product [141]. Another
attractive property of thiol-modified DNA is linkage using disulfide formation. Thiol
modifiers are commonly conserved as disulfides, and reduction of the resulting
disulfide modified oligonucleotides with reagents such as Dithiothreitol or Tris (2-
carboxyethyl)-phosphine is essential before conjugation. Also, DNA can be modified
with free thiols using benzoyl or MMT protection. However, the obtained thiols are
prone to intermolecular disulfide formation and reduction can still be required before

further reactions.
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Alkynes

Terminal alkynes are favorable to incorporated in oligonucleotides during solid phase
synthesis both internally as well as in the 5’ or 3' end. They are crucial for conjugation
with azides in copper(l)- catalyzed alkyne—azide cycloaddition (CuUAAC). Copper-
catalyzed “click” reaction is a popular method since large number of available azide-
probes make alkyne-modified oligonucleotides reliable in bioconjugation. The
invention of strain- promoted alkyne—azide cycloaddition (SPAAC) offers another way
for efficient reactions with azide probes without the need for copper(l), which tends to
complicate certain applications of oligonucleotides due to its cytotoxicity and tendency
to generate reactive oxygen species that may degrade DNA. SPAAC is popular for its
ease of use and the mild reaction conditions required, but since it does not have a
catalyzer as copper, it has lower reaction rate compared to CUAAC [142].

Azide Handles

Reaction of oligonucleotides with alkynes in CUAAC or SPAAC needs introduction of
azides although they can be incompatible with phosphoramidite formation due to
Staudinger reduction of the azide in the presence of phosphoramidite reagents [143]

Thus, azides are generally incorporated in a separate step after oligonucleotide
synthesis either by reaction of sodium azide with haloalkyl modifications on the solid
support, diazo transfer reactions to alkyl amines, or reaction of amines with

bifunctional NHS-azide molecules [144].

Site-specific attachment of DNA to proteins

Proteins generally contain numerous reactive handles at their surface thereby linking
molecular Cargo such as a DNA strand to specific site of protein have some struggles.
However, protein engineering approach has a high potential to allow site-specific
functionalization of proteins. In this context, when we consider nucleophilic residues
of proteins, lysine residues are abundant on the proteins surface, but this is not the
case for cysteine residues. To conduct a site-specific attachment DNA to proteins,
genetic engineering is a straightforward approach for incorporation of cysteine residue
to the protein during protein expression. However, cysteine-incorporation for specific
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conjugation did not become a generalized tool due to many proteins have several
reactive cysteine residues. Thereby, to incorporate handles for site-specific protein
conjugation led to development of expanded genetic codes which allow incorporation
of unnatural amino acids. Numerous reports about the incorporation of unnatural
amino acids highlighted the importance of the attachment site to protein activity and
illustrate the potential for tuning the function of protein—-DNA nano assemblies by
rational design of the protein—DNA attachment site [145].

Peptide tags for formation of Protein—DNA conjugates

Integration of peptide tags allows sequence-specific enzymatic ligation. It is also
effective for site-specific conjugation of DNA to proteins [146]. This strategy requires
the modification of the polypeptide sequence with a peptide tag recognizable to a
specific enzyme such as Sortase A, Formyl generating enzyme, Phosphopantetheinyl
transferase, Farnesyl transferase, Transglutaminase [147]. As an example, Khatwani
and his colleagues incorporate CVIA-tags to the C-terminus of GFP and mCherry. This
tag is recognized by Saccharomyces cerevisiae Farnesyl transferase (ScFTase), and
by adding azidofarnesyl as substrate, an azide modification was attached
enzymatically to the C-terminal of the proteins. The azide handles then allowed site-
specific attachment of ssDNA via CuAAC or SPAAC [148].

Self-Labeling Polypeptides for Formation of Protein—-DNA Conjugates

Despite peptide tags are very useful for formation of protein—-DNA conjugates, it
requires the use of ligases, and expression of the tagged proteins. The use of self-
labeling polypeptides (SLPs) is another strategy for attaching DNA to proteins. SLPs
are proteins or peptides that react substrate-specifically to form covalent bonds
between the SLP and the substrate. In contrast to the peptide tags, SLPs do not
require a ligase to mediate the ligation and they can be attached to any protein of
interest. The most famous examples of self-labeling proteins are the Halo-tag and the
SNAP-tag [149].

For instance, in the group of Niemeyer ‘s study, they have labelled Gre2 and BMR
oxidoreductase enzymes with SNAP and Halo tag instead of linker (see figure 1.11),
to attach them to the more complex DNA structure. This DNA nanostructure, which is
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composed of several dsDNA, has been designed as a rectangular shape by DNA
origami technique. While this study and our study has common advantage point which
provides the stability of the enzymes for the more efficient interaction between them
by immobilizing the proteins, this tool's design provides a convenient platform that
offers a wide range of places to position them. Nevertheless, in the study of Christof
M. Niemeyer, the bridge between proteins and DNA nanostructure, is introduced as a
SNAP and Halo tag which are not trackable without any addition of fluorophore
molecules [150].

Conjugation using heterobifunctional linkers

Both ways of covalent conjugations, which are by using amino acid residue offer high
selectivity, specificity, and yield under simple conditions. In the bioconjugation domain,
click chemistry is known as a specific and controllable biorthogonal chemistry. Since
click chemistry is biorthogonal, the reactions never occur with functional groups of
biological reactants or products. This feature offers specificity and selectivity for the
reaction. To obtain the high yield from the reaction, reaction rate should be high and
reactive groups should be stable. But since click chemistry is a highly feasible method
to perform under simple conditions, it is not difficult to optimize the reaction conditions
such as molar ratio, pH for raising the yield of the reaction [89]. Discovery of
biorthogonal reactions has started by inactivated azide and alkyne cycloaddition. Even
though (3+2) azide cycloaddition was commonly used and seemed suitable [151],
there was a crucial challenge as high temperature and high pressure were needed for
the reaction. Since high temperature and high pressure were not suitable conditions
for several biomedical and biomaterial applications, copper as a catalyst was
introduced to allow reactions to be performed at room temperature and atmospheric
pressure [152]. Copper-azide- alkyne (3+2) cycloaddition (CUAAC) click reaction
became to be more convenient due to the performing the reaction became simpler
and usage of this bioconjugation had more wide range of applications [153,154].

For example, Cu- catalyzed Azide- alkyne (3+2) cycloaddition was used for
immobilizing modified proteins to the solid surface [155] and ODNSs [89]. Although

biorthogonal click reactions become more attractive by these optimizations, there are
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still a few challenges that can drastically impact on efficiency of the reaction. Cu can
cause oxidation of amino acid chains [156] and degradation of DNA in in vitro studies,
furthermore for in vivo studies, copper can be problematic in living systems because
of its toxicity [157,158]. To overcome these obstacles, researchers introduced a
cyclooctene ring, which reacts with azide [142,151]. Although these reactions were
rapid and able to reduce the activation energy, they were not providing the rise of
stability because nitrones can be hydrolyzed or dimerized. Hence, there was a
development which overcomes this obstacle about instability. A catalyst-free, strain-
promoted alkyne azide cycloaddition (SPAAC) was introduced to bioconjugation
chemistry (see figure 2.8). For strained alkynes, Difluorinated cyclooctyne (DIFO), was
the molecule which works for the click reaction without catalysis. It was able to reduce
the activation energy, making them form regioisomeric mixtures of triazoles [159]. So
far, several strained cycloalkynes were developed for the click chemistry.
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Figure 2.8. The chemical reaction process of SPAAC.

Many of the methods used for the construction of covalent protein-DNA adducts
require the manipulation of the protein sequence to allow specific and quantitative
modification of the protein. Thus, for example engineering unique cysteine residues,
the incorporation of amber codons in specific locations in the sequence or the addition
of peptide tags. The notable exception to this is the attachment of DNA through the
modification of native amino-groups in the protein (the N-terminus and lysine
residues). This approach does not require genetic manipulation of the gene encoding
the protein of interest. However, this comes at the cost of lack of specificity due to the
presence, typically, of multiple reactive amines on the protein surface.
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Chapter 3 — My Objectives

DNA nanostructures provide a powerful method for spatial organization of objects on
the nanometric scale. Such nanometric organization of different materials opens the
way to the formation of diverse meta-materials with properties reflecting spatial
organization of their components. In this context, it is interesting to develop methods
for coupling proteins to DNA nanostructures, in particular because of the very diverse

functional and structural properties observed in proteins.

Due to protein-DNA coupling specificity and addressability, the biochemical
conjugation method has been used for a wide range of biological applications [126].
Manipulation of proteins by modifying nucleotides is commonly used for
immunoassays [160], biomedical diagnostic and nanofabrication. In the research
studies of nanofabrication, protein-DNA coupling can be used for engineering and
mimicking complex biological systems. Those model systems are not only used to
enable demonstration of systems such as signaling enzyme cascade reactions and
light harvesting systems but also, they have high potential to allow designing
bioinspired systems such as cellulose degrading and photosynthetic systems [126].
Also, Protein-DNA coupling methods have an important potential as a tool to organize
proteins, enzymes, and different macromolecules in multi complexes [161-164].

Key: Protein-DNA conjugate
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° ° i 4-/ Intracellular drug release
o

Figure 3.1. Six-helical-bundle DNA origami nanostructure (6HB-DONs) as its working principle [165].
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As an example of molecular transportation, specific drug delivery system was shown
in figure 3.1. In this example, the target was the prostate cancer cells which has a
specific antigen on its membrane. Li and his colleagues built the DNA nanostructure
as a carrier to deliver the anti-cancer Doxorubicin to the target cells. They loaded

Doxorubicin inside of the nanostructure since the drug is a DNA binding molecule.

To make the delivery specific, they attached protein-DNA conjugate on the
nanostructure. This molecule was composed of one double helix DNA and specific
inhibitor called DUPA with affinity for the membrane antigen. At the end of the process
when administered, the protein-DNA conjugate was binds to the membrane antigen.
This leads to the DNA nanostructure being internalized and reaching the cytoplasm

where the Doxorubicin is released directly in the targeted cancer cells.

Figure 3.2. Bispecific aptamer induced protein dimerization to specifically reqgulate Met receptor

function and downstream signaling pathway [166].

An example of regulation of signalling pathways was shown in figure 3.2. There are
three receptors on the cell membrane. The MET receptors were shown in red from the
met signalling pathway, while TFR was shown as green and HGF ligand was shown
in yellow. In case of dysfunction of the MET receptors in the signalling system, the
dimerization of MET proteins can give also abnormal signal by interacting with their
ligand HGF and this can trigger the metastasis or proliferation. To block dimerization
of MET proteins, Wang and his colleagues modified MET and TFR which is highly
express in cancer cell by DNA aptamers. Then they connected them with double helix

70



DNA to prevent the dimerization of the MET proteins. Then, they labelled DNA
aptamers with fluorescent dyes. At the end, they demonstrated that the interaction of
ligand and MET receptor was disrupted. Therefore, protein-DNA conjugate was used
as useful tool to regulate membrane receptors in case of dysfunctional signalling

pathway.
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Figure 3.3. 1) Coupling mono-multimeric protein-DNA by covalent conjugation. 2) Formation of
dynamic DNA encoded protein assemblies. 3) Isothermal assembly of rectangular DNA nanostructure

by DNA origami. 4) Integration of protein-DNA conjugates into DNA nanostructure.

In this context, my objective in the work presented here was to develop a methodology
for protein-DNA coupling applicable to first homo-multimeric proteins for producing a
1:1 adduct that is one protein with multiple reactive groups, attached to one DNA
molecule. Allowing, as far as possible, the accurate positioning of the protein in DNA
nanostructures based on freely available chemicals. This method allows the controlled
formation of 1:1 protein-DNA adducts, and the DNA in these adducts is accessible for
the formation of DNA scaffolded nanostructures. The path of this procedure is
composed of four steps; chemistry for attaching protein to DNA, assembly of protein-
DNA chimeras, DNA guided membrane protein assemblies, measuring the effect of
the positioning of the functional properties of proteins and integration of DNA guided
protein assemblies to the DNA nanostructure (see figure 3.3).

In the context of homo-multimeric proteins, genetic manipulation is unable to introduce
unique labeling sites, therefore | decided to opt for a controlled labeling of the surface

amine residues using a bi-functional reagent. The notable exception to this is the
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attachment of DNA through the modification of native amino-groups in the protein (the
N-terminus and lysine residues). This approach does not require genetic manipulation
of the gene encoding the protein of interest. As proteins | have chosen to study two
fluorescent proteins sfGFP and mRuby3. The reason why is that, since they are
fluorescent proteins, it is easy to follow them during an experimental procedure.
Secondly, they both have lots of lysines, which makes them possible to label with
linker. As a bridge between DNA and proteins, | have chosen the linker DBCO-NHS-
ester. Lysines of proteins can bind to the DBCO-NHS ester and azide modified DNA
are able to bind cyclooctene of the linker. This chemistry has the advantages of being
widely applicable, easy to follow to adjust reaction conditions to optimize the yield
(thanks to the UV absorption of DBCO) and give readily separable reaction products,
thanks to the charge on the DNA molecules and the charge modifications resulting
from the loss of primary amines. Nevertheless, the reason behind choosing DNA as
material for this construction is that it is easy to synthesize the DNA, design the
geometric DNA structures and it has high chemical and structural stability compared
to the RNA. Furthermore, it is well known that thermodynamically duplex stability might
be calculated accurately and the Watson-Crick base pairing between strands is a

strong interaction.

| believe that DNA based structures provide an experimental route to controlling
organization and assembly of proteins also in complex environments such as cell
membranes. It is crucial to understand functioning of biological membranes and
organization of the integral membrane proteins because they are responsible for a
wide variety of biological processes. Over the years, genomic studies have showed
that 30% of genes are expected to code for membrane proteins [165]. Furthermore,
50-60% of drugs currently on the market target membrane proteins, and account for
25 of the best-selling drugs [166]. Despite membrane protein organization is of major
biological and medical interest, they remain poorly studied. However, integration of
DNA nanotechnology to this biological challenge can be promising since these DNA
based nanostructures can enable us to test different hypotheses on the complex
biological environments like cell membranes and thereby understanding non-

elucidated part of these complex systems comprehensively.
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Because of the reasons mentioned above, | decided to bring membrane proteins and
systems together with the advantages of DNA nanotechnology. Among the numerous
of membrane systems, | chose a light harvesting system in photosynthetic membrane
from purple photosynthetic bacteria since it has an ability to convert the energy from
the light to the chemical energy with around 99% of efficiency [167].

For this reason, to mimic a complex energy transfer system of the photosynthetic unit
through DNA based nanostructures offers a route to comprehend the importance of
critical factors for organization of biomolecules on the photosynthetic membrane.
Understanding the secrets of this systems and the reason why it is that much efficient
can be promising for the design of new efficient systems which utilizes the solar energy
through the principle of this mechanism.
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Figure 3.4. Organization of Photosynthetic Unit in Purple Photosynthetic Bacteria.

The photosynthetic unit from purple photosynthetic bacteria is responsible for
harvesting light and converting the electromagnetic energy into chemical energy (see
figure 3.4). The system involves four integral membrane proteins: LH2, the core
complex-LH1, cytochrome bc1 and ATP synthase. In the system, light is initially
absorbed by the carotenoids and Bacteriochlorophyll which are the pigments of light-
harvesting complex 2, and then the absorbed energy is transferred to the core-
complex via LH1. Here, this resonance energy transfer requires very close association
of these two proteins thus the organization of proteins is crucial for energy transfer
[168]. The energy from the light excites the electrons of CC and leads them into
electron carrier Bacteriochlorophyll. After the mobile electron carrier Q gains electrons

73



and is reduced, quinol takes two protons from the cytoplasm and then diffuses to the
cytochrome bc1 complex. In cytochrome bc1, when quinol gives the electrons to
cytochrome bc1 complex, it releases the protons into the periplasm and the electrons
are carried back to the reaction center by cytochrome c2. Therefore, this electron and
proton transfer changes the density gradient of protons between cytoplasm and
periplasm. ATP-synthase then uses the proton motive force to make ATP for the cell.
Thus, the efficiency of this process depends on the organization of those proteins. The
absorption, energy transport, and dissipation properties are managed by the balance
of pigment-pigment and pigment-protein couplings [169]. However, the molecular
machinery responsible for this balance, and for the couplings themselves, is still poorly
understood. The reason is mainly related to the fact that the couplings are highly
sensitive to intermolecular distances and microenvironments. As a result, the light-
harvesting properties differ drastically among individual photosystems, because of
small differences in protein conformation, and vary drastically even within a single
photosystem over time, because of protein fluctuations [170]. This biological system
is therefore particularly sensitive to the organization of the components in the
membrane and that is why it is an interesting and challenging model system.

