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Abstract

The enzymatic synthesis of long DNA with a controllable sequence, length and
functional content has been reported. This method, involves the heating and cooling
of the reaction components, resulting in the extension of repeating units. The key
components comprise of the oligo seed of interest, the deoxynucleotide triphosphates
(dNTPs), and a DNA polymerase. Using a thermostable Thermococcus gorgonarius
Family B DNA polymerase exonuclease minus variant, Z3, and 20 heat-cool cycles,
long DNA up to 20,000 base pairs bearing repeating units between 1 to 40 bases was

produced.

Incorporation of artificial nucleotides, with modifications ranging from single atom
exchanges, 5-1-dCTP, 7-deaza-I-dATP, 5-Br-dUTP and 6-S-dGTP, to long chains,
5-Cg-alkyne-dCTP, was demonstrated. Modifications situated in the major groove have
little effect on the DNA polymerase efficiency but reduced enzymatic processivity is
observed if the modification lies in the hydrogen-bonding region. By tailoring the oligo
seed, it is possible to synthesise long designer DNA to include modifications at user
defined positions. The modified DNA product lengths are similar to the unmodified DNA
products, except for 6-S-dGTP, which yielded DNA of 500 base pairs.

6-S-dGTP is renowned for strong metal interactions, and was exploited for the specific
localisation of Au*, Ni**, Cd** and Au®* at repeating G positions. As the final 6-S-DNA
product is limited in length, an alternative thiol modification was investigated. Using
phosphorothioate dNTPs, sulfur bearing DNA products similar in length to the
unmodified DNA were produced after 30 heat-cool cycles. This enabled the specific

positioning of Au-nanoparticles through careful oligo seed design.

DNA bearing the 5-Cg-alkyne-dCTP provides alkyne anchors at sites sitting in the
major groove. To demonstrate the ability to add a second layer of design, click
chemistry with azide-fluor-545 was investigated. This opens up potential routes to
more complex modifications via organic synthesis at precise sites within the designer
DNA.
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The elucidation of the DNA structure in 1962 heralded an era of intense research into
its biological roles based on the antiparallel double helix published by Watson and
Crick." More recently, it has become an integral component in nanomaterial fabrication
due to its favourable nanoscale dimensions and linear structure. However,
fundamentally it is the programmable genetic code of DNA that has allowed DNA
research to go beyond its use as the molecule of life. Many studies into its vital roles
in both cellular function and the cellular mechanisms to maintain its integrity, have

2,3

provided the foundation to explore DNA as a tool for drug delivery,®® sensing,*

conductive nanomaterials®® and nanomotors.”®

1.1 Key molecular insights of DNA

The initial discovery by Watson and Crick, outlined the complementary base pairing of;
adenine (A) and thymine (T), and guanine (G) and cytosine (C)," Fig. 1. This discovery
stimulated the many publications involving DNA as a tool in the synthesis of numerous
nanoscale structures.®'® The complementary hydrogen bonding between strands, the
n—r interactions of the stacked nucleotides, Fig. 1,"" and the increase in entropy on the
dispersion of water molecules, results in the double helical DNA structure. The
complementary base pairing system is highly conserved since faithful DNA copying is
required during cell division and also protein synthesis to ensure the correct cellular
function and protein coding sequence is maintained. In this section, the importance of

correct base pairing will be discussed.

— = = Hydrogen bonding

— — — T- T stacking

Fig. 1 A diagram of the DNA double helix." The deoxyribonucleotides are joined together by a 3’- 5’
phosphodiester bond. The blow-up images show the nucleotides in detail and how the stacking and
hydrogen bonding interactions occur. A and T form a 2-hydrogen bond base pair where as G and C
form a 3-hydrogen bond base pair and also have a better = orbital overlap, hence GC rich DNA duplexes
are more thermostable. '



During replication high fidelity DNA polymerases faithfully recognize the Watson and
Crick base pairs and maintain the genome.'® However, one in every million nucleotide
incorporations results in an error in the Watson and Crick base pairing rules.'® Although
there are many DNA repair proteins present in the cellular system, some mutations
remain unfixed. The effects of these mutations have been studied due to their vital
consequences in many diseases.' For example, DNA hypermethylation is a common
marker for genetic disease and cancer progression.'” DNA methylation at the 5
position of cytosine plays an important role in gene expression.'® Consequentially,
dysregulation of cytosine methylation can lead to genetic diseases, for example by
deamination to become dT, therefore leading to mispairing.’’

In addition, reactive oxidative stress is a common cause for genomic instability and
disease.'® Incorporation of 8-oxo-deoxyguanosinetriphosphate (8-oxo-dGTP) in the
genetic code can lead to replication errors due to the dual coding potential to pair
against either cytosine, via standard base pairing or adenine using the Hoogsteen base
pairing mode, Fig. 2." Once a lesion site has undergone mis-pairing, consequential
mutations can occur — for example, the Hoogsteen mis-pair to A, would then replicate
to incorporate dTTP, rather than dGTP. There are many DNA mismatch repair
pathways in place — both incorporation against the lesion, and extension past the lesion
determine the damage of the mutation. In the case of oxidative stress, once the
mismatch replication has occurred, translation from messenger RNA my cause mis-
coding to a different amino acid during protein synthesis - repercussions depend on
the effect of the incorrect amino acid on protein structure and function. Replication
mispairing can also occur from replication errors to produce base-base mismatches,
for example, from T against T (purine-purine) to A against C (pyrimidine to purine).?*?’
This mispairing commonly occurs from an unfavourable tautomer to the imino or enol
forms which are possible with each base.?'

