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Abstract

Abstract

Nanotechnology is defined as the technology that allows to fabricate nanoscale

materials and manipulate them at the molecular or atomic level. Nano-biotechnology

1s one of the sub-disciplines of nanotechnology. Materials used for

nano-biotechnology are macromolecular materials found in nature with specific

mechanical and biological functions. One of the most important materials is

deoxyribonucleic acid (DNA). DNA has several unique properties that make it a good

candidate for nanotechnology research.

The primary aim of this research is to use DNA three-way junctions as building

blocks and to assemble them into a huge DNA networks through self assembly

followed by DNA ligation. The second step aims at assembling six DNA three-way

junctions with different sticky end sequences to form an opto-mechanical hexagonal

DNA nano-switch. The switching mechanism in the ring is based on the

conformational change of B- to Z- DNA. This change is influenced by the

environmental cation concentrations. The third approach presented here aims to create

meta-stable DNA nanostructures based on a DNA hairpin loop that can mimic the

enzyme-substrate binding mechanism. This mechanism is demonstrated using a



“strand displacement strategy™ (SDS). Lastly, we employed a novel way of organizing

hairpin loop DNA structures based on the orientation of consecutive hairpin loop

DNA structures “on top™ of one another.

The DNA three-way junctions and the nanostructures created by them can be used for

drug delivery systems such as transcription factor carriers, for separation of specific

proteins, for creating molecular memory, protein conveyance carrier or DNA

nano-wires. Through DNA sequence design, a whole variety of potential and useful

nanostructures can be produced.
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Chapter 1 Introduction

1.1 Introduction to nanotechnology

Nanotechnology is defined as the ability to fabricate nanoscale materials and
manipulate them at the molecular or atomic level. The size of nanomaterials can range
from 1 to 100 nanometers (nm)'. The concept of nanotechnology was firstly
popularized by physicist Richard Feynman in 1959, with the talk entitled “There 1s a
plenty room at the bottom.” which described a number of possible ways to manipulate
atoms so as to perform particular tasks”. The era of nanotechnology was thus started.
With the invention and development of the scanning tunnelling microscope’ and the
atomic force microscope”, manipulation of substances at the atomic level was no
longer a dream. The principle of nanotechnology repudiates the conventional methods
in the materials sciences, which favour the “7op-down™ approach. This “Top-down™
approach involves manufacturing products on a very small scale by modifying and
reducing the size of large pieces of raw materials. The opposite method, mimicking
what nature does, i1s known as the “Bottom-up™ approach. The principle of this
method is to build up materials from the smallest units such as atoms or molecules
into defined macromolecular structures. The advantage of using “Bottom-up™ methods
as an approach to build higher order material structures 1s that there is greater control

over the product’s size. As it turns out the conventional “Top-down™ method



encounters a major problem of size limitation which 1s known as the bottle-neck of
this technique. The “Bottom-up” method is based on the process known as the

S.6.7

“Self-assembly™ ™ ', All materials consist of atoms, and atoms in the condensed
phase are connected through chemical bonds. Through defined chemical bonds
between atoms, various molecules are created with the same number and type of
atoms but with different physical and chemical properties. These properties enable the
molecules of certain kind to recognize related or identical molecules, which is known
as self-recognition. Once these molecules recognize each other, they undergo the
process called self-assembly. This arrangement process of the same species results in
a regular pattern that combines the most stable structure and the least spatial
occupancy. The self-assembly process 1s driven by the second law of thermodynamics
and it is spontaneous. Therefore the products can be produced in a very short time,
and the process can be controlled by changing the surrounding conditions such as
temperature, buffers or pH. Self-assembled structures or devices such as electronic

L8 9 : 11001 .
devices’, monolayer films’, and nanostructures from biomaterials are designed on

the basis of this concept.

Self-assembly can be divided into either static or dynamic approaches. The

differences between approaches rests on the flow of energy in the process. The



dynamic approach is based on the dissipation of energy while static self-assembly
does not require energy dissipation'>. The aim of self-assembly process is to reach an

equilibrium which results in the most stable structure’.

1.2 Nanomaterials

When the particle sizes approach the nanometer scale, the conventional laws of
physics are no longer applicable to assemblies of particles. As Schrédinger described:
“It is in that way that the events acquire truly orderly features. All the physical and
chemical laws that are known to play an important part in the life of organisms are of
this statistical kind; any other kind of lawfulness and orderliness that one might think
of 1s being perpetually disturbed and made in operatively by the unceasing heat
motion of the atoms”, thereby stating that physical laws are only just approximations’.
These nanoscale materials appear to have new physical properties that can be
described by quantum theory. This new behaviour of these materials has to be taken
into account in the design of nanomaterials. Quantum behaviour becomes important in
the design of these materials. Before we can safely manufacture and release these
nanomaterials, special considerations have to go into safety aspects. The new
dimension of environmental hazards resulting from artificially made nanomaterials 1s

a concern in nanotechnology research. With the development of various new

10



nanomaterials, the exposure to these materials could possibly cause unknown risks
related to the enhanced surface area of these nanomaterials, and therefore the
investigation of possible risks should be made compulsory'”. For examples. the
experiments of C60 and single walled carbon nanotubes have been studied on the

toxicity effects in rats'™"”.

1.3 Nanobiotechnology

Nanobiotechnology is the one of the subdisciplines of nanotechnology research.
Materials used for nanobiotechnology are macromolecular materials found in nature
with specific mechanical and biological functions. A cell is an excellent natural
environment for the nanobiotechnology research, as it contains a range of different
nanobiomaterials. Each of these biomaterials 1s produced using bottom-up method

based on self-assemb]y”’"7

. Biomaterials such as proteins, phospholipids, nucleic
acids and polymeric carbohydrates are all macromolecules present in biological

systems. All of these macromolecular structures can be used individually or in

combination as building blocks in nanobiotechnology.

Proteins are assembled from amino acids to form primary and secondary structures.

There are 20 canonical amino acids in living creatures that can be grouped into three



different categories: polar non-charged, neutral, and polar charged. They are linked

together via peptide bonds. The native proteins have been the subject of natural

selection with respect to folding and function. Any attempt to design new proteins has

to take these two aspects into account, in order to preserve the active sites and folding.

For example, a biomolecular motor made from F-adenosine triphosphate synthase

(Fi-ATPase) as the movable part. and using Nickel whiskers as the propelier. This

synthase has a diameter of 150 nm while the propeller has a length of approximately

750 to 1400 nm. By adding ATP as the power source, the maximum propeller speed

‘ %
can reach § revolutions per second

Phospholipids are important components of membranes in that they act as the

boundary between neighbouring cells and separate cellular organelles as well as

maintaining the balance between the inside and the outside of cells. All phospholipids

consist of a hydrophilic head group that is linked to the hydrophobic tail via the

phosphate groups. In an aqueous environment, the phospholipids form bilayers with

the hydrophobic residues at the inside facing each other and hydrophilic head groups

facing the water. The closed phospholipids bilayer creates a spherical volume that

contains small amounts of active ingredients. On fusing the bilayer membrane with

cellular membrane. the content can be transterred into the cell. Such a transter svstem



can be used in designing delivery vehicles for gene therapy in the form of

- 19
liposomes .

Nucleic acids are known to be the materials that are responsible in providing
information for protein synthesis. According to the dogma of molecular biology, DNA
makes RNA, and RNA makes proteinm. A unit of the nucleic acids (nucleotide)
consists of a nitrogen base (A, T, C, G), a pentose sugar (ribose or deoxyribose) and a
phosphate group. There are two types of nucleic acids: ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA). The difference between RNA and DNA is that there is
a 2’—OH group in C, position of pentose sugar ring in RNA which is absent in DNA.
This difference makes RNA more prone to hydrolysis, and therefore RNA 1s less
stable than DNA. The other difference is that the uracil nucleobase in RNA 1s replaced
by the thymine in DNA. The applications of nucleic acids such as DNA in
nanobiotechnology have been pioneered by N. Seeman®' . The complementarity of
the two strands and stability of the base pairs are unique properties that are suitable to

make complex two- and three-dimensional structures.



1.4 DNA as native material

1.4.1 General introduction

Deoxyribonucleic acid (DNA) was firstly discovered and described by Friedrich
Miescher in 1869. He 1solated the materials from the nucleus of living cells. The
structure of DNA was discovered by Francis Crick and James Watson in 1953
explaining that DNA was a double helix (double strand DNA, dsDNA). They
proposed that two polynucleotide chains (single strand DNA. ssDNA) run in opposite
directions and are held together by hydrogen bonds between base pair524. The
backbone consists of alternating phosphate groups and deoxyribose sugars link by
phosphodiester bonds. The nitrogen base is linked with the pentose sugar through a
glycosidic bond. Each base pair consist of a pyrimidine linked to a complementary
purine. Pyrimidine is a single six-membered heterocyclic ring containing two nitrogen
atoms; while purine can be described as a pyrimidine fused with an imidazole ring.
There are two purines (adenine and guanine) and two pyrimidines (cytosine and
thymine) found in DNA. Adenine is paired with thymine via two hydrogen bonds:
while guanine 1s paired with cytosine via three hydrogen bonds. Through the
complementarity. one strand of DNA is the backup for the other strand. This is basis
of the storage of the information for cellular components and genetic inheritance, and

the information is extracted by transcription and translation processes.



1.4.2 DNA properties

DNA can be described as a natural nano-material, as it has several unique properties

that make DNA a good candidate in nanotechnology research. These properties

mclude:

1. Size on the nanoscale:

!\.)

Ultraviolet (UV) absorbance maximum at 260 nm;

3. Tunable stickiness through base sequences:

4. Selective sticky ends (unpaired ssDNA ends);

5. Localized chemical modification of bases;

6. Alternative stable conformers of DNA (A-, B- and Z-form DNA);

7. Uncommon forms of DNA (branched DNA junctions);

On average, each DNA base spans approximately | nm, and so a base pair measures 2

nm from backbone to backbone. The thickness of a base measured along the helical

axis 1s approximately 0.34 nm (Figure 1.4.1). Accordingly, one helical turn

corresponds to 3.4 nm. Given these dimensions, it is straightforward that DNA

structures with precise sizes can be designed. Furthermore their stabilities can be

carefully controlled.



G:C base pair

Figure 1.4.1 The size of a dsDNA and size between two types of base pairs.

DNA has a unique UV absorbance spectrum centred on a wavelength of
approximately 260 nm. This absorbance is due to the transition moment of the ©

electrons in the heterocyclic bases”™. Different bases have different maxima UV
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absorbance wavelength (A: 261 nm; G: 276 nm: C: 267 nm; T: 266 nm). This unique
UV absorbance changes with temperature because dsDNA is melted (strand
dissociation) into ssSDNA. ssDNA absorbs more UV light then dsDNA. This property
of ssDNA allows DNA stability to be assayed using UV spectroscopy. The stability of
dsDNA is goverened by the melting temperature (Tm) of the dsDNA solution®®. Tm is
defined as the temperature at which 50% of measured absorbance change or a
hyperchromic change has been observed®’. The hyperchromic shift is due to the
breaking of hydrogen bonds between base pairs, and the consequential de-stacking of

the bases. Melting curves can be used to calculate thermodynamic parameters™.

The third property of DNA is its tunable stickiness which is governed by the DNA
nucleotide sequence. A single base pair difference between two double helical DNA
sequences of the same length will result in different genetic information being carried
(e.g. mutation). This property enables DNA’s helical stability to be tunable
(modification). For example, the annealing of a single strand 5'-GTTACT binds more
favourably to the single strand 5’-~AGTAAC region than to the single strand
5-ACTAAG region because the 5'-AGTAAC sequence is the perfect complementary
strand whereas binding 5"-ACTAAG will result in four matches and two mismatches.

It will not anneal with a single strand 5-TGCTTA at all because this 1s not the

&



matching sequence.

DNA is able to form sticky end regions which have considerable utility in DNA

biotechnology. Sticky ends are the single strand extensions of the 5°/3’- ends of a

DNA double helix. Complementary 5°/3°- extensions will anneal to double helices.

DNA sticky ends were firstly observed when restriction enzymes cleaved a dsDNA

sequence and generated complementary single strand extensions. This discovery was

the basis for the development of recombinant DNA technology. The restriction class 11

restriction enzyme is able to create identical sticky end regions i any dsDNA no

matter what the source of the DNA. Because of this property, the sticky end region

created with this enzyme can be re-annealed with any matching sticky end. Following

this example, one can design and assemble networks of DNA sequences by using the

stickiness of single strand extensions. In DNA nanotechnology, the sequences of

sticky ends can be created without using restriction enzymes. These links can be made

permanent by sealing the gap in the backbone using the enzyme T4 DNA ligase. This

process was copied from nature where the integration of T4 phage into the genome of

E. coli follows an identical process. During in vitro ligation, the 5’ -position of sticky

end sequences have to be phosphorylated prior to the ligation. The phosphorylation

can be done with the enzyme. DNA kinase.



The kinase and ligase reaction are illustrated in Figure 1.4.2. These processes require

- 29.30
ATP as an energy source and can be carried out at room temperature™ .

DNA kinase reaction
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Figure 1.4.2 The kinase reaction scheme using DNA kinase (top); the ligation reaction
scheme using DNA ligase (bottom).
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A further property of DNA is the potential for chemical modification of the
nucleobases outside the Watson-Crick face. This modification helps to make unusual
connections between the nucleotide bases and the target nanosurfaces. (examples
using nanoparticles’') In nature, the most prominent example is the methylation of
cytosine . Addition of a base specific fluorescent tag to DNA is very useful to detect
whether a particular base is involved in through space interactions™. Biotinylation is
also frequently used in DNA backbone/base modification in order to facilitate DNA

attachment to surfaces or spherical particles like magnetic beads **.

DNA polymorphism is another useful property of DNA which can be used for
nanotechnology research. Depending on the environmental conditions, particularly the
state of hydration of the DNA double helix, can result in the DNA switching between

a number of conformations: A-, B- and Z-form (Figure 1.4.3).

20



Figure 1.4.2.3 Structures of the A, B-, and Z-forms of the DNA double helix.

The most abundant DNA conformation in the cellular environment is the B-form
DNA. In some cases of double-stranded DNA helices, the bases are slightly tilted, and
11 base pairs form the helical repeat unit. This conformation is called the A-form
DNA. Both A- and B-form DNA are right-handed helix structures, while the Z-form
DNA is a left-handed structure. The structural characteristics of Z-form DNA include:
the helix diameter is about 1.8 nm, making it a slightly narrower helix with 12 base
pairs per helical turn. The biological role of the Z-form DNA is still under
investigation. Alternating purine and pyrimidine sequences particularly CG repeat
sequences’ have been observed to occurr naturally in the Z conformation. One of the

driving forces to convert the B-form of DNA to the Z-form of DNA is the

21



supercoiling of plasmid DNA. But in vitro, chemical modification of cytosine such as
methylation favours the Z-conformation over the normal B-form of DNA. One of the
characteristics of the Z-form of DNA is that the purine residues in alternating
sequences are in the unusual sy» conformation, while the pyrimidine residues stay in

the canonical anti conformational state (Figure 1.4.4).

Syn POSITION
OF GUANINE

C3' endo Sugar Pucker

Figure 1.4.4 The syn conformation of Z-form DNA.

This regular shift from the sy» to the anti conformation along the backbone results in

the Z-form structure forming (Z refers to zigzag formation).

Recently a biological function of Z-form DNA has been observed in transcriptional

ko)
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1", In gene recombination” " and in gene modification by methylation™". This

contro
Z-DNA conformation in these biological systems is stabilized by negative supercoils®.
It was found that the addition of 4M sodium chloride to the poly d(CG) DNA
sequence resulted in the formation of the Z-form of DNA. The presence of Z-DNA
was determined using CD spectroscopy. The CD spectrum of Z-DNA is the inverted
trace of that obtained using B-DNA*’. The CD spectrum of the Z-form DNA has a

characteristic negative band at 290 nm and a positive peak at 265 nm, which is almost

the mirror image of the CD spectrum of the A- and B-form DNA™".

The left-handness of the Z-form DNA structure was further confirmed by x-ray
crystallographic studies™. Wang and Rich crystallized (CG)4 sequences and
discovered that the helix formed by two complementary single strands was
left-handed. It was further found that a B- to Z-DNA conformational change could be
induced by the methylation of cytosine residues of one strand of DNA double helix.
Studies also showed that DNA possessing stretches of d(CA/TG)n sequences and
immersed in a high salt buffer induced Z- DNA formation in the mixed alternating
purine and pyrimidine sequence regions” °. Poly d(AT) sequences can form Z-DNA
structures but under more specific conditions than that used for other DNA sequences.

Z-DNA formation in poly d(AT) sequences can be achieved by adding a small amount



of transition metal ions. such as nickel or copper. to the sodium chloride solution. The
thermodynamic parameters of the B- to Z- DNA conversion have been determined

experimentally for different transition metal ions *"".

DNA is also able to branch and in so doing form unusual structures %3 In nature
branched DNA has been observed in DNA replication as a short-lived unstable
intermediate (DNA fork) and in DNA recombination as a temporary four-way
junction (Holliday junction). The branch points in these intermediates are movable.
The formation of branched DNA is based on the partial complementarity of opposite
strands. Stable branched DNA can be created artificially by design. Single stranded
DNA sequences are chemically synthesized to be partially complementary to each

other (Figurel.4.5).