Having developed a tool with sfGFP and mRuby3, | will transfer it to the proteins of the
photosynthetic unit but LH2 from Rhodobacter sphaeroides makes the procedure
difficult because of some additional considerations. The first is solubility of membrane
protein. To make the membrane soluble, | require to use a certain percent of detergent.
But still, it is not easy to provide the exact favorable environment because of
hydrophobicity. This hydrophobic environment of the reaction can prevent the reaction
between the elements since it surrounds only hydrophobic reaction elements. The
second is the heterogeneity of LH2. Which originates from the lipids which are in the
center of the barrel shape of it, preventing their removal during the purification process.
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One of the interesting aspects of DNA nanostructures is that they can be dynamic and
be induced to change structure. This depends on the availability of the DNA elements
to different agents. Having formed the sfGFP-DNA and mRuby3-DNA 1:1 adducts, |
wanted to assemble them in a DNA directed manner to form dimers. To verify that the
DNA elements in the dimeric structure, | wanted to use several methods to
disassemble the dimer (Figure 3.5). Then, since these two DNA were part of sequence
design of the rectangular origami structure, | will integrate these dimers into the
rectangular DNA nanoobject by the isothermal DNA origami assembly.

There are basically two approaches to design DNA based nanostructures as ssDNA
tiles and DNA origami in the literature. | chose the DNA origami method instead of
ssDNA tiles since it is proven that one of the biggest limitations of ssDNA tiles is the
low formation efficiency compared to the DNA origami. The techniques for the
formation through DNA origami are categorized in two so far in the literature: thermal
assembly and isothermal assembly with and without denaturing reagents. In my
context, the structure includes proteins and hence | cannot use thermal assembly
which requires denaturation step at high temperature. Therefore, the isothermal
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assembly is preferred since it is feasible to conduct formation of rectangular
nanoobject at favorable temperatures for stability of proteins. [51]. Among these
favorable temperature for DNA nanostructures with proteins, there are a few
optimization studies which were explained in chapter 1, for the isothermal assembly
of DNA origami. It is shown that isothermal assembly at 25°C, 37°C and 50°C. While
the formation efficiency at 37°C and 50 °C was around 50%, the yield of the assemblies
at 25°C were not improved much and stayed around 20% [46]. Thus, my purpose was
to improve this isothermal assembly efficiency at 25°C and obtain DNA nanostructure

directed protein assemblies.

In this thesis, | carried out experiments of the Protein-DNA coupling with sfGFP,
mRuby3 and membrane proteins. While | succeeded in obtaining DNA encoded
protein assemblies with mRuby3 and sfGFP, | had struggles with LH2 molecules via
methods which were explained in chapter 4.
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Chapter 4- Materials and Methods

4.1. Methods for homomeric proteins

4.1.1. Protein expression and purification

The mRuby3 gene from mRuby3 C1 Cloning vector (plasmid #127808 from Addgene)
was PCR-amplified using Q5 DNA polymerase (New England Biolabs) and
oligonucleotides fp_mRuby3 and rp_mRuby3 from table 4.1. Amplified PCR products
were inserted into pET-6His-TEV vector using the EcoRI and Xholl restriction sites.
Similarly, the sfGFP gene was PCR-amplified using Q5 DNA polymerase (New
England Biolabs) [171] using the oligonucleotides fp_sfGFP and rp_sfGFP in table 4.1
and inserted into pET-6His-TEV. PCR products were transformed into Escherichia coli
DH5a and plasmid constructs verified by sequencing. Proteins were expressed in E.
coli BL21-DES freshly transformed with the appropriate plasmid.

Name of Plasmid Plasmid Number Bacterial Strains

pET-6His-TEV vec- | plasmid #84863 from Addgene Escherichia coli BL21-DE3

tor
mRuby3 C1 Cloning | plasmid #127808 from Addgene Escherichia coli DH5a
vector
pET-6His-TEV engineered plasmid #25630 Escherichia coli BL21-DE3
sfGFP from novagen
pIND4-RC1 engineered plasmid Rhodobacter sphaeroides GA

Table 4.1. Plasmids and strains used in this work.

2 ng of pET -6 His-TEV (100 ug/ml amp) was transformed to 40 ul of competent E. coli
BL21 cells by first incubating on ice for 10 minutes, then, the mixture of plasmid and
competent cell were put in 42°C for heat shock for 1 minute, incubated back on the ice
4 minutes. 500 ul of sterilized LB was added to the mixture and incubated on the
shaker at 37°C for 1 hour. The mixture was centrifuged at 1000 rpm for 4 min. 400 ul
of supernatant was discarded. The pellet was resuspended in 100 ul of LB and it was
spread out to LB Plate with 100 ug/ml ampicillin. It was placed into an incubator at
37°C for overnight.
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For protein production, a single isolated colony was taken from the plate and grown
with shaking overnight at 37°C in 10 ml 2YT medium supplemented with 25 ug/ml of
Ampicillin. This culture was used to inoculate 500 ml LB media and cells were grown
at 37°C with shaking (180 rpm) to an O.D at 600nm of 0.8, about 3 hours. Protein
production was then induced by addition of 1mM IPTG and the temperature reduced
to 30°C. Cells were harvested when the OD at 600 nm reached about 2.0 (3 hours).
For mRuby3 a better yield was achieved if cell growth was overnight at 25°C, prior to
induction with 0.1 M IPTG for 3 hours at 16°C.
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Figure 4.1. Separation of sfGFP from unwanted proteins. A Purity of sSfFGFP was assessed through
visible UV spectrophotometer. B Purification of sfGFP using His-trap column. The initial peak contains
the unwanted proteins (red) and the later peak contains sfGFP. C Process of the purification was
shown through the SDS-PAGE method. Charge 1 represents (Ch1) the protein mixture before
purification of sfGFP and it contains lots of unwanted proteins in the first well. The second well is the
product of the later peak in AB (black).

Cells were harvested by centrifugation, 4500 rpm for 20 minutes, then cell pellets were
washed phosphate buffered saline (PBS). Cell pellets (about 5g) were either used
immediately or flash frozen and kept at -80°C until use. Cells were lysed by
resuspending the cell pellet in 50 ml of lysis buffer (50 mM Tris pH=8,100 mM NaCl,
1mM EDTA, 10 mM MgClI2,0.1 mg/ml DNAse, 0.1mg /ml Lysozyme, 1mM PMSF) for

1 hour at 4°C with shaking prior to lysis using 3 passages of an Emulsiflex C5 high
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pressure homogenizer (Avestin, Ottawa, Canada) at between 10000 -15000 psi. The

cell lysate was cleared by centrifugation (45K rpm for 35 minutes).

The cleared cell lysate was loaded onto a 1ml Histrap (Cytiva) column equilibrated
with buffer A (50 mM KzHPO4 ,100 mM NaCl ,10 mM, Imidazole pH 7.5), the column
was washed with a further 5ml of buffer A before elution with a 15 ml gradient to buffer
B (60 mM K2HPO4,100 mM NaCl, 500 mM, Imidazole pH 7.5). Proteins were purified
on Ni-NTA columns thanks to the oligo-histidine attached tag. The Ni-NTA column has
metal ions chelated on the surface of beads and the oligo histidine tag has a higher
affinity for these beads than the other proteins. After binding the histidine tagged
proteins, the gradient of imidazole was used to elute them from the column since the
imidazole competes with His-tag for binding to the metal-charged resin [172].

During elution 0.5 ml fractions were collected. sfGFP were eluted at 450 mM imidazole
and the initial peak containing the unwanted proteins (red square) peak and the later
peak (black square) (see figure 4.1.B.) contained the purified sfGFP. The fractions
corresponding to the later peak (black square) were collected and loaded on the SDS-
PAGE with the initial protein solution as charge (Ch). The difference between charge
and sfGFP in figure 4.1.C, showed that sfGFP is pure enough since there are no other
bands corresponding to the unwanted proteins as in the clarified lysate. Fractions were
pooled and dialyzed against 100 mM NaHCOs3 pH 8.0, and then concentrated to 200
MM using a 10 kDa concentrator (Amicon Ultra 4 Centrifugal Units Merck). Purified
protein was used immediately or flash frozen and stored at -80°C until required. The
ratio of absorbance of protein at 280 nm to the absorbance of the sfGFP specific peak
at 488 nm is a convenient measure of the purity of protein. To ensure the purity, this
ratio must be less than 0.5. In this purification, the ratio A280/ A488 was calculated as
0.23 by UV-visible spectroscopy in Figure 4.1.A.
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Figure 4.2. Separation of mRuby3 from unwanted proteins with affinity chromatography.

A Purification of mRuby3 using his-trap column. The peak contains the pure mRuby3 (black square).
B The first well is the product of the peak in A as pure mRuby3 (black square). C Purity of mRuby3
was assessed through visible UV spectrophotometer.

mRuby3 was purified from clarified cell lysate through His-trap column. mRuby3 was
eluted at 500 mM Imidazole as a single peak (black square) (see figure 4.2.A). The
fractions from the peak (black square) were assessed by UV-visible spectroscopy (see
figure 4.2.B). The purity was confirmed through UV-visible spectrophotometer and
SDS-PAGE gel analysis. The ratio A280/A488 which was calculated through UV-
visible spectroscopy, and it was 0.3 in Figure 4.2.A. Then, the fractions corresponding
to the peak (black square) were loaded on the 12% SDS-PAGE to examine the purity
and mRuby3 eluted as two bands (see figure 4.2.C).
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Figure 4.3. Separation of mRuby3 from unwanted proteins with affinity chromatography.

A Purification of mRuby3 using his-trap column. The peak contains the pure mRuby3 (black square).
B The first well is the product of the peak in A as pure mRuby3 (black square). C Purity of mRuby3
was assessed through visible UV spectrophotometer.

To understand whether the second band was originated from the dimerization of
mRuby3, the sample was analyzed with the size exclusion chromatography. The
fractions corresponding to these peaks (gray and red) shown in figure 4.3.A They were
loaded on SDS-PAGE, and all showed the same profile (see figure 4.3.B-C). Thus, the
origin of the double bands was not clear but dimerization of mRuby3 does not seem
to be the cause. All the fractions loaded on SDS-PAGE were collected into the dialysis
membrane for an exchange buffer with 100 mM NaHCO3 pH:8 for the further steps.

One Gel | H20 | Acrylamide 3M SDS APS | TEMED | Final

30% Tris 10% 10% Volume
pH8.8
Separating | 2.2 ml 2ml 0.65ml | 0.05 ml 0.05ml | 0.005 ml 5 ml

Stacking 1,4 ml 0,33 mi 0.25ml | 0.02ml 0.02ml | 0.03 ml 2ml

Table 4.2. Preparation of 12% of SDS-PAGE.
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4.1.2. Formation of DNA-Protein assemblies

4.1.2.1. DNA

The oligonucleotides as shown in table 4.3 were purchased from Biomers (GmBH,
Germany) and dissolved in water at a concentration of 100pM. Oligonucleotides were
frozen and kept at -20°C prior to use.

| |
Use ' Sequence of Oligonucleotides
|
L
5'GCG-GCA-GAG-AAA-ACT-TGT-ATT-TCC-AGG-GCC-AAT-TGT-CTA-AAG-
FP_sfGFP '
I GTG-AAG-AAC-TGT-TCA-CCG-GTG'3
[
L]
RP_sfGFP | 56T6-C66-CCG-CAA-GCT-TGT-CGA-CGG-AGC-TCT-TAT-TTG-TAG-AGC-
| TCA-TCC-ATG-CCG-TGC-G 3’
i
FP_ mRuby3 | 5'CCA-CTC-GAG-TTA-CTT-GTA-CAG-CTC-GTC-CAT-GCC 3'
|
1
RP_ mRuby3 | 5'CCA-CTC-GAG-TTA-CTT-GTA-CAG-CTC-GTC-CAT-GCC 3'
|
|
Attached to mRuby3 , AZIDE- 5TCA-ACC-TTC-TAC-AAG-ATG-GTC-GTT-TTT-T 3'
[ |
Attached to sfGFP | 5TTT TTT CGA CCA TCT TGT AGA AGG TTG A 3-AZIDE
|
. |
Toelhold Displacement : 5'TCA-ACC-TTC-TAC-AAG-ATG-GTC-GAA-AAA 3'

Table 4.3. Sequences of synthetic oligonucleotides used in this work.
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4.1.2.2. Coupling reactions

To couple protein and DNA various protocols were used, see Results. The final
protocol on which | settled was as follows: to 60 nmol of protein (at 200uM in 100 mM
NaHCO3 pH 8.0) was added 240 nmol of DBCO NHS ester (Jena Biosciences, GmBH)
in dry DMSO and the reaction allowed to proceed for 2 hours at room temperature.
After incubation, the reaction was stopped by addition of 100 mM Tris pH 8.0. Excess
DBCO NHS ester was removed by repeated (3 cycles) 10-fold dilution and
concentration with 100 mM NaHCOs3 pH 8.0 using a 10 kDa concentrator, as above.
DBCO coupling to the protein was assessed by a UV-visible spectrophotometry to
calculate the labeling yield. Then, 24 nmol of azide modified oligonucleotide was
added to the mixture and incubated overnight at room temperature. Reaction products
were separated on a 1 ml Resource Q anion exchange column (Cytiva). The column
was equilibrated and washed with 50 mM Tris, 10 mM NaCl pH 8.0 and then products
eluted with a gradient between 500 mM and 700mM NaCl. The various products were
collected in fractions (0.5 ml) and characterized by UV-visible spectrophotometry. If
necessary purified and pooled fractions were concentrated using a 10kDa
concentrator. Several variants of this protocol will be discussed.

4.1.2.3. DNA directed dimer formation

For DNA directed dimer formation 1:1 Protein-DNA adducts (sfGFP or mRuby3 with
the appropriate oligonucleotide) were added to a final concentration of 0.5 uyM in the
hybridization buffer (5 mM Tris pH 8.0, 1 mM EDTA ,15 mM MgCl.) and incubated at

room temperature.

4.1.2.4. Analytical methods

Fluorescence images of SDS-PAGE gels containing fluorescent proteins were
obtained with a Typhoon FLA 9500 scanner (GE Healthcare Life Sciences, Uppsala,
Sweden). Images measured at 488 nm and 555 nm were combined as the red and

green, respectively, channels in the color image.

To measure melting curves 100 pl of hybridized molecules were placed in a
microcuvette. Absorption at 260 nm was measured using a spectrophotometer fitted
with a Peltier temperature controller (Agilent Cary 3500 UV-Vis Compact Peltier, USA).
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The sample was heated from 25°C to 70°C at the rate 1°C/ min and the absorption

changes at 260 nm measured.

To measure hybridization kinetics 0.5 yM of mRuby3-DNA adduct in hybridization
buffer was put in a microcuvette thermostated at 25°C. Absorption changes at 260 nm
were measured after sSfGFP-DNA adduct was added to a final concentration of 0.5 uM

and the absorption changes at 260nm were followed.

FRET measurements were made of donor sensitized acceptor emission using a
TECAN M200 PRO (Tecan Life Science, Switzerland) microplate reader equipped with
excitation and emission monochromators. Samples (100ul with 0.5 uM proteins) were
prepared in Greiner 96 Flat Bottom Black Polystyrene plates in 5 mM Tris pH 8.0, 1mM
EDTA, 15 mM MgCl.. Emission spectra were measured between 500 and 700 nm with
470 nm excitation. DNAse treatment was performed by adding 0.1 mg/ml DNAse 1
(Roche) to the hybridized molecules (0.5 yM) in the presence of 5 mM EDTA and
digestion allowed to proceed at room temperature for 15 minutes.

4.2. Methods for multimeric proteins

| have chosen membrane proteins from purple photosynthetic bacteria to work in this
thesis project. There are five steps which are growth of bacteria, breaking bacterial
cells, purification of intracellular membrane, purification of LH2 and quality control of
the protein.

4.2.1. Cell growth

Among several species, | have just chosen Rhodobacter (Rb.) sphaeroides GA
because they have lots of lysines and they are all located at the N-terminal of the
protein. Rb. sphaeroides GA cell was taken from the glycerol stock -80°C and grown
in sterile Hutner medium in anaerobic bottles (2ml) at 28°C for four days. Then, these
starter cultures were inoculated 1 L sterilized Hutner medium from the bottle cap by
the aid of sterile shringe (4ml per 1L) and left for two days to be grown at 28°C. Cells
were collected at O.D 650 nm of 2.0 at late log phase [173].
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Ingredients

Mass / Volume

Nitrilotriacetic 0149
KoHPO, / KH2PO4 (pH=7, 1mol) 20 ml
NH4(C2H4O(COO0).) (pH=7, 1mol) 20 ml

Mg>SO,47H,0 0.29¢

CaCl, 25 mg
(NH4)sMo-O 4H,0 0.092 mg
FeSO, 7H.0 1 mg
EDTA 62.5 mg
ZnS04 7H0 275 mg
MnSQO4 H20 38.5 mg
CuS045H,0 9.75 mg
Na2B,O7 10H,0 4.5 mg
Co(NOs3), 6H20 6.25 mg
H2SO4(6N) 37.5 ul
Biotine 0.04 mg
NaHCOs3 1 mg
Vitamine Bs 2mg
Thiamine hydrochloride 1 mg
4-aminobenzoic acid 2 mg

Yeast Extract 1 mg

Sodium Glutamate 1.2 mg
Sodium Acetate 1.4 mg

H20

Final volume =1L

Table 4.4. The components of Hutner’s Media [173].