From studies such as those outlined above, the detailed understanding of how the
DNA helix relies on a high-fidelity base-pairing system, and the repair of base
mutations has enabled the exploitation of DNA as a precisely designed building block

for nanoscale structures.
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Fig. 2 Alternative base pairing with 8-oxo-dG, (a) conventional Watson and Crick base pairing rules,
matching C to 8-oxo0-G, (b) Hoogsteen base pair, matching A to 8-oxo-dG. R = DNA molecule.

For healthy cellular function DNA must remain intact. Therefore, mutations must be
repaired, for example, by nucleotide excision repair mechanisms.?? In nucleotide
excision repair a cascade of protein interactions are in place, activated by the sensitive

detection of local DNA instabilities,?>?*

to stimulate the specific repair proteins as
molecular machines. The understanding of complex biological mechanisms has led to
the development of synthetic biological molecules for the design of nanorobots and
nanomotors.?*?® Each nanosystem harnesses the simple building blocks of life, either
nucleic acids or amino acids, to construct complex systems. For example, the
ribosome can specifically detect the three base sequence that corresponds to an
amino acid through the simple Watson and Crick base pairing rules. Likewise, the DNA
polymerase is able to select and bind the correct complementary base when replicating
DNA. Binding of the correct deoxyribonucleotide induces a conformational change in
the DNA polymerase, which opens up the active site for the next deoxynucleotide
selection.?’ These processes are possible by the intricate recognition of the nucleoside
molecular structures. On detection of an incorrect structure, the polymerase will not
reopen the active site, and will halt replication, Fig. 3,?® — part of the quality control
procedure of these molecular machines. The growing interest of DNA based biological
machinery has developed into a research curiosity in how specifically the DNA

enzymes can be manipulated.
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Fig. 3 DNA replication by a DNA polymerase, incorporating one deoxynucleotide at a time. The top
pathway shows a mis-pair incorporation of dG-dT, not following the Watson and crick base pairing rules,
therefore replication is stalled. The bottom pathway shows the faithful replication of DNA, allowing
continuation of replication.



Many DNA mutations can be due to chemical alterations of the nucleobase structure.
Chemical carginogens, for example polycyclic hydrocarbons, covalently attach to the
nucleobase to form bulky DNA-adducts resulting in lesions.?® Several groups have
studied how the binding of bulky ligands can be accommodated by various DNA
polymerases in order to bypass lesion formation.* In a similar study, the Kool group
determined the consequence of steric effects on DNA polymerase efficiency by the
replacement of both oxygen atoms on thymidine by either hydrogen or halogen atoms
(F, Cl, Br and I), Fig. 4. The efficiency of pairing the thymidine derivatives against dA
peaked with chlorine modifications suggesting steric constraints were not the only
factor affecting the polymerase activity.?' Strechenbach et al., elaborated on the steric
effects by studying the behaviour of a range of DNA polymerases.’> The DNA
polymerase handling of native, methyl and ethyl nucleobase derivatives was compared
using a selection of DNA polymerases with different active sites.** The relative
efficiencies varied - the Sulfolobus solfataricus P2 DNA polymerase |V demomstrated
a lower fidelity than the Escherichia coli (E. coli) DNA polymerase | Klenow fragment.
Additionally, Y-family DNA polymerases are more promiscuous than typical replicative
DNA polymerase — displaying an ability for mutagenic bypass.®® Structural studies with
Y-family DNA polymerases revealed the lower fidelity is due to a weak DNA-DNA
polymerase interaction as a result of a larger active site.*®> The importance of
understanding the DNA polymerase active site structure, resulted in a boom of
research into DNA polymerase structure-function relationships and how these can be

exploited and manipulated.

o H F Cl Br

| NH
N/go H F Cl Br |
R R R R R R

Fig. 4 Modified nucleotide structures of dT derivatives used for DNA polymerase efficiency studies.®'
The modifications range from an exchange of an H atom up to an | atom. R is the deoxyribose sugar.
dT is shown on the left followed by the modifications with increasing bond length, left to right.

Discovering the structure-function relationship of DNA polymerases has sparked the
development of artificial DNA polymerases with improved attributes for particular
applications from high fidelity replication DNA polymerases for PCR to more
promiscuous DNA polymerases for random mutagenesis assays.***® Random

4



mutagenesis assays are performed with error-prone DNA polymerases to promote
mis-pairing during PCR, to produce DNA which will code for a mutant protein — aiding
the research of important structural motifs for protein interactions and active site
function. The 3’-5’ exonuclease domain accounts for the proof reading ability of the
DNA polymerase.®® The bacterial Thermus aquaticus (Taq) DNA polymerase (Pol)
lacks the 3’-5’ exonuclease domain (exo-) reducing its fidelity, however for error prone
PCR it is still too accurate.’” To provide an avenue for random mutagenesis, the
proofreading 3’-5’ exonuclease domain must be disabled in high fidelity DNA
polymerases to allow mis-pairing to go unfixed.** Many artificial DNA polymerases are
commercially available, and can be exploited for non-biological applications by the

incorporation of modified dNTPs with potential for functional programming.