5 3 Y
3 E 5
5 3
3 s
5 3
3! s
Three-way junction DNA Four-way junction DNA

Figure 1.4.5 The schematic diagram of branched DNA. Left: three-way junction DNA;

Right: Four-way junction DNA.
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When these strands anneal through secondary bonds, an immobilized branch point is

created. The number of arms in a branched DNA structure 1s dependent on the number

of partially complementary DNA strands involved in the annealing process. The

simplest form of branched DNA 1is the three-way junction. Nature has also provided

nanotechnologists with a whole family of four-way junctions which we know as

t-RNAs. The only free ends available in t-RNA is the acceptor stem, which is

incapable of annealing with other acceptor stems. Therefore in order to create

extended networks based on branched DNA three-way junctions, one has to design

three sequences which are partially complementary to each other, and engineer sticky

ends into these sequences which will anneal to one another (details will be discussed

in the next chapter). Apart from these common structures, there are other natural

structures such as hairpin loop structures. A single stranded DNA sequence with

complementary bases at the 5°- and 3’- ends can self-anneal so as to form a hairpin

loop structure. Hairpin loop structures can be amplified by either attaching further

DNA sequences to the stem (provided the stem has a single strand extension) or to the

loop (this will be discussed in later chapters). Recent research has focused on

multi-stranded DNA structures such as G-quartet structures or i-motifs. Samples of

these structures are shown in Figurel.4.6.
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G-quartet i-Motif

Figure 1.4.6 The schematic diagram of G-quartet (left) and i-Motif (right).

To date, multi-stranded helices have not been utilized in building DNA based

nanostructures.

1.4.3 The use of DNA in nanotechnology

The use of DNA in nanotechnology, in creating unique structures and devices, has

been developed and facilitated by the unique properties of DNA summarised

previously. Research in DNA nanotechnology is currently divided into either building

a large DNA framework or developing nano-structures to perform specific tasks.

In order for large frameworks to be built from DNA, double helical DNA has to be

branched to form two- or three-dimensional DNA structures. To achieve this aim,

three- or four-way junction DNA are designed as the building materials. A three-way

Junction DNA is created from three ssDNA with sequences that are partially

26



complementary to each other. The complementary sections of each strand will
spontaneously hybridize, resulting in a branched DNA structure with three arms

(Figure 1.4.7).
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Figure 1.4.7 A schematic diagram of a three-way junction DNA formed by sequence

design.

If all the complementary sections are of equal length, all three arms will be of equal
length but with blunt ends. To initiate the spontaneous assembly of three-way junction
DNA into a large network, identical complementary sticky ends have to be included in
each arm region. The 3WJ DNA branch point needs to be immobile so as to stabilize
the structure. The structure of 3WJ DNA has been thoroughly investigated in the
past™ ", To reduce strain at the branch point, the addition of an extra unpaired base at
the junction point has proven beneficial”'. For example, a DNA ribbon was created
from three-way junction DNA composed of two 1dentical arms and the
complementary sticky end regions were used to link strand backbones together

. . . 62 L. . .
permanently using DNA ligase ™. In a similar approach. the three-way junction zones



were combined in a sequential process carefully matching sticky ends to build up
dendrimer structures which were stabilized by ligating the backbones on each side of

63

the sticky ends™.

The formation of a four-way junction follows the same design principles as the
formation of the three-way junction. In principle, one can build up zeolite-like
three-dimensional structures using four-way junctions with four identical sticky ends.
By connecting consecutive tetrahedral four-way junctions, a three-dimensional
network can be created that resembles the crystal structures of S10,. But this design

hypothesis has not yet been tested experimentally.

To improve the stability of regular DNA based nanostructures, four-way junctions
based on a cross-over DNA with sticky ends were used as the main building material.
The construction process resulted in the formation of a two-dimensional rectangular
DNA framework®**". This building material was further modified into a double
cross-over DNA structure. The formation of a double cross-over DNA structure
required five ssSDNAs (two short ssDNAs, two medium length ssDNAs and a large
ssDNA). The sequences of two short ssDNAs were designed so as to be partly

complementary to one end ot the two medium length ssDNAs. and the sequence of

a8



the large ssDNA was designed to be partially complementary to the middle section of

the two medium length ssDNA (Figure 1.4.8).

O
XX

SN
\//x%\”x//\\/

== [.arge length ssDNA

RO

== Middle length ssDNA

== Short length ssDNA

Figure 1.4.8 The schematic diagram of a double-cross over DNA made by hybridizing
5 different lengths ssDNA®.

When hybridizing these five ssDNAs, a rectangular tile of DNA with two cross-overs
was formed. By adding the extra sticky ends on both ends, this double cross-over
DNA could be used as the building material®®. In this case, the DNA tile pattern
created by this material was more rigid than the pattern created by using single
cross-over DNA®’. Further research using this aspect of the tile pattern formation
resulted in the development of the barcode DNA array, where different cross-over

DNAs were linked to represent different codes®®®.
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Using DNA nanostructures to perform a specific task has become popular in recent
time. These investigations aim at providing potential practical applications for DNA
nanostructures. One of the approaches described in the literature™"”* is the use of
DNA as a sensor. To detect certain environmental conditions, DNA conformational
change can be utilized as a sensor of local conditions. This is achived by favouring a
conformation where two single strand ends, tagged with acceptor and emuitter
flourescent molecules, approach each other, and so allow for fluorescence energy
transfer. The most prominent example for this technology is a strcuture called a
molecular beacon. A molecular beacon 1s a DNA hairpin loop with one end of the
hairpin attached to a fluorescein molecule, and the other end attached to quencher
molecule. When the stem structure of the hairpin loop is formed, the fluorescein
residue and the quencher are located next to each other, and the quenching effect takes
place, results in no light being emitted by the fluorescein residue. Once the stem helix
is disrupted, the fluorescein is no longer located next to the quencher, and
consequentially light will be emitted. Accordingly, the detection of light emission acts
as an indicator implying a conformational change in the DNA molecule has taken
place. Light emission or quenching are the result of facilitated or repressed

fluorescence energy transter . When the fluorophore 1s excited. the resonance encrgy



is dissipated as light emission. If there 1s a quencher near by, then the energy will be
absorbed by the quencher and no light will be emitted. This process is strongly
distance dependent and as a result it is inversely proportional to the quenching
efficiency.

As an example, PCR amplification can be monitored by molecular beacon technology.
A molecular beacon was designed to contain the sequences that were complemetary to
the PCR amplified products. When a correct product was amplified after the extension
step, the molecular beacon hybridizes with the product to form a double helix, and the
stem structure 1s then disrupted and so results in light emission which can then be
detected in real time”*. A different approach uses a primer next to a molecular beacon.
After the extension step, the molecular beacon once again changes conformation to
hybridize with the extended sequences, and the light emission can be detected”.
Molecular beacons can also be applied to monitor DNA ligation. The sequences in the
unpaired loop section of molecular beacons were designed to hybridize with two
ssDNAs. DNA ligase was added to ligate these two ssDNAs after alignment. As the
result of the formation of the longer complementary double helix within the loop
sequence, the molecular beacon structure unfolds due to the tension on the loop
section. The emission of light from the fluorescein residue indicates that the ligation

~ 170 . .
was successful 7. These examples are demonstrated in Figure 1.4.9.
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Figure 1.4.9 The schematic diagram of DNA ligation monitored in real time using

.
molecular beacon’®.

A promising application of DNA nanotechnology is the use of DNA as a nano-wire

capable of conducting electricity. This would open up a potentially new field of

nanoelectronics. Unmodified DNA is very poor conductor. It requires either covalent

modification of the bases, or the attachment of conducting ion to the backbone.

Recently, silver was introduced as coating of the DNA double helix to enhance the

conductivity. The nanoparticle responsible for conducting electricity is the linear array

of silver particles (Ag). The Ag nanoparticles were mixed with DNA, and the

positively charged Ag nanoparticles were attracted by negatively charged DNA

phosphates. The deposition of Ag nanoparticles was carried out by using a

32



hydroquinone containing solution’’ similar to that used in the development of
photographs. Similarly, Ag nanoparticles deposited on DNA fibres using the same
deposition method, have resulted in the DNA fibres becoming a conductive platform
8 An alternative method uses gold (Au) nanoparticles that are first deposited on the
DNA backbone, and then Ag is applied so as to enhance the conductivity of the

79
structure’ .

Other methods involve attaching gold nanoparticles to ssDNA containing thiol groups
by heating™*'. The combined gold nanoparticle ssDNA structure can be used to bind
specific DNA sequences through hybridization. The resulting hybrized complex
produces a colour which is dependent on the size of Au nanoparticles present. With
the longer hybridization periods, more Au nanoparticles will accumulate at the

hybridization sites, resulting in sequential colour changes® . (Figure 1.4.10)
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Figure 1.4.10 The schematic diagram of use of nanoparticles with DNA. a) DNA
nano-wire using gold and sliver nanoparticle deposition”; b) Hybridization of DNA

containing gold nanoparticlessz.

DNA can be used to perform specific tasks based on the interaction between
meta-stable states of DNA structures. This approach requires a defined meta-stable
DNA structure as the reference state. Additional DNA sequences are added to this
initial state so as to compete for binding sites on the structure. This results in another
meta-stable state that is closer to the equilibrium state but doesn’t reach it fully. In the
next stage, a complementary single strand DNA is added to compete for the binding
of the first additional strand. Since by design, the additional strands are

complementary to each other, they will form a perfect double helix which is the
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lowest energy state. The meta-stable structure will then return to its initial state.
The first application that demonstrated this concept of metastable state intermediates
was the development of DNA forceps®®. The design of DNA forceps requires a DNA
structure with two arms that can move so as to mimic the forceps’ action. A piece of
dsDNA with two sticky ends was selected as the starting DNA structure (Figure

1.4.11).

Figure 1.4.11 The mechanism of a molecular forceps made by DNA®*®. (“T” defines as

the “tweezer” strand, and “F” 1s the fuel strand)

This dsDNA structure contains a fluorescein group attached to one of the sticky ends,

and a quencher attached to the other. In order to initiate the forcep’s movements, a
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ssDNA was added to bind to both sticky ends forming short double helices. And this
shortening of the single strand forces this structure to bend. In the bended structure,
the fluorescein group and the quencher are located next to each other, and light
emission was quenched. To return to the open state of the forceps, another ssDNA was
added to the system which is complementary to the previous ssDNA forcing this
sequence into a double helix. This results in the forceps returning to the nitial state.

This return to the initial state 1s indicated by the re-occurrence of the fluorescence.

Another example of this concept involves a piece of dsDNA with two sticky ends
which is designed to be sequentially dislocated from short partially complementary
single strand DNA. This results in a walking type movement of the DNA structure
across the supporting platform®’. The walking mechanism is driven by the sequential
DNA hybridization of sticky ends. In this experiment, the sticky ends of this elaborate
dsDNA were firstly hybridized to two neighbouring attachment sites on the platform.
In a consecutive step, one of the “legs” is detached and can move to the nearest
unoccupied position where it binds to the platform. Now the second “leg” is detached
and free to move to the next unoccupied site, so that the walking device is re-attached

to a new position on the platform (Figure 1.4.12).



1) State 1A,2B b) Starting unset ¢) State 1A

d) State [A,2C ¢) State 2C f) Statc 1B2C

Figure 1.4.12 A biped walking DNA across the supporting platform®’.

Complementary strand displacement around two ssDNA circles has been called a

molecular gear system™. (Figure 1.4.13)
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Figure 1.4.13 A molecular gear system made by two circular ssDNA and their

interactions®,

Through sequential addition of ssSDNA and followed by a displacement reaction, the
two ssDNA circles are rotated towards each other. This is not a continuous rotating
system but takes place in stages. The added “fuel strand” are selected to be
complementary to one third of the circular DNA sequence at a time. In each
intermediate state, a double stranded bridging DNA helix connects to the two rings.

Before one of the fuel strands can be removed, a second bridge has to be built so that
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after removal of the first fuel strand, a new connection is formed between two rings.

This system can be repeated through the addition of the next fuel strand.

A further example of a static DNA nanostructure is the DNA octahedron™ which self
assembles from DNA building units into a geometrical object made of 1.7 kbases.
This work reported “the design and synthesis of a 1,669-nucleotide, single-stranded
DNA molecule that is readily amplified by polymerases and that, in the presence of
five 40-mer synthetic oligodeoxynucleotides, folds into an octahedron structure by a
simple denaturation-renaturation procedure.” and “DNA strands fold successfully,
with 12 struts or edges joined at six four-way junctions to form hollow octahedra

approximately 22 nanometres in diameter.”

The formation of the aptamers can be used to create nanosystems that consist of single
stranded folded DNA sequences and small molecules. These aptamer based
nanosystems are designed to carry a specific protein based on the interaction between

a protein and G-quartet structure”’

. The DNA was designed to contain sequences
capable of forming a G-quartet structure, and the specific protein (thrombin) was

found to bind to G-quartet structures specifically. In an aqueous buffer solution,

thrombin forms a stable complex with the aptamer. In order to release the proteim. a



complementary ssDNA was designed to hybridize the G-rich sequences to form a
piece of dsDNA. This results in the G-quartet structure being unable to form and so
the protein is then released from the complex. This is the first description of usage of

DNA as protein transporter in vitro. (Figure 1.4.14)
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Figure 1.4.14 Thrombin conveyance system using G-quartet structure’”,

Over time, the concept of using the special properties of DNA to form complementary

stable helical complexes, and at the same time allowing local binding to single
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Figure 1.4.14 Thrombin conveyance system using G-quartet structure™.

Over time, the concept of using the special properties of DNA to form complementary

stable helical complexes, and at the same time allowing local binding to single
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stranded sequences has evolved. And examples of this work will be described in the

next section.

1.5 Research objectives

The aim of this research is to construct a hexagonal nano-switch using three-way
Junction DNA with a fluorescein group as an indicator for the switch state and the B-
to Z-form transition as the mechanical base for the movement of the section of the
molecule in space. Also developed was a system of nanostructures based on hairpin
loop DNA to 1llustrate the sequential stabilization or destabilization of meta-stable
states fuelled by binding various DNA sequences. Finally, a new way of linking
hairpin loop structures by interactions of single strand extensions of the stem with
matching sequences in the loop sequences is presented. This particular linking gives
rise to a large family of two- or three- dimensional DNA structures that self assemble.
This research is divided in to the following sequential phases:

1. Design and characterization of three-way junction DNA;

(89

Construction of DNA networks from three-way junction DNA

3. Visualization of DNA networks by electron microscopy:

4. Design. construction and characterization of a opto-mechanical switch based on a

open hexagonal DNA structure:
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5. Investigation on B- to Z- DNA transition;

6. Development of meta-stable nanostructures using hairpin loop DNA;

7. Linking of hairpin loop DNA with single strand extensions;

8. Potential applications using DNA networks and these nanostructures.

The experimental work began with the use of three-way junction DNA to construct

DNA networks (phase 1-3; see chapter 2). The design and the construction of the

opto-mechanical switch based on similar three-way junctions is described in chapter 3

(phase 4 and 5). The meta-stable states system using DNA hairpin loops and the

linkage of the DNA hairpin loop with single strand extensions are described in chapter

4 (phase 6 and 7); The discussion of applications of these DNA nanomaterials is

described in chapter 5 (phase 8).



Chapter 2 DNA network assembly using DNA three-way junction

2.1 Introduction

The DNA three-way junction design

The DNA three-way junction (3WJ DNA) consists of three ssDNAs with sequences

that are partially complementary to each other. In this case of the 3WJ DNA design,

each ssDNA is 16 bases long, with the first 8 bases complementary to a ssDNA and

the last 8 bases are complementary to another ssDNA. This creates a 3WJ DNA with

three arms consisting of 8 bp (Figure 2.1.1 left). The branch point of a 3WJ DNA has

to be immobile otherwise the structure will be unstable after hybridization. The

sequences of each ssSDNA have to be unique and self-base pairing is not allowed. In

order to link two or more 3WJ DNA, the sequences have to be designed as to contain

sticky ends (SEs). The number of bases of the SE sequences in this experiment is set

to 4 (Figure 2.1.1 right).
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Figure 2.1.1 The schematic diagram of the three-way junction without sticky-ends

(left) and with sticky-ends (right).

This result in each dsDNA becomes 20 bp long, and the distance between two
branched points after annealing of SEs is two helical turns (20 bp apart). The
sequences of SEs are designed to be identical to allow unlimited hybridization, and
later the sequences can be re-designed to fit the experimental requirements. The
number of hybridization in a 3WJ DNA system is changeable by mixing with the 3WJ

DNA without SE sequences (Figure 2.1.2).
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Figure 2.1.2 The schematic diagram of three-way junction DNA with different
number of sticky ends: 1 sticky end (left); 2 sticky ends (middle); 3 sticky ends
(right).

A 3WIJ DNA can also have different SE in different arm. In later experiments, a 3WJ
DNA with different SE sequences on each arm is created by hybridizing three ssDNA
with different SE sequences. To link 3WJ DNA enzymatically, each ssDNA 1s
phosphorylated prior to the ligation. The phosphorylation is carried out using T4
polynucleotide DNA kinase, and ligation is carried out using T4 DNA ligase. The
ligation at a specific arm can be controlled using unphosphorylated SE, and will be
described in the next chapter. The efficiency of the ligation is analyzed using

polyacrylamide gel electrophoresis (PAGE) to separate the possible products.

Thermodynamic characterization of three-way junction DNA
In order to investigate the stability and thermal denaturation of a 3WJ, the
thermodynamic analysis 1s performed by using Ultra-violet (UV) spectroscopy as

function of the temperature. The thermodynamic profile is presented as a melting
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curve. The analysis 1s performed on both unligated and ligated 3WJ DNA to observe
the difference. The further characterization 1s carried out using circular dichroism (CD)

spectroscopy to investigate the physical characteristics (helicity).