Lysis Buffer

10 mM Tris-HCI pH=8

50 mM NaCl

0.6 mg/ml Lysozyme (Sigma, USA)

1 mM EDTA

400 ug/ml DNAse (Roche, USA)

20 ug/ml RNAse (Roche, USA)

1mM PMSF

10 mM MgCl2

Table 4.5. Lysis Buffer.

4.2.2. Harvesting bacteria

The collected bacterial cells were centrifuged at 4500 rpm with F10S rotor for 20
minutes and the supernatant was removed. Then, pellets were washed 40 ml of PBS
1X pH=7 to remove media and metabolites. The washed pellets were resuspended in
an equal volume (5 ml/g) of lysis buffer (Table 4.5) without enzymes. After the cells
were homogenized in the lysis buffer for 20 minutes on ice, enzymes from lysis buffer
recipe were added and cells were incubated at 4°C to allow the enzymes to work for
40 minutes. Then, the cells were broken by the French press (Thermo Electron
Corporation, USA) in three passages at 10000 psi. The cells were always in the ice
during harvesting of bacterial cells. After passage through the French press, unbroken
cells were removed by centrifugation at 4000 rpm for 10 min. The supernatants were
collected in a clean tube [174].
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4.2.3. Isolation of membrane by continuous sucrose gradient

To separate intra cellular membrane, 10% and 70% of sucrose solution were prepared
in 10 mM Tris-HCI pH=8, 50 mM NaCl. A continuous sucrose gradient was prepared
by mixing low- and high-density sucrose solutions with Watson Marlow mixer (Hoefer
SG100 Gradient Marker, Amersham Biosciences, Buckinghamshire, UK). 33 ml of
70% and 15% of sucrose solutions were added to separate tubes of Watson Marlow
mixer. Firstly, 3 ml of 70% sucrose solution was added to the SW28 tube from the
outlet. Secondly, the lighter solution was added to the tube nearer the outlet and let a
little of this into the outlet tube. Then, a small magnet was placed into the 70% sucrose
solution, Watson Marlow mixers were placed onto the stirrer and turned it on to create
continuous sucrose gradient. To transfer the sucrose solution to the plastic SW28
tube, peristaltic pumps were used (Watson Marlow 205 U, UK). The valves of the mixer
were opened, and the solution was pumped out into a plastic SW28 tube in an ice
bucket. The tube is placed at an angle, so the solution does not drip but runs into the
tube. The lysate from Rhodobacter (Rb.) sphaeroides were gently layered on top of
the gradient by plastic Pasteur pipette. Each tube was filled with 20 ml of gradient
solution and 4 ml of cleared cell lysate. Loaded gradients were balanced accurately
with the buffer of 10 mM Tris-HCI pH=8, 50 mM NaCl and placed into the SW28
buckets and then SW28 rotor (Beckman Coulter, USA. They were centrifuged at
24000 rpm for 4 hours.

At the end of 4 hours, the intracellular membrane band was carefully collected with a
glass pipet and put into Ti45 tubes (see Figure 4.1). Since the ICM was in the sucrose
solution, it was diluted 4 times with a buffer (10 mM Tris-HCI pH 8, 50 mM NaCl) and
pelted by the centrifugation at 40000 rpm for 90 minutes. The supernatant was
removed, and the pellet was collected by the help of a spatula into a Dounce
homogenizer. It is resuspended with the 7 ml buffer of 10 mM Tris-HCI pH=8, 50 mM
NaCl and transferred to the dark 15 ml falcon tube [174].
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Figure 4.4. The Intra Cellular Membrane (ICM) of Rhodobacter sphaeroides.

4.2.4. Protein purification

The protein purification is crucial for the characterization of the function, structure The
protein purification is crucial for the characterization of the function, structure, and the
biomolecular interactions of the protein of interest. Since LH2 and core complex are
both embedded in the membrane, after the membrane isolation, it requires good
separation of LH2 from core complex and other proteins.

Solubilization

To solubilize protein, 4% of dodecyl-maltoside (Anatrace, U.S.A) was added to the
membrane suspension and the tube was placed on a wheel mixer and solubilized
overnight at 4°C. After solubilization, insolubilized material was separated by
centrifugation at 40000 with Ti90 rotor (Beckman Coulter, USA) for 90 minutes. Then,

the supernatant was immediately used for protein isolation [174].

Protein complex purification

The separation LH2 and reaction core complex, which are the two main proteins of
purple photosynthetic bacterial membrane, was complicated by using anion exchange
and gel filtration chromatography and therefore discontinuous sucrose gradients have
been found to offer better separation of these two proteins [175].
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The sucrose solutions of discontinuous gradient were prepared as (from top to bottom)
layers of 0.2 M (4ml), 0.4 M (5 ml) ,0,8 M (7 ml) and 1 M (4 ml) sucrose in 10 mM Tris-
HCI pH=8, 50 mM NaCl, 0,1% DDM [176-178]. Then, solubilized proteins were
carefully layered on top of the 0.2 M sucrose solution in the tube Ti70 (Beckman
Coulter, USA). Gradients were centrifuged in a Ti 70 rotor (Beckman Coulter, USA)
for 16 hours at 30000 rpm. The principle of the discontinuous density separation relies
on the density of proteins. After the separation, LH2 is found as a dark band in the top
of the fractions of the tube, while the core complex is found in the second dark band
below the LH2 nearer the bottom of the tube. (See Figure 4.2). Those bands
fractionated as 500 ul to be sure not load core complex to the purification column.
These fractions were analyzed by a UV-visible spectroscopy since the core complex
absorbs the UV light at between 875 nm-900nm, while the LH2 has strong absorption
bands at 800 and 850nm.

LH2

Core Complex

Figure 4.5. The separation is based on gradient solution ultracentrifugation. A The extraction was
layered carefully on the top of the gradient and centrifuged 16 hours at 4°C B The results of sucrose

gradient centrifugation.

There are several simple methods to confirm the quality and quantity of the proteins
such as SDS-PAGE, Native-PAGE, HPLC and UV spectrophotometer [179]. | have
used HPLC, a UV-visible spectrophotometer.
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4.2.5. Quality control of protein

Chromatography

After sucrose density gradient purification LH2 proteins were required for further
purification as they were contaminated with other proteins and ribosomes which led to
the shift of the peak at 280 nm to 260nm - 270 nm. It was convenient to purify LH2
with a Resource Q (1 ml) anion exchange column (Cytiva) [177]. The principle of the
Resource Q column relies on charge-charge interaction. The elution of the protein was
achieved by the competition between CI- ions of NaCl. When the protein molecules
were introduced to the column, CI- molecules were replaced by the protein molecules.
To elute the protein from the column, high concentration of NaCl was introduced and
ClI- replaced the protein molecules.

UV visible spectrophotometer

The purified LH2 were diluted 200 times and assessed by UV visible
spectrophotometer (UV-1800 Shimadzu, USA). The ratio A280 / A850, was used to
measure the level of purification and it was 0.33. In this ratio, while the amino acids
which are tryptophan and tyrosine absorb the UV light at 280 nm, bacteriochlorophyll
(Bchl) absorbs the UV light strongly at 800 nm at 850 nm. The Visible UV absorption
between 400 nm and 532 nm represents the carotenoid molecules. Bchl and
carotenoids are known as a fingerprint of LH2 [177].
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Figure 4.6. Purification of LH2 from Rhodobacter sphaeroides. A The purification of LH2 from
Rhodobacter sphaeroides by Resource Q anion exchange chromatography. B Absorbance spectra of

pure LH2 from Rhodobacter sphaeroides.

As the last part of LH2 from Rhodobacter sphaeroides purification, | have been using
the Resource Q anion exchange column since | separated LH2 firstly from the other
component of the cells and then from the core complex in the intra cellular membrane
complex. In the purification process, LH2 was eluted at 275 mM NaCl and the peak
was not sharp because it had a high signal due to the quantity of protein that saturated
the detector. | have obtained one peak which has signal around 3000 at 280 nm. This
peak showed that the purification process for LH2 was successful, and | obtained
enough quantity of pure LH2 (Figure 4.6.A).

To confirm that LH2 is separated from core complex and other proteins at 280 nm, |
have assessed LH2 with a visible UV spectrophotometer. | observed that the
bacteriochlorophyll peaks on the right at 850 nm and not at 850 nm-900 nm since the
core complex is absorbed between those wavelengths. This showed that LH2 was
separated well from the core complex. For the separation of LH2 from other proteins
at 280 nm, the ratio of A280/A850 was less than 0.5 (Figure 4.6.B). Thereby, pure LH2

was obtained for further experiments.
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4.2.6. Coupling reaction

All fractions from the purification of LH2 from Rhodobacter sphaeroides GA by
Resource Q were pooled down and dialysis against coupling reaction buffer 100 mM
NaHCOg3 for 3 hours at 4°C through the 20kDa (-A-Lyzer MINI Dialysis Device, 0.5 ml,
Thermo Scientific, USA) dialyzer. 10 nmol of LH2 from Rhodobacter sphaeroides was
in 100 mM NaHCO3; pH=8 was taken and concentrated to 200 uM using a 10 kDa
concentrator (Amicon Ultra 4 Centrifugal Units Merck Milliporebrand, Germany). 80
nmol of DBCO NHS ester (Jena Biosciences, Germany) in DMSO was added to the
protein and incubated for 2 hours at 25°C. After incubation, the reaction was stopped
by addition of 100 mM Tris pH:8 and the mixture were incubated a further 15 minutes
at room temperature. Excess DBCO NHS ester was removed by dialysis with a 20
kDa concentrator (Slide-A-Lyzer MINI Dialysis Device, 0.5 ml, Thermo Scientific,
USA). The solution DBCO coupled protein was assessed by a UV-visible
spectrophotometer to establish the labeling yield. Then, 5 nmol of the desired azide
modified oligonucleotide was added to the mixture and incubated over night at room
temperature. Reaction products were separated on a 1 ml Resource Q anion
exchange column (Cytiva). The column was equilibrated and washed with 50 mM
Tris,10 mM NaCl pH 8.0 and then products eluted with a certain gradient. The various
products were collected in fractions (0.5 ml) and characterized by UV-visible
spectrophotometry. If necessary purified and pooled fractions were concentrated
using a 10kDa concentrator. Same procedure has been done with the linkers which
are DBCO PEG4 NHS ester and Maleimide PEG2 NHS ester as described in chapter
5.
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4.3. Methods for isothermal assembly of DNA origami

4.3.1. Preparation of rectangular DNA origami

Isothermal Folding Reaction of scaffold and staples

2 pmol of p7249 scaffold was incubated with 10 pmol of staples (staples) (purchased
from Tilibit nanosystem GMBH, Germany) in TANa 1 X Buffer during 96 h at Eppendorf
shaker. At different times (1 min, 5 min, 10 min, 30 min, 1h, 2h, 5h, 10h, 24h, 48h, 72h
and 96h),15 ul of the rectangular origami was taken and frozen in liquid nitrogen to be

loaded on 1.5% agarose gel.

4.3.2. Agarose gel preparation

For 1,5% agarose gel in TBEMg 1X, 2.25 g agarose (Euromedex, France) was
dissolved in TBE 1X with 11 mM MgClz. Then it was heated for 3 minutes in the
microwave until it was dissolved. During heating by microwave, the agarose solution
should be mixed by stopping the microwave. The time for heating up is crucial because
it might change the concentration of the agarose gel and it should not pass more than
3 minutes. The gel was poured into a rectangular 10 x 8 cm mold with 17 combs placed
on the top of it and left to cool down for 2 hours in the cold room. The gel was inserted
into the electrophoresis cell 30 minutes before the beginning of the experiment. The
electrophoresis cell was placed 1 hour before the run into the ice bath. Then 500 ml of
TBE1X were poured to the electrophoresis cell and the gel placed within cassettes and
the migration was carried out at 70 V during two and a half hours in the cold room [25].
Then, the gel was stained in a gel red solution for 20 minutes. The gel image was
captured by Baby Imager.

4.3.3. Negative staining

5 ul drops of the sample were placed directly on glow discharged carbon coated grids
(EMS) for 3 minutes. The grids were then washed with two drops of 2% aqueous uranyl
acetate and stained with a third drop for 1 min. Grids were dried on filter paper and
the samples were analyzed using a Tecnai 200 KV electron microscope (FEI), and

digital acquisitions were made with a numeric camera (Oneview, Gatan).
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Chapter 5 - Coupling Protein-DNA and assembling proteins

DNA directed assembly of proteins represents an exciting prospect for the construction
of new active meta-materials. In this context, my objective was to characterize a
method for coupling protein to DNA which is applicable to homo-multimeric proteins
for producing a 1:1 adduct and then assembling formed Protein-DNA adducts. To
achieve this objective, a two-step procedure will be required.

For the first phase, coupling protein-DNA, | decided to use bi-functional reagents,
which contains amine reactive groups to create links between surface amine residues
on the protein and a reactive group attached to the DNA. The method | chose allows
full control over this formation and can be favorable for both monomeric and multimeric
proteins. Furthermore, it has few limitations among the methods for manipulation of
proteins. While the other methods such as site-directed single side chain modifications
are limited to monomeric proteins, this chemistry reaction is not limited by complexity
of the proteins, and it can be applicable either for multimeric proteins. Besides, it also

provides controllable junction of complex molecules in complex environments.

For the second phase, | aimed to assemble the previously formed protein-DNA
adducts and to characterize this assembly by absorption spectroscopy, fluorescence
measurements and gel electrophoresis. Furthermore, | wanted to demonstrate that the
DNA strands in such structures can be still available for disassembly, either through
enzyme digestion or toe-hold strand displacement. The above mentioned results in a
procedure that allows controlled formation of 1:1 protein-DNA adducts, which are
accessible for the formation of DNA scaffolded nanostructures.

However, to maximize the yield of the process, first for coupling protein-DNA and
afterwards for assembling of protein-DNA adducts, | started by selecting the most
suitable reactants and conditions, as it will be described and discussed in section 5.1.
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5.1. Coupling Protein-DNA: Design of reactants and conditions for the
chemistry

| designed and performed various experimental studies trying to investigate the most
favorable reactants and conditions for the reaction, involving labeling proteins with a
bifunctional reagent, to provide the best results possible. The chemistry reaction is
composed of two steps. In the first step, a bifunctional reagent reacts with primary
amines on the protein in a second step, the DBCO labeled protein is attached to the
azide-labeled DNA molecules, through the Cu-free cyclo-addition of DBCO and the
azide groups on the DNA.

After this brief introduction, in the following paragraphs, | will describe more in detail

the selection process highlighting the main reasons behind the choices.

5.1.1. Selection of reactants

Selection of proteins

Selection of proteins is one of the main factors that can affect the results since the
reaction between bifunctional reagents and proteins are influenced by the number and
location of the lysines. In this context, | decided to use fluorescent proteins because it
allows to easily follow reaction results in all the steps of the procedure.

Among the numerous fluorescent proteins, | wanted to choose two proteins, which can
act as donor and acceptor to study the formation of complexes via FRET. Criteria for
the selection of proteins included the number of lysines and the brightness of proteins.
Thus, mCherry, sfGFP and mRuby3 were the best options.