In addition, some DNA polymerases can cause errors by inserting a short extended
sequence through the DNA slippage reaction,®® a naturally occurring process that
arises from loop formation from unstable tandem repeat sequences. The process
occurs when one strand forms a stable internal loop, shifting the downstream
sequence to accommodate the loop, revealing a sticky end. The sticky end can then
be filled in by the DNA polymerase, leading to extension of the DNA sequence.
Investigations into the tandem repeat instability initially began when notable deletion
mutations occurred in association with the repeats.***° The most commonly reported
slippage sequence is the expanded CAG repeat that contributes to Huntington’s
disease.”’ The expansion of the CAG sequence can lead to an increase of 1,000 base
pairs (bp) in the huntingtin protein gene — expansive repeat length has been show to
correlate with disease severity.*?

In another example, the telomere sequence consists of hexa-nucleotide tandem
repeats, maintained by telomerase and DNA replication enzymes to reduce cell
ageing.”® The hexa-nucleotide telomere sequence has also been reported to extend
by the slippage reaction.* These biological extension processes sparked studies into
understanding the extension and slippage mechanisms of non-native DNA sequences,

which led to the potential to enzymatically synthesise DNA for alternative applications.



DNA sequencing became possible once the base pairing system was elaborated, and
suitably sensitive detection methods for nucleobases were developed based on the
fundamental chemistry of DNA. The human genome project, launched in 1990,*
fuelled the drive for second generation DNA sequencing methods — all DNA
sequencing is based on the detection of the correct base pairing. DNA Sanger
sequencing, developed in 1972, originally sequenced DNA by extending one
deoxynucleotide at a time and analyzing the extension using acrylamide gels. This was
a heavily laborious technique, motivating the development of the more commonly used
techniques today, such as, the dideoxynucleotide (ddN) terminating method, Fig. 6 (a).
Sanger sequencing utilizes high fidelity DNA polymerases to incorporate the correct
deoxynucleotide, in contrast, the SOLID (sequencing by oligonucleotide (oligo) ligation
and detection) method extends the DNA from 3’-5’ using a DNA ligase. The SOLID
system — a four-colour DNA sequencing method, utilizes four short oligos, each
conjugated to a fluorophore to detect base interactions, Fig. 6 (b).*” Although there are
many new DNA sequencing methods, Sanger sequencing is the most commonly used
due to the long read lengths (300 - 900 bp) and short run time (0.3 - 3 hours) compared
to read lengths of 50 - 75 bp and a run time 7 — 14 days for SOLID. 3" generation DNA
sequencing utilises the electronic signatures of each individual base to detect their
presence between the electron tunnelling junction.*® However, optimisation of the 3™
generation techniques is required to remove background noise to accurately decipher
between each base. The ability to sequence single DNA molecules would allow the
sensitive analysis of mutations and cloning without the initial upscaling required for

Sanger sequencing.
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Fig. 6 DNA sequencing by (a) Sanger sequencing and (b) SOLiD sequencing. The example shown for
Sanger sequencing uses the labelled ddN terminator method. The SOLID method binds the template
DNA to a bead before sequencing.47



The biomolecular study of DNA, has provided fundamental knowledge into DNA
replication and DNA polymerase structure and function. DNA mutations and, in
particular, information as to how modified or artificial bases may be incorporated into
DNA whilst maintaining the overall double stranded (ds)DNA structure has been
understood. The study of DNA polymerase structure-function relationships has aided
the discovery of the 3’-5’ exonuclease function and its importance in high-fidelity
replication, or conversely, the importance of its removal to hinder detection of incorrect
base pairing. As many artificial DNA polymerases are commercially available, DNA
polymerases can be manipulated to work as adaptable nhanomachines to synthesise
DNA dependent on the biochemical study or function. The study of the intricate
interactions between protein complexes and DNA has opened avenues to control DNA

as a molecular tool.

1.2. DNA nanotechnology

The non-biological potential of DNA was first expressed in 1982 by Ned Seeman
through his proposal “It is possible to generate sequences of oligomeric nucleic acids
which will preferentially associate to form migrationally immobile junctions, rather than
linear duplexes, as they usually do”.*® Building nanoscale structures is achievable by
two approaches; bottom-up or top-down, that is, starting from singular atoms and
building up by the addition of more atoms or starting on the large scale and carving out
structures to leave nanoscale material. Bionanotechnology — the use of biological
materials as building blocks is one bottom up approach, utilising attractive properties,
optimized over billions of years. DNA has lent itself as a useful component in
nanomaterials and DNA based bionanotechnology due to its versatility and ease of
manipulation to control self-assembly by Watson and Crick base pairing. The DNA
duplex has two dimensions on the nanoscale, ca. 2 nm high and wide, and up to many
microns in length. This high aspect ratio makes it an attractive building block for

nanomaterial assembly, particularly 1-dimensional (1-D) nanowires.>**’

The emergence of sub 100 nm material characterization techniques has allowed the
visualization of intricate designs as higher level of detection is available through atomic
force microscopy (AFM),%? transmission electron microscopy (TEM)*® and cryo
electron microscopy.®*®° DNA’s predictable structure lends itself to be manipulated into

higher ordered architectures, Fig. 6, and provides a key framework to build from, to
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design nanomaterials. The emergence of 1-D DNA nanomaterials, 2-D DNA origami

in 2006°° followed by 3-D DNA origami in 2009,°*°"*® have provided platforms to build

25,26

nano robots, nano capsules,® single molecule detection devices,”® nano

computers® and many more.

~H @

one-dimension two-dimensions

Fig. 6 An example of 1-D, 2-D and 3-D DNA nanostructures. 1-D DNA nanowires height average is
15 nm.®' 2-D and 3-D structures are prepared by DNA origami self-assembly.**%*

The following sections describe recent progress into the use of DNA in nanomaterial
synthesis from 1-D through to 3-D architectures and the incorporation of additional

functionality through templating and scaffolding techniques.