Transmission electron microscopy

The Iimit of resolution of a light microscope is approximately 0.2 um, due to the
interference and diffraction produced when light 1s passing aperture. This limit
impedes the visualization of the delicate molecules created in biological systems. The
size of a cell 1s approximately 3 or 4 um in diameter, and the largest organelle 1s about
a couple of hundred nm. The details of the organelles and the macromolecules that are
smaller than 0.2 um therefore can not be observed by using a light microscope. The
invention of the electron microscope has solved this limitation problem. The electron
microscope uses electrons as the illuminating source, with electromagnetic lenses
istead of ordinary glass lenses to refract electrons. There are other features as well in
the electron microscopes than features found in hght microscopes. One of the features
is that the system must be operated in high vacuum. In order to focus electrons to
make them run smooth and un-interrupted, the electrons need to travel in vacuum to
avoid the collision with air particles. The vacuum normally used in electron

. . 4 -6 . .
microscope is sct between 107 to 107 torr. In principle. electrons required as electron
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source in the electron microscope are generated by putting a large steady voltage on a

wire. To produce such an enormous electron flow, the electron microscope contains a

tungsten filament within an electron gun that 1s operated at a voltage of 100 KV. The

electron gun is located at the top of the electron microscope. The electrons produced

by the filament are focused into an electron beam through the condenser lens. There

are different sizes of apertures located below the condenser lens to optimize the

condensed electron beam and to reduce the possible damage to the samples. The

adjusted electron beam after passing the sample goes through a series of

electromagnetic lenses (objective lens, intermediate lens and projector lens) to

magnify the image. The magnified image is revealed by sending the invisible electron

beam onto a fluorescent plate to produce visible light. A camera is located under the

fluorescent plate to take photographs of the image. The modern electron microscope

can directly import images into software for further analysis.

Each 3WJ DNA used in this investigation has a dimension of approximately 5 x 5 nm,

and the ligated 3WJ DNA forms larger product but is still too small to be analyzed

using a conventional light microscope. Hence the structures made by 3WJ DNA are

analyzed by using a transmission electron microscope (TEM). The conventional way

of visualizing nucleic acid 1s to stain the nucleic acid with cytochrome C. But this



technique has better efficiency n visualizing large nucleic acid structure’’. In this
investigation, structures made by 3WJ DNA assembly are prepared using a surfactant
chemical Benzyldimethylalkylammonium Chloride” . This chemical reduces the
surface tension of the aqueous solution when mixing with the sample and brings DNA
to the surface in order to be loaded to the electron microscope gird. DNA is then
stained with uranyl acetate for visualization which provides the best visualization

effect for nucleic acid™.

Investigation of the DNA structures produced by using different sticky ends

In theory, a mixture of 3WJ DNA with the identical SEs should hybridize all the
available SEs in a way that it grows in two dimensions. Similarly in the ligation
reaction, all hybridized SEs should be ligated during a single ligation reaction. In this
case, the average size of the structure made from ligating 3WJ DNAs is directly
proportional to the amount of the 3WJ DNA in the reaction mixture.The structure
made via 3WJ DNAs ligation is similar to a 2D crystallization. Each 3W/ start a new
structure that grows exponentially. The size of the ligated structure is also directly
proportional to the length of ligation time. In order to investigate the effects from
these factors on the structure produced, several approaches are made to establish in

the correlations between the size of the product and time or concentration. The first
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approach is to investigate the eftect of the ligation time; the second approach is to
explore the effect of the number of SEs available in a 3WJ DNA the third approach is
to mix 3WJ DNAs containing different number of SEs in various mixing ratios; the

last approach 1s to investigate the influence of different SEs” sequences in 3WJ DNAs.
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2.2 Materials and methods

Oligonucleotides sysnthesis

The oligonucleotides listed in Table 2.2.1 were synthesized from oligonucleotide
synthesis laboratory in University of Cape Town by phosphoramidate chemistry®
using a Beckman 1000M DNA synthesizer. These oligonucleotides were design for
the characterization of DNA networks.

The oligonucleotides were purified by DMT-on and DMT-off reverse-phase HPLC
using an acetonitrile gradient and by cartridge methods respectively, and the amount
of each oligonucleotide was determined by measuring the UV absorbance at 260nm.
The corresponding OD reading of each strand was given. The extinction coefficient of
each oligonucleotide was calculated spectrophotometrically at 260nm by using the
following extinction coefficients: Adenine: 15400 M em™'; Guanine: 11500 M ecm™;
Cytosine: 7400 M™ ¢m™'; and Thymine: 8700 M em ™ **. All oligonucleotides were
checked using denaturing gel electrophoresis for the remaining level of failure
sequences in relation to the full-length sequences. They were found to be of high
purity. The oligonucleotide concentrations were calculated using Beer-Lamberts Law

and the stock solutions were made to a final concentration of 100 uM in sterile

Milli-Q water and stored in -20°C for experimental use.



Warne Sequence (57to37) 11,1’ o1y _‘_
01E1? A FEAGEALLTAN GRS 212100
C2E1 TTCTTCTTZGETCGET 145200
03E1 ACCEACCITCCTCITC 146500
C1El CECT GAGOAGTIALL GALGLSL

oZs CECETTCTTCTTCGGTCGE 133000
0351 CECFACCTACCEICCTCCTC 134300
0132 GCGEC0 GAGGAGTAAL GAMGAS 256200
o2E2 GCEFC TTCTTCTTCGEGTCGGET 183000
0352 GCEC ACCGACCGETOCTCCTC 134300
o183 GUAT GAGGAGTALL GALGAL 262100
0233 GCAT TTCTTCTTCGGTCGGT G0
0353 FCAT ACCEACCETCCTCCTC 182500

Table 2.2.1: Details of the oligonucleotides synthesized by the DNA synthesis

laboratory, University of Cape Town.

Three-way junction DNA sample preparation

The 3WJ DNA samples were prepared by mixing three oligonucleotides with

sequenc

s that are partially complementary to e

ach otherma 1:1:1 ratio. The



oligonucleotides were mixed with appropriate buffer solutions as indicated in the
experiments to fulfill the criteria. The corresponding 3WJ DNA sample was
pre-heated to 80°C for 5 minutes, and cooled down to room temperature for 10

minutes prior to any experiments or stored at 4°C.

Ultraviolet melting analvsis with temperature gradient

Ultraviolet melting analyses were performed by using a Pye-Unicam SP1700
spectrophotometer with a custom made heating device. The UV absorbance (at 260nm)
was recorded in 0.2°C increments at a rate of 1°C/min. Oligonucleotides were mixed
according to the specific experiment criteria and the concentration of each oligo

mixed in different samples was adjusted to 1.5 uM with the buffer containing 1| M
NaCl, 10 mM Tris and 5 mM phosphate at pH 7.0. The temperature range of each

scan is basically from 20 to 100°C unless specified. Each analytic scan was repeated
twice and the melting temperature was obtained by the curve-fitting program™.
Thermodynamic calculations of each sample were carried out using Microsoft Excel

program.

Circular Dichroism Spectroscopy

CD analyses were performed by using a Jasco J-810 spectrophotometer with a

N
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HAAKE temperature regulated water bath. Each analysis was carried in a wavelength

range from 200 to 320 nm at a scanning speed of 100 nm per minute, and an

accumulation of 10 scans. The scanning temperature was set at the room temperature

or as otherwise noted according to the experimental criteria. The sample profile was

plotted from imported data by using Microsoft Excel program.

Polvacrylamide Gel Electrophoresis (PAGE)

Native gel electrophoresis:

The native polyacrylamide gels were made up from the following stock solutions:

40% polyacrylamide solution (acrylamide/bis-acrylamide, 19:1). 10% ammonium

persulphate (AMPs), 5x TBE (445 mM Tris, 445 mM boric acid and 1.25 mM EDTA)

solution pH 7 and diluted with sterile water to an appropriate volume according to the

number of samples loaded. The migration properties of a gel can be adjusted by

changing the amount of the polyacrylamide solution in the mixed gel solution. The

polymerization of the gel was obtained by addition of TEMED. The electrophoresis

was performed either at room temperature or at 4°C at the electrical field of

approximately 10 V/cm for at least 3 hours depending on the length and the density of

the gel. In a cationic PAGE. cation solution was replaced by specitied amount and

concentration of cationic solution to fulfill the experiment criteria. The native PAGE



samples were mixed with sample loading buffer containing bromophenol blue and

ficoll at a ratio of 6:1 (v/v). The gel was stained using an ethidium bromide solution

of a concentration of 5pug/ml for 10 minutes before digital recording. Digital recording

was performed by visualizing stained DNA bands on a UV light box. The recorded

images were scanned and saved as a Microsoft TIFF image.

Denaturing gel electrophoresis:

Denaturing polyacrylamide gel was made to a concentration of 20% with the same

reagents as the native gel, but a fixed concentration of urea (final concentration of 7M)

was added. The electrophoresis was performed at room temperature at high voltage

(150~200V) for 2 hours. The denaturing PAGE samples were mixed with denaturing

sample loading buffer containing either urea or formamide in the same ratio as in the

native gel. The gel was stained in a “stains-all” solution containing water and

tormamide in the ratio of 1:1 for 45 minutes, and the de-stain procedure was done by

placing the gel in water and exposing it to light for several hours. The digital

recording was performed by visualizing stained DNA bands on a normal light box.

The recorded images were scanned and saved as a Microsoft TIFF image.
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Agarose gel electrophresis

50 ml of a 0.5% agarose gel was made by dissolving 0.25g of agarose in 50 ml Ix
TBE buffer. The electrophoresis was performed at room temperature with a constant
voltage of 60V for | hour. The loading sample was prepared in the same way as for
the native gel electrophoresis experiment. The staining and the digital recording
procedures are identical as to those described for the native gel electrophoresis

experiment.

Oligonucleotides phosphoryiation™

Oligonucleotides were phosphorylated by using T4 polynucleotide kinase purchased
from Roche. Each oligonucleotide was mixed with 1X kinase buffer, | mM ATP, and
appropriate unit of T4 polynucleotide kinase. Each mixed sample was incubated at
37°C for 1~16 hours to ensure complete reaction. The phosphorylated samples can be

transferred directly to the ligation process.

Oligonucleotides ligation™
The phosphorylated oligonucleotides were specificly mixed to generate 3WJ DNA
(refer to sample preparation in 2.2.1). Each phosphorylated 3WJ DNA sample was

mixed with appropriate 3WJ to anncal their particular stickyv ends. The ligation
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process was carried out on the latent network using T4 DNA ligase purchased from

Roche. The amount of T4 DNA ligase used in each ligation experiment was according

to the concentration determined in the test runs. The ligated samples were heated to

80°C for S minutes to stop the enzymatic activity and the ligated DNA was

precipitated by using n-butanol, and purified using phenol extraction and ethanol

wash. The purified DNA was dried using Speedi-vac and re-suspend in water or

buffer solution for storage or further experimental use.

Transmission electron micrsocopy

Sample preparation:

10 pl of each DNA sample (500 ng/ul) was mixed with 40 ul of

benzyldimethylalkylammonium chloride (BAC) using a droplet method for 10 ~ 50

minutes, and a carbon grid was suspended on the surface of the mixed drop for 10

minutes. The excess solution was removed from the grid by filter paper, and the

sample was stained in a staining solution containing 0.5 mM uranyl acetate, 0.5 mM

HC1 and 90% ethanol by dipping the grid into in for 20 seconds. The excess stain was

removed by filter paper and the grid was further washed using 90% ethanol for 15

seconds. The grid was air-dried on filter paper and ready for visualization.
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Electron microscopic visualization:

DNA samples were visualized using a LEO 912 transmission electron microscope

using conventional brightfield and darkfield method. Sample images were

photographed using esiVision Pro software from Soft Imaging System (Image Sys)

and saved as TIFF images.



2.3 Results

2.3.1 Thermal unfolding analysis of unligated three-way junction DNA

The 3WJ DNA was produced by mixing the three oligonucleotides 01S1, 02S1, and

03S1 (Table 3.2.1) in a 1:1:1 ratio in the solution containing 1 M NaCl, 10 mM Tris

and 5 mM phosphate, pH 7. The mixed sample (sample A1) was pre-heated at 80°C to

avoid any possible non-specific folding patterns to assume a randomly coiled

conformation, and cooled to room temperature to ensure the specific annealing.

Sample Al was analyzed by UV spectrophotometer to observe the hyperchromic shift

as the function of the temperature. The melting profile showed a single transition with

a melting temperature of approximately 36.9°C (Figure 2.3.1). The transition

represented the dissociation of 3WJ DNA sample A1 into three single stranded

oligonucleotides.
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Figure 2.3.1 The UV thermal unfolding analysis (at 260nm) as function of
temperature of the sample Al in 1 M NaCl, 10 mM Tris and 5 mM phosphate buffer,
pH 7.

2.3.2 DNA three-way junction ligation

The 5°-end of oligonucleotides 01S1, 02S1, and 03S1 were phosphorylated using T4

polynucleotide kinase (refer to method). These phosphorylated oligonucleotides were

mixed to form 3WJ DNA (S1 3WJ DNA) as previously described. The ligation

process was carried out at the room temperature atter the phosphorylation step. The

ligated phosphorylated 3WJ DNA (sample A2) was checked using native gel

clectrophoresis m comparison with the unhgated sample A1. The size of the hgated



product was too large to be separated using PAGE (data not shown). And the size of

the ligated sample was determined in a separate experiment using 0.5% agarose gel

(Figure 2.3.2). The result showed the size of the ligated 3WJ DNA was over 30Kb.

| € Ligated
| three-way
juction

DNA

€= Unligated

three-way
juction
DNA

PBR322 Al A2
marker

Figure 2.3.2 A 0.5% agarose gel separating unligated and ligated three-way junction
DNA.
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2.3.3 Thermal unfolding analysis of ligated three-way junction DNA structures

Ligated sample A2 after purification was re-dissolved in the same buffer used for

example Al for the thermal unfolding analysis. The thermal unfolding analysis was

performed using the same conditions and methods described previously. The UV

melting profile of sample A2 showed a single extended transition with the melting

temperature approximately at 74.9°C (Figure 2.3.3).
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Figure 2.3.3 The UV thermal unfolding analysis (at 260nm) as function of
temperature of the sample A2 in 1 M NaCl, 10 mM Tris and 5 mM phosphate buffer,
pH 7.
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2.3.4 Electron microscopy observation on ligated three-way junction DNA

The gel electrophoresis was not the appropriate method for the determination of the

ligated DNA structure. Sample A2 was analyzed using transmission electron

microscopy to observe the structures/pattern. The electron micrographs of sample A2

showed a large network created by ligated 3WJ DNA (Figure 2.3.4). The structure of

the DNA network in sample A2 observed was irregular, but the pattern of the network

was created by linkage of polygonal shapes such as pentagonal or hexagonal rings

created by three-way junction DNA. Figure 2.3.5 showed both pentagonal and

hexagonal ring structures that were observed as the underlying linkage pattern in the

3WJ DNA network.




Figure 2.3.5 The electron micrograph of the pentagonal (top) and hexagonal (bottom)

rings as the linking pattern observed in DNA network.

2.3.5 Control in size of three-way junction DNA network

Time series experiment

To investigate the relationship between the ligation time and the size of the ligated

structure, an experiment was set up to allow ligating the same amount of three-way

junction DNA for different length of time. The three-way junction DNAs were ligated

for 5, 10, 20, 30 and 60 minutes. The ligation of each sample was stopped by heating

the sample to 80°C for 5 minutes. These samples were purified and the structures

produced were checked by using native gel electrophoresis (Figure 2.3.6).
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Ligated DNA
three-way junctions

Unligated DNA
three-way junctions

Lanel Lane2 Lane3 Laned4 Lane5

Figure 2.3.6 Ligation of three-way junction DNAs for different length of time (6%
gel). Lane 1: ligation time of 5 minutes; lane 2: 10 minutes; lane 3: 20 minutes; lane 4:

30 minutes; lane 5: 60 minutes.

The gel result showed a decreasing in small fragments and an increasing in large
fragments with time increment (at the top of the gel, the increasing intensity 1is a sign

for larger and larger networks).

Experiment using different number of sticky ends
A set of oligonucleotides with blunt ends (01B, 02B and 03B, Table 2.2.1) was

synthesized as candidates for the control of the size of 3WJ DNA network. Starting
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with the first set of oligonucleotides, these blunt ended oligonucleotides were mixed

in different amount to generate different number of sticky ends in the 3WJ DNA mix

(1e. mixing 01B, 02B and 03S1 to generate a 3WJ DNA with a sticky end on one arm

only). Hence to observe the effect of changing the network size, and these 3WJ DNA

were ligated in different ratios. Table 2.3.5 shows the mixing ratio of different number

of sticky ends in oligonucleotides present in each ligation experiment.

Olizonncleotide ratio

Sample in lane
F 1SE 28Es  3SEs

1 1 i i
2 2 1 :
3 ! ] i
4 1 2 i
5 ; 1 :
6 i > 1
7 X 1 1
8 ) 1 2
9 ; 1
10 3 i 1
11 1 i 1
12 1 i 3
13 3 2 1
14 3 1 2
15 2 3 1
16 1 1 1
17 2 1 3
18 1 3 2
19 1 2 3

Table 2.3.5 The ligation samples with different number of sticky ends of 3WJ DNA

mixed in different ratios.
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The ligated DNA of each experiment was analyzed using 6% native PAGE to observe

the DNA network size. The result is shown in Figure 2.3.7.

Various
DNA
three-
way
junction
complexes

DNA three-
way junction
dimers

QI 1218371471616 1771879

Figure 2.3.7 The native PAGE of the ligated samples mixed in different sticky ends

ratios.