Additionally, after developing this chemistry with model proteins, | wanted to examine
the behavior of the chemistry with multimeric proteins as Light Harvesting Complex 2
(LH2) and Core Complex (LH1-Reaction Center) from purple photosynthetic bacteria
since they are the proteins of an interesting system which is included in purple

photosynthetic bacteria.
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Figure 5.1. Structure of mCherry was shown and a spectroscopic following of the reactions performed
with mCherry, DBCO NHS ester and azide modified DNA. A Accessible lysines of mCherry are shown
in red (both side and top view). B Absorption spectra of different adducts shown are the normalized
absorption spectra of samples containing mCherry protein (blue), mCherry reacted with DBCO NHS
ester (orange); and both non-attached, attached DNA (green).

mCherry comes from the red fluorescent protein family and contains 3 alpha helices
and 13 beta sheets which make up the beta barrel shape and it has 24 lysines which
are accessible as shown in Figure 5.1.A. Since it is known that the position of charged
groups like lysines is likely cause the significant but limited spectral perturbations for
mCherry. Thus, | decided to check whether any spectral perturbation would be
observed. Hence, the first reaction of the chemistry was performed with amine reactive
reagent DBCO NHS ester (summarized in selection of bifunctional reagent) under the
conditions recommended (provided by Jenabiosciences). In the normalized absorption
spectra, figure 5.1.B, the absorption spectrum of pure mCherry showed a peak at 575
nm (blue line), and a peak at 280 nm as expected. After reaction with DBCO NHS
ester, and removal of excess reagent, the absorption spectrum (orange line) showed
an additional peak at 310 nm. | observed a red-shift in the peak of mCherry-DBCO
NHS ester (orange line) adduct from 575 nm to 580 nm. After the second reaction of
the chemistry with azide-labeled DNA through Cu-free cyclo-addition and the
absorption peak was at 260 nm as seen in the spectrum of the protein-DNA adduct
(green line). The red-shift was also observed in the peak of mCherry-DNA (green line)
adduct from 575 nm to 595 nm and change in shape. Due to the movement of charged

lysines are proposed to modify the chromophore electron-density distribution, inducing
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the red shift caused a spectral perturbation [180]. There is a possibility that this
phenomenon affects the yield of chemistry reaction since it is complicated to predict
properties of the mCherry and how it will behave in the mixture for the chemistry.

mRuby3

300 4
250
2001
150 4
1004

] . - , : : :
250 300 350 400 450 500 550 600 650
Wavelength (nm)

50

Figure 5.2. Structure and accessible lysines of mRuby3 were shown. A Accessible lysines of mRuby3
were shown in red (both side and top view). B Absorption spectra of different adducts shown are the
normalized absorption spectra of samples containing mRuby3 protein (blue), mRuby3 reacted with
DBCO NHS ester (orange); and DNA (green).

mRuby3 is shaped as a barrel and it has 17 lysines which are accessible as shown in
figure 5.2. mRuby3 is a variant protein originated from Ruby2 by the aid of crystal
structure of mRuby. Ruby2 is known as a favorable acceptor fluorophore in GFP-RFP
FRET due to its high quantum yield, large stroke shift, fast maturation, and high
photostability. Jun Chu and his colleagues designed mRuby3 with higher brightness,
to improve its performance as a FRET acceptor by engineering of mRuby2 through
performing mutagenesis in a combinatorial and simultaneous manner at several
locations. They concluded that mRuby3 improves photostability by 200% over the
previous generation of fluorophores. Notably, mRuby3 is also 35% brighter than
mRuby2, making it both the brightest and most photostable monomeric red fluorescent
protein yet characterized. Compared to mCherry, lysines of mRuby3 are only
distributed on N-terminal and C-terminal not on center of the Beta barrel. This feature
makes mRuby3 more suitable than the mCherry since it provides controlled orientation
for the protein-DNA coupling. As it is presented in figure 5.2.B, | did not observe any
change in shape in absorption spectra of mRuby3. Despite it being reported that there
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can be slight (3nm to 6nm) shift in absorption of mRuby3 in cells, this shift did not

observe in purified systems due to lysine reaction [181].

SfGFP
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Figure 5.3. Structure and accessible lysines of sfGFP were shown in red (both side and top view) A
Accessible lysines of sfGFP were shown in red (both side and top view) B Absorption spectra of
different adducts shown are the normalized absorption spectra of samples containing sfGFP protein
(blue), sfGFP reacted with DBCO NHS ester (orange); and DNA (green).

sfGFP is a robustly folded version of GFP which was discovered in the jellyfish
Aequorea victoria, engineered by Geoffrey S Waldo and his colleagues since the
existing variants of green fluorescent protein (GFP) often misfold when expressed as
fusions with other proteins. Superfolder GFP folds well even when fused to poorly
folded polypeptides. Another property of this variant is that sfGFP fusions were
considerably brighter than folding reporter GFP fusions [171]. The structure of sfGFP
and accessible lysines of sSfGFP were shown in figure 5.3.A. sfGFP is composed of 11
B-strands from a cylindrical B-barrel with the a-helix harboring the chromophore
spanning straight through the barrel center [182]. Despite engineering of sfGFP led
some conformational changes of amino acid residues, it did not cause a shift in the
absorption as it is shown in figure 5.3.B. However, it is reported that red shift can be
observed depending on ionic agent [183]. Since this parameter is controllable, sfGFP
is a good candidate for the chemistry.
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Figure 5.4. Structure of LH2 and its subunits. A Structure of LH2. B Absorbance spectra of pure LH2
from Rhodobacter Sphaeroides. (280 nm-Other Proteins-LH2 Bx By, 376 nm-
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Multimeric structure of LH2 was shown in Figure 5.4.A. LH2 (130 kDa) is shaped like
a barrel and composed of two rings as inner and outer rings. While the inner ring is
composed of alpha apoproteins, beta apoproteins are the subunits of the outer ring. It
is @ nonamer of dimers with a total of 18 polypeptides. Each subunit of LH2 is formed
of 1 apoproteins alpha and beta apoproteins and their associated 3 BChl and 1
Carotenoids. Bchl and carotenoids are known as a fingerprint of LH2, and they make
LH2 pigmented. It has 27 of BChl and while 18 of them are tightly coupled rings, 9 of
them are larger looser rings. 2 rings absorb the light at different wavelengths 800 nm
and 850 nm [184]. Also, absorbance spectra of pure LH2 from Rhodobacter
sphaeroides was shown in figure 5.4.B. Bx and By of LH2 (blue), soret transition of
bacteriochlorophyll (orange), carotenoids (yellow), Qx Transition of BChl, BChI-Qy
(green) were shown with the colored arrows same as in the legend.
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Figure 5.5. Accessible lysines are shown in green. A Accessible lysines of LH2 from
Rhodopseudomonas acidophila at N and C-Terminal. B Accessible lysines of LH2 from Rhodobacter

sphaeroides at N-Terminal.

The first reaction between protein and linker relies on the interaction between amines
of the side chain of the lysine amino acid of the LH2. That is why, accessibility of lysine
of LHZ2 is crucial for the reasonability of this reaction. Since the purple photosynthetic
bacteria have different species, | had a chance to select the most reasonable one for
the accessibility of the lysines. Different species of purple photosynthetic bacteria have
different numbers of lysines and different distributions.

As examples, Rhodopseudomonas acidophila have both lysines located on N-terminal
and C-terminal (Figure 5.5.A). Nevertheless, the lysines of Rhodobacter spaheroides
are located only in the N-terminal of the protein (Figure 5.5.B). Therefore, LH2 from
Rhodobacter spaheroides seemed more suitable than from Rhodopseudomonas

acidophila for reacting lysine of LH2 with DBCO NHS ester.

However, the multimeric structure of proteins makes the labeling more complicated
compared to the homomeric ones. That is why, | wanted to figure out how many of
them are accessible among 27 lysines from Rhodobacter sphaeroides located on
alpha and beta apoproteins, even though it was shown that lysines of LH2 from
Rhodobacter spaheroides in Figure 5.5. For this purpose, | decided to label lysine
residues of LH2 since NHS-Fluorescein can be followed by the visible-UV
spectrophotometer and NHS ester is part of the chemistry.
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Figure 5.6. Lysines of LH2 (green) from Rhodobacter sphaeroides are labeled through NHS-
Fluorescein. A Accessible lysine of LH2 from Rhodobacter sphaeroides (green). B Absorption of
attached NHS Fluorescein to LH2 was shown. It was obtained through subtraction of pure LH2 from
LH2 reacted with NHS fluorescein.

Labeling lysine residues of LH2 by the NHS-Fluorescein molecules was done to figure
out how much lysine is accessible at the N-terminal of LH2 from Rhodobacter
sphaeroides (Figure 5.6.A). Attached NHS-Fluorescein showed a peak at between
494 -518 nm in figure 5.6.B. This absorption was obtained through subtraction of pure
LH2 from LH2 reacted with NHS fluorescein LH2 to show the attached NHS
fluorescein better since not only NHS fluorescein but also LH2 absorbs the visible UV
light at 450-500 nm. After the incubation of 15 nmol of NHS-Fluorescein with 3 nmol
pure LH2, then the excess NHS-Fluorescein was removed. At the end of the reaction,
9 nmol of NHS Fluorescein attached to lysine of LH2.

A (493) — A (850) / 2.17

70,000 M-icmt

At the end of the reaction, the number of NHS-Fluorescein which are attached to the
LH2 protein was calculated by using absorbance and extinction coefficients of LH2
and NHS-Fluorescein. There are 81 of lysines in the nonameric LH2 structure and only

9 lysines were labeled by NHS Fluorescein, under these conditions.

101



Core Complex

Figure 5.7. Accessible lysines of LH2 from Blastochloris viridis were shown in red A Side view. B Top

view.

Core complex is a multimeric protein from the photosynthetic unit of purple
photosynthetic bacteria. In the photosynthetic unit, there is resonance energy transfer
between LH2 and core complex. Core complex is composed of both LH1 and the
reaction center. The LH1 complex surrounds the RC to form a closed elliptical ring.
The triple-ring LH1 complex comprises a circular array of 17 [-polypeptides
sandwiched between 17 a- and 16 y-polypeptides [185]. Since the reaction center is
the partner of LH2 to perform resonance energy transfer | thought that it can be
favorable to consider core complex as an option. Thus, | looked at the accessibility of
lysines and its distribution. Lysine distribution varies from species to species as in LH2.
While its lysines are accessible, as orientation they are located both at N- terminal and
C terminal in Blastochloris viridis (see figure 5.7) since the structure has both reaction
center and LH1 in all the species of core complex. Like Blastochloris viridis, accessible
lysines are located on both N and C terminal, in Phsp. molichenium. However, the
location of accessible lysines is different in Roseobacter denitrificans as only located
on N-terminal of alpha-apoproteins.

Therefore, core complex is favorable as another multimeric protein for this chemistry
since it has accessible lysines. Among species, Roseobacter denitrificans seems most
suitable one because majority of accessible lysine are located at terminal N-terminal.
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In conclusion, as a first pair of proteins, | selected mRuby3 and sfGFP, they have 20
and 17 accessible lysines respectively. Brightness and stability of mRuby3 was
sufficient for the further fluorescent measurements that | aim. Even though sfGFP does
not differ much about brightness from the other variant of GFP proteins, it overcame
the folding limitation of the GFP family. Additionally, no change in the spectrum was
observed during the reaction for both sSftGFP and mRuby3. As multimeric proteins, |
decided to choose LHZ2 in photosynthetic unit of purple photosynthetic bacteria. It is
not only because its system is interesting but also the number (27) and location of
lysines was suitable. Additionally, | predict that this chemistry may be applicable later
for core complex since it is better to try other multimeric proteins after observing the
behavior of this chemistry on LH2.

Bifunctional reagent and modification of DNA

Besides selection of most suitable proteins for this chemistry, conditions of the reaction
are one of the important factors that strongly affect the yield of the reaction. In this
selection, my priorities were having an amine reactive group, specificity for attaching
modified DNA and not extreme conditions since | wanted to attach a bifunctional
reagent to the proteins by amine of lysines and the specificity of linker will help to
provide a control over the reaction. In this manner, | selected di-benzyl cyclo-octyne
(DBCO)-N-hydroxysuccinimide ester, di-benzyl cyclo-octyne (DBCO) PEGs N-
hydroxysuccinimide ester, Maleimide PEG2 N-hydroxysuccinimide ester as options.
While the common point of them was having NHS ester to attach through the amines
groups of proteins, the other part of the bifunctional reagent was the part which attach
DNA via reactive group. The selection of reactive group of DNA is guided by the
bifunctional reagents. For example, while this reactive group is azide for DBCO NHS
ester and DBCO PEG4 NHS ester, for Maleimide PEG2 NHS ester is thiol. Each of
these three linkers were commercially available hence | chose these three linkers as
options. However, stability of DBCO is higher than maleimide in aqueous solutions
and UV absorption of DBCO allows following the reaction by UV-visible absorption
spectroscopy unlike the maleimide. Additionally, di-benzyl cyclo-octyne (DBCO)
reacts only with azide, even in presence of -NH2, -SH, -COOH and this DBCO-azide
conjugation has long term stability. All the reasons mentioned above led us to choose
DBCO NHS ester as first.

103



5.1.2. Selection of conditions

In this section, | discussed the effect of the reaction conditions on the reaction
efficiency to select the most favorable reaction conditions. It is important to choose
most favorable conditions because this chemistry strongly pH dependent and | can
keep the control on the reaction through this way. The most important parameters in
determining the yield in the reaction, involving coupling amines via NHS ester, are
protein concentration, protein-NHS ester ratio and to a lesser degree buffer conditions

and temperature.
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Figure 5.8. Absorption spectra of different conditions shown are the normalized absorption spectra of
samples containing 200 uM sfGFP protein reacted with DBCO NHS ester (blue),60 uM sfGFP protein

reacted with DBCO NHS ester (orange) at room temperature for 2 hours.

Protein concentration is critical for the reaction efficiency since DBCO NHS ester also
can attach water molecules. This creates a competition between proteins and water
molecules to attach DBCO NHS ester. The best way to avoid this competition is to use
concentrated protein as much as possible. However, while increasing protein
concentration increases the efficiency of labeling it is hard to increase protein
concentration above a certain value. In the experiment, | used sfGFP concentration of
200 uM (blue line) and 60 uM (orange line) and kept constant the quantity of sfGFP,
the ratio between sfGFP and DBCO NHS ester (1:4), temperature (25°C) and the
incubation time (2 hours) to clearly observe the effect of sfGFP concentration. The
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spectrum shows the comparison of sfGFP molecules reacting with DBCO NHS ester
in the two different concentrations after normalization in figure 5.8. The percentage of
DBCO NHS ester which are attached to sfGFP was calculated by using absorbance
and extinction coefficients of sfGFP and DBCO NHS ester. While sfGFP concentration
was 200 uM, 60% of DBCO NHS ester was attached to the sfGFP. However, while the
sfGFP concentration was 60 uM, 38.3% of DBCO NHS ester linked to the sfGFP.

This result suggests that the yield of the reaction, involving protein-DBCO NHS ester,
is affected by the concentration of sfGFP. For a high a yield, it is important to keep
sfGFP concentrated as much as possible, otherwise the competition between water

and DBCO NHS ester occurs during the reaction.

Temperature
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Figure 5.9. Absorption spectra of different conditions shown are the normalized absorption spectra of
samples containing sfGFP protein reacted with DBCO NHS ester at room temperature protein (blue),

SfGFP protein reacted with DBCO NHS ester on ice (orange) for 2 hours.

Temperature is another important factor that can impact the efficiency of the reaction
and incubation time. | studied 25°C and 4°C to understand the impact of temperature
on the reaction and kept constant the other parameters (described in figure 5.9).
sfGFP reacted with DBCO NHS ester at both 25°C (blue) and 4°C (orange) and the
results were normalized to compare the effect on the absorption of DBCO NHS ester
at 310 nm in figure 5.9. The efficiency of the reaction was decreased by around 7%,
when the incubation was on ice compared to the incubation of molecules at 25°C.
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Temperature thus had relatively little effect on the efficiency of this reaction. However,
using low temperature as < 4°C cause the increasing of incubation time, thus makes
the reaction more time consuming. Also, | observed that room temperature does not
lead protein degradation. Therefore, 25°C is favorable for the reaction and does not

result in any observable protein degradation.
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Figure 5.10. Absorption spectra of sfGFP protein reacted with different quantities of DBCO NHS ester
and degree of labeling are shown from 100 nmol to 400 nmol. (Colors in the table correspond to the

colors in the graph).

The molar ratio between protein and bifunctional reagents was significant factor that |
can control to determine the number of DNA linked per protein since this can be
partially directed by the number of bifunctional reagents. Hence, to determine the
optimal quantity of DBCO NHS ester, | wanted to observe the correlation between the
quantity of DBCO NHS ester and the degree of labeling of sSftGFP. 60 nmol of sfGFP
were reacted with different quantities of DBCO NHS ester, the results were presented
as normalized spectra in figure 5.10.A. At 310 nm was raised by the increase in the
quantity of DBCO NHS ester. Change in protein: DBCO-NHS ester ratio alters the
degree of labeling in a predictable way, with a reaction efficiency approximately
constant at 76% +/- 3% (N=8), though there is a slight decline above 250 nmol.

| show the correlation between the degree of labeling and the amount of DBCO NHS

ester in figure 5.10.B. | can see that 20 nmol of DBCO NHS ester was not sufficient to
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encounter with sfGFP molecules and react with them all, however in the presence of
100 nmol or 250 nmol of DBCO NHS ester, degree of labeling increased
proportionally. This suggest that at least around 100 nmol of linker is required for the
labeling reaction.

In the presence of 300 nmol, 350 and 400 nmol of DBCO NHS ester, the degree of
labeling of sfGFP slightly reduced. This result pointed out that reaction started to slow
down and number of available lysines decreased and thus they become less reactive
after the breaking point which is 250 nmol of DBCO NHS ester.

Therefore, while 100 nmol is a starting point of labeling, 250 nmol is suggested here
as a saturation point. In the presence of 250 nmol, 3 lysines reacted per protein, this
degree of labeling is suitable for this reaction. About the quantity of sfGFP, | decided
to set it as 60 nmol considering that there will be non-reacted sfGFP molecules.
Therefore, | decided on a 1:4 (60 nmol: 240 nmol) ratio for the reaction of labeling via
DBCO NHS ester.