1.2.1 1-D DNA nanomaterials

The high aspect ratio of DNA naturally lends itself to the use of DNA in 1-D
nanomaterial. The obvious role for DNA to play would be to act as a nanowire.
However, the conductivity of DNA has been a controversial topic for many years. In
1992, Murphy et al.,®® suggested the naked DNA molecule possesses conductive
character by the n—r staking of the nucleobases. Braun et al,** then contradicted this
finding in 1998, expressing insulating characteristics. It is now understood that the
conductive or insulating nature of DNA, is largely dependent on its individual
components,®® hence can express each feature under different circumstances. The
Porath laboratory has demonstrated the conductive nature of native G-quadruplex
DNA.°® The G-quadruplex structure provides an additional charge transport

67,68

avenue and yields a rigid structure with limited defects as the electronic transport



doesn’t rely on molecule-substrate interactions.®® Therefore, there has been
considerable work on the design of hybrid DNA systems, that exploit its 1-D nature but

also add conductive material, through both templating or scaffolding approaches.

1.2.1.1 DNA as a template

Recent advancements in the production of a nanoscale conducting wire have been
developed through the use of DNA as a template for conductive material.>*®*"° Each
deoxyribonucleotide component possesses a phosphate group, which is known to
have a high affinity for cationic species, i.e. metal ions. Metal ion exchange between
the stabilising counter ions (usually Na* or K*) and the seed metal ion (Ag®*, Cu®,
Cd?*, etc) is commonly used for metal ion deposition.”®"? After electrostatic association
of the metal cation with the phosphate backbone, a reduction step to the metal leads
to the templating of DNA with a conductive metallic coating. Initial attempts to
synthesise and characterise DNA templated silver wires were performed by Braun et
al.,®® by attaching specific primers to two electrodes, followed by the annealing of
A-DNA to the primer, thus resulting in a long length of DNA, positioned between two
electrodes, Fig. 7. Today, many conductivity measurements exploit the same strong
thiol — gold interaction by modifying the 3‘ and the 5° end of the DNA strands with a

thiol group, which can interact with the gold electrode.

1 Ag+ ions

Hydroquinone
§ o g - § — F

Fig. 7 Synthesis of a DNA templated Ag wire between a gold electrode gap by the attachment of specific
primers via thiol-gold interactions, followed by the annealing of the DNA template and a succession of
Ag" addition followed by reduction with hydroquinone addition.



Long range electronic transport along DNA has also been reported by analysis after
deposition onto a surface bearing Ga nanoparticles, using platinum electrodes.” Since
conductive analysis techniques emerged, several groups have successfully produced
a conducting wire using DNA as a template. The most popular metals include, Ag,**
Pd,%® Cu®' and Pt.”* DNA templated with Cu, originally reported by Wooley et al., is
commonly the industrial metal of choice due to its low cost and high level of
conductivity, however, deposition of Cu®* alone exhibited a granular coating requiring
refinement.”® Seeding with heteroatoms has tackled the challenge to control nucleation
to build a more homogeneous nanowire. Initial seeding with Pd**, followed by
treatment with Cu®* produced a nanowire structure of controllable height depending on
the copper electroless plating time.”” Due to the luminescent properties, CdS
nanowires have been heavily studied by several groups.”*’® Bigham et al., studied the
effect of base composition on nanoparticle size, expressing a 10 nm reduction in
nanoparticle size on increasing poly[A] content, thus altering the extinction maximum
of the nanowire.”” This phenomenon provides an avenue to controlling nanowire size
and thus nanowire properties. The formation of monodisperse CdS patrticles can then
undergo Ostwald ripening to produce a smooth wire like singular structure, Fig. 8.7
Other cadmium based nanocluster nucleation has been analysed on DNA, such as

CdSe.” Artemyev et al., successfully organised CdSe nanorods along A-DNA,

producing a strongly luminescent nanomaterial with high ordered organisation.®

Fig. 8 AFM images of CdS templated on DNA, attached to a mica surface. Monodisperse particle
formation is shown in (a) (scale bar 200 nm) and (b) (scale bar 25 nm). After Oswald Ripening, a
smoother nanowire structure is shown (¢) (scale bar 500 nm) and (d) (scale bar 100 nm).78

These results are positive for the production of a smaller dimension conducting wire
as their width is on the sub 20 nm scale, however, by this method, the circumference
and conductivity of the nanowire is not easily controlled, reducing the complexity of the
structures possible. ljiro’s lab developed a method to synthesise triblock DNA (A-type,

B-type, A-type), consisting of regions of poly(dG).poly(dC) (A-type) and
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poly(7-deaza-dG).poly(dC) (B-type).®' Cisplatin preferentially binds to regions of
poly(dG),%? providing an avenue for programmable deposition. The reduction of
cisplatin covalently attached to the DNA, provides nucleation sites for the addition of
free cisplatin and dimethylborane as a reducing agent to produce a nanowire.?"®® The
triblock nature of the 1-D DNA structure, presents a nano-gap specified by the length
of the 7-deaza-dG region, which is controllable by the polymerisation time during
synthesis of the triblock DNA.®' This potentially leads to the fabrication of the next
generation of sophisticated nanowires.