In the gel, lane 1 contains the sample with one sticky end (1SE) in each 3WJ DNA,

and the ligated DNA was the smallest among all the samples; lane 2 contains the

sample with 1SE 3WJ DNA and two sticky ends (2SEs) 3WJ DNA in 2:1 ratio, and

the ligated DNA showed after additional larger fragments compared to the first

sample; lane 3 and lane 4 contain the same samples as lane 2 but with 1SE to 2SEs

3WJ DNA mixing ratio of 1:1 and 1:2 respectively. The result showed the same bands

already present in lane 2 but an increase 1n fragment size from lane 3 to lane 4; lane 5

contains the sample with 2SEs in each 3WJ DNA, and the ligated DNA showed yet
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fragments larger than previous samples; lane 6 to lane § contain the samples with

2SEs and 3SEs 3WJ DNA mixed in a ratio of 2:1, 1:1 and 1:2 respectively. The result

showed similar pattern to those in lane 2 to lane 4, but in addition much larger

fragments which remained in the well; lane 9 was the sample with 3SEs 3WJ DNA

only, and the result was identical to the data shown in 2.3.2. This was a DNA network

that couldn’t be separated by gel electrophoresis; lane 10 to lane 12 represents the

bands of the samples of 1SE and 3SEs 3WJ DNA mixed in the ratio of 3:1, 1:1, and

1:3 respectively. The fragment patterns showed an increase in fragment size from lane

10 to lane 12, and the fragment sizes were in general larger than in lane 2 to lane 4 but

smaller than in lane 6 to lane §; lane 13 to lane 19 contain samples of 1SE, 2SEs, and

3SEs 3WJ DNA mixed in different ratio (refer to Table 2.3.5). These samples showed

various DNA fragments but most of them were too large to be separated and remained

in the wells.

The next experiment was to mix the three-way junction DNA with 2SEs and 3SEs in

4:3 ratio and ligate them for different length of time. The time each sample spent

before it was stopped to ligate further was identical to the time series experiment. The

ligated samples were analyzed using 6% PAGE and were found too large to be

separated (data not shown). These samples were then examined using transmission
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electron microscope. The results are shown in Figure 2.3.8.

£ . p A
Figure 2.3.8 The electron micrograph of three-way junction DNA with 2SEs and 3SEs
mixed in 4:3 ratio at different ligation time. Top-left: 5 minutes ligation time (1 in
25000); top-middle: 10 minutes (1 in 25000); top-right: 20 minutes (1in 16000);
bottom-left: 30 minutes (1 in 25000); bottom-middle and right: 60 minutes (1 in
16000)

Two sets of oligonucleotides with different sequences of sticky ends (01S2, 0252,

03S2 and 01S3, 0253, 03S3) were synthesized to investigate the parameters that
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control the size of ligated DNA networks. These oligonucleotides were

phosphorylated for the ligation procedure and the phosphorylated oligonucleotides

were pre-mixed in 1:1:1 ratio separately to form the three individual 3WJ DNA (S2

and S3 3WJ DNA) with three sticky ends. These 3WJ DNAs were then mixed in

different ratio again to form different sizes of DNA networks (data not shown).
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2.4 Discussion

The formation of 3WJ DNA 1s spontaneous and the structure formed 1s stable at room

temperature (Tm ~ 36.9°C). The highly cooperative transition of the 3WJ DNA

indicates that the melting start in all three arms and not preferentially from any

particular arm.

Comparing the thermal unfolding process of unligated and ligated 3WJ DNAGs, it is

obvious that the stability was increased in ligated networks as the consequence of the

ligation. The melting point is shifted from 36.9°C to 74.9°C. This observation is

supported by the results of the gel electrophoresis experiment where large structures

are observed. This interpretation 1s further supported by analyzing the ligated

structure using transmission electron microscope. The large DNA network made by

three-way junction DNA was observed. The frame of the DNA network was based on

the joining of pentagonal and hexagonal DNA rings that in turn are made by

three-way junction DNA. The joining of these polygonal rings leads to a topological

system that is three-dimensional and therefore resulted in a non-planar structure of a

DNA network. The growth of a DNA network can be controlled by using ligation time

variation and variation of the number of sticky ends m a 3W1J building unit. The size

of ligated 3WJ is directly proportional to the ligation time. This is only valid when

sticky ends 1 three-way junction DNAs are still available to be Tigated. Once all



three-way junction DNAs are ligated, the ligation time will no longer effect the size.

The size of DNA network is also affected by the number of the sticky ends 1n a 3WJ

that 1s unit building block for the networks. Ligation of three-way junction DNA

containing 1 sticky end only, the structure produced can only be a three-way junction

DNA dimer. With an increased number of the sticky ends in a single three-way

junction DNA, the size of the network produced increases. Therefore the three-way

junction DNA with 1 sticky end can be used as the inhibitor to control the size of

DNA network.

A three-way junction DNA with two sticky ends provides two ligation sites when

ligating, where a three-way junction DNA with three sticky ends provides three.

Theoretically, by mixing these two DNAs 1n a ratio of 4:3 (2SEs to 3SEs), a family of

structure could be formed (hybridization between § sticky ends and 9 sticky ends) and

the linking pattern could be studied. The structure created remains a mixture of

irregular patterns. The random hybridization between mixed three-way junction

DNAs is more favourable than a single ordered linking pattern.

The number of DNA networks created using three-way junction DNA 1s large and



produces many variants. The design and the use of the sequences within the DNA

network are important when one aims at specific applications. which will be further

discussed in chapter 5.



Chapter 3 Opto-mechanical hexagonal DNA nanoswitch

3.1 Introduction

Hexagonal DNA nanoswitch construction

Molecular mechanical devices made by DNA utilize the native or modified specific

properties of DNA, and use them as the driving forces to run the process (refer to

chapter 1). In this case, an opto-mechanical hexagonal DNA nanoswitch assembled

from three-way junction DNAs utilizes conformational change from B- to Z-form as

the drive of a mechanical switch mechanism. The device consists of six DNA

three-way junctions that contain an unique linking sequence each to connect them in a

particular way to form a two-dimensional hexagonal DNA ring structure. Two of the

six DNA three-way junctions are specially designed to contain fluorescent and

quencher groups respectively. The fluorescent and quencher molecules are used as

indicators for different switching states. The device contains a particular section that

allows the induction of a conformational change of a linking sequence when the

environmental conditions change. This conformational change is based on one of the

unique property of selected DNA sequences that can change helical handedness from

a right-handed to a left-handed conformation. The particular sequence is sensitive to

the salt concentration in the environment. When the cation concentration mcreases to



a certain level the sequence is forced to change into another conformation that 1s more

stable under such conditions. The switching mechanism in the ring 1s driven by this

conformational change. The quencher and fluorescent group are designed to face each

other in the initial state so that the fluorescence i1s quenched. This represents the

“OFF"” state. With changing salt concentration from low to high. the conformation of

a particular sequence changes its helical handedness causing the fluorescent group to

move away from the quencher. This move causes the increase in fluorescence

intensity of the system. This represents the “ON" state.

Therefore six sets of three-way junction DNAs are required for this construction.

Each set is designed to contain at least one sticky end (SE), and sequences of each SE

in a set are identical. Set 1 and 2 are designed to contain one SE with a (CG);

sequences that is responsible for B-form to Z-form DNA conversion, and another SE

to link it with set 4 and 3 respectively. Set 3 1s designed to contain SEs that link to set

2 and 6, where as set 4 is designed to connect with set 1 and 5. Set 5 and 6 are

designed to contain one SE to link with set 4 and 3 respectively. A fluorescein group

and a quencher are attached to set 6 and set 5 respectively as indicators for the

different switching states. These sequences are designed in such a way that

corresponding SEs are hybridized. It will generate an open ended hexagonal ring



structure with the fluorescein group and the quencher facing each other on the open

side of the ring and the sequences that cause the change to the Z-form DNA is on the

opposite side of the indicators (Figure 3.1.1).

Figure 3.1.1 An overview of a hexagonal nano-switch consists of six sets of 3WJ
DNA. (The fluorescent and the quencher groups are attached to F18 and F14

respectively)

The construction method is based on the ligation directed by outer strands to inner

strands.
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Figure 3.1.2 The schematic diagram demonstrating the construction of hexagonal

DNA from outer strand to inner strand. (Left: the combination of outer strands
through ligation; middle: the hybridization of inner strands with outer strands; right:

addition of strands containing the fluorescent and the quencher group)

The first step requires a single SE ligation. A single SE ligation requires only one SE

that is capable to be ligated, and the principle behind this step is the phosphorylation

state of SEs. When creating a set of 3WJ DNA, the formation 1s done by mixing a

phosphorylated ssDNA with SE sequences, an unphosphorylated ssDNA with other

SE sequences, and a blunt end ssDNA. This generates a 3WJ DNA with two SEs that

one of them 1s capable to be ligated. By ligating this 3WJ DNA with another 3WJ

DNA containing corresponding SE (unphosphorylated), an outer strand contains

specific SE sequences can be obtained after ligation by using denaturing PAGE

(Figure 3.1.3).

The second step is a directed inner strand ligation by outer strands. This ligation is

done by ligating two sets of 3WJ DNA first by hybridizing corresponding

phosphorylated ssDNA with outer strands. and then ligating the ligated sets of 3WIJ

DNA by the final outer strand (Figure 3.1.4). The construction is completed by the
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addition of two ssDNA containing fluorescein and quencher groups. The switching

process is recorded based on the fluorescence intensity change as the structure is

converted from B-form to Z-form.
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Figure 3.1.3 The outer strand ligation using the phosphorylated and unphosphorylated

sticky ends.
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a The outer strand DNA hybridize with the inner strand DNA b. Ligation of three 20 bases inner strand DNA, and hybridization of
these ligated strand with the outer strand containing CG sequences

=TT

‘_»" ¥
,
/— -\

¢. Ligation of two 60 bases inner strand together d. Addition of ssDINA containing flasrescein and guencher separately

Y

/ \ . Quencher

. Fluorescein

Figure 3.1.4 The schematic diagram of ligation using outer strands to ligate the inner
strands with addition of strands containing the fluorescein group and the quencher. a.
the outer strands hybridize with the inner strand DNA; b. ligation of inner strand; c.
ligation of two ligated inner strands by adding the last outer strand; d. the addition of

strands containing the fluorescein group and the quencher.

Fluorescence intensity analysis’’
Fluorescence is a phenomenon that registers the change in wavelength between
absorbed light energy at a specific wavelength and the emitted light at a longer

wavelength. The electrons of this molecule are excited by a photon and moved to a
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higher energy level. When returned to the ground level, this molecule emits light at a
longer wavelength. The light emission is measured with a fluorometer. The instrument
1s capable of exciting fluorescent molecules at a specific wavelength and records the
amount of light emitted at certain wavelength range (emission band). Accordingly, in
this case, the amount of light emitted by the fluorescent group in the hexagonal DNA
nanoswitch can be measured. The fluorescein group in the hexagonal DNA i1s
fluorescence green which can be excited at 495 nm and the emission maximum is
approximately at 525 nm. The shift from B- to Z-form of the hexagonal DNA
nanoswitch is dependent on the environmental cation concentrations, therefore the
fluorescence intensity of the hexagonal DNA nanoswitch 1s measured at different

cation concentrations.
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3.2 Materials and methods

Oligonucleotide synthesis

Oligonucleotides listed in Table 3.2 were purchased from Ingaba Biotech (South

Africa). These oligonucleotides were purified using a cartridge method and the

amount of each oligonucleotide was measured by UV spectroscopy at the wavelength

of 260nm and the corresponding OD reading of each strand was given (Table 3.2). All

oligonucleotides were checked using denaturing gel electrophoresis to check for the

remaining level of failure sequences and they were found to be of high purity. The

oligonucleotide concentrations were calculated using the same method as describe in

chapter 2 and the stock solutions were made up to a final concentration of 100 pM in

sterile Milli-Q water and stored in -20°C for experimental use.
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-1s,

Wame mequence (57to 37 I ':I'-"i— ol
Fl CGOGFOGTCACTCATCCAGAG 204400
Foz CCFQCTCTEFAGACTT FF 195100
FO3/06 ACCALGTCTGAGT A 171300
Fod GFIFETCACTCATTCCAA 128300
Fos CEFOGCGCTT AL GACTTEET 213700
Fo7 FEFFCTCACTCATTZCAACS 205700
Fos CCGZCCGTTGGAL GACTT GG 214600
Fosr12415/18" ACCAMGTCTGAGTGAG 182200
Fio0 GEOFICTCACTCATTCCAACG 213100
F1l FFCCCETTEGAAGACTTGGT 211300
F13 GOUCCTCACTCATTCCALCG 187500
F14" COATTEEAAGACTT GGT 173500
Fie CTCACTCATTCCALCG 159700
F17 COCCOGTTEGAAGACTT GG 203100

confained dabeyl quencher at 57-end of F14, # contained fluorescence green at 3'-end
C'f Fiz

Table 3.1 Details of oligonucleotides synthesized from Ingaba Biotech (South Africa).
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Polvacrvlamide Gel Electrophoresis (PAGE)

Denaturing gel electrophoresis:

The denaturing polyacrylamide gel was made to 20% contain polyacrylamide with the

same reagents as the native gel, but in addition it contains a fixed concentration of

urea (final concentration of 7M). The electrophoresis was performed at room

temperature with high voltage (150~200V) for 2 hours. The denaturing PAGE

samples were mixed with denaturing sample loading buffer containing either urea or

formamide in the same ratio as in native gel. The gel was stained in a stains-all

solution containing water and formamide in the ratio of 1:1 for 45 minutes, and the

de-stain procedure was done by placing the gel in water and expose it to light for

several hours. Digital recording was performed by visualizing stained DNA bands on

a normal light box. The recorded images were scanned and saved as a Microsoft TIFF

image.

Oligonucleotide excision from denaturing gel

The gel was placed on the TLC plate after gel electrophoresis and UV light was

applied to the gel to identify the specific bands that were identified to be excised. Gel

bands were excised using a metal blade and each excised gel piece was placed in an

Eppindorf tube containing 0.3 M sodium acctate at pH 5.2 to extract the DNA



contained in the gel piece. The amount of sodium acetate required for DNA extraction

1s subject to the size of the excised gel piece (the standard ratio is 250 pl acetate for a

1 cm long of gel piece). Eppindorf tubes were shake at 37°C over night. and the

supernantant of each sample was kept for phenol extraction. Phenol extraction purifed

samples were further washed using ethanol and dried using a “speedi-vac™. The dried

samples were re-dissolved in Milli-Q water or an appropriate buffer solution for

further experimental use.

Fluorescence spectroscopy

The fluorescence emission analyses were carried out using a Perkin Elmer

luminescence spectrometer LS50B and the absorbance was recorded by FL WinLab

software as a function of the wavelength. The sample was initially excited at 495 nm

and the emission was recorded from 500 to 650 nm. The sample volume required was

500 pl the slitwidth is 3 nm and the scanning speed is100 nm per minute, 10 scans

were accumulated for each sample. The fluorescence intensity in a.u. versus the

wavelength was plotted using the Microsoft Excel program.
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3.3 Results

3.3.1 Hexagonal DNA nanoswitch assembly

The assembly of the hexagonal DNA nanoswitch was carried out according to the

flow chart presented in Figure 3.3.1. The first step in the construction was to ligate the

outer strands of the nanoswitch. The oligonucleotides FO1, F02, FO4, FO5. FO7, FO8,

F10, F11, F13 and F17 were phosphorylated using T4 polynucleotide kinase. The

phosphorylated oligonucleotides were mixed in stochiometric amounts of the

corresponding oligonucleotides (refer to Figure 3.3.1). These mixed oligonucleotides

were heated to 65°C and cooled to room temperature. This resulted in six sets of the

three-way junction DNAs. In each set, the three-way junction DNA contained the

phosphorylated sticky end. Each set was mixed with the complementary set

containing an unphosphorylated sticky end. The ligation was carried out after the

hybridization. The ligated products (40 bases in length) were checked for completion

of the ligation by using 20% denaturing gel electrophoresis (Lane 1 to 4 in Figure

3.3.2). The hgated fragments were excised from the gel and purified for the next step.

The next step in the construction was the ligation of the inner strands. This ligation

was done by hybridizing the purified ligated fragments (Los 1&4 and Los 3&5 in

~

Figure 3.3.1) with the complementary ssDNAs (Lis I and 2 m Figure 3.3.1



respectively). The ligated products were extracted and checked using denaturing gel

(Lane 5 to 6 in Figure 3.3.2). These ligated fragments (60 bases length) were purified

and mixed with all the outer strands. The mixed sample (FL1 in Figure 3.3.1) was

further ligated to generate the final inner strand (120 bases, data not shown). The

construction was completed by addition of ssDNA containing the fluorescent (at

3’-end of F18) and the quencher (at 5’-end of F14) groups.

The structure of the hexagonal DNA nanoswitch was examined using transmission

electron microscope. The electron micrograph showed a two-dimensional hexagonal

DNA ring with a gap on one side.
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Phosphorylation of ssDNA

FO1,02,04, 05, 07, 08, 10, 11, 13, 17

l

Ligation of outer strands (Los)
Losl: FO2P-12 (FO1-02F-03, F10-11-12),
Los2: FOSP-03 (FO4-05F-06, FO1-02-031,
—» | Los3:FOSP-06 (FO7-0SP-09, F4-05-06),
Los4 F11P-15 F10-11F-12, F13-14-15),
LosS: F17P-08 (F16-17P-18, FO7-03-09),

'

PAGE extraction (0 3M sodmm A-:::etatef)J

N N,

Ligation of mner strands (Lis)
L1 FO1P-10F-13F
+Losl & 47,
L2 FidP-07P-16
(+Los 3, 5
[
PAGE extraction

Fe-uz

44

Femam of Los (ELos)
FLos1. F01, 03, 10, 11; Log?
ELos2: FO4, 06, 01, 02,
FLos3: FO7, 0%, (4, 05,
Flosd F10 12, 13,14,

FLos5: F16, 138, 07, 08,

v

-
Further ligation FO3=Fle

FL1:Lis1 + Liz2 + Los2 Foe=F12 =F15
=F1&

Addtion of F14 and F1&

l

Hezagonal Fluorescent Zwitch

Figure 3.3.1 The flow chart desmonstrating the construction of the hexagonal DNA

nanoswitch.
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Figure 3.3.2 A 20% denaturing gel showing ligation of outer strand and inner strand
DNAs. Lane 1 to 4: Los 1, Los 3, Los 4 and Los 5 (Los 2 not shown); Lane 5 and 6:
Lis 1 and Lis 2.