Reaction buffer

Other crucial factors are the reaction buffer and pH to get a high yield for protein-DNA
coupling since the reactions of molecules in this chemistry are highly pH dependent.
In the literature, among the reaction buffers, KH2PO4, PBS and NaHCO3 are
suggested as options for performing the coupling between amine groups of proteins
and NHS ester molecules, while the pH should be in the range 7.5-9.0. Thus, for
coupling amine groups of proteins via NHS ester molecules, three different trials were
performed in NaHCO3 pH8.0 and two phosphate buffers with different pH as KH2PO4
pHB8.0 and PBS pH7.5. | obtained lower yields in KH2PO4, pH8 (50%) compared to
NaHCOs3 pH8 (75%) and reducing the pH to 7.5 reduced the vyield further (20% in
phosphate buffer). It is possible that this reduction of yield in phosphate buffers might
be caused by the higher ionic strength. Thus, NaHCO3 pH8 was the most favorable
buffer of those tested.
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Reaction conditions for the chemistry

The DBCO-azide-DNA and lysine of protein-NHS ester reactions are strictly related,
and the outcome of the chemistry reaction is strongly affected by the yield of the both
DBCO and azide-DNA and lysine of protein-NHS ester reactions.

Selection of protein is indirectly important for the reaction, involving coupling of the
DBCO labeled protein with azide-DNA, since to obtain Protein-DNA adduct,
bifunctional reagent should attach both as protein and DNA. As bifunctional reagent,
DBCO NHS ester was favorable for this chemistry since DBCO reacts only with azide
even in the presence of -NH2, -SH, -COOH and the DBCO- azide conjugation has a

long-term stability.

The molar ratio between labeled protein and azide-DNA is one of the factors that
allows partially control of the average number of DNA molecules per protein. |
observed from the experiments that 20 nmol of azide-DNA results in protein-DNA
couples as ratio from 1 to 4 DNA per protein. From this result, | decided that 20 nmol

is favorable for the reaction.

In the context of the reaction conditions, 4°C was time consuming since the binding
between DBCO and azide is specific enough and therefore | decided that room
temperature is favorable. As buffer, after | conducted the chemistry reaction in KH2PO4
and NaHCOg3 around 8.0, | decided that both buffers are favorable.

Reaction sequence

The last factor to analyze in this section is the decision of the reaction sequence. The

main question to answer was which reaction to perform first between the two:

- Attaching Protein to DBCO NHS ester and then adding azide-DNA to the

mixture.
- Attaching DNA to DBCO NHS ester and then adding protein to the mixture.

DBCO is more stable than NHS ester in aqueous solutions. In the second reaction
sequence, the reaction efficiency was low since azide-DNA got dissolved in water and
DBCO NHS ester was in dry DMSO. In this case, it is still possible to adjust the pH of
the buffer by the addition of ions, however, since the pH8 is provided by the buffer of
protein, it was easier to perform both reaction in the same buffer starting with the first
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reaction protein-NHS ester and then following with the azide labeled DNA-DBCO

reaction.

Hence, | can summarize by saying that the pH of the reaction, the composition of
buffer, the protein concentration and the protein-NHS ester ratio are all factors that
play an important role on the yield of the overall reaction for both proteins-DBCO NHS
ester and the DBCO NHS ester-azide DNA steps. It is better to keep protein
concentrated as high as possible, the buffer pH around 8.0-8.5 and avoid higher ionic
strength in buffer composition. For the protein-DBCO NHS ester ratio, the competition

between NHS ester and water molecules should not be ignored.

5.1.3. Selection of separation method for reaction products

Selection of the separation method was crucial since it allows us to separate all the
reaction products. | decided to use an anion exchange column to take advantage of
the negative charge of the DNA. The main parameters for the selection of the column
were good resolution and efficiency. | needed to be sure that the molecules which
contain different numbers of DNA are separating with a good resolution since | need
only the 1:1 protein DNA adducts. In this direction, | decided that DNA affinity and ion
exchange column were best options since both allow to selectively bind DNA.

DNA affinity column

DNA-affinity chromatography is potentially a powerful method with broad applicability
and the principle of the DNA affinity chromatography is that it separates the
biomolecules depending on interactions between biomolecules. This chromatography
has been used for the purifications DNA binding proteins. There have been
developments in coupling methods and hence applicability of this chromatography was
improved [186]. | used a Hitrap NHS-activated column prepare a single stranded oligo-
A column. This column was designed to separate non-reacted proteins and coupled
protein-DNA. The NHS-activated support is composed of an N-hydroxy-succinimide
(NHS) ester attached by epichlorohydrin to Sepharose High Performance via a 6-atom
spacer arm. | introduced into the NHS-activated column the amino labeled oligo A
DNA (composed of 12 Adenine nucleotides) and did the coupling reaction according
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to the manufacturer's recommendations. By using a large excess of amine labeled

DNA and a long incubation time, the efficiency of the first step reached up to 70%.

However, the separation of non-coupled and coupled protein-DNA molecules using
this oligo-A column proved difficult. It was difficult to find conditions for the
hybridization between coupled protein-DNA and amino labeled DNA. The important
factors for this reaction were the concentration of Mg*?, the temperature and
optimization of these two conditions had relatively little effect on the efficiency of this
reaction. Even though | carried out the reaction at both 4°C and 25°C in the presence
of the optimal Mg+?2 concentration (12 mM), the efficiency of attaching coupled protein-
DNA to the column remained as 27%. It is likely that hybridization between Thymine
and Adenine tails did not occur sufficiently. Thus, while the hybridization reaction adds
the possibility of sequence specific interactions, the low efficiency of DNA retention by
the column under chromatographic conditions prevented by using this method of
separation.

Resource Q column is based on quaternary ammonium cation to retain negatively
charged molecules by coulombic interaction. After some initial trials testing the
important parameters of the separation, | discovered that the separation of protein-
DNA adducts with good resolution can be guided by selecting a compatible buffer, flow
rate and elution gradient. About the buffer, as described in section 5.1.2, both 50 mM
KH2PO4 pH=8 and 100 mM NaHCO3; pH=8 was suitable. However, after performing
the separation of protein-DNA adducts for both buffers, 100 mM NaHCO3 proved to
be more compatible with the Resource Q column to achieve a good resolution. Also, |
observed that step elution was also suitable for the separation of unlabeled protein
from the labeled ones while the gradient elution could separate the protein DNA
adducts which contain different number of DNA molecules.

Lastly, the flow rate | chose of between 0.5 ml/min and 1 ml/min was better than faster
flow rates as it allows the protein-DNA adducts more time for the accurate separation.
Additionally, | found out a way to improve the resolution of the separation, by using
only the monomeric proteins. Thus, it means that | am not completely sure that these
factors might not improve the resolution for the separation adducts of multimeric

proteins. As | mentioned at the beginning of section 5.1, characterizing protein-DNA
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coupling with multimeric proteins is more difficult compared to the monomeric ones for

all steps of the entire procedure, including separation.

Separation reference for multimeric proteins

It is more difficult to perform chemistry with the multimeric membrane proteins due to
their structure and the fact that they are not water soluble. For this reason, detergent
is necessary for each step of the reaction and for separation of products. Another
challenge comes from the fact that some, possibly charged, lipid molecules co-purify
with the protein in the middle of the inner ring. These lipids can have different charges
on each purification which can reflect in a change in the charge of LH2 itself. Since the
separation method relies on the negativity of LH2-DNA adducts, the variable charge
of LH2 might create a challenge for the separation. Therefore, | decided to perform
some experiments on pure LH2 and pure DNA to have some references for the
separation products and avoid the charge confusion which comes from LHZ2 in the

analysis.
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Figure 5.11. Elution of Pure LH2 and LH2-DNAs without a linker using Resource Q anion exchange
column. LH2 (yellow square) + DNA (gray square).

In figure 5.11, | wanted to observe the chromatographic profile of LH2 and DNA on the
Resource Q column according to their charge as a reference. | believed that using
these chromatography profiles, it would be easier to detect the excess of DNA and
LH2-DNA adducts in the analysis of the separation products of chemistry with LH2.
While pure LH2 and DNA are loaded to the column without any coupling, pure LH2
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(yellow) which was eluted at 275 mM NaCl, was represented by a single peak. | could
see that DNAs (gray) eluted as two peaks from the column at 400 mM NACI and 450
mM NACI. The reason of DNA elution as two peaks is probably that the DNA may form
several secondary structures. Thanks to these references in the separation, it is easier
to observe the elution of reaction products.

Even though the conditions for NHS activated Hitrap column could be still optimized,
in case of insufficient optimization, it likely can add other struggles to the chemistry.
As a separation method, among NHS activated Hitrap column and Resource Q since
as working principle, Resource Q has less complications than the NHS activated
Hitrap column. Therefore, | believe that using advantage of DNA negativity through
Resource Q, is more favorable for the separation of chemistry products.

5.1.4. Summary

My purpose was to select reactants and reaction conditions to provide an easy
monitoring for each step, better control and improving yield of the reaction. Following
will be presented a summary of the selections done for the reactants and conditions
as described in the precedent sections.

Proteins

o sfGFP
e mRuby3
o LH2

Bi-functional reagent and modification of DNA
e DBCO NHS ester and azide labeled DNA
Conditions

e Quantity: 60 nmol of protein, 240 nmol of DBCO NHS ester (1:4) and 20 nmol
of azide labeled DNA

e Temperature: 25°C

e Buffer: 100 mM NaHCOs3 pH8.0

112



Reaction Sequence

e Attaching Protein to DBCO NHS ester and then adding azide-DNA to the

mixture
Separation Method
e Resource Q

| used these selected reactants and conditions as starting point for this experimental
procedure. Obviously, whenever challenges arose in the chemistry, | investigated
possible changes and optimization to improve the results.

113



5.2. Coupling proteins to DNA

In this section, | used three proteins, sfGFP, mRuby3 and LH2 that can easily be

distinguished (by their color). | presented an analysis of chemistry between sfGFP,
mRuby3, LH2 and azide labeled DNA via DBCO NHS ester.

5.2.1. Attaching Azide-DNA to mRuby3, sfGFP and LH2 via DBCO NHS ester

5.2.1.1. mRuby3
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Figure 5.12. Attaching DNA to protein. A The general scheme. Protein (green square) containing

many reactive groups reacts partially with the bifunctional reagent (shown as a blue dumbell with

specific binding sites), then in a second step this first adduct reacts with azide labeled DNA. Finally,

the different reaction products are separated. The small squares on the left provide keys to parts B

and C. B Absorption spectra of different adducts shown are the normalized absorption spectra of

samples containing mRuby3 protein (blue), protein reacted with DBCO NHS ester (orange); and DNA

(green). C Separation of the reaction products using anion exchange chromatography. The initial

peak contains both unreacted protein and protein DBCO adducts, the later well resolved peaks

contain pure DNA, and protein linked to various numbers of DNA molecules.
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In figure.5.12.A, the outline of the procedure is shown: first, the protein with many
reactive lysine residues is coupled to the bi-functional reagent DBCO-NHS ester, by
the reaction of some of the primary amine groups with the NHS ester; in a second
step, after the removal of excess linker, the DBCO labeled protein is attached to the
azide-labeled DNA molecules, through the Cu-free cyclo-addition of DBCO and the
azide groups on the DNA,; finally the various reaction products are separated by
Resource-Q anion exchange chromatography. As possible reaction products from
separation by Resource Q, there are non-labelled via DBCO NHS ester protein (yellow
square), non-reacted with DNA but labeled protein via DBCO NHS ester (purple

square), coupled protein-DNA (red square) and non-reacted DNA (gray square).

One of the reasons for choosing this chemistry was that the progress of the reaction
can be conveniently monitored, and the reaction products can be analyzed using
absorption spectroscopy. In the figure 5.12.B, | show the absorption spectrum of
mRuby3, with peaks at 558 nm and 280 nm, the spectrum of the protein-DBCO adduct
(orange) with an additional peak at 310 nm due to the DBCO moiety, and the
absorption spectrum of the 1:1 protein-DNA adduct after purification with a strong
absorption at 260 nm due to the DNA. The intensity of the DBCO peak at 310 nm
allows the accurate determination of coupling efficiency and the degree of labeling,
using the extinction coefficient of 12,000 M-'cm™ [187] at 310 nm. In the sample
presented the degree of labeling is 2.07. Of course, this degree of labeling is an
average, and so the sample includes proteins with 0, 1, 2, 3, 4 and more reacted
lysines, | expect these different forms to follow a Poisson distribution. The relative
intensity of the absorption at 260 nm allows calculation of the DNA-protein ratio. While
the calculations of labeling efficiencies can be done using the protein absorption at
280 nm these calculations are greatly facilitated here using colored proteins. The result
was a good separation of the absorption maxima for the protein at 558 nm, 488 at nm
and at 850 nm for mRuby3, sfGFP and LH2 respectively, at 310 for DBCO nm and at
260 nm for DNA.

All these reactions modify the charge of the protein, since the reaction of the NHS
ester with primary amines removes the positive charge of the primary amine, while the
second reaction attaches a DNA poly-anion to the protein. Thus, the potential
multitude of different reaction products can be conveniently separated by ion-
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exchange chromatography. | used a strong anion-exchange column (resource-Q) and
a typical elution profile (measured at 280 nm) as shown in Figure 5.12.C. The
chromatographic profile shows seven well resolved peaks. The absorption spectra of
the different peaks were analyzed to determine the composition of each peak in terms
of protein, linker, and DNA. The first peak contains protein with 0, 1, 2 or more DBCO
attached. This peak elutes during an initial step in the salt gradient and a more gentle
gradient allows separation of proteins containing different numbers of reacted lysines.
In the chromatogram, this is followed by a group of peaks in which | found protein
molecules containing an increasing amount of DNA: 1, 2, 3, 4 and more molecules
(red square), and a peak corresponding to unreacted DNA (gray square). It is worth
noting here that the form of the chromatogram is a little misleading as each additional
DNA molecule greatly increases the UV absorption, thus while the first 2 peaks are of
similar height this means that the maximum concentration of simple protein DNA
adduct is about twice that of the doubly coupled protein (Protein + 2 DNA molecules).

In the example used for the figures 5.12.B and 5.12.C, 60 nmoles of mRuby3 were
reacted with 240 nmoles of DBCO NHS ester, then the labeled proteins were reacted
with 24 nmoles of azide-labeled DNA. This resulted in about 6 nmoles of purified
labeled mRuby3-DNA adducts, a yield on protein terms of 10% and on DNA terms of
25%. 2 nmol of purified labeled mRuby3-DNA adducts was singly labeled mRuby3-
DNA adduct and this makes a yield on labeled protein terms of 33.3%. Overall, only
12 nmol of DNA attached to the 6 nmol of mRuby3 and the rest of DNA eluted as
excess. Thus, the reaction between DBCO and azide labeled DNA had a yield of about
50%.
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5.2.1.2. sfGFP
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Figure 5.13. Attaching DNA to sfGFP. A Absorption spectra of different adducts shown are the
normalized absorption spectra of samples containing sfGFP protein (blue), protein reacted with DBCO
NHS ester (orange); and DNA (green). B Separation of the reaction products using anion exchange
chromatography. The initial peak contains both unreacted protein and protein DBCO adducts, the

later well resolved peaks contain pure DNA, and protein linked to various numbers of DNA molecules.

Figure 5.13.A. shows the absorption spectra of pure sfGFP, protein after reaction with
the linker, and a 1:1 protein DNA adduct. The absorption spectrum of pure sfGFP
shows a peak at 488 nm (blue line), and a peak at 280 nm as expected. After the
reaction with DBCO-NHS ester, and separation of excess reagent, the absorption
spectrum (orange line) shows an additional peak at 310 nm. The relative size of this
peak allows calculation of the reaction efficiency based on the extinction coefficients
of the protein and DBCO. 60% of DBCO NHS ester reacted with sfGFP. In the
spectrum shown, each protein has on average 4.46 linkers attached, while the
absorption spectrum of the 1:1 protein-DNA adduct shows a strong absorption at 260
nm due to the DNA.

Separation of protein-DNA adducts was done again for sfGFP. Typical elution profile
from a strong anion-exchange column (resource-Q) and (measured at 280 nm) was
shown in figure.5.13.B. The chromatographic profile shows six well resolved peaks.
Analysis of the different peaks were done to understand the composition of each peak,
in terms of protein, linker and DNA. The first peak contains proteins with 0, 1, 2 or

more DBCO attached. In the chromatogram this is followed by a group of peaks in
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which | found protein molecules containing an increasing amount of DNA (i.e., 1, 2, 3,

4 and more molecules) and a peak corresponding to unreacted DNA.

In figures 5.13.A and 5.13.B, 60 nmoles of sfGFP were reacted with 240 nmoles of
DBCO NHS ester, then the labeled proteins were reacted with 24 nmoles of azide-
labeled DNA. This resulted in about 7.25 nmoles of purified labeled protein-DNA
adduct, a yield on protein terms of 12% and on DNA terms of 30%. 3.75 nmol of
purified labeled sfGFP-DNA adducts was singly labeled sfGFP-DNA adduct and this
makes a yield on labeled protein terms of 51.7%. The reaction, involving coupling of
the DBCO labeled protein with azide-DNA, had a yield of about 66% in my hands since
16 nmol of DNA reacted with sfGFP.