Pyrrole is groove binding and is readily polymerized by oxidation at neutral pH to
produce nanowires with continuous coverage.’® Similarly, polymerising aniline in acidic
conditions in the presence of DNA, templates the polyaniline in 1-D.®* Protonation of
the DNA backbone is required to associate aniline and again, oxidation is required to
produce the conductive wire. Both polyaniline and polypyrrole are chemical
compounds, capable of chemical modification to present additional function on the
DNA hybrid structure, for example, bearing an alkyne functional group provides an
anchor for click chemistry with an azide.”®® Click chemistry is a commonly used
reaction due to the mild conditions and specificity for the alkyne site. Alkyne bearing
DNA can also be exploited for controlled Ag* binding.®* Several articles discuss the

binding of Ag* to alkyne groups®®’

and thus, its presence along DNA provides evenly
spaced nucleation sites to produce a uniformly distributed nanowire using Tollens
reagent.”’

The range of materials available by using DNA as a template is vast, however, for a
wire to be useful in a circuit, it must not contain any defects, which is still posing a
challenge. To reduce defects, a more designed approach, starting with a more
intricately tailored DNA sequence, could overcome the challenge, producing a wholly
homogenous DNA nanowire. Furthermore, the templating process covers the
base-pairing ability of the DNA, removing the opportunity to self-assemble electronic

components into a functioning circuit.

1.2.1.2 DNA as a scaffold

DNA is a complex structure and is capable of many interactions with conjugate
substrates. Functionalisation of DNA as a scaffold is possible by the chemical
modification of the native DNA structure. Modifications to the C5 position of purine

deoxynucleotides by Sonogashira alkylations followed by clicking with pyrrole
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derivatives provides a site specific anchor for the oxidative scaffolding and therefore,
offers an additional element of control.28 Further developments led to the use of
polynucleotides as a solid support to bind porphyrin molecules, which chelate metal

8990 providing a promising method for the fabrication of nanowires. A significant

ions,
advantage of these nanowires is that they are bio-compatible and therefore have
potential within medical applications and additionally, the hydrogen bonding is
retained. Furthermore, control of functionalised attachment is more precise than
current DNA templating methods. This specific attachment chemistry can be used to
produce self-assembling structures, conjugated with proteins or receptors by
streptavidin and biotin linkers.”' The advantage of this method of modification over

DNA templating is the increased control over the location and density of the

attachments.
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Fig. 9 DNA intercalation with (a) planar aromatic fluorescent compound and (b) planar aromatic
compound with external functional groups for a second layer of DNA modification.

Intercalation of planar aromatic compounds has been a popular approach to DNA
functionalisation since the biological application of ethidium bromide addition for gel
visualisation, Fig. 9 (a). Developments have led to the synthesis of numerable

fluorescent intercalators®%

with many commercially available, for example, from
Thermo Fischer Scientific (Renfrew, UK), Biorad (Hempstead, UK) or Promega
(Southampton, UK). DNA intercalators bearing external functional groups provide
anchors for additional functionalisation, Fig. 9 (b), similar to the major and minor groove
binders. Click chemistry can once again be exploited to react with redox active groups,
such as ferrocene, to study the redox behaviour in close proximity to DNA — a reduction
in the redox potential is observed upon reacting.’* An ability to control the positioning
of additional molecules along the DNA structure, opens avenues to study distance
dependent interactions. Ferrocenyl-dT and ferrocenyl-dC phosphoramidite derivatives
were prepared using the Pd-catalysed Sonogashira cross coupling reaction with

I-deoxynucleotides and ethylene ferrocene and incorporated into oligos using
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automated solid-phase synthesis.®**® By the incorporation of artificial dN into oligos,
the position of modification can be controlled. However, the length of the sequence is
limited by the phosphoramidite coupling method’s reducing yield on increasing length.
So far, this discussion has included DNA as a scaffold for external modifications.
Modification within the DNA duplex is also possible, and commonly achieved by the
inclusion of artificial bases. An artificial nucleobase can replace a natural one while
maintaining the structural integrity of the DNA duplex due to the surrounding base
pairs.?”% Artificial nucleobases are commonly planar and aromatic to maintain the
base stacking interactions,'®'%? however, a large range of structures have been
documented, Fig. 10. Fluorescent modifications, quenched by the stacking
interactions, can reveal unstable regions of the DNA structure if fluorescence is
detected.'® Alternatively, the fluorescent DNA bases can be used to induce DNA
melting by initiating a photodegrading process of the fluorophore, altering the structure
and reducing stability.’® Increasing the alphabet of DNA bases enhances the

possibilities of synthetic DNA based materials and DNA probes.

a. b.
o NH,
DO G | \l
l\lj/&o I}I O
R R R

Fig. 10 Modified nucleobase analogues of thymidine and cytosine - (a) benzo(g)-quinazoline-2,4-
(1H,3H)-dione T derivative'® (b) coumarin B—C-riboside'®® and (c) 5-(1-pyrenecarboxamido)propyl-
2'dexoy cytidine.'® R = deoxyribose sugar

By using DNA as a scaffold, high cost organic synthesis can be used to produce
artificial nucleosides, for example conducting polymer units, or redox reporting groups,
which can be precisely located using the phosphoramidite method. However, only
short oligos are possible unless enzymatic synthesis becomes feasible.