Figure 3.3.3 The electron micrograph of a hexagonal DNA nanoswitch.



3.3.2 Fluorescence intensity measurement upon salt concentration gradient

The hexagonal DNA nanoswitches were mixed with a set of different NaClO,

solutions with the sodium concentration increasing in 0.5 M mterval from 1 M to 5 M.

The samples were excited at 495 nm and the fluorescence emissions were recorded

from 500 to 650 nm. The fluorescence intensity measurements were first made with

the blank solutions of different NaClO4 concentrations and with the solutions

containing the fluorescein group only. The results showed the fluorescent emission

was not dependent on NaClO4 concentration.

The fluorescence emission intensities were first measured for five samples with 1 M

NaClO; concentration increase in regular intervals. The results are shown in Figure

3.3.4.
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"Figure 3.3.4 The fluorescence emission intensity change of the hexagonal DNA

nanoswitch as a function of the NaClO,4 concentration.

The fluorescence intensity change of the hexagonal DNA nanoswitch was found to
decrease with increasing cation concentrations. The emission peak was found to stay
at 521 nm. A decrease in fluorescence occurred at 3 M NaClO4 and was lowest at 5 M
NaClO,. A further measurement was made with samples that increase in 0.5 M

NaClOy intervals (Figure 3.3.5).
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Figure 3.3.5 The fluorescence intensity change of the hexagonal DNA nanoswitch

upon the NaClOy4 concentration increases in 0.5 M increments.
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3.4 Discussion

The assembly of the hexagonal DNA nanoswitch is based on the sticky end sequences

that were designed for each set of three-way junction DNAs. The sticky end

sequence(s) of each set of the three-way junction DNA 1is different from any another,

which results in the specific linkage between different DNA sets. The way to

assemble this nanoswitch was chosen as to increase the specificity of each ligation

and to avoid the occurrence of possible non-specific secondary structures. The

switching mechanism is based on the (CG); sequence opposite of the open gap. This

hexagonal ring is free of torsion. Theoretically, by design, the initial state of the

hexagonal DNA nanoswitch is intended in the closed state (the fluorescein group and

the quencher should be aligned next to each other). When the environmental cation

concentration increases, the nanoswitch then shifts to the open state (the fluorescein

group and the quencher move apart from each other). The fluorescent emission

measurement showed a different result. This strongly suggests that the initial state of

the hexagonal DNA nanoswitch 1s the open state. With increasing cation

concentration. the nanoswitch 1s twisted to the closed state. We can reasonably

assume that the initial state 1s a distanted hexagonal ring (the distance between the

tfluorescent and the quencher group is further in the initial ring structure) with wide

open ends that approach each other when the (CG): sequence changes its
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conformation. The fluorescence intensity change of the nanoswitch and the

percentage of the fluorescence intensity change at different NaClO, concentration can

be calculated at 521 nm (Table 3.4.1).

Concentration Fluorescence A F.L an.) MR FLL
1.OM 160.68 i 0.00 %
1.5M 168.52 Si.e4 0.00 %
2.0M 16063 005 0.03 %
2.5 M 17459 -13.91 000 %
30M 161.88 1.2 0.00
35 M 137.46 23.22 1445 %
4.0 M 116.44 44 2 2753 %
4.5 M 95.563 £5.117 40.53 %
20 M 60.945 99,735 6207 %

Table 3.4.1 Table of the fluorescence intensity change and the percentage of

fluorescence intensity change of DNA nanoswitch at 521nm.

The percentage of the fluorescence intensity change amounts to 62.07% when the

sodium concentration changes between 1 M and 5 M. The fluorescence intensity

change of the hexagonal DNA nanoswitch is shown to be concentration dependent as

expected. The plot that depicts the fluorescence intensity change of the nanoswitch at

different sodium concentrations, is shown in Figure 3.4.1.
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Figure 3.4.1 The plot represents the percentage of fluorescence intensity change at

increasing NaClO4 concentrations.

The potential application using this hexagonal DNA nanoswitch will be discussed in

chapter 5.
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Chapter 4 DNA nanostructures made by hairpin loop

4.1 Introduction

4.1.1 Meta-stable state systems using DNA hairpin loop

DNA can be used as a tool to carry out specific tasks such as functional molecular
motors or walking devices. The principle forces that drive these devices originate at
the interfaces between different DNA structures, they are termed intermolecular
interactions. We have employed a novel strategy to demonstrate this important
principle. This strategy is called “strand displacement strategy” (SDS). This strategy
is modeled on the biological enzyme-substrate binding mechanism™. According to
this strategy a DNA sequence (substrate) is designed in such a way that it is able to
interact with a target DNA structure (enzyme). This interaction results 1n a new
combined structure and each of the separate initial structures is undergoing a
conformational change. The new structure still is a meta-stable state intermediate
(enzyme-substrate complex). The DNA which causes the structural conversion is also
called the “fuel” strand. The “fuel” strand can be removed from its complex by
mteracting with another DNA strand that binds the fuel strand with higher affinity
than the target DNA structure to form a fully complementary double helix DNA

(product). After the removal of the fuel strand. the target DNA structure returns to its



initial conformation. This structure is then ready for the next cycle. The process can

then be repeated many times as the target DNA structure always has to return to its

initial state.

In this study, a 34 base ssDNA is designed to form a hairpin loop structure that

represents the target DNA structure (enzyme). This ssDNA contains alternating (CG),4

sequences at the both 5°- and 3- ends that are complementary to each other. These

repeat sequences form the stem structure of the hairpin loop structure. The sequences

flanking these CG sequences are designed to contain (CTG), triplet repeats. These

repeats are known to self-associate into secondary structure elements to increase the

stability of the hairpin loop structure (Figure 4.1.1).

5

5'GCGCGCGC-GCTGCTGCT

' 3
GCGCGCGUGCTGCTGCTGCTGCTGCTIGCGCGLGC? —— 3.CGCGCGCGTCGTCGTCG

Figure 4.1.1 Hairpin loop DNA structure showing the base pairing of alternating CG

sequences and the interaction between triplet repeats.

The section of unpaired sequences (CTG), flanked by C'G sequences is designed as

the interacting site. The fuel strand 1s a 16 nucleotide ssDNA that hybridizes with the

loop sequences with a few mispairs. This fuel strand 1 designed to bind to the loop
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section with Jower affinity than the remover strand. The binding of the fuel strand to
the loop section results in two mismatches. These mismatches were deliberately
introduced so as to create a less stable interaction in order to facilitate strand
displacement when the perfect complementary single strand is added. This single
strand competes for the binding of the fuel strand with the hairpin loop DNA structure.
After removing the fuel strand, the mismatched binding DNA structure returns to its

initial state. This mechanism is demonstrated in Figure 4.1.2.

Hairpin loop DNA
structure

A AT

Fuel strand Duplex formed

by the fuel
strand and the
second strand

(g G

the second strand
that is perfect

complementary to
the fuel strand

Binding with
hairpin loop DNA
structure with two

mismatches

Figure 4.1.2 Formation of a partially mismatching stem-loop DNA structure from the
tuel strand and the hairpin loop DNA structure. and the fuel strand 1s removed by

addition of the complementary strand.



Varying the approach we challenged the hairpin loop DNA structure using a different

fuel strand. This results in a conformational change of the target DNA structure that

includes breaking the hairpin loop DNA structure. The fuel strand in this system is

designed to bind partially to the hairpin loop DNA structure at the alternating CG

sequences as well as to the unpaired loop section. This results in breaking of the initial

stem structure and in the formation of a dsSDNA which has overhangs at both 5” and 3’

ends. Again this intermediate complex contains a few mispairs. A single strand DNA

1s then added to be complementary to this fuel strand and as its perfect

complementary acts to remove it from the dsDNA structure. This result in the

formation of a short duplex and the hairpin loop DNA structure 1s then restored

(Figure 4.1.3).
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Figure 4.1.3 Formation of a double helix with a 3 extension that replaces the initial
hairpin loop DNA structure followed by the removal of the fuel strand by a perfectly

complementary second single strand.

4.1.2 Linkage of the DNA hairpin loop using single strand extensions of the stem

A novel way of organizing hairpin loop DNA structures is now possible based on the

interactions described above. The aim of this approach is to be able to orientate

consecutive hairpin loop DNA structures “on top™ of one another. The hairpin loop

DNA structure used 1n the previous experiment 1s modified to contain two SEs at the

57- and 3°- ends of the stem sequences. This results in the design ot a ssDNA.

responsible tor hairpin loop formation. containing 6 sections of various sequences
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(Figure 4.1.4a).

5|

3

Section 1

Section 2

Section 3

Section 2

Section 1

5|

Section 3 Section 4

Section 4

Section 5

Section 6

3|

Section 5

Section 6

Section 1 is complementary
to section 4 (in hlue)

Section 2 is complementary
to section 5 (in black)

Section 3 is complementary
to section 6 (in pink)

Figure 4.1.4 A schematic diagram of the hairpin loop DNA structure containing 6

consecutive sections of sequences that are complementary to specific sections (a), and

form a structure that contains extensions at the both 5’- and 3’- ends (b).

Nucleotides in the section | and 6 are designed to be complementary to nucleotides in

section 4 and section 3 respectively (and they do not self-associate), while sequences

in sections 2 and 5 are designed to be complementary to each other. When the hairpin

loop structure forms, it creates a folded DNA structure with two single strand

extensions (4.1.4b). These extensions are capable to hybridize with the unpaired

sequences in sections 4 and 3 in an anti-parallel fashion. Hence, it is possible to create



a chain of hairpin loop DNA structures connected to each other in head (loop) to tail

(extensions) manner (Figure 4.1.5). Literally each one is standing on the shoulders of

the previous one.

S 3
3 5
S 3

Figure 4.1.5 A schematic diagram of the linked hairpin loop DNA structure using

single strand extensions. The linking process is bi-directional.

The length of these connected structures is dependent on the amount of DNA structure
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present in the sample. To control the length of these linked structures, a single
stranded DNA is introduced to bind either in the single stranded loop section or to the
single stranded extension regions to stop further linkage. This results in hairpin loop

DNA structures which are no longer capable of annealing with each other (Figure

4.1.6).
Section 3 Section 4 Section 3 Section 4
3 5
Section 2 Section 5 Section 2 Section 5
Section 1 Section 6 Section 1 Section 6
5' 3 5 3 5 3

5 3" strand that binds to the sequences in the loop section
5 3' strand that binds to the sequences in extension strands

Figure 4.1.6 A schematic diagram showing the linkage of hairpin loop DNA structures
can be stopped by blocking the sequences in the loop section (left) or the at the

extension strands (right).

To test this model, a 48 base ssSDNA 1s designed to contain 6 sections of sequences (8

bases each). The complementary sequences in sections 2 and 5 are designed to contain
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CG sequences only. The sequences of the extension and the loop section are designed

with a 50% GC content. Two ssDNA sequences (16 bases each) are designed that

contain the complementary sequences to the extension ends or the loop section. These

two sequences are used to stop single strand mteractions and act to break the linkage

between hairpin loop structures. The sequences of these two stop strands are

complementary, and therefore the simultaneous addition of both strands to the hairpin

structures at the same time has no effect on further growth. Rather, these sequences

will result in dsDNA helices. Therefore the ““stop process™ should be carried out using

one strand at a time.

The sizes of these structures created in the systems described above are analyzed

using non-denaturing PAGE. The conformational changes between these meta-stable

intermediates are observed by using the temperature gradient UV spectroscopy

(section 4.3).



4.2 Materials and methods

Nucleic acid synthesis

Oligonucleotides were synthesised by phosphoramidate chemistry using a Beckman

1000M DNA synthesizer. The products were further purified by DMT-on and

DMT-off reverse-phase HPLC using an acetonitrile gradient. The sequence details of

these oligonucleotides were summarized in Table 4.1. The extinction coefficient of

theses oligonucleotides were calculated using nearest-neighbour model methods, and

listed as in Table 4.2.1. These oligonucleotides were checked by 20% denaturing gel

electrophoresis for the remaining level of failure sequences and they were found to be

of high purity. The stock solutions of these oligonucleotides were diluted to a final

concentration of 100 uM using sterile milli-Q water.
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Table4 2 1: Details of oligonucleotides syrthesized from oligonuc lectide synthesis

laboratory m Unwersity of Cape Town

Warne Sequence (5710 37 & ! Cm_l_ﬁl
Cligo A GOGCGCFCECTECTECTECT R ITGIT- 316800
OGO oG
Chigo B LAGCAGTAGUAGT ALT A 192100
Olgo C TETTGCTGZTACT T 151900
Crligo D AGUAGCAGCAGIGIGCG 186500
Oligo E COCGCGCTGCTFCTICT 155600
LaoLol AL GACCAGIRCGECGFCACGATGT-
CTGETCTT COGCOGRCACATCGT G 425200
LoLGz AAGACCAGACATCGTG 185400
LOLO3 CACIATGTCTIGETCTT 158600

UV spectroscopy

UV melting scans. or absorbance changes due to temperature variation, were

performed using a Unicam SP17000 Ultraviolet spectrophotomer as previously

described. Aliquots of the DNA stock solutions were diluted to a final concentration

0of 0.75 UM in 1M NaCl and of 10 mM sodium cacodylate. pH 7.0. Three temperature

scans were performed per sample ot the 1solated sequences at 260 and 272 nm (for the



metastable state DNA nanostructures and the linkage of hairpin loop structures
respectively) to start with and then the various combinations were subjected to the
same temperature cycles. The temperature was increased from 20 °C to 110 °C with a

( .
scan rate of 1 "C per minute.

Native Gel electrophoresis

All samples were pre-heated to 85 °C for 5 minutes before mixing to establish a
uniform and reproducible starting conformation. They were eventually diluted to
1.5uM DNA in 89mM tris-borate-buffer and 100mM NaCl prior to loading. All
samples were loaded into the wells of a 10% non-denaturing gel and the
electrophoresis was performed at 70V at 4 °C for 2 ~ 3 hours. The gel was stained
with ethidium bromide for 10 minutes before digital recording. (Visualization is
performed by placing the gel on 254 nm UV light box and the image 1s recorded

digitally)
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4.3 Results

4.3.1 Meta-stable states mechanisms

The first mechanism: UV melting analysis

The starting conditions was established prior to the UV melting experiments by

pre-heating the 34mer oligonucleotide A to 85°C for 5 minutes. This step was carried

out to break potentially non-specific folding patterns to assume a randomly coiled

conformation. The sample was then slowly cooled to room temperature to form the

specific hairpin loop structure (cf Figure 4.1.1). The UV melting scan of the hairpin

loop DNA structure showed a single high temperature hyperchromic effect (Tm

~80°C) (Figure 4.3.1a). The initial slope is due to contributions from the loss of some

self-structure within a stretch of a (CAG), repeats that constitutes the loop section.

The unfolding of the GC-rich helical stem resulted in a pronounced co-operative

transition at high temperature. In the next heating cycle, a stochiometric amount of

oligonucleotide B was added to oligonucleotide A. After a second melting scan, this

sample had shown that the thermal unfolding of the hairpin loop DNA structure is

fully reversible. According to sequence design, the binding of oligonucleotide B to the

loop section of oligonucleotide A results in 14 matching and 2 mismatched base pairs.

The thermal unfolding of the combined oligonucleotide A and B mixture occurs in

two separate steps. The first step 1s represented by a low-temperature transition due to



the dissociation of oligonucleotide B from the loop sequence of oligonucleotide A.

The second step occurs as a high-temperature transition due to the destabilisation of

the stem of oligonucleotide A (Figure 4.3.1b). In the next step of the reaction cycle,

the 16mer oligonucleotide C at low temperature was added to this (A+B) complex.

This resulted in the pulling of the mismatched strand B from the loop upon heating

which results in a small hypochromic effect. The two 16mers are perfectly

complementary and their mutual binding will form a stable 16mer helical duplex (cf.

Figure 4.1.2). The thermal melting of this duplex results in a hyperchromic effect at

about 60°C in Figure 4.3.1c. This is followed by the unfolding of the intra-molecular

stem structure of strand A as a high-temperature hyperchromic effect {(Tm ~ 80°C).

The system has now differentiated into a perfect complementary W-C double helix of

17 base pairs while the hairpin loop DNA structure has returned to its initial state.

This reformed structure (A) 1s now available to bind to the next oligonucleotide B to

restart the thermodynamic cycle. The solution now contains the two complexes,

oligonucleotide A and oligonucleotide B complex as well as an oligonucleotide B and

oligonucleotide C duplex complex in the correct stochiometric amounts. This system

shows three consecutive hyperchromic effects in the corresponding UV melting curve.

These three effects are the caused by: (1) the reversible dissociation of

oligonucleotide B from the loop of strand A at low temperature. (2) the reversible
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thermal unfolding of the double-helical 17mer at intermediate temperature and finally

(3) the reversible unfolding of the helical stem of oligonucleotide A (Figure 4.3.1d).