The yield of labelling proteins via DBCO NHS ester and DNA for sfGFP was around
15% higher than mRuby3. For the labeling protein via DBCO NHS ester, this reason
is likely that sfGFP has more lysine than mRuby3 and the lysine distribution difference
between them. In sfGFP, lysine is distributed not only N and C-terminal but also on
beta sheet contrary to mRuby3. This distribution possibly increased the chance of
labeling. | believe that higher degree of labeling raised the probability of reacting
labeled protein with DNA. The phenomena occurred for both sfGFP and mRuby3 is
that quantity of reacted protein is low and as an average 6.6 nmoles. Clearly this yield
is expected to be strongly dependent on the reagents and the reaction conditions. It is
not clear why this reaction is not more efficient, though it is possibly due to interactions
of the DBCO with the protein surface or degradation of the DBCO.

5.2.1.3 LH2

One of the reasons for choosing this chemistry is that it is not limited by complexity of
the protein, and it can be applicable for multimeric proteins such as LH2. Besides
being multimeric, LH2 behaves differently from sfGFP and mRuby3 since it is a
membrane protein. Hence, 0.1% -Dodecyl-B-D-Maltoside which is a maltoside based
non-ionic detergent with an alkyl tail, was used to ensure solubility. The use of
detergent led to some modification of the procedure as dialysis membrane usage to
prevent precipitation of LH2 by centrifugation in the critical step and removing excess
linker to prevent the competition between free DBCO NHS ester molecules and LH2-
DBCO NHS ester molecules to bind azide modified DNAs. Nevertheless, some of the
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factors had to be adjusted. The ratio between LH2 and DBCO NHS ester was decided
as 1:8 instead of the 1:4 used for monomeric proteins since detergent makes the
labelling reaction more complicated and LH2 itself has an absorption at 310 nm. Also,
the quantity was decided as 10 nmol instead of 60 nmol since there is a limitation to
increase of protein concentration. The reason behind this limitation is that size of LH2
(76 A in diameter) is bigger compared to sfGFP (24 A in diameter) and mRubys3.
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Figure 5.14. Absorption spectra of different adducts shown are the normalized absorption spectra of
samples containing LH2 protein (blue), protein reacted with DBCO NHS ester (orange).

Figure 5.14 shows the absorption spectrum of LH2, with peaks at 376 nm, 400 nm-
532 nm, 590 nm, 800-850 nm, and 280 nm (blue) and the spectrum of the protein-
DBCO NHS ester (orange) with an additional peak at 310 nm due to the DBCO moiety.
Thanks to the UV absorption of DBCO NHS ester at 310 nm, | determined the coupling
efficiency and degree of labeling, using the extinction coefficient as before. 33% of
DBCO NHS ester attached to LH2. In the spectrum shown each protein has on
average 3.6 linkers attached.
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Figure 5.15. Separation of reaction products for the chemistry reaction with LH2-DBCO NHS ester -
DNA. A Separation of the reaction products using anion exchange chromatography. B Absorption
spectra of the initial peak contains both unreacted protein and protein DBCO adducts (yellow and
purple squares respectively). C Absorption spectra of the later peaks contain pure DNA with a small

amount of LH2 (gray).

Even with the non-stable charge of LH2, | predicted that it can be still favorable to use
anion-exchange column to separate the reaction products of the reaction since the
second reaction attaches a DNA poly-anion to the protein. Typical elution profile
(measured at 280 nm) is performed by Resource-Q column. The chromatographic
profile shows three poorly resolved peaks and these peaks are shown with colored
squares (yellow, purple, gray) in figure 5.15.A. The first peak contains non-reacted
LH2 as yellow and purple squares (see figure 5.15.B). This peak elutes during an initial
step in the 280 mM salt gradient. Normally, gradient descent is supposed to allow
separation of LH2 containing different numbers of reacted lysines with a well resolved
peak. However, the first peak represented by gray square, were not separated as
expected in figure 5.15.C. They were eluted in a way of splitting at the 400 mM salt
gradient. | determined the reason for this splitting was related to the presence of 0.001
uM LH2 and 0.4 uM of DNA (gray), thanks to the UV absorption and extinction
coefficient of LH2. The other following peaks (Gray) had more DNA but not more LH2.
Thus, LH2 and DNA rate was not constant in these two peaks. This suggested that
there was no LH2 - DNA Conjugation but coelution of LH2 - DNA.
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In this chemistry, 10 nmoles of LH2 were reacted with 80 nmoles of DBCO NHS ester,
then the labeled proteins were reacted with 5 nmoles of azide-DNA. This resulted in
labeling 70% of LH2 with of DBCO NHS ester. The absorption spectrum of the reaction
adducts (see figure 5.16.C), containing LH2 and DNA and it is noted that the quantity
of LH2 here was negligibly low. Thus, | concluded that the elution of azide-DNA was
contaminated with a tiny quantity of LH2 rather than coupling with each other. This
result suggests that while the labeling LH2 via DBCO NHS ester reaction works
efficiently, the azide-DNA did not react with labeled LH2.

So far, | detected two main challenges as efficiency of the azide-DNA with DBCO
reaction and poor resolution which probably originates from the charge of LH2
molecules. As first, | focused on the efficiency of the azide-DNA with DBCO reaction.

It is not clear why the reaction between azide-DNA and labeled LH2 reaction is not
efficient, but it is possibly either due to somehow DDM preventing coupling of azide-
DNA with labeled LH2 or because of the hydrophobic micelle environment
incorporating both the LH2 and reactive DBCO. In this case, it prevents coupling of
hydrophilic azide-DNA and DBCO NHS ester labeled LH2.

Chemistry reaction in a reverse sequence

To test the first hypothesis about the DDM effects on the azide-DNA and labeled LH2
reaction, | decided to change reaction sequence. Instead of treating LH2 and DBCO
NHS ester as first, | reacted azide-DNA and DBCO NHS ester under the same
conditions as incubation and temperature and again separated reaction adducts with
the anion exchange Resource Q column. Thus, | carried out the reaction between
azide-DNA and DBCO NHS ester without DDM around.

Even in the reverse sequence, while NHS ester still binds LH2 with the degree of
labeling 2.15, azide-DNA did not react with LH2. Since performing the reaction in the
reverse sequence did not improve the reaction efficiency, | suggest that the possible
reason can be pH of the buffer for DNA-DBCO NHS ester reaction. The pH of the
reaction became acidic because of the DBCO NHS ester and DNA's solvent (DMSO
and water respectively). Thus, | adjusted the pH of the first reaction as DNA-DBCO
NHS ester to 8, and then reacted DNA-DBCO NHS ester with LH2. While the degree

of labeling was 2.6, in the separation procedure, | obtained only one LH2-DNA adduct.
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However, this adduct contains DNA (3.6 uM) and the negligible amount of LH2 (0.003

uM). This result pointed out again that non-reacted azide-DNA molecule coeluted with
a small amount LH2.

5.2.1.3.1. LH2 with DBCO PEG4 NHS ester

For the efficiency of the DNA-DBCO reaction, | suspected that failure of the azide
labeled DNA-DBCO reaction can be related to the hydrophobic environment which
comes from the nature of membrane protein. Hence, | wanted to decrease the
hydrophobicity of the coupling reagent. This can be achieved by adding Polyethylene
Glycol moieties to the linker. The reaction was performed with this modification of the
coupling reagent. This Polyethylene Glycol addition not only provide decrease the
hydrophobicity of the environment but also makes the linker longer and contributes to
the reaction between DBCO and azide-DNA.
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Figure 5.16. Absorption spectra of different adducts shown are the normalized absorption spectra of

samples containing LH2 protein (blue), protein reacted with DBCO PEG4+ NHS ester (orange).

Figure 5.16 shows the absorption spectrum of LH2 (blue), the spectrum of the LH2-
DBCO PEG4 NHS ester with an additional peak (orange) at 310 nm due to the DBCO
PEG4 NHS ester. With the addition of PEG molecules, the degree of labeling
increased, each protein has on average 5.8 linkers attached.
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Figure 5.17. Separation of reaction products for the chemistry reaction with LH2-DBCO NHS ester -
DNA A Separation of excessive DNAs by Superose 6 increase 10/300 G/L size exclusion column

B Absorbance spectra of a fraction corresponding to pure LH2 (yellow square). C Absorbance spectra
of fractions corresponding to LH2-DBCO-PEG4+-NHS ester (purple square). D Absorbance spectra of

four fractions corresponding to excess DNA (gray square).

For the poor separation process as a second challenge, if | remove the excess DNA
somehow, it would be the best way to eliminate the possibility of co-elution of excess
DNA and LH2 molecules. Before going to separation adducts step with Resource Q,

| decided to modify the protocol to prevent the elution of DNA with LH2 and used size
exclusion chromatography (Superose 6 increase 10/300 GL column) thanks to the size
difference between DNA and LH2.

The size exclusion chromatography profile shows 3 peaks, which have color code
squares. (Figure 5.17.A). Analysis of the peaks was done and pure LH2 was eluted,
first two peaks (yellow square), according to the principle of the size exclusion
chromatography as it is shown in figure 5.17.B. Since attaching DBCO NHS ester does
not create a big change in size, LH2 and DBCO PEG4 NHS ester (purple square) were
eluted at just near to the second peak, figure 5.17.C. Lastly, as | expected, excess
DNAs arrived as two small peaks (gray squares) because of their size (figure 5.17.D).
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Figure 5.18. Separated sample from size exclusion chromatography contains both unreacted and
reacted LH2 with DBCO PEG4+ NHS ester to load to the Resource Q anion exchange column.
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Figure 5.19. Separation of reaction products with LH2 DBCO PEG4 NHS ester DNA A Separation of
LH?2 reacted with DBCO PEG4 NHS ester and LH2 reacted with DBCO PEG4 NHS ester DNA by the
Resource Q anion column. B Absorbance spectra of fractions corresponding to unreacted LH2

(vellow square). C Absorbance spectra of LH2 reacted with DBCO PEG+ NHS ester (purple square).

Except for excess DNA, which was obtained by the size exclusion chromatography, |
collected and concentrated all the adducts of the reaction, represented in figure 5.18,

to separate them by Resource Q anion exchange column.

To provide better separation between non-reacted and LH2-DNA adducts, | decided

to use different gradients since | already know the salt gradient for non-reacted LH2
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elution (Figure 5.19.A). In the end, adducts of the reaction were separated as three
peaks (yellow, purple, and gray squares). As usual, non-reacted LH2 appeared in the
chromatographic profile as first with the 260 mM salt gradient (Figure 5.19.B). Second
peak was eluted at 280 mM salt gradient. This salt gradient was still in the range of
salt gradient for the non-reacted LH2. This adduct was composed of a 0.01 nmol LH2
with 0.05 nmol DBCO molecules (purple) and shown in 5.19.C. The third peak on the
chromatography represents excess DNAs since it was eluted from the column at 400
mM NaCl (gray).

| kept temperature, incubation time and ratio as same as previous experiment with
LH2 and observed that addition of PEG4 improved the yield of coupling LH2 via NHS
ester since it increased from the previous 40% up to 75% and the degree of labeling
increased from 4 to 6. However, there was no indication of the formation of LH2-DNA
adducts. Hence, addition of PEG molecules to DBCO NHS ester did not contribute to
the efficiency of the second reaction, involving azide labeled DNA-DBCO.

The increase of degree of labeling with the addition of PEG4 shows partially improved
reaction efficiency since it only increases the efficiency of the LH2-NHS ester not
DBCO-DNA. This may be an indication that the hydrophobicity of DBCO is indeed
resulting in it being sequestered by micelles. Preventing the simultaneous coelution of
LH2 with excess DNA via size exclusion chromatography provided us better vision to
clearly understand that as reaction adducts there is no diversity in the sense of having
different amounts of DNA attached to the LH2. This can be counted as another proof
that the reaction of DNA-DBCO is not efficient.

5.2.1.3.2. Summary

To summarize what | have done so far for the chemistry with LH2 and how it has turned
out, | encountered two difficulties. One of these was the disadvantage that LH2
presented in the separation process, LH2 exhibits variable negativity due to the lipids
of the inner ring. Secondly, LH2 reacted with the NHS ester, while the DBCO did not
react with azide-DNA despite many attempts such as changing the reaction order, pH
adjustment, PEG4 addition and modification conditions. While this was the case for
LH2, | also conducted the chemistry with the core complex, which comes from the
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same system, although the core complex is more complex in terms of structure. All

this attempts for both LH2 and core complex were presented in the table below.

DBCO NHS Reaction Incubation | Chromatography
Protein ester Order Time Type Q
& ‘&‘?' !
(RN
Conditions (1)
b
| | | | J
| | | |
with 1 w0 1)Protein 1 1)Linker | ON 1 30min sec | Anion Protein
PEG PEG 2)Linker | 2)DNA & &
o ! 3)DNA : 3)Protein | 2h : 2h : not coupled Coupled
! ! RT ! RT I but coeluted HE
, Protein with
[ [ [ 1 with DNA
DNA
| | | |
| | | |
| | T
LH2 v v v o : v v Not observed
I
cc v o T Vv Vv . Vv Not observed v

Table 5.1. Summary of the chemistry reaction with LH2 and CC.

Looking at the table above, in the first line the chemistry with LH2-DBCO NHS ester
was summarized and it resulted in coelution of LH2 and excess DNA. While addition

of PEG4 to decrease the hydrophobicity did not solve the binding difficulty between
azide-DNA and DBCO, separation of excess DNA via SEC did not result in LH2-DNA
coupling. This supported my hypothesis that LH2 and DNA coelutes rather than

reacting with each other. In the third line, when | examined coupling core complex-

DNA via DBCO PEG4 NHS ester, | obtained 3 core complex molecules with different

amounts of DNA even though the excessive DNA was not removed by size exclusion

chromatography. However, all of products of the reaction eluted under the same peak

and did not show separation in the chromatography same as LH2.
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Comparing the LH2 and CC results, | first looked at the main differences between
them, CC has a higher number of lysine than LH2, and then the lysines of the core
complex were presented in both the N-terminal and the C-terminal of the CC. As a

result, two phenomena have occurred as:

° These features of the core complex, which are different from LH2, increase the

possibility of coupling with DNA, hence LH2 requires these properties.

) There is a parameter that disrupts the azide and DBCO interaction in case of
both LH2 and CC, like being multimeric or non-soluble. However, since the core
complex has more lysines located on both N- and C-terminal, differently from LH2 (has
just lysine on N-terminal), these advantages compensate the impact on interaction of
DNA-DBCO and the reaction that takes place.

In conclusion, LH2 and DBCO NHS ester reacted with a degree of labeling as 3.6 and
this degree of labeling increased up to 5.8 with the addition of PEG4 to DBCO NHS
ester. However, neither DBCO NHS ester nor DBCO PEG4 NHS ester did not attach
DNA.

5.2.2. Testing conditions for coupling LH2-DNA and Maleimide PEG2 NHS
ester using sfGFP

In the previous section, even though | achieved to label LH2 via DBCO NHS ester and
DBCO PEG4 NHS ester with a sufficient degree of labeling, it could not contribute to
the efficiency reaction of DNA-DBCO, so | considered changing the linker (see 5.1.1.)
and decided to test Maleimide PEG2 NHS ester and thiol modified DNA. The reason
for choosing this linker is not only it is commercially available but also Maleimide is
less hydrophobic than DBCO. Maleimide thiol reaction is one of the most used
reagents although Maleimide PEG2> NHS ester cannot be followed by a visible UV

spectrophotometer.

As previously, | need to determine the optimal conditions, buffer-pH, reaction order
and molar ratio of the reactants to obtain high yield from the reaction. Since coupling
LH2 is a more complicated process as | experienced from the previous results, |
wanted to optimize the important parameters for the reaction through sfGFP. The
efficiency, which is presented in the table, was calculated in terms of DNA since the
quantity of DNA limiting the coupling efficiency of LH2-azide labeled DNA.

127



Reaction Buffer Reaction Order Buffer Protein DDM
pH Quantity
Protein
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
100mM | 50mM | PBS | 1)Linker | 1)Linker | pH7 | 10 , 60 [071%
NaHCOs; . KH:POs = pH7.5 | 2)DNA 2)DNA then = pH8 | nmol . nmol Attached
pH8 1 pH7.5 | 3)Protein ! 3)Protei | pH8 ! ! DNA to
: : I'n : : SfGFP/
: : : : : Total DNA
: : : : : used for
reaction
1 1 1 1 1
SfGFP v i I 1V (IRVAN IRV AN 1.25%
1 1 1 1 1
SfGFP v ! ! 'V 'V 'v | V 5.5%
I 1 [ [ [
[ 1 1 1 1
SfGFP : , vV , vV , vV , vV 11.25%
1 1 1 1
sfGFP Vo VAR v RVA 30.25%
1 1 1 1
sfGFP v ! I v ! v 'V 33.75%
| 1 | [
i 1 1 1 i
sfGFP i \/ ! \/ ! \/ ! i \/ 37.5%

Table 5.2. Optimization of sSFGFP-DNA coupling via Maleimide PEG2 NHS ester under different

conditions.