Despite the potential for DNA to assemble material on the nanoscale by either
templating or scaffolding to give 1-D hybrids, more complex structures are desirable.
There has been a long history of self-assembly of DNA oligos to fabricate intricate 2-D

and 3-D structures and more recently to add functionality to these architectures.
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1.2.2 DNA assembled nanostructures

dsDNA self-assembly can be precisely controlled by the synthesis of programmable
building blocks which drive the fabrication of higher ordered complex structures —
including DNA junctions, tiles and origami.'® This has led to the production of DNA

structures in 2-D%197:198 gnd 3-p 54199

1.2.2.1 2-D DNA nanostructures

DNA nanotechnology began by the recognition of the Holliday junction in 1964.'"°
Since then, many 2-D structures have been developed from 3- and 4- armed junctions
to lattices and higher ordered motifs, Fig. 11.%%""! Initial attempts by Seeman involved
the repetitive restriction and ligation of new strands, covalently linking the structure.’'?
In more recent examples, the DNA structures are formed by the planned self-assembly
of oligos by designing specific complementary base pairing at the junctions.

C.

A A

Fig. 11 2-D DNA structures: (a) 3-armed junction, (b) 4-armed junction,* (c) bulged 3-arm junction.""®

Extended assemblies consisting of multiple junctions led to the synthesis and design
of DNA cross over tiles, Fig. 12."'* Cross over tiles are assembled using many Holliday
junctions consisting of sticky ends to provide anchors for attachment to multiple tiles

to form a higher level architecture.
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Fig. 12 The assembly of DNA tiles by the arrangement of Holliday junctions.114 (a) a horizontal view
down the central axis, (b) a top down view of the Holliday junction, (¢) the combination of four Holliday
junctions, (d) the strand positions of (c) — strands that are continuous are shown as a dark line where
as strands involved in cross overs are shown as thin lines, (e) 1-D self-assembly of the Holliday junction
motifs, (f) 2-D self-assembly of Holliday junction motifs.

A further breakthrough came when the assembly of short oligos by a single stand of
ssDNA was achieved by Rothemund.’® Here the design of several ‘staple strands’
complementary to precise positions on a longer ssDNA scaffold led to its controlled

folding into a structure or shape pre-determined by the sequence, Fig. 13.%°

AN OO O

U U Y

Fig. 13 DNA origami construction - the consecutive addition of programmed ‘stable strands’ to fold the
long ssDNA scaffold in the DNA origami structure. The ‘staple strands’ are designed to bind only at
specific regions of the ssDNA scaffold to direct the self-assembly of the designed structure, for example,
in this case a rectangle is assembled.

DNA origami is now a widespread approach for nanomaterial fabrication and a wide

range of shapes have been reported, Fig. 14.°° Additionally, higher ordered structures
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can be assembled by linking each origami shape or structure.’’® 2-D DNA origami
nanostructures can be designed to bear regions of modification for binding sites to
provide a route to position sensors, chemical content or biomolecules — much like a

breadboard in microelectronics''® - a useful surface for nanomedicine and detection.

Fig. 14 DNA origami shapes (a) a square, (b) a rectangle, (c¢) a star, (d) a smiley face, (e) and (f)
triangles. The top row outlines the folding of the ssDNA scaffold, the second row displays the helical
structures and the bottom row shows the atomic force microscopy (AFM) images performed in a liquid
cell.*®

1.2.2.2 3-D DNA nanostructures

Since the development of the 2-D three armed junction in 1982,*° significant
advancements in folding more complex structures through both Holliday junctions and
DNA origami have led to the production of 3-D DNA structures.'"’

Several designs have been successful so far, including octahedrons,''® icosahedron
encapsulating designs,'™ and nanotubes.'® 3-D DNA wire frames, Fig. 15 (a), can be
designed by the complementary pairing of the sticky ends from 3-armed junctions.®
The tetrahedron is a more rigid structure than the similar 3-D cubes, exhibited by AFM
studies.®' Turberfield’s laboratory has demonstrated the biological prospect for the

DNA tetrahedron by encapsulating a protein,'??

exhibiting a chaperone role for
potential in drug delivery systems. DNA nanotubes are similarly synthesised by the
combination of many 2-D tiles or ribbons.'® The tiles are designed to prefer a curved
structure to direct a thermodynamically favourable smooth tube. An alternative method
to DNA nanotubes synthesis was demonstrated by Seeman’s laboratory by the

combination of six parallel DNA helices, each with two crossover sites, Fig. 15 (b).'?*
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The nanotube lengths can be adapted by designing either blunt or sticky ends at the
terminals.

DNA origami has also been utilised to design 3-D DNA structures. The DNA
tetrahedron was designed by the folding of one M13 ssDNA scaffold by 248 oligos to
exhibit a single structure, Fig. 15 (d).*® Likewise, Shih et al., designed the assembly of
a DNA octahedron from the folding of one ssDNA scaffold by five 40 base oligos.'?®
The 3-D DNA box, Fig. 15 (c) and (f), is constructed by the assembly of six
interconnected DNA origami sheets, which can subsequently be folded into a hollow
box.>* Anderson et al., developed a dynamic box, able to open and release its’ cargo
on encountering certain the stimuli — a competitor DNA oligo, or key, to preferentially
bind to the lock sequences.®* An ability to release cargo at a specific stimulus would
aid many medical applications, such as cancer therapeutics to reduce unspecific cell

death.

a.