On addition of more strand C to the system the UV melting curve shows only two

transitions (Figure 4.3.1e). This is due to the fact that the hyperchromic effect

associated with the increased amount of the 17mer helix increases due to the rise in

the combined concentration of strands B and C respectively while the concentration of

strand A in the system remains unchanged. In each repeating cycle, the melting curves

obtained are similar to each other with the only difference in the hyperchromic effect

observes due to an increasing fraction of the short double helix DNA accumulating in

the system (data not shown) as the concentration of A relatively to the combined

concentration of B and C decreases.
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Figure 4.3.1 UV thermal unfolding analysis (absorbance at 260nm as function of
temperature) of folded single strands and their combinations as they appear in the
intermediate steps of the first mechanism. (Panel f shows the progressive changes

observed in panels a to e)

The second mechanism: UV melting analvsis

The first step in the thermodynamic cycle of the second proposed mechanism involves

O



the binding of the complementary strand (oligonucleotide D) to the hairpin loop

structure (oligonucleotide A). This resulted in the opening of the hairpin loop

structure followed by the formation of a helical segment consisting of the 5’-section

of oligonucleotide A and full length oligonucleotide D with a 3’-single-strand

extension of the remaining part of oligonucleotide A (cf. Figure 4.1.3). The 3°- half of

oligonucleotide D binds to the 5'-section of oligonucleotide A (initially contributing

to the stem of the hairpin-loop structure) and continues to bind into the loop sequence

of oligonucleotide A. The corresponding UV melting curve (Figure 4.3.2b) of this

complex shows a slightly broader transition which is believed to represent the melting

of the duplex section of the complex formed by the association of oligonucleotide A

with oligonucleotide D. Due to the heterogeneity of the sequences that form the helix

the transition width is extended (the cooperativity is deminished) but the Tm remains

largely unchanged compared to the melting of the hairpin loop region (Figure 4.3.2a).

In the next step of the thermodynamic cycle the perfect complementary strand (to

oligonucleotide D) represented by oligonucleotide E is added to the system. In the

presence of the oligonucleotide A/oligonuclieotide D complex, oligonucieotide E will

compete with oligonucleotide A for the binding to oligonucleotide D upon heating

(Figure 4.3.2¢). The UV melting scan of the new system shows a single merged

transition resulting from the superposition of the unfolding of the straight double helix

It



and the unfolding of the reformed hairpin loop (Tm of about 80°C). The various steps
along the thermodynamic cycle are either dominated by the double helix with the
single strand extension (A/D) or by the double helix formed by the two
complementary strands (D/E). The release of the single strand sequence D from the
complex (A/D) 1s driven by the combined formation of the complex (D/E) and the
reformation of the hairpin loop structure of A. Repeated cycles showed a similar set of

transitions as the first cycle (data not shown).
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Figure 4.3.2 UV thermal unfolding analysis (absorbance at 260nm as function of
temperature) of folded single strands and their combinations as they appear in the
intermediate steps of the second mechanism. (Panel d shows curves a. b. and ¢ plotted

together)



The first mechanism: Gel electrophoresis

In order to obtain further independent confirmation of the molecular species present in

the wvarious systems analysed previously wusing UV melting analysis, gel

electrophoresis was used to analyse the various stages (systems) obtained on both the

first and the second mechanisms. According to the reaction cycle proposed to occur in

the first mechanism we should be able to identify the hairpin loop structure of

sequence A, the coiled single strands B and C, the mismatch complex of sequences A

and B combined, the double helix formed by the interaction of sequences B and C,

and the various combinations of these molecular species and/or their complexes

(Figure 4.3.3). The native PAGE gel should allow for discrimination between these

various species due to their different speed of migration for a given set of

experimental conditions. The two short single strands (oligonucleotide B and C

respectively) are expected to travel at equal speed and slightly ahead of the double

helix formed by their combination. Oligonucleotide A 1s a hairpin loop structure and

so will lag behind the short double helix in speed. The mismatched complex of

oligonucleotide A with B will travel the shortest distance in the PAGE gel. Under

conditions where there is a surplus of species B over A, two bands should be

observable. one representing the complex and another representing the coiled single

strand B.



Similar observations are expected for the combination of the complex of A and B in

the presence of sequence C before heating. The banding pattern changed after heating

to show bands representing the short double helix and the free hairpin loop sequence.

All samples were pre-heated before loading (see methods) in order to ensure

conformational reproducibility.

Lanel Lane2 Leane3 Laned

L mE 22 pye

Figure 4.3.3 Non-denaturing PAGE gel photograph of oligonucleotide A and various
combinations of oligonucleotides A, B and C involved in the first mechanism
proposed (see text). Lane 1 (from left): the stem-loop DNA structure of
oligonucleotide A; lane 2: the mismatched complex of oligonucleotides A and B; lane
3: the hairpin loop DNA structure A and the 17mer duplex B,C; lane 4: the 17mer
duplex B,C.

The second mechanism. Gel electrophoresis
Non-denaturing PAGE gel electrophoresis was used, as performed to assay the first
mechanism, to determine the various oligonucleotide combinations and species

present in the various stages of the thermodynamic cycle involved in the second
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mechanism. The results are shown in Figure 4.3.4. The single strands of

oligonucleotides D and E (in analogy to oligonucleotides B and C i the first

mechanism) were the most mobile entities, followed by oligonucleotide A (hairpin

loop DNA structure). The helix with the 3’ -extension will be slightly slower than the

hairpin loop sequence as compared to the strand displacement helix that originated

from the addition of oligonucleotide E to the complex of oligonucleotide A with

oligonucleotide D. All molecular species can be identified as individual intermediates

which can be found in various combinations. Hence, native gel electrophoresis is a

very useful method which can be employed for the identification of the range of

molecular (oligonucleotide) species present at the various stages of a thermodynamic

reaction cycle.
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Figure 4.3.4 Non-denaturing PAGE gel photograph of oligonucleotide A and various
combinations of oligonucleotides A, D and E involved in the second mechanism
proposed (see text). Lane 1 (from left): the stem-loop DNA structure A; lane 2: the
duplex with overhangs A,D; lane 3: the stem-loop DNA structure A and the 18mer
duplex D,E; lane 4: the 18mer duplex D,E.

4.3.2 Linkage of the DNA hairpin loop structures (on the shoulder of giants)

UV melting analysis

The larger structures formed by linking DNA hairpin loop structures together using
single strand extensions were at the 5°- and 3’- ends of a standard sequence analyzed
using UV melting analysis. It was necessary to initially determine the characteristics
of the linking phenomenon. The formation of the DNA hairpin loop structure with
single strand extensions (LOLO1) was performed using the same pre-heating

procedure described in the previous section. The UV absorbance spectrum of this
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structure ranged from 220 to 320 nm at both low (~20°C) and high (~100°C)
temperatures. This was required in order to obtain the optimal wavelength for further
UV melting analysis. The optimal wavelength for this structure was shown by plotting
the absorbance difference between high temperature and low temperature scans as the
function of wavelength (Figure 4.3.5) and was found to be 272 nm (the maximum

peak of the curve).
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Figure 4.3.5 The UV absorbance spectrum of the DNA hairpin loop structures with
single strand extensions (LOLO1) in 1M NaCl, 10mM Na-cacodylate, pH 7.0 at low
and high temperatures from 220 to 320 nm. The optimal wavelength was found to be
272 nm (vertical line).
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The linking phenomenon was then characterised using a UV melting analysis at 272

nm. Figure 4.3.6 showed the melting profile of the sample containing LOLO1 only.

Absorbance at 272 nm
[

L

20 40 60 80 100
Temperature ('C)

Figure 4.3.6 The UV melting curve of LOLOI in 1M NaCl, 10mM Na-cacodylate, pH
7.0 at 272 nm.

The first transition in the UV melting curve (cf. Figure 4.3.6) is the result of binding
between single strand extensions and hairpin loop structures. The second transition
observed is the result of the melting of stem loop structure in the DNA hairpin loop.
The linking of DNA hairpin loop structures together is controlled by competitive

binding of ssDNAG5 either to single strand extensions or to single strand loop sections
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(cf. Figure 4.1.6). UV melting analysis was performed to characterise hybridization of

the ssDNA to the single strand loop sequence. This analysis was performed on the

sample containing LOLO1 only (Figure 4.3.7a). Stochiometric amounts of LOL02

binds to single stranded loop sequences added to the sample. The addition of single

stranded loop sequence to this system resulted in the thermal unfolding. This was

evident by the shift of the first transition to a higher melting temperature (Figure

4.3.7b). This transition represented the melting of LOLO2 after the addition of the

single stranded loop sequence. The further addition of LOLO1 to this sample showed

additional binding between single strand extensions and hairpin loop sequence (Figure

4.3.7¢). The thermal unfolding changed into a three-step process. These three steps

included: (1) the first transition due to a linkage between LOLOI1 sequences, (2) the

second transition due to the interaction between LOLO1 and LOLO02, and the last

transition (3) due to the melting of the GC rich stem loop structure. Finally the

addition of LOLO2 resulted in the loss of the linking characteristic between LOLO]1

structures (Figure 4.3.7d).
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Figure 4.3.7 UV melting analysis of the sample containing LOLOI only (a) with
addition of equal concentrations of ssDNA in the following order: LOL02 (b), LOLO1
(c)and LOLO2 (d).

The further analysis on the relationship between LOLO1 and LOL02 was carried out
using increasing concentrations of LOL02 (different ratios). The thermal unfolding

processes are shown in Figure 4.3.8.
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Figure 4.3.8 The thermal unfolding process of LOLO! with increasing concentration
of LOLO02. (LOLO2 concentration in a: 0 uM; b: 0.2 uM; ¢: 0.4 uM; d: 0.6 uM; e: 0.8
uM; f: 1 uM)

Further analysis investigated the binding of the ssDNA (1.OL03) to the single strand

extensions. The thermal unfolding process between LOLO1 and mixtures of LOLO]

and LOLO3 are shown in Figure 4.3.9.



Absorbance at 272 nm

20 40 60 80 100 20 40 60 80 100
Temperature (C)

Figure 4.3.9 The thermal unfolding process of the sample containing LOLO! only (a)
with addition of equal concentrations of ssDNA in the following order: LOLO03 (b),
LOLOI (c¢) and LOLO3 (d).

The binding of LOLO3 to LOLO1 at the single strand extensions resulted in the
formation of a three-way junction. This complex was not as stable as the complex
formed by single strands binding to the hairpin loop. A concentration gradient
experiment in which a constant amount of LOLOT is combined with an increasing
amount of LOLO3 was also performed. The results (Figure 4.3.10) obtained were

similar to those tound previously (Figure 4.3.9).
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Figure 4.3.10 The thermal unfolding of LOLO1 as a function of increasing LOL03
concentration. (LOLO3 concentration in a: 0 uM: b: 0.2 uM: ¢: 0.4 uM: d: 0.6 uM; e:
0.8 uM; f: 1 pM)

Gel electrophoresis

Further independent analysis of the linking process between the various DNA hairpin



loop structures was performed using native PAGE gel electrophoresis. The first

optimisation step for this process was to investigate the relationship between the size

and amount of DNA hairpin loop present in the system using native PAGE gel

electrophoresis. Samples containing different amounts of LOLO! were then heated to

85°C and cooled to room temperature prior to gel electrophoresis. This was to induce

the formation of linked DNA hairpin loop structures. The presence and size of these

structures were analysed using 4% native (PAGE) gel electrophoresis (Figure 4.3.11).

The DNA material was found to accumulate in the sample wells as a function of

increased DNA concentration. This DNA material, present in the sample wells, was

suggested to be large DNA structures which were not resolvable by PAGE. An

alternative approach was to limit the linking process by using a LOL02 sequence

which could bind to the loop sequence. This was undertaken by the addition of

LOLO02 DNA to the LOLOI material in varying ratios. The result showed that with the

increasing concentration of LOL02, additional LOLO1-LOLO2 complexes were

created (Figure 4.3.11).
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Figure 4.3.11 A 4% native PAGE gel showing the DNA structures formed in the
presence of varying amounts of LOLO1 (Lane 1 to 4, from left) and that the linking
process was interrupted with the increasing amounts of LOL02 present in the LOLO1

system.

Experiments using LOL03 with LOLO2 in various combinations in order to test the
ability of these structures to block the linkages between LOLO1 structures were
performed. LOLO1 was first mixed with LOL02 and LOLO03 individually in order to
observe the complexes formed. LOLO1 was then mixed with LOL02 and LOLO3 in
different orders of addition and the complexes obtained were analysed using gel
electrophoresis (Figure 4.3.12). The combined complex created by adding LOL02
first and then LOL03 second, resulted in both strands binding to LOLOI instead of
forming a duplex between each other (LOL02 and LOLO03) (Figure 4.3.13, lane 4),
This duplex between LOLO2 and LOL03 occurs when all strands are mixed together

at the same time.



. €= LOLG1-02-03 complex

. € LOL01-02 complex

. €= LO0OL01-03 complex

€— L0L02-03 duplex

Figure 4.3.12 A 4% native PAGE gel showing the complexes formed by combining
LOLOI, LOL02 and LOLO3. Lane 1: LOLOI only (structure was too large to be
resolved); Lane 2: LOLOI and LOL02; Lane 3: LOLOI and LOLO03; Lane 4: LOLOI,
LOLO2 and LOLO3 mixed at the same time; Lane 5: LOLO1-LOLO02 complex
followed by addition of LOLO03; Lane 6: LOLOI-LOLO3 complex followed by
addition of LOL02; Lane 7: LOL02 and LOLO3 duplex.

A further experiment was conducted to test the efficiency of using LOLO02 to block the
formation of linear complexes between LOLO1 structures. LOLOI and LOLO2 were
mixed in different ratios and the products obtained were analysed using
non-denaturing PAGE. The results of this analysis are shown in Figure 4.3.14. The

size of the structures formed was found to be dependent on the amount of LOL02
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added. This was interpreted to be a consequence of binding of LOLO2 to the loop

sequence.

Various
linked
hairpin
loop
complex

Unlinked

Y

Lane 1 Lane2 Lane3 Lane4 Lane5 Lane6 Lane 7 Lane8 Lane9

Figure 4.3.13 Non-denaturing PAGE gel electrophoretic analysis of the products
obtained from mixing LOLO1 (0.5uM) with LOLO2 1n different ratios. Lanel: LOLO1
only; lane 2: LOLOI1 to LOLO2 in a ratio of 5:1; lane 3: in 5:2; lane 4: in 2:1: lane 5:

in 5:3; lane 6: in 5:3.5; lane 7: in 5:4; lane 8: 1n 5:4.5; and lane 9: in 1:1 ratio.

The results indicate that as the amount of LOLO1-LOLO02 complex increased the
corresponding size of LOLO1 complexes decreased (Figure 4.3.14). A similar result
was observed when LOL02 was replaced with LOLO03. The binding of LOLO3 to
LOLO1 blocked the linking of hairpin loop due to single strand extensions. This result

1s shown 1n Figure 4.3.14.
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Figure 4.3.14 Gel electrophoresis experiment of mixing LOLO1 (0.5uM) with LOLO3
in different ratios. Lane 1: LOLO1 to LOLO3 in a ratio of in 5:2; lane 2: 1in 2:1; lane 3:
in 5:3; lane 4: in 5:3.5; lane 5: in 5:4; lane 6: 1n 5:4.5; and lane 7: 1in 1:1 ratio.
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4.4 Discussion

4.4.1 Meta-stable state systems using DNA hairpin loop formation

The formation of different DNA nanostructures that represented different meta-stable

states can be described in terms of the free energy changes that occur when one

meta-stable state is changed to another. The free energy change between DNA

nanostructures determines which DNA nanostructure 1s thermodynamically

favourable under a given set of conditions. Figure 4.4.1 depicts the free energy

changes AAG (in a.u.) that occur along the reaction coordinates for the first and the

second mechanism respectively (cf Figure 4.1.2 and 4.1.3).

The initial state of the folded hairpin loop structure is set as G equal to zero, the

addition of the oligonucleotide B or D respectively as seen in step 1 will require a

small activation energy to allow the rearrangement into the (A+B) or (A+D)

complexes. These newly formed helical complexes are more favorable than the initial

state situation. In step 2, the addition of the ’fuel’ strands C or E resulted in the

formation of a perfectly matching double helix (oligonucleotide B and C) or

(oligonucleotide D and E) respectively. These double helices form after overcoming

another activation energy barrier. This addition allows the reformation of the initial

state (hairpin loop structure) of oligonucleotide A to occur. The addition of the

mismatching oligonucleotide B or the stem binding oligonucleotde D can reinitiate
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the cycle (cf. Figure 4.1.2 and 4.1.3).

The first mechanism

-~ANG

A+B

@ Addition of oligo B

@ Addition of oligo C

Reaction Coordinate

The second mechanism

-AAG
-

A+D

@ Addition of oligo D

@ Addition of oligo E

Reaction Coordinate

Figure 4.4.1 The changes in free energy level when moving along the thermodynamic
cycle upon the addition of the different single strands to the initial hairpin-loop

structure.



Figure 4.4.2 depicts the combination of the first and the second mechanism that
comes about when the two ‘fuel” strands B or D respectively are added to the same
solution at a suitable point in the thermodynamic cycle. Figure 4.4.3 demonstrates the
free energy changes that occur between consecutive steps around the full

thermodynamic cycle.