In line 1, since Maleimide PEG2 NHS ester cannot be followed by spectrophotometer,

| could not arrive at the accurate determination of the degree of labeling but coupling

efficiency. The chemistry under the condition presented in the table resulted in only
1.25% of DNA labeled sfGFP. Also, not only the quantity of attached DNA but also

the quantity of sfGFP-DNA couple was low after the separation of reaction adducts by

Resource Q anion exchange column. | believed that the possible reason could be the

quantity of sSfGFP as 10 nmol. The quantity of sSfGFP raised to 60 nmol in the presence

of the DDM in line 2 to examine the effect of the quantity of LH2 and the impact of

detergent chemistry efficiency. The efficiency of coupling reaction was increased

around 5 times. This raise possibly provided by the increase of sfGFP quantity rather
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than detergent. To ensure that in line 3, only the chemistry performed without
detergent. The coupling efficiency was raised around 2 times by the absence of
detergent and at pH7.5. Here, | interpret that the reason for this increase likely be both
absence of the detergent and pH. Since pH7.5 seemed convenient, to discover the
effect of the reaction sequence and the composition of the reaction buffer | modified
them as it is shown in line 4. The efficiency was around 2-3 times higher than trial,
explained in line 3. Here, the main reason for this raises possibly originated from
avoiding the usage of excess salt ions like PBS and the effect of reaction sequence. |
also examined in line 5 that whether the chemistry is producible even in the different
composition of the buffer. | observed that avoiding high ionic strength and keeping pH
around 7.5-8.0 make the chemistry producible. Since DNA-Maleimide PEG2> NHS
ester and protein-Maleimide PEG2 NHS ester requires different pH, in line 6, | altered
the pH during the reaction. While pH was 7 for the reaction of DNA-linker, for the
reaction of linker-protein pH was 8.0 and the efficiency of the chemistry was recorded
as 37.5%.

In conclusion, | found that the detergent disrupted the interaction between reactants.
However, it is essential to use detergent for LH2 despite challenges. Also, the quantity
of protein must be decided by considering the complexity and the steps of the
procedure since it is likely to protein in long process. However, in my case LH2 can be
concentrated until a certain value, 10 nmol of LH2 is enough for the chemistry. Another
critical factor was here that altering the pH during the chemistry increased the
efficiency up to 37.5%. The other parameters of this chemistry with Maleimide PEG2
NHS ester, were two optimal pH, reaction sequence and avoiding excess salt ions in
the buffer compositions.
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5.2.2.1. LH2- Maleimide PEG2 NHS ester

| optimized the conditions for the chemistry with Maleimide PEG2 NHS ester and here
| tried optimized conditions with LH2, however there is one difference which is the
presence of 0.1% of DDM.

A B
400 08
[m} 0.6
350 g
[=4
£ 04
o<
o
300 3
L
250 &6
g 250 310 370 430 490 550 610 670 730 790 850 910
5 Wavelength (nm)
8 200
2
K] C
< s 150
=@ 125
[
100 g 100
a 8075
2
BS s
50 b
0.25
I y
o = 0.00

15 25 35 250 310 370 430 490 550 610 670 730 790 850 910
Elution Volume (ml) Wavelength (nm)

Figure 5.20. 10 nmol pure LH2 was reacted first with 50 nmol Maleimide PEG2 NHS ester and then 5
nmol of azide-DNA. Reaction products was separated by Resource Q anion. A Separation of LH2
reacted with Maleimide PEG2 NHS ester and LH2 reacted with Maleimide PEG2 NHS ester-DNA by
the Resource Q anion column. B Absorbance spectra of fractions corresponding to unreacted LH2
with Maleimide PEG2 NHS ester (yellow square). C Normalized Absorbance spectra of excess DNA

with a small amount of LH2 (gray and purple squares respectively).

In the separation of adducts step, the chromatography profiles show three main peaks
with poor resolution in figure 5.20.A. As separation of the peaks, | obtained a profile
like the LH2-DNA coupling via DBCO NHS ester which was explained in 5.2.1.3. The
analysis of peaks showed that in figure 20.B, the peak which has yellow square
represents just the non-reacted LH2 and | cannot say that either it is only pure LH2 or
maleimide attached LH2 since maleimide cannot be tracked by the
spectrophotometer. However, | am sure that it contained non-reacted LH2 with the
DNA since it was eluted 280 mM NaCl. A second peak which is in a way of splitting,
was eluted from the column at 420 mM NaCl which corresponds to excess DNA.

(Purple and gray color). In figure 20.C, it was shown that these adducts under the
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second peak contain just excess DNA with negligible amount of LH2. Here again, a
small quantity of LH2 was coeluted with DNA molecules instead of the way they
reacted to each other. The last small peak was the part of the oligonucleotide since it
eluted a bit further than usual at around 460 mM NaCl (gray). The reason is that the
dimerization of thiol since the DNA is thiol labeled. Because of this dimerized DNA had

twice as much negative charge and eluted further than expected.

In conclusion, despite the replacement of linker via Maleimide PEG2 NHS ester and
optimization of conditions by considering this linker, the reaction between thiol labeled
DNA and the linker did not work. Since | did not obtain any coupling of LH2 and DNA,
it remained unknown whether the maleimide PEG2 NHS ester labeled LH2 or not.
However, lysine of LH2 reacted with the linker NHS ester group, | believe that while
LHZ2 likely labeled via Maleimide PEG2 NHS ester, thiol-DNA could not arrive to react

with maleimide.

5.2.2.2. Comparison of coupling reaction with sfGFP and LH2

In the reaction for coupling DNA with LH2, | have been encountered with two
challenges. Firstly, while the NHS ester group of linkers were reacting to the amines
of LH2, the reaction between DNA and various groups remained problematic since the
linker did not react with DNA. To introduce a solution to this case, | examined the
reaction with all the linker options which were decided in 5.1.1 as DBCO NHS ester,
DBCO PEG4 NHS ester and Maleimide PEG2 NHS ester.

While DBCO NHS ester and Maleimide NHS ester reacted with sfGFP and thus |
obtained protein-DNA adducts, | did not observe the adducts in the case of LH2.
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Figure 5.21. After the chemistry reaction separation of LH2-Maleimide PEG2 NHS ester-DNA and
SfGFP-Maleimide PEG2 NHS ester-DNA reaction products by Resource Q anion column. A
Separation of the reaction products using anion exchange chromatography. The well resolved peaks
contain pure DNA (gray squares), and sfGFP linked to various numbers of DNA molecules (red
squares). B There is no separation of reaction adducts. The initial peaks contain LH2-Maleimide
PEG2 NHS ester (purple square), small amounts of excess DNAs (gray square) and the second peak

contains excess DNA (gray square).

The second challenge was about the separation step via anion exchange Resource
Q. Even though LH2 and DNA did not react with each other, they coeluted from the
Resource Q column. | showed this fact by comparing chromatography profile of sSfGFP
and LH2 in figure 5.21. Here, the peaks containing non-reacted LH2 and sfGFP were
not shown in the figure to show clearly while sfGFP adducts were separated well, LH2

coelutes with DNA rather than separating.

5.2.3. Summary

My aim was coupling DNA with sfGFP, mRuby3 then LH2 through the chemistry
reaction. | examined several conditions such as reaction buffer-pH, molar ratio of
reactants, temperature, protein concentration, linkers, and separation methods to
characterize an efficient method. Then, under selected conditions and with separation
method, | carried out the chemistry with sfGFP, mRuby3 and LH2 with DBCO NHS
ester which is the first choice as a linker. While | obtained enough sfGFP-DNA and
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mRuby3-DNA adducts 1:1, the chemistry worked only at the first step which is labeling
LH2 with DBCO NHS ester and it did not go further for the reaction between DNA and
linker labeled LH2. The possible reason was that the environment was too
hydrophobic for the reaction. Hence, PEG4 was introduced to the DBCO NHS ester.
However, the presence of PEG4 did not overcome the challenge of reaction attaching
DNA to the linker. Therefore, | decided to replace the DBCO PEGs NHS ester with
Maleimide PEG2 NHS ester which is less hydrophobic than DBCO. The result of the
chemistry with Maleimide PEG2 NHS ester showed that replacement of linker did not
improve the efficiency of the reaction. Here the question was while the first reaction
works between NHS ester and amines of LH2, why the reaction between DBCO-azide
-DNA and Maleimide-thiol-DNA does not. It is not clear why this reaction is not efficient,
though it is possibly due to interactions of the DBCO / Maleimide with charged
azide/thiol groups in the presence of detergent. The reaction between NHS ester and
the amines of LH2 works in the presence of detergent due to the fact that micelles
naturally surround the hydrophobic molecules, however, the reactive groups of DNA
are strongly charged and thus they cannot arrive to interact with the linker.

Additionally, it is worth noting here that there was a phenomenon, which was observed
coupling LH2-DNA via all these three linkers, non-reacted LH2 always coeluted with
DNA. This suggested that this challenge originated from the LH2. Since the principle
of the column relies on the negativity of the molecules, | believed that this complexity
has originated from negativity of the LHZ2 in the reaction and the literature supported
my hyphothesis. In Rhodobacter capsulatus and Rhodospirillum rubrum and
Rhodobacter sphaeroides, it is known that LH2 which associated phosphatidylglycerol
(PG) can be detected after purification [188] and these lipids can alter the negativity
of LH2. Thus, the apparent poor resolution likely be due to the presence of multiple
unresolved forms with local charge characteristics.

Overall, | could not obtain LH2-DNA adducts but obtained enough sfGFP-DNA and
mRuby3-DNA 1:1. This allowed to go through further process which is assembling
formed DNA-protein adducts in a DNA directed manner.
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5.3. Assembling proteins

As | explained in the beginning of chapter 5, my aim in this work is composed of two
phases. First phase was coupling protein-DNA 1:1 adducts and from the first phase |
obtained sfGFP-DNA and mRuby3-DNA 1:1 adducts. Here in the second phase, |
assembled the formed sfGFP-DNA and mRuby3-DNA 1:1 adducts in a DNA directed
manner to form dimers and characterized this assembly by absorption spectroscopy,
fluorescence measurements and gel electrophoresis. Furthermore, | demonstrated
that the DNA strands in such structures can be still available for disassembly, either

through enzyme digestion or toe-hold strand displacement.
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Figure 5.22. Assembling and dis-assembling DNA assemblies. (A) Absorbance changes measured
at 260 nm following the mixing of sSfGFP-DNA and mRuby3-DNA pair at 0.5 uM in hybridization buffer
at 25°C. (B) SDS-PAGE analysis of proteins, adducts and assemblies. Samples containing 18 pmoles
protein: pure sfGFP (I) , sfGFP-DNA (1), pure mRuby3 (lll), mRuby3-DNA (1V) , mixture of sftGFP and
mRuby3 (V) dimer of protein-DNA adducts (VI), DNAse treatment dimer (VIl) and dimer with toehold
replacement strand (VIIl) were separated on 12% SDS-PAGE Gel (without sample heating). The gel
was then imaged with 488 and 555nm excitation using a fluorescence imager. (C) Férster resonance
energy transfer between sfGFP and mRuby3 was measured by donor (sfGFP) sensitized acceptor
(mRuby3) emission for the dimer (V), DNAse treated dimer (VII) and dimer with the toehold
replacement strand (VIIl). (D) The hybridized dimer was heated from 25 C to 65 C and absorbance

followed at 260 nm to observe the thermal denaturation of the double helix.
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As an initial approach to show that these protein-DNA adducts can be used for making
DNA directed assemblies | have followed the assembly and disassembly using
absorption spectroscopy (following dsDNA hypochromism at 260 nm), fluorescence
energy transfer between different fluorescent proteins, and SDS-PAGE of assemblies.

Here, | used sfGFP and mRuby3 coupled respectively to the pair of complementary
oligonucleotides. These oligonucleotides are designed to hybridize, forming a double
helix with the 2 coupled proteins at the same end of the DNA duplex, and a short
unhybridized oligo T region on each DNA strand. This unhybridized region allows
disassembly by toehold strand displacement, see below. As the protein part of the
DNA-protein chimeras is temperature labile (above 60°C) | have used an isothermal
assembly method. Indeed, the necessity of establishing isothermal annealing methods
for the assembly of covalent DNA-protein adducts into nanostructures is what pushed

us to initially investigate assembly using this simple construct.

In figure 5.22, | demonstrate the formation of a heterodimeric protein complex, driven
by DNA hybridization, and then disassemble this dimer using several different
methods. After mixing protein-DNA chimeras containing sfGFP and mRuby3 coupled
to complementary DNA strands (final concentration 0.5 uM) | can observe the
formation of DNA duplex by following the decrease in absorption at 260 nm (Figure

5.22.A). That shows that annealing in these conditions takes about 15 minutes.

To verify that the DNA-protein chimeras assemble correctly | have used SDS-PAGE
revealed by fluorescent imaging (Figure 5.22.B). This allows us to follow the
hybridization reaction easily. In the first wells | have loaded sfGFP, sfGFP-DNA,
mRuby3 and mRuby3-DNA. As is expected the addition of the negatively charged
DNA molecule to the sfGFP results in an increase in mobility of the green fluorescent
protein (compare lanes | and Il) surprisingly addition of the DNA molecule to the
mRuby3 protein results in a decrease in the mobility of the red fluorescent protein
(lanes Ill and IV). In this case apparently the change in molecular mass has more
effect than the change in charge. Possibly due to interactions between the DNA and
the protein surface. Gratifyingly there is no sign of doubly labeled protein containing 2
DNA molecules and more anomalous migration. Mixing the sfGFP and mRuby3
proteins, without any attached DNA, (lane V) results in bands at the appropriate size

with no sign of higher molecular weight dimers being formed. However, when the
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hybridized dimer is examined on the gel (lane VI) most of the fluorescence, both green
and red, is associated with a band migrating further up the gel corresponding to a
dimer. This band contains almost all the red fluorescence, however there is some
green fluorescence that remains at the same position as observed in lane |l suggesting
that there is probably a slight excess of sfGFP-DNA in the sample. Lanes VIl and Vi

will be discussed below.

As a second method to study the formation of complexes | used FRET, (Figure
5.22.C), where | report the donor (sfGFP) sensitized acceptor (mRuby3) emission. The
mixture of purified proteins gave a consistent zero background reading (V) while |
obtained a reliable and reproducible measurement from the hybridized protein-DNA
adducts (VI) confirming that the hybridization of the DNA molecules brings the proteins
into proximity and can transfer energy between them. The characteristic distance, RO,
for this pair is about 6 nm so given the levels of FRET observed, about 10% transfer
efficiency, the center of mass of the 2 proteins must be about 8 nm apart. This
suggests that though the DNA molecules bring the 2 proteins the length of the flexible
linkers between the DNA and the protein, about 0.8 nm, together the electrostatic
repulsion between these 2 basic proteins is sufficient to reduce the transfer efficiency.

Dis-assembling DNA structures

One of the interesting aspects of DNA nanostructures is that they can be dynamic and
be induced to change structure. This depends on the availability of the DNA elements
to different agents. To verify that the DNA elements in the dimeric structure | formed
were available | used several methods to disassemble the dimer.

The easiest and most used method to disassemble DNA nanostructures is by heating.
This is also possible with the protein dimers that | formed, as is shown in Figure 5.10.D
where | follow the absorption at 260 nm as the solution of dimeric proteins is heated.
As expected, there is a marked increase in absorption and the DNA duplex melts. In
my simple case | observe a melting centered at about 58°C. Unfortunately, the
fluorescent proteins used in this study are not very stable at 60°C and above so this
DNA melting also resulted in protein denaturation and changes in the visible

absorption spectrum.

136



Another method to modify or destroy DNA nanostructures is to treat them with
enzymes. To verify that the DNA in my system is available for enzymatic digestion |
treated dimers with DNAse |, Figure 5.22.B, and C VII. In the fluorescent gel image,
this treatment removes the high molecular weight dimer band, and the fluorescence is
all found in the monomer region of the gel. However, | do not revolver the same
distribution as with proteins containing no DNA (lane V). Thus, while the DNA’ase
treatment has clearly destroyed the DNA directed dimer formation there is almost
certainly a small amount of DNA still attached to the proteins, but not sufficient to drive
assembly of a stable structure. To confirm that enzyme treatment destroys the dimers
| also measured FRET (Figure 5.22.C) in agreement with the SDS-PAGE
measurements | see no energy transfer indicating that the two proteins have been

separated.