‘ Y
NN AL AN 4

LA

e, % S

AN

O e e
A A

48 nm

___,_————""
34 nm

Fig. 15 3-D DNA origami structures: (a) DNA tetrahedron (b) DNA nanotubes'** and (c) DNA origami
3D box - the different colours represent different DNA origami tiles, composing of different DNA
sequences and joined together by ‘staple strands’.** (d) TEM images of DNA tetrahedrons, (e) AFM
images of DNA nanotubes®’ and (f) surface representation of cryo electron microscopy map.54

1.2.2.3 Nanomaterial assembly on DNA origami structures

DNA origami has presented DNA architectures with increased rigidity and a vast array
of shapes, providing additional platforms to build nanomaterial assemblies. Geng et
al., designed a DNA origami structure, mimicking an electronic circuit, with improved

metal ion deposition control.”*® However, height reproducibility was still lacking,
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Fig. 16 (a), as compared to the 1-D DNA nanowires.®* The site specific metallisation
performed in the Wooley laboratory,'®” Fig. 16 (b), provides a method to position Au
nanoparticles (NP) on certain regions of the DNA structure. The long DNA origami
strand was folded into a T-shape by staple strands to bear single stranded (ss)DNA on
the longest branch of the T-shape. Thiolated oligos, complementary to the ssDNA
regions and previously bound to AuNPs could then site specifically attach to the
longest branch of the T-shape. The advancement of 2-D DNA circuits presents the

beginning of a possible next generation of electronic circuits.

b.

Fig. 16 2-D DNA origami, followed my metal templating (a) AFM height and 3D images of DNA origami
structures on Si surface. (A) DNA structures. (B) 1, (C) 2, (D) 3, (E) 4, and (F) 5 palladium deposition.
(left) Height images of substrate on surface (right).126 (b) T-shape DNA structures bearing thiol groups
(purple) on once region (A) to site specifically bind gold nanoparticles (orange) (B).127

One limitation for DNA origami is the DNA synthesis and sequence design of the start
materials. To produce a DNA origami structure, many sequence specific oligos are
required, as well as the long genetic ssDNA — a costly procedure. Therefore, the
synthesis of both the DNA oligo staple strands and also the long ssDNA scaffold should
receive more attention to diversify the possibilities the technique offers. It is
conceivable that if a wider range of starting materials were available, in particular the
choice of ssDNA scaffolds, then further complex nanoarchitectures could be
envisaged. Additionally, by incorporating modifications into the synthesised DNA,
controllable loading and an ability to precisely position functionality onto the origami
structures is possible. This would open up avenues to molecular environment and
spatial positioning studies as well as the positioning of NPs at precise nanoscale
separations to enhance plasmon resonance. In light of the potential for DNA based
functional nanomaterials outlined above the focus now turns to the synthesis of
possible DNA components for these nanoarchitechtures.
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1.3 DNA synthesis

As described above, DNA has played a vital role in the fabrication of nanomaterials.
One limitation in the advancement of DNA based nanomaterials is the types of DNA
available through the two main synthetic routes; automated synthesis and enzymatic
routes.

The solid support method of DNA synthesis, the phosphoramidite method, involves the
step by step build-up of each deoxynucleotide from 3’-5’ to produce oligos. Nucleoside
phosphoramidites were first developed by Beaucage and Carruthers in 1981'?® and
since developed to synthesise oligos by the laborious coupling, washing, decoupling,
and washing steps for each addition of the deoxyribonucleotides.’®®'° Key
developments, such as the automation of the process, presented the phosphoramidite
oligo synthesis as commercially viable. The oligo sequence can be designed by the
user, with an added ability to synthesise oligos bearing modifications.?**® However,
the length of the final oligo is still limited, a typical maximum sequence length is around
120 bases when ordered commercially (Eurofins Genomics). This is not surprising
given the diminishing yield over many synthetic steps, thus reducing the overall yield

even after each deoxynucleotide addition to 99.5 %, Fig. 17. A typical cost for a 20

base oligo is £20 for 0.2 umole of purified oligo (Eurofins Genomics, UK Aug, 2016).

For longer oligos, prices can reach up to £140 for 100 bases of 0.2 pumole purified
unmodified oligo (Eurofins Genomics, UK, Aug, 2016). The inclusion of modifications
into oligos is possible, however, the choice is limited by the commercial availability or
it requires specifically designed and synthesised modified phosphoramidite

nucleosides.

Coupling effi
% ‘\\ oupling efficiency

- 99.5%
- 99.25%
80 - 98.5%
70
60 \ \

Full length product (%)

0 20 40 60 80 100 120 140 160 180 200
Oligonucleotide length (nt)

Fig. 17 The decreasing oligo product yield on increasing length by the phosphormaidite method. Data
courtesy of Integrated DNA Technologies (www.idtdna.com).
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Contrastingly, genomic DNA is readily available, with many sequence lengths ranging
from around 500 bp for the histone gene up to 48,502 bp for Lambda DNA. However,
DNA lengths that are not commercially available, would need to be designed precisely
for each purpose. Similarly, within the genomic DNA, a specific sequence can be
selected to encompass the desired properties (a gene code) or the reasonable
frequency of the base required (GC rich regions), however, again the exact sequence
cannot be easily designed. The availability of more user defined, designer DNA would

allow further advances in biomolecular studies and nanomaterial assembly.

Therefore, enzymatic DNA synthesis methods could be manipulated to yield non
genomic DNA. These enzymatic processes include primer extension reactions, the

polymerase chain reaction (PCR) and rolling circle amplification (RCA).