Addition of perfect
complimentary
> D : strand te remove

the fuel strand

The first fuel strand

A Y

TN

Hairpin loop DNA structure

Duplex DINA with
overhangs
Mismatched hairpin
loop DNA structure

LW G

Addition of perfect
complimentary

strand to remove AN

the fuel strand

SN

The second fuel strand

Returns to the initial state

Figure 4.4.2 The combined first and second mechanisms presented as a
thermodynamic cycle driven with two additions of two different fuel strands (C and
E)
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In this experiment, oligonucleotides are designed to interact with each other in a

cyclic sequential fashion. The process resembles an enzyme-mediated turnover from a

substrate to a product. The key-starting element 1s a meta-stable hairpin loop structure,

which we called ‘the enzyme’ that binds a 16mer ssDNA (substrate), to its single

stranded loop sequence (binding site). The 16mer ssDNA binds to the loop sequence

that consists of 6 triplet repeats (CAG), to form a double helix containing two

mismatches (the “enzyme-substrate” complex). (CAG), repeat sequences were chosen

as they are implicated in the length-dependent expansion of gene sequences. These

expansions are likely to involve unusual DNA structures. The 16mer ssDNA can

reversibly dissociate from the loop at elevated temperatures but this does not cause

the denaturation of the hairpin loop stem. On addition of a perfectly complementary

sequence to the ‘substrate’ sequence, a 16mer linear double helix ‘product’ is formed

and the ‘enzyme’ hairpin returns to its initial conformational state. The intermediate

meta-stable helical complex is formed that can again be challenged by the second 17

mer ssDNA.

4.4.2 Linkage of the DNA hairpin loop with single strand extensions

Linear DNA chain created by linking DNA hairpin loop with single strand extensions

is a novel method that can be used to build unusual DNA nanostructures. This unique



orientation of DNA hairpin loop structures 1s carried out by hybridizing the single

strand extensions at the ends of the stem-loop to the single strand loop sequence in the

middle. The respective sequences in these sections are complementary to each other

and this result in the formation of self-assembled linear aggregates. The linking

process 1s spontaneous and the size of the linked structure is directly proportional to

the concentration of the DNA hairpin loop present in the system. The structural

topology is not yet known as binding in loop sequence creates a three-way junction.

The linkage can be influenced by introducing ssDNAs that compete either with the

single strand extension or with the single strand loop sequence. The consequence of

this result in a size reduction of the linked structures, and the size of linked structures

can be controlled by the amount of ssDNAs added to the system.

The binding to loop sequence of ssDNA to block the linkage between two DNA

hairpin loops shows better efficiency than the binding achieved using single strand

extensions. This is possibly because the three-way junction created at the single strand

extensions resulted in less stable structure.

The structures formed from the interactions between DNA hairpin loop structures and

single strand DNA. or between DNA hairpin loop structures using single strand



extensions, are based on the sequence complementarity of the two species. The

potential applications for the design of new nanostructures will be discussed in the

next chapter.



Chapter 5 Potential applications using DNA nanotechnology

5.1 Potential future applications using DNA network

Large DNA networks are built using uniform DNA building blocks. These DNA

building blocks are chosen to ensure sequences that the highest stability for the DNA

network structure. These sequences used here are therefore designed accordingly.

This sequence design aims at combinations of different DNA structures that can

appear in a single DNA building block (discussed in chapter 1). These combinations

result in different properties of the building blocks. The shapes of the network units

created by these building blocks are determined by the shape of these DNA building

blocks, as well as by the interaction between them. Each compartment of the network

contains more than one double helix. In a topology like this, it is impossible to carry

out the biological functions of the DNA like transcription or replication as the

processes are always started by separating the double strand of the DNA. In order to

make these structures useful biologically, the reactions have to occur with in the

spaces provide by a single compartments and repeated many times. This requires

extra structural features located within a compartment, and will not be discussed here.

In our cases. a DNA network is created based on the branched three-way junction

DNA. In this network. due to the topological considerations. the compartments



created by the junction are basically hexagonal in shape”. The linkage between three
way junction DNA is random as the consequence of i1dentical sticky ends in each arm,
which resulted in a mix of pentagon and hexagon compartments in the DNA network.
The potential applications using this DNA network are not limited by these
non-identical compartments. The distance between two branch points is exactly two
helical turns, resulting in defined size irrespective of the sequence information. Using
selected sequences will enable us to design the DNA network with biological function
such as multiplying a binding site of a particular transcription factor. The sequence
that binds the transcription factors can be introduced in each branched arm. The
sequence will become recognizable by transcription factors after ligatton, and each
compartment will have at least five binding sites for a transcription factor. The
binding of transcription factors will not be hindered as the space provided by each

compartment 1s enough to accommodate these proteins without structural hindrance

(Figure 5.1.1).
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Figure 5.1.1 Schematic diagram of three-way junction DNA network binding with
transcription factors (TF). a) three way junction DNA with sticky end sequence
recognizable by transcription factor; b) sticky ends hybridization and ligation; c)
addition of transcription factors after ligation; d) binding of transcription factors to
DNA network. (This drawing is not according to scale)

5.2 Potential future applications using hexagonal DNA nanoswitch

Molecular detection using the interaction of fluorescent groups and quenchers is a

popular technique in single mismatch detection and PCR product amplification. In our

case, the hexagonal DNA nanoswitch made by sequential arrangement of three-way

junction DNA can be used as a detective tool in this research. In single mismatch

detection, the detective tool has to be very sensitive in order to pick up the difference
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between two correct hybridized ssDNA. For a hexagonal DNA nanoswitch carrying

out this task, the fluorescent group and quencher will be arranged juxtapositioned to

each other when the correct strand is hybridized to the opening end of the nanoswitch.

This requires the fluorescent group and the quencher attached to the single strand

extensions at both opening end of the nanoswitch. The initial state of the

nanoswitches is set to be the “ON" state, where the fluorescent groups and the

quenchers are far apart. A solution containing a matching ssDNA will hybridize to

both single strand extensions and arrange the fluorescent group and the quencher to

align next to each other. This result in the fluorescent energy transfer and no light

emission will take place. This hybridization turns the nanoswitch to a “OFF" state,

which indicates the correct strand is bound (Figure 5.2.1). To increase the sensitivity

of this detection, the hybridization process has to occur at a certain temperature. This

temperature 1s set to allow the correct hybridization to occur. Accordingly if a ssDNA

containing mismatches is added, the hybridization will not occur at this temperature

and the nanoswitch will stay “ON" state to indicate the incorrectness.
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Figure 5.2.1 A schematic diagram of single mismatch detection using hexagonal DNA
nanoswitches at a fixed temperature. Change from the “ON” state to the “OFF” state
when complementary ssDNA is added (left). The hexagonal DNA nanoswitch stays

the “ON” state when a ssDNA with a single mismatch is present.

The further modification of this nanoswitch can be made by selecting the ssDNA

containing specific sequences. This is done by mixing the nanoswitch with a solution

containing a mixture of ssDNAs with different sequences. [n this case, only the

sSDNA that consists of the perfect complementary sequence will be picked up by

these nanoswitches, and therefore be selected out from the other ssDNAs (Figure

5.2.2). This selection can also be used in checking the correct PCR amplified product.
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Figure 5.2.2 The schematic diagram demonstrating the ssDNA separation using
hexagonal DNA nanoswitches.

The non-biological use of these nanoswitches can be applied in terms of computer

memory system. In these nanoswitches, the “ON” state represents the state “1”, where

the “OFF” state represents as the state of “0”. This results in a binary memory system

created by using these nanoswitches in different states. Changing between these two

states 1s driven by two concentrations. The memorial state of each nanoswitch can be

read out by amount of fluorescence detected in a fluorimeter (Figure 5.2.3).
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State of "1" State of "0"

Figure 5.2.3 The schematic diagram of a binary memory system using hexagonal
DNA nanoswitches. The “ON” state represents the state of “1” (left); the “OFF” state
represents the state of “0” (right).

5.3 Potential future applications using DNA nanostructures

From the study of meta-stable DNA nanostructures it is evident that the secondary
interactions between different DNA strands constitute the essential driving force
behind these nanostructures. The stability and identity of a meta-stable nanostructure
1s dependent on these interactions. Changing from one meta-stable state to another
requires an activation energy which acts to move from the current conformation and
to facilitate the transition into the next state. The activation energy (used in chapter 4
and here) is supplied as heat. The conformational change of a DNA nanostructure is

thermodynamically driven and is reversible.

Different fuel strand designs allow for the creation of different levels of interactions
between the fuel strands and the binding sites present on DNA nanostructures. The

first design parameter concerns the length and the sequence of the fuel strand. The
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length of the fuel strand refers to the number of base pairs formed when hybridizing

to a DNA binding site in a nanostructure. A higher number of base pairs between the

tuel strand and the DNA nanostructure results in a more stable complex being formed.

In terms of sequence contribution, a higher GC% 1n the fuel strand makes it more

thermodynamically favorable for the fuel strand to bind the DNA nanostructure as

compared to a strand of identical length but of lower GC content. The second design

parameter concerns the the introduction of mismatches nto the fuel strand.

Mismatches between the fuel strand and the DNA nanostructure result in a lower

general stability of the complex. The consequence of this is that the interaction will be

more thermodynamically more favorable between the second fuel strand and the DNA

nanostructure when present in the system. This is because the sequence of the second

fuel strand 1s perfectly complementary to the DNA nanostructure. A third possibility is

to create unusual DNA structures within the DNA nanostructure itself that are specific

for different fuel strands. Through the addition of different fuel strands in stages, the

DNA nanostructure can undergo different sequential conformational changes. Each

can then be tailored to perform a particular task (described in example below). These

conformational changes are interchangeable and are not necessarily sequential.

A number of potential practical uses can be derived from the above design. One



obvious use for this system is to utilize DNA to convey specific macromolecules. The

concept of DNA based macromolecules conveyance involves two major steps: loading

and releasing. What is important to establish is under which conditions the loading or

releasing stages of this process will take place. As in the mechanisms that are driven

by changing meta-stable DNA nanostructure, a hairpin loop DNA structure undergoes

a conformational change when interacting with different DNA strands. It can be

designed for example as a transporter structure which can carry out the loading and

releasing of specific macromolecules (such as protein or DNA). The design of the

unpaired DNA sequence in the loop section is critical to the successful development

of this process. During the loading process, the DNA nanostructure is designed to be

specifically recognizable by the target (macromolecule). This is done by including a

specific sequence in the loop section that is specific for the target recognition. This

sequence 1s not recognizable by the target until a complementary strand is hybridized

to it. This complementary strand 1s the fuel strand and the hybridization acts as to

increase the level of loading specificity. The binding of the fuel strand (Fuel(+) strand)

to the DNA nanostructure enables the complex to bind the target. This step concludes

the loading stage. After the target binds to the DNA nanostructure. the entire structure

converts into a new conformation that is more thermodynamically favorable than the

DNA nanostructure-Fuel(+) strand complex and the stand-alone target.



To release the loaded target, it is necessary to destabilize this intermediate complex.

This is achieved by introducing a different fuel strand (Fuel(-) strand) that causes the

dissociation of the Fuel(+) strand from the DNA nanostructure and the target. This

dissociation is based on the fact that the binding affinity of the Fuel(+) strand for the

Fuel(-) strand is higher than to the DNA nanostructure or to the target after the

activation barrier 1s overcome. Once the Fuel(+) strand 1s removed from the

intermediate complex, the DNA nanostructure is no longer recognizable by the target.

This result in the release of the target from the DNA nanostructure, and the DNA

nanostructure is then available for the next loading process. The entire conveyance

system is demonstrated in Figure 5.3.1. In this system, the Fuel(-) strand and target

have no interactions with the DNA nanostructure. Therefore in absence of the Fuel(+)

strand no loading occurs.
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Figure 5.3.1 A flow chart showing the target-conveyance system based upon

meta-stable state DN A nanostructures.

An example of how this system can be used 1s in separating a specific protein from a
mixture of proteins. The DNA hairpin loop can be used as a DNA nanostructure in
this situation. The sequence of the DNA hairpm loop region 1s designed to bind this

protein spectfically. The Fuel(+) strand 1s a ssDNA that 1s designed to contain
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complementary sequences to the DNA nanostructure (Figure 5.3.2, top). The Fuel(+)

consists of three region. The first section 1s composed of a sequence complementary

to the target sequence, the second section consists of a sequence that binds to the

unpaired sequence adjacent to the target sequence in order to stabilize binding. The

last section contains a sequence that is complementary to the Fuel(-) strand. The fuel(-)

strand 1s designed to contain two sections of sequence. One section is identical to the

unpaired sequence adjacent to the target sequence, whereas the other sequence is

complementary to the remaining unpaired Fuel(+) strand sequence. When the Fuel(+)

strand 1s added, 1t binds to the loop sequence to create a double helix section within

the loop that allows the protein to bind (Figure 5.3.2, bottom left). This combined

complex can be extracted from the mixture and transferred to a new environment. The

release of protein into the new environment is accomplished by addition of the Fuel(-)

strand to the combined complex. The binding of Fuel(+) and Fuel(-) strands forms a

dsDNA complex with a single strand extension (Figure 5.3.2, bottom right). This

dsDNA complex is thermodynamically favourable as the number of base pairs in the

new structure is higher than that found in the target sequence binding complex. The

unpatred bases in the single strand extension function as the protein binding sequence.

Furthermore. the protein is not able to bind with the duplex either and therefore is

released from the complex.
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Figure 5.3.2 A schematic diagram of a protein conveyance system. Top) Design of
DNA hairpin loop and Fuel(+) (-) strands; bottom left) to complex when the protein is

loaded: bottom right) the duplex that is formed when the protein is released. (This

drawing 1s not according to scale).
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The conveyance system discussed above is for a single target protein only. This

system can be further modified to bind and release multiple targets. To convey

multiple targets using a single DNA nanostructure, the unpaired sequence of the DNA

nanostructure has to be designed to contain different sequence binding sections for the

different targets. Different Fuel (+)/(-) strands have to designed so as to release the

specific target. The loading process is identical to that occurring in the single target

convey system. The addition of the first Fuel (1+) strand to the corresponding target 1

results in the targetl being loaded onto the system. This target 1 1s then released after

the addition of the Fuel(1-) strand, and the DNA nanostructure is then ready to convey

the next target protein. The second Fuel(2+) strand and the target 2 can be added to

this system. The Fuel(2+) strand binds at different binding site of the DNA

nanostructure and facilitates the target 2 loading to this site of the complex. The

addition of the Fuel(2-) strand releases the target 2. The DNA nanostructure now can

either load target 1 or target 2 or target 3 if applicable (Figure 5.3.3). The only

difference in this conveyance system 1s that it requires Fuel(3+) strand, and binding of

Fuel(3+) to the DNA nanostructure must be at a different binding site.
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In the next example we demonstrate this process by modifying the previous system.

The DNA hairpin loop sequence is now designed to contain three hairpin loop

sections of different sequences that are specific for three individual proteins. These

sequences are folded in the coverleaf structure like a t-RNA. When Fuel(1+) strand is

added and hybridized with the target 1 sequence, the target protein can bind to this

sequence and be separated from the other proteins and then released by addition of

Fuel(1-) strand. The DNA hairpin loop now is ready to carry target 1 protein again, or

it can carry target 2 or target 3 for separation (Figure 5.3.4).



Target 2 sequence

Target % sequence Target 1 sequence

Fuel{3+) strand

Fuel{1+) strand

Fuel{Z+) strand

o 2 # 15 the adjacent sequence that bmds to Fueli+) strand

Figure 5.3.4 The schematic diagram shows modified hairpin loop structure carrying
different protein when different Fuel(+) strands are added. a.) modified hairpin loop
structure (cloverleaf structure); b.) Protein 1 loading; c.) Protein 2 loading; d.) Protein

3 loading.

“On the shoulder of giants”

Using linked DNA hairpin loops by hybridizing single strand extensions with another

loop sequence can be used to create DNA nanowires. The feature of DNA nanowire

using linked DNA hairpin loops requires a fitting design of the loop sequence. This
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new design of loop sequence now contains 4 sections of selected sequences

(Figure5.3.5, left). The first and the last sections are designed to bind to two ssDNAs.

These two ssDNA sequences are attached with gold nanoparticles at their 5°- ends.

The remaining middle two sections consist of sequences that are complementary to

the sequences single strand extenstions. The linkage of this new hairpin loop DNA

creates two unpaired sections below the binding of the loop sequence to the

complementary single strand extenstions. These two unpaired sections are

complementary to two ssDNA with gold nanoparticles attached, and this hybridization

constitutes the DNA nanowire (Figure 5.3.5, right).
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Figure 5.3.5 The schematic diagram of a new DNA hairpin loop with two extra

sections that bind to two ssDNA with gold nanoparticles attached.

The conductivity of this DNA nanowire can be tuned by designing the linking
sequences between hairpin loops. This is done by attaching limited number of gold
nanoparticles through ssDNA hybridization. There is a modification required on
changing the sequences of single strand extensions prior to the hybridization.
Changing these sequences resulted in the DNA hairpin loop being now unable to
self-assemble. Instead, the addition of another DNA hairpin loop with complementary

single strand extensions containing sequences that are complementary to the single
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strand loop sequence can initiate the linking process. The single strand loop sequence

of the second DNA hairpin loop is designed to be complementary to the single strand

extensions of the first DNA hairpin loop. This resulted in the linked structures

between these two hairpin loops occurring in an alternating arrangement (Figure

5.3.6). The size of the linked structure is dependent on the amount of DNA hairpin

loops present.

5' 3I

Section 1 Section 2 Section 7 Section 8 Section 5 Section 6

5' 3I

Section 9 Section 2 Section 3 Section 4 Section 5 Section 10

1

Section 7 Section 4 Section Section 4
Section 2 Section 5 Section 2 Section 5
Section 1 Section 6 Section 9 Section 10
5! 3! 5t 3'

Figure 5.3.6 A schematic diagram illustrating the modified DNA hairpin loop
structures in both hairpin loop and extension sequences.
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The sequence of each structure is designed to be complementary to the loop section of
the corresponding DNA structure. This results in the structural orientation of two

structures in an alternating arrangement (Figure 5.3.7).

5 3 s' 3
3 5 3 3
5 3 5 3

Figure 5.3.7 The extension of the DNA hairpin loop structure using different

sequences in an alternating pattern.