As a final method to separate the 2 proteins and verify accessibility of the DNA | used
toehold strand replacement. Here | added to the preformed dimers an oligonucleotide
fully complementary to the DNA attached to sfGFP, this single stranded DNA can
displace the oligonucleotide attached to the mRuby3 protein since it is complementary
over a longer sequence (see Table 1). After toehold replacement, | observed that the
dimers had been disrupted both by SDS-PAGE measurements (Figure 5.22.C) and by
FRET measurements (Figure 5.22.D).

These results show that | can construct and purify 1:1 protein-DNA adducts obtained
at a reasonable yield using the bifunctional reagent DBCO NHS ester. These adducts
can be formed under mild conditions, of pH, temperature, redox potential that do not
compromise protein or chromophore structure or activity. | demonstrate that the
different reaction products can be readily separated using ion-exchange
chromatography, relying on the modification to the surface charge distribution caused
by reaction of the protein amine groups and attachment of a polyanionic DNA strand.
| observe that the DNA-protein adducts that are so formed can be assembled in a DNA
directed manner by absorption spectroscopy, fluorescence measurement and gel
electrophoresis. Furthermore, | demonstrate that the DNA strands in such structures
are still available for disassembly, either through enzyme digestion or toe-hold strand
displacement.
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Conclusion

DNA directed assembly of proteins represents an exciting prospect for the construction
of new active meta-materials. However, building such structures is currently hampered
by several problems. Among these is the ability to obtain pure and stable DNA-protein
adducts with reasonable yield. | showed that using DBCO NHS ester | can obtain
monomeric proteins coupled to a single DNA molecule at reasonable yield. This
chemistry has the advantages of being widely applicable, as most proteins contain
surface amino groups; easy to follow to adjust reaction conditions to optimize the yield,
thanks to the UV absorption of DBCO, and give readily separable reaction products
thanks to the charge on the DNA molecules. | believe this method is particularly useful
in situations for attaching DNA to proteins where the introduction of single reactive
residues into the protein is difficult, for example in oligomeric proteins or proteins from
organisms that are difficult to genetically manipulate. However, the other specific
properties of oligomeric proteins might add new difficulties to this chemistry as it
happened in my case with LH2. Since LH2 protein is membrane protein, | needed to
use detergent at each step of the reaction and the presence of detergent prevented
the reaction of DBCO NHS ester labeled LH2 with azide labeled DNA. Thus, this
chemistry is promising to work with complex proteins, even though some modification
can be needed depending on the structural and physical features of protein for a high
efficiency of the reaction.

One of the main advantages of this procedure was that obtained protein-DNA adducts
are accessible for the formation of DNA scaffolded nanostructures. For that reason, in
the following section it will be explained the design of DNA nanostructure through DNA
origami technique to integrate these sfGFP- DNA and mRuby3- DNA 1:1 adducts into
this DNA nanostructure.
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Chapter 6 — Formation of Rectangular DNA Nano Object

It is interesting to develop methods for coupling proteins to DNA nanostructures, in
particular because of the very diverse functional and structural properties observed in
proteins. One of the most prominent features of DNA nanostructures is the possibility
to place and control guest molecules and particles with high precision. These suggest
that molecules can be attached and site-specifically arranged on the structures by the
selection and elongation of a certain set of oligonucleotides pointing outward from the
structure. This allows for positioning of any guest molecules that can be attached to
any DNA strand in DNA nanostructure. Because of all the reasons mentioned above,
| aimed to obtain a DNA nanostructure and then integrate sSftGFP-DNA and mRuby3-
DNA 1:1 adducts into rectangular DNA nanostructure because it allows to create a
tool which has a control on positioning of proteins thanks to the chemistry reaction and
DNA origami technique.

In this chapter, | have looked at the formation of rectangular DNA origami. The
techniques for the formation through DNA origami were categorized in two as
thermal assembly and isothermal assembly with and without denaturing reagents so
far in the literature. In this context, the isothermal assembly without denaturation
agent is preferred as | aim to include proteins in this structure. Isothermal assembly
process differs from thermal assembly process as the way of temperature and the
prevention of mismatches between scaffold and staples. The principle of isothermal
assembly is that the formation of scaffold and staples occurs at a constant
temperature. Among the temperatures of isothermal assembly process, the
formation of scaffold and staples was conducted at 25°C, 37°C and 50°C in the
literature. While the formation at 37°C and 50°C resulted in a reasonable yield, the
formation at 25°C remained challenging. The prevention of mismatches between
DNA strands is provided through controlling the salt ions instead of high temperature
in thermal assembly. This formation of DNA nanostructure through isothermal
assembly is controlled by two factors in isothermal assembly as concentration of
NaCl and the ratio between scaffold and staples. It is critical to find the best salt
concentration because while the low salt prevents the mismatches between DNA
molecules, it will also disrupt the correct assembly of scaffold and staples. The
significance of the ratio between scaffold and staples is that increases the possibility
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of encountering of DNA molecules to meet in the right formation. Therefore, my
purpose was to improve this assembly efficiency through optimizing these two
factors since they are critical to obtain high efficiency of the structure for the
isothermal assembly of rectangular DNA nanostructure 25°C.

6.1. Optimization of NaCl concentration for isothermal assembly

Since the concentration of salt ions is the main factor that prevents mismatches
between small oligonucleotides in isothermal assembly, | tried to find the optimal salt
concentration for the formation of rectangular DNA object. To optimize the salt
concentration, | kept scaffold:staples ratio, buffer composition as constant and
different concentrations. Then, | analyzed the DNA nanoobjects samples, which were
incubated at different concentrations of NaCl, through the agarose gel which allows
bulk estimation of the yield of structure formation, the purity of the structure and the

extraction of the desired sample.
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Figure 6.1. Separation of oligomers and monomers of DNA nano object was shown. A There were
many different bands as oligomers, dimers and monomers. The isothermal formation reaction for
rectangular DNA nano object was performed in the presence of B 20 mM NaCl C 50 mM NaCl D 100
mM NaCl E 200 mM NaCl with the scaffold: staples ratio 1:5 for 96 hours at 25 C. On each agarose
gel image ladder (first well) and p7249 (M13mp18) scaffold (second well) were shown as reference.
The dash line is added to show the migration comparison between scaffold M13mp18 and the
rectangular DNA origami samples, taken at certain times. At each desired time, 15 pl of DNA nano
objects was taken and frozen by the liquid nitrogen to stop the reaction to examine the impact of
incubation time for the formation of DNA origami. The rectangular DNA nano objects were obtained at
certain times (minutes) and loaded on 1.5% agarose gel.
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As general description of gel images, the different bands were observed in figure
6.1.A. A big band aggregates on the right at the top are oligomers (many scaffolds
with staples). There are bands in the middle that correspond to trimers and dimers
(three and two scaffold respectively with staples) when it is partially folded as
rectangular DNA. Also, there is band which is monomers (only one scaffold with a
certain number of staples) at the bottom it changes its position according to how well
folded it is. Because the principle of the migration relies on the quality of folding since
as much as origami molecules fold, they become more compact and start to progress
faster. Lastly, since the quantity of staples was 5 times more than scaffold, the excess

staples were released at the end of reaction.

In figure 6.1.B, here because of lack of salt, the aggregation of oligomers of rectangular
DNA at the top and the presence of dimers in the middle were increased by the time.
Despite from obtaining rectangular DNA nano objects at the bottom of the gel, it is
clear image that the lack of salt led these monomers do not fold properly in the gel. In
Figure 6.1.C, the quantity of oligomers of rectangular DNA nano objects were
dramatically decreased after 5 hours and this led the formation of the bands at the
bottom of the gel image which represents monomers even though this formation took
a while. The folding process was about to complete after 48 hours. At the same time,
the oligomers, and dimers at 24 hours, 48 hours, 72 hours, 96 hours are less intense
than the oligomers and dimers of the DNA nanoobject which are incubated less than
24 hours. It points out that misfolding is decreased by raising the incubation time.
These results suggested that it is feasible to obtain monomer form of DNA objects in

the presence of right amount of salt.

In the figure 6.1.D, the scaffold and staples encountered with each other after the 10
minutes incubation instead of 5 hours incubation as it was in figure 6.B. However, this
formation is complicated because the formation of monomers progressed only slowly.
In figure 6.E, the oligomerization of nano objects was not strongly observed here on
the top of the gel image. However, usage of high amount of salt caused that the
scaffolded and staples formed to a shape in a short time and the DNAs were stacked
and hence progression of right formation became extremely slow. There is also
another phenomenon which was observed in only figure 6.E. | observed two bands
instead of one not only as a monomer form of DNA nano object but also as scaffold in
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the first well. This suggests that the existence of the second band was not caused by

the folding reaction.
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Figure 6.2. The migration difference increased in direct proportion to the NaCl concentration, and the
greatest difference was observed between samples with 20 mM and 50 mM NaCl. A The rectangular
DNA nano object with different concentrations of NaCl (mM) incubated during 96 hours at 25 C were
loaded on 1.5% agarose gel to observe the impact of concentration of NaCl on the formation of
rectangular DNA nano objects. B The migration distance of band B1 for the samples, which were
incubated with 20 mM (blue), 50mM (purple) ,1700 mM (pink) and 200 mM NaCl (green) in the
presence of 1:5 scaffold: staples ratio, were measured through Image J. Error bars were shown on

scatter plot (vertical blue lines).

In Figure 6.2.A, the DNA nanoobjects, which were formed with different concentrations
of NaCl, were analyzed through agarose gel to compare well the impact of NaCl
concentrations on folding of DNA nano objects. Oligomers, dimers, and monomers
were shown as B3, B2 and B1. The progression of assembled DNA nano objects in
the presence of 100 and 200 mM NaCl, did not differ much. It possibly suggests that
high amount of salt did not improve the folding efficiency after a certain amount of salt
which is 50 mM.

Furthermore, | analyzed the migration distance of the monomer (B1) for all samples
which were assembled in the presence of 20 mM ,50 mM, 100 mM and 200 mM NaCl
through Image J software, to clearly show the correlation between NaCl concentration
and formation of DNA origami samples in figure 6.2.B. The migration distance
increased with the NaCl concentration, and the greatest difference was observed
between samples with 20 mM and 50 mM NaCl. Between 50 mM-100 mM and 100

mM-200 mM, the migration was very similar.
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Therefore, low salt concentration (< 50mM), results in high electrostatic repulsion and,
thus reduced the formation of DNA nanoobject. In the presence of excess salt (> 50
mM), the formation of DNA nano objects falls into a kinetic trap, and this can be seen
as formation is complicated and progressed slowly. However, when the salt
concentration is around 50 mM, the results show that the monomers formation
progressed very well. Therefore, | concluded that 50 mM NaCl is the optimal
concentration of salt to provide the balance between preventing the mismatches and
supporting the folding of rectangular DNA Origami.

6.2. Optimization of staples scaffold ratio for isothermal assembly

Another important parameter was the ratio between scaffold and staples to provide
the isothermal formation of rectangular DNA nano objects. The increase of ratio
between scaffold and staples decreases the possibility of mismatches in the sequence
of the rectangular DNA origami. In this section, | examined the effect of scaffold:
staples ratio on the folding of the DNA origami and wanted to observe correlation
between the scaffold: staples ratio versus formation of the DNA nano object and find
out the optimal ratio in my case. To achieve this, | kept the salt concentration, buffer
composition as constant and altered the ratio of scaffold: staples as 1:2, 1:5, 1:10,
1:20 and 1:40. The reaction depends strongly on the number of the staples. Staples
ratio and reaction speed are directly proportional. However, this proportion can depend
on other factors. For example, if the staples have a protein attached, the number of
staples should probably be low. Excess staples can also reduce formation of
completely folded structures. Other phenomena which is controlled by number staples

is oligomer formation.
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Figure 6.3 Increase of scaffold: staples ratio up to 1:40 prevented oligomerization of rectangular DNA
nano objects on the 1.5% agarose gel. The isothermal formation reaction for rectangular DNA nano

objects was performed in the presence of 50 mM NaCl with the scaffold: staples ratio A 1:2B 1:5C
1:10 D 1:20 E 1:40 for 96 hours at 25 C.
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As explained in figure 6.1, there are different bands in here figure 6.3. In the wells of
the gel image, there is aggregation of oligomers and oligomers is followed by trimer,
dimer, and monomer respectively from top to the bottom of the gel. Each DNA origami
sample at each different time points was shown in Figure 6.3. On each agarose gel
image ladder (first well) and p7249 (M13mp18) scaffold (second well) were shown as

reference.

In figure 6.3.A, the folding reaction completed after 48 hours incubation. The possible
reason of that having low number of staples caused the low speed of formation
reaction. In the presence of scaffold: staples (1:5) ratio, after 5 hours incubation, the
migration is faster due to folding of rectangular nano object getting improved.
Compared to the 1:2 ratio in figure 6.3.A, the samples here in figure 6.3.B not only
migrated faster in a short incubation time but also the folding efficiency was drastically
improved at the end of 96 hours incubation compared to the beginning of incubation
with the effect of increasing the ratio as | expected. In the figure 6.3.C, the folding path
of the DNA nano object improved even after 30 minutes incubation and the speed of
migration was stabilized at 5 hours incubation. This suggests that the folding reaction
became faster since the ratio between scaffold and staples was 1:10.

In figure 6.3.D, the starting point of folding time was short as 30 minutes. At the end
of 96h incubation, the monomer DNA nano object migrated more compared to the one
with 1:10 ratio. This points out that increase of number of staples improves the
formation of the nano object. Nevertheless, after 10 hours incubation the trimers and
dimers of the nano object which existed in the presence of 1:2, 1:5 and 1:10 were
disappeared. It is likely that the formation of dimers and trimers was prevented through
the combination of longer incubation time as 10 hours and the presence of sufficient
scaffold: staples ratio. In figure 6.3.E, the improvement of the formation of monomer
nano objects started around 1 hour as same as the samples with 1:20 ratio. The band
which represents trimer and dimer formations become to lose its intensity at 1 hour
incubation which is earlier than the sample with 1:20 ratio. This shows that increasing
the ratio of scaffold:staples likely reduced dimer and trimer formations of the nano
object. In the image gel of 1:10, 1:20 and 1:40 ratio, the aggregates in the well of the
gels and intensity of the band which represents dimer forms dramatically decreased
comparing to the one’s ratio with 1:2 and 1:5. In the presence of 1:20 and 1:40 ratio,
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the band of trimer forms which exist at 1:2, 1:5 and 1:10 were completely disappeared
after 96 hours incubation.
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Figure 6.4. The intensity of band B2 decreased in direct proportion to the increase of scaffold: staples
ratio and the greatest difference was observed between samples with the ratio of 1:10 (green) and
1:20 (purple). A The rectangular origami samples with different scaffold: staples ratio incubated in the
presence of 50 mM NaCl for 96 hours were loaded on 1.5% agarose gel, to observe the impact of
scaffold: staples ratio on the formation of rectangular DNA nano objects. B The intensity of band B2
for the samples, which were incubated with the scaffold: staples ratio of 1:2 (blue), 1:5 (pink) 1:10
(green), 1:20 (purple), 1:40 (blue) were measured through Image J. C The migration distance of band
B1 for the samples, which were incubated with 1:2 (blue),1:5(pink) 1:10 (green),1:20 (purple),1:40
(blue) in the presence of 50 mM NaCl, were measured through Image J. Error bars were shown on
scatter plot (vertical blue lines) for both B and C.

In figure 6.4.A, | examined all the samples which are incubated for 96 hours with
different ratios of scaffold: staples through agarose gel to analyze the difference
between them. It is obvious that while the band which represent trimer form of DNA
nano object exist in the presence of 1:2 ratio, it becomes to disappear by the increase
of the ratio. The fastest migration of monomer form of rectangular DNA nanoobject
was observed in the sample with ratio 1:40 (see Figure 6.4.C). The correlation
between the scaffold: staples ratio and the intensity of B2, which represents the

dimerization of DNA nano object, was analyzed by Image J and shown in figure 6.4.B.
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The biggest difference of the intensity of B2 was observed when the ratio changed
from 1:10 to 1:20. It points out that 1:10 ratio is required to avoid having trimerized
form of DNA nano objects. Increase of scaffold: staples ratio improved both the
formation of assembly and prevented from oligomerization of assembly. There is the
possibility at high ratios of not getting all assembled properly. Therefore, the ratio 1:10

was possibly optimal conditions for an efficient isothermal assembly reaction.
In conclusion, | optimized the isothermal assembly protocol for rectangular origami

without any denaturing agents. The ratio > 1:10 and 50 mM NACI was possibly optimal
conditions for an efficient isothermal assembly reaction. All explained in detail above
showed us the concentration of salt and the scaffold: staples ratio was mainly the
driver of the isothermal reaction. It is also important to keep the salt concentration
under control since in case of excess NaCl, the formation process of the origami likely
be disrupted. As scaffold: staples ratio, | observed increasement of the quantity of the
staples led to the prevention of oligomerization of DNA nano object. Since DNA
agarose gel technique provide a bulk estimation, investigating the sample through
negative staining and then visualizing with electron microscopy would inform the

shape of the structure as 2 D.
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