The two approaches can be combined when some modifications are made in this
design. The modification can be made using the combination of the nanowire and this

alternating linking DNA hairpin loops. It needs the change of the sections of the loop
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sequence of the second DNA hairpin loop that binds to ssDNA with the nanoparticle

to another sequence. The ssDNA that binds to this sequence is therefore not attached

with a gold nanoparticle. The consequence of this design result in gold nanoparticles

in every second hairpin loop in the linkage (Figure 5.3.8a), and reducing the

conductivity over the entire nanowire.

The nanowires can be grown from a common base. This is done by introducing a

piece of single strand DNA containing sections of sequences that are complementary

to different single strand extensions’ sequences. This result in a two-dimensional DNA

structure consisted of DNA nanowires in an elongated fashion (Figure 5.3.8b).



S 3

Figure 5.3.8 The schematic diagram of DNA nanowire using alternating DNA hairpin
loop linkage (a). A two-dimensional DNA structure containing DNA nanowires in an
elongated fashion (b).
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5.4 Conclusion

DNA sequences and/or structures have been found with many unique properties. By

exploiting these properties, many nanostructures or devices can be made from DNA.

We have studied these structures and devices, and we will apply what we learnt to

create various new structures made from DNA.

In this work, we have shown how large DNA networks can be constructed using

three-way junction DNA. We have controlled the growth of the DNA network using

different kinds of sticky end sequences and different number of sticky ends as part of

the DNA three-way junction building block. The size of the DNA network appears to

be determined by these factors. We then constructed a opto-mechanical hexagonal

DNA nanoswitch by using six sets of three-way junction DNA containing different

sticky ends sequences. The switching mechanism of the nanoswitch is based on the

conformational change of a sequence from the right handedness to the left handedness.

This shift is driven by change in the environmental cation concentrations. The

occurrence of the shift is detected by the fluorescent intensity change (FRET). The

shift from the right handedness to the left handedness results in a relocation of the

quencher relative to the fluorescence emitter resulting in a 62.07% decrease in

fluorescent intensity. This 1s sufficient to make the nanoswitch a too] for the detection

of conformational changes. Next. we have demonstrated how meta-stable state DNA
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nanostructures based on a DNA hairpin loop can mimic the enzyme-substrate binding

mechanism. This system uses a DNA hairpin loop as the “enzyme” to bind with the so

called “Fuel strand” that acts as the substrate. This substrate binds to the “enzyme”™ to

make the whole complex undergo a conformational change. The substrate is then

dissociated from the enzyme by addition of a second ssDNA whose sequence is

complementary to the fuel strand sequence. The DNA hairpin loop is then returned to

its initial state for the next cycle of binding and release. This system can be used as a

protein-conveyance system that enables the protein loading and releasing. The target

can be any macromolecule that associates with the DNA nanostructure in a way that

the target bound complex is thermodynamic favourable compared to the stand-alone

target. The loading process requires the aid of a fuel strand. The release of this target

1s accomplished by the addition of a ssDNA that has higher affinity to the fuel strand.

This addition results in a formation of a dsDNA by the fuel strand and the

complementary strand. This results in the target being released from the complex.

This system can be applied to the separation of specific proteins. This system can also

be modified to convey different targets using a single DNA nanostructure. Finally, we

have used a DNA hairpin loop with single strand extensions to generate an extended

DNA chain. This 1s done by designing a DNA hairpin loop with single strand

extensions with sequences that are complementary to its loop sequence. This results in
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an unlimited linkage between DNA hairpin loops. This linkage can be controlied by

introducing a ssDNA that either binds to the loop sequence or to the single strand

extensions. An application of this linked DNA chain can be used to create DNA

nanowires. By changing the loop sequence to hybridize with the ssSDNA attached to

the gold nanoparticles, a nanowire with a fixed conductivity is created. The resistance

of this nanowire 1s tunable by changing the number of hybridized ssDNA with gold

nanoparticles along the chain. This results in a resistance difference between two

DNA nanowires with the same length. The integration of these DNA nanowires can be

done by introducing a ssDNA with sections of sequences that are complementary to

different single strand extensions. This results in a formation of large DNA structures

consisting of different DNA nanowires in an elongated fashion.

The fundamental principle of a DNA based nanotechnology is the sequence design.

Through variations of this design, many nanostructures can be made from DNA.

Although we are only at the beginning of this interesting research filed now, details

need to be discovered and problems need to be overcome. But it is already clear that

there lies a great future potential.
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Figure legend

Chapter 1

Figure 1.4.1 The size of a dSDNA and size between two types of base pairs.

Figure 1.4.2 The kinase reaction scheme using DNA kinase (top); the ligation

reaction scheme using DNA ligase (bottom).
Figure 1.4.2.3 Structures of the A, B-, and Z-forms of the DNA double helix.
Figure 1.4.4 The sv»n conformation of Z-form DNA.

Figure 1.4.5 The schematic diagram of branched DNA. Left: three-way junction
DNA; Right: Four-way junction DNA.

Figure 1.4.6 The schematic diagram of G-quartet (left) and i-Motif (right).

Figure 1.4.7 A schematic diagram of a three-way junction DNA formed by sequence

design.

Figure 1.4.8 The schematic diagram of a double-cross over DNA made by
hybridizing 5 different lengths ssDNA.

Figure 1.4.9 The schematic diagram of DNA ligation monitored in real time using

molecular beacon.
Figure 1.4.10 The schematic diagram of use of nanoparticles with DNA. a) DNA
nano-wire using gold and sliver nanoparticle deposition; b) Hybridization of DNA

containing gold nanoparticles.

Figure 1.4.11 The mechanism of a molecular forceps made by DNA. (“T" defines as

the “tweezer” strand, and “F is the fuel strand)
Figure 1.4.12 A biped walking DNA across the supporting platform.

Figure 1.4.13 A molccular gear system made by two circular ssDNA and their

mteractions.



Figure 1.4.14 Thrombin conveyance system using G-quartet structure.

Chapter 2

Figure 2.1.1 The schematic diagram of three-way junction DNAs without sticky-ends
(left) and with sticky-ends (right).

Figure 2.1.2 The schematic diagram of three-way junction DNA with different
number of sticky ends: 1 sticky end (left); 2 sticky ends (middle); 3 sticky ends
(right).

Figure 2.3.1 The UV thermal unfolding analysis (at 260nm) as function of
temperature of the sample Al in 1 M NaCl, 10 mM Tris and 5 mM phosphate buffer,
pH 7.

Figure 2.3.2 A 0.5% agarose gel separating unligated and ligated three-way junction
DNA.

Figure 2.3.3 The UV thermal unfolding analysis (at 260nm) as function of
temperature of the sample A2 in 1 M NaCl, 10 mM Tris and 5 mM phosphate buffer,
pH 7.

Figure 2.3.4 The electron micrograph of ligated three-way junction DNA sample A2.

Figure 2.3.5 The electron micrograph of the pentagonal (top) and hexagonal (bottom)
rings as the linking pattern observed in DNA network.

Figure 2.3.6 Ligation of three-way junction DNAs for different length of time (6%
gel). Lane 1: ligation time of 5 minutes; lane 2: 10 minutes; lane 3: 20 minutes; lane 4:

30 minutes; lane 5: 60 minutes.

Figure 2.3.7 The native PAGE of the ligated samples mixed in different sticky ends

ratio.

Figure 2.3.8 The electron micrograph of three-way junction DNA with 2SEs and

3SEs mixed in 4:3 ratio at different ligation time. Top-left: S minutes ligation time (|



in 25000): top-middle: 10 minutes (1 in 25000); top-right: 20 minutes (1in 16000);
bottom-left: 30 minutes (1 in 25000); bottom-middle and right: 60 minutes (1 in
16000)

Chapter 3

Figure 3.1.1 An overview of a hexagonal nano-switch consists of six sets of 3WJ
DNA.

Figure 3.1.2 The schematic diagram demonstrating the construction of hexagonal

DNA from outer strand to inner strand.

Figure 3.1.3 The outer strand ligation using the phosphorylated and unphosphorylated
sticky ends.

Figure 3.1.4 The schematic diagram of ligation using outer strands to ligate the inner
strands with addition of strands containing the fluorescein group and the quencher. a.
the outer strands hybridize with the inner strand DNA: b. ligation of inner strand; c.

ligation of two ligated inner strands by adding the last outer strand; d. the addition of

strands containing the fluorescein group and the quencher.

Figure 3.3.1 The flow chart desmonstrating the construction of hexagonal DNA

nanoswitch.

Figure 3.3.2 A 20% denaturing gel showing ligation of outer strand and inner strand
DNAs. Lane 1 to4: Los 1, Los 3, Los 4 and Los 5 (Los 2 not shown); Lane S and 6:
Lis 1 and Lis 2;

Figure 3.3.3 The electron micrograph of a hexagonal DNA nanoswitch.

Figure 3.3.4 The fluorescence emission intensity change of the hexagonal DNA

nanoswitch as a function of the NaClO4 concentration.

Figure 3.3.5 The fluorescence intensity change of the hexagonal DNA nanoswitch

upon the NaClO, concentration increases in 0.5 M increments.



Figure 3.4.1 The plot represents the percentage of fluorescence intensity change at

increasing NaClOy4 concentrations.

Chapter 4

Figure 4.1.1 Hairpin loop DNA structure showing the base pairing of alternating CG

sequences and the interaction between triplet repeats.

Figure 4.1.2 Formation of a partially mismatching stem-loop DNA structure from the
fuel strand and the hairpin loop DNA structure, and the fuel strand is removed by

addition of the complementary strand.

Figure 4.1.3 Formation of a double helix with a 3’extension that replaces the initial
hairpin loop DNA structure followed by the removal of the fuel strand by a perfectly

complementary second single strand.

Figure 4.1.4 A schematic diagram of the hairpin loop DNA structure containing 6
consecutive sections of sequences that are complementary to specific sections (a), and

form a structure that contains extensions at the both 5°- and 3’- ends (b).

Figure 4.1.5 A schematic diagram of the linked hairpin loop DNA structure using

single strand extensions. The linking process is bi-directional.

Figure 4.1.6 A schematic diagram showing the linkage of hairpin loop DNA
structures can be stopped by blocking the sequences in the loop section (left) or the at

the extension strands (right).

Figure 4.3.1 UV thermal unfolding analysis (absorbance at 260nm as function of
temperature) of folded single strands and their combinations as they appear in the
intermediate steps of the first mechanism. (Panel f shows the progressive changes

observed in panels a to e)

Figure 4.3.2 UV thermal unfolding analysis (absorbance at 260nm as function of
temperature) of folded single strands and their combinations as they appear in the
intermediate steps of the second mechanism. (Panel d shows curves a. b. and ¢ plotted

together)



Figure 4.3.3 on-denaturing PAGE gel photograph of oligonucleotide A and various
combinations of oligonucleotides A, B and C involved in the first mechanism
proposed (see text). Lane 1 (from left): the stem-loop DNA structure of
oligonucleotide A: lane 2: the mismatched complex of oligonucleotides A and B; lane
3: the hairpin loop DNA structure A and the 17mer duplex B.C; lane 4: the |7mer
duplex B.C.

Figure 4.3.4 Non-denaturing PAGE gel photograph of oligonucleotide A and various
combinations of oligonucleotides A, D and E involved in the second mechanism
proposed (see text). Lane | (from left): the stem-loop DNA structure A; lane 2: the
duplex with overhangs A.D; lane 3: the stem-loop DNA structure A and the 18mer
duplex D.E: lane 4: the 18mer duplex D.E.

Figure 4.3.5 The UV absorbance spectrum of the DNA hairpin loop structures with
single strand extensions (LOLO1) in IM NaCl, 10mM Na-cacodylate, pH 7.0 at low
and high temperatures from 220 to 320 nm. The optimal wavelength was found to be

272 nm (vertical line).

Figure 4.3.6 The UV melting curve of LOLO1 in IM NaCl, 10mM Na-cacodylate, pH
7.0 at 272 nm.

Figure 4.3.7 UV melting analysis of the sample containing LOLO1 only (a) with
addition of equal concentrations of ssDNA in the following order: LOL02 (b), LOLO1
(c) and LOLO2 (d).

Figure 4.3.8 The thermal unfolding process of LOLO1 with increasing concentration
of LOLO2. (LOLO2 concentration in a: 0 uM; b: 0.2 uM; ¢: 0.4 uM: d: 0.6 uM; e: 0.8
uM; f: 1 uM)

Figure 4.3.9 The thermal unfolding process of the sample containing LOLO1 only (a)
with addition of equal concentrations of ssDNA in the following order: LOLO3 (b),
LOLOI (c¢) and LOLO3 (d).

Figure 4.3.10 The thermal unfolding of LOLO]1 as a function of increasing LOL03

concentration. (LOLO3 concentration in a: 0 uM: b: 0.2 uM: ¢: 0.4 uM: d: 0.6 uM: e:
0.8 uM: f: 1 uM)

-



Figure 4.3.11 A 4% native PAGE gel showing the DNA structures formed in the
presence of varying amounts of LOLOI (Lane 1 to 4, from left) and that the linking
process was interrupted with the increasing amounts of LOLO02 present in the LOLO]1

system.

Figure 4.3.12 A 4% native PAGE gel showing the complexes formed by combining
LOLOI, LOL0O2 and LOLO3. Lane 1: LOLOI only (structure was too large to be
resolved); Lane 2: LOLO1 and LOLO2; Lane 3: LOLOI and LOLO03; Lane 4: LOLO1,
LOLO02 and LOLO03 mixed at the same time; Lane 5: LOLO1-LOLO02 complex
followed by addition of LOL03; Lane 6: LOLO1-LOLO03 complex followed by
addition of LOL02; Lane 7: LOL02 and LOLO3 duplex.

Figure 4.3.13 Non-denaturing PAGE gel electrophoretic analysis of the products
obtained from mixing LOLO1 (0.5uM) with LOLO2 in different ratios. Lanel: LOLOI
only; lane 2: LOLOI to LOLO2 in a ratio of 5:1; lane 3: in 5:2; lane 4: in 2:1; lane 5:

n 5:3; lane 6: 1n 5:3.5; lane 7: in 5:4; lane 8: in 5:4.5; and lane 9: 1n 1:1 ratio.

Figure 4.3.14 Gel electrophoresis experiment of mixing LOLO1 (0.5uM) with LOLO3
in different ratios. Lane 1: LOLOI to LOLO3 in a ratio of in 5:2; lane 2: in 2:1; lane 3:
in 5:3; lane 4: 1n 5:3.5; lane 5: in 5:4; lane 6: in 5:4.5; and lane 7: in 1:1 ratio.

Figure 4.4.1 The changes in free energy level when moving along the thermodynamic
cycle upon the addition of the different single strands to the initial hairpin-loop

structure.

Figure 4.4.2 The combined first and second mechanisms presented as a
thermodynamic cycle driven with two additions of two different fuel strands (C and
E).

Figure 4.4.3 The free energy change in the combined mechanism.

Chapter 5

Figure 5.1.1 Schematic diagram of three-way junction DNA network binding with
transcription factors (TF). a) three way junction DNA with sticky end sequence
recognizable by transcription factor; b) sticky ends hybridization and ligation: ¢)

addition of transcription factors after ligation: d) binding ot transcription factors to



DNA network. (This drawing is not according to scale)

Figure 5.2.1 A schematic diagram of single mismatch detection using hexagonal
DNA nanoswitches at a fixed temperature. Change from the “ON™ state to the “OFF”
state when complementary ssDNA is added (left). The hexagonal DNA nanoswitch

stays the "ON™ state when a ssDNA with a single mismatch is present.

Figure 5.2.2 The schematic diagram demonstrating the ssSDNA separation using

hexagonal DNA nanoswitches.

Figure 5.2.3 The schematic diagram of a binary memory system using hexagonal
DNA nanoswitches. The “ON” state represents the state of 17 (left); the “OFF” state

represents the state of “0" (right).

Figure 5.3.1 A flow chart showing the target-conveyance system based upon

meta-stable state DN A nanostructures.

Figure 5.3.2 A schematic diagram of a protein conveyance system. Top) Design of
DNA hairpin loop and Fuel(+)/(-) strands; bottom left) to complex when the protein is
loaded: bottom right) the duplex that is formed when the protein is released. (This

drawing 1s not according to scale).

Figure 5.3.3 The flow chart showing multiple targets-convey system.

Figure 5.3.4 The schematic diagram showing modified hairpin loop structure carrying
different protein when different Fuel(+) strand is added. a.) modified hairpin loop
structure (cloverleaf structure); b.) Protein 1 loading; c.) Protein 2 loading; d.) Protein

3 loading.

Figure 5.3.5 The schematic diagram of a new DNA hairpin loop with two extra

sections that bind to two ssDNA with gold nanoparticles attached.

Figure 5.3.6 A schematic diagram illustrating the modified DNA hairpin loop

structures in both hairpin loop and extension sequences.

Figure 5.3.7 The extension of DNA hairpin loop structure using ditferent sequences

in an alternating pattern.



Figure 5.3.8 The schematic diagram of DNA nanowire using alternating DNA hairpin
loop linkage (a). A two-dimensional DNA structure containing DNA nanowires in an

elongated fashion (b).



Table legends

Table 2.2.1 Details of the oligonucleotides synthesized by the DNA synthesis
laboratory, University of Cape Town.

Table 2.3.5 The ligation samples with different number of sticky ends of 3WJ DNA

mixed in different ratios.

Table 3.1 Details of oligonucleotides synthesized from Ingaba Biotech (South
Africa).

Table 3.4.1 Table of the fluorescence intensity change and the percentage of

fluorescence intensity change of DNA nanoswitch at 521nm.

Table 4.2.1 Details of the oligonucleotides synthesized from oligonucleotides

synthesis laboratory in University of Cape Town.