Primer extensions synthesise DNA by isothermal extension of a short primer attached
to a template to provide a single copy complementary to the template sequence.'’
Similarly, PCR synthesises DNA by replicating a double stranded template, commonly
a genetic DNA sequence, by extending a short primer sequence through thermal
cycling on both strands.'® In this case, the amount of product is controlled by the
number of cycles as each cycle duplicates the amount of DNA. RCA is similar to PCR
in that it requires a template and primer, however, the template is circular ssDNA,
commonly a plasmid and required isothermal extension.'*® Here the product is ssDNA
consisting of a number of repetitions of the plasmid sequence depending on the length

of incubation time.

Primer extensions, PCR and RCA are optimised techniques, however, they are all
limited by the need for template DNA which is already commercially available, hence
the sequence and length of the products cannot be easily designed outside the
limitations of the sequences available. Additionally, each method permits the
incorporation of enzymatically compatible modified dNTPs, however, the position of
modifications cannot be absolutely controlled as the position or frequency of each base
can again only be known due to DNA sequencing but not designed. A method, able to
synthesise DNA where the length, sequence and functional content can be designed,

would provide additional avenues for site specific nanomaterial assembly.
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1.4 Aims of the project

DNA has proven itself to be a useful tool for nanomaterial assembly. The research
conducted by biochemists, has provided interesting modified nucleotides with useful
properties, and the DNA polymerases able to incorporate them. The DNA available on
the commercial market is currently limited to genomic DNA or short oligos, therefore,
DNA that is more decorated, with a more complex sequence and controllable length,
would open up new avenues of DNA based nanomaterials.

Chapter 2 will discuss a new enzymatic DNA synthesis method, aiding sequence
control and capable of repeat sequence extension and the selection of product length.
Chapter 3 will enhance the designer nature of the enzymatic DNA synthesis method
discussed, providing the user with an option to incorporate modifications into the DNA
structure at precise positions. To add a second layer of design, several examples of
using DNA as a scaffold will be discussed. In Chapter 4, DNA will be synthesized to
encompass thiol modifications at precise positions, designed by the sequence chosen.
The thiol modifications can be exploited by metal binding for nanomaterial assembly.
Chapter 5 establishes the exploitation of chemical anchors, positioned on the DNA
duplex by the repeating sequences. The second layer of design can be controlled by

the initial loading of each modification, directing the nanomaterial assembly.
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2.1 Introduction

As introducted in Chapter 1, DNA is a highly versatile molecule and has been
recognised as a suitable building block for hybrid nanomaterials.”? The enzymatic
synthesis of DNA has been studied since the 1950’s and requires: a DNA template
and primer, deoxynucleotide triphosphates (dNTPs) and a DNA polymerase.®*
Historically, radioactive analytical methods were used to determine DNA composition
and reliability of enzymatic DNA synthesis outside in vivo conditions.* Initially, primer
extension assays were commonly employed to investigate the enzymatic DNA
synthesis.® Primer extension reactions involve the isothermal incorporation of
complementary dNTPs against a single stranded template, the DNA polymerase
extends a primer to produce one copied DNA strand per template strand. Further
developments led to the PCR - originally established in 1983 to amplify DNA
sequences® — mainly for protein preparation and purification by target gene
amplification. PCR involves thermal cycling, consisting of repeated heating and
cooling of dsDNA to allow denaturing and annealing, followed by extension of the

overhangs by a DNA polymerase, Scheme 1 and Fig. 1 (a).

CITIIIIXI LI 95°C
1 .||T|TTT||TTT||T||TT—\ adil
1 Denature
72 °C (Extend ¢ dNTPs L /TV\/\
I emplate
1\ 4 @ 4 Primers AN\ —_—
FERT RN AT
XTI T XXX IIIII XTIl 55°C
Irr Il YTITYTTYTY Anneal
LYY YYY PV YYYVTIYTTIYY

Scheme 1 PCR scheme depicting denaturing of the template DNA, followed by annealing of each
primer to the complementary region on the template DNA and extension of the overhangs by a DNA
polymerase (green) through insertion of dNTPs. Each cycle doubles the copy number of the DNA
template.

In 1976, a thermostable DNA polymerase, from Thermococus aquaticus was
isolated,” allowing continual replication without denaturing the DNA polymerase
during PCR.2 Currently, there are many commercially available thermostable DNA
polymerases, each possessing a specific attribute for either high or low fidelity

replication.® Across species, the DNA polymerase structure varies greatly,'®"’

placing
each polymerase into a distinct family.'? Nevertheless, all DNA polymerases consist

of 3 common subdomains; the palm, thumb and fingers subdomains, Fig. 1 (b)."®
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Fig. 1 (a) Transition state of DNA-dNTP-E. coli DNA polymerase 1 complex (based on a Fig. from
Brautigam and Steitz, 1998).14 The two E.coli DNA polymerase 1 conserved aspartates are shown.
Metal ions are used to stabilise the reaction components; one to activate the attaching 3’ oxygen from
the primer and the other to stabilise the di-phosphate. The new bond formed is shown in green. The
interaction broken is shown in red. The template and primer strands are already either polymers or
short oligomers. (b) DNA polymerase diagram. Each domain is shown as a simple circular form in
approximate positions and size of the known structure.' The palm, thumb and fingers make up the
polymerase domain. (¢) Overlay crystal structure of Tgo-Pol Z3 exo-."® The fingers domain is
high-lighted in teal and black. The extension loop can be seen joining the two teal/black helices.

The two polymerase families relevant to this thesis are Family A and Family B. In
viruses, Family A and B polymerases are used for genome replication, as opposed to
only Family B polymerases for eukaryotes and archaea.'” Many of the replicative
polymerases encompass an exonuclease domain capable of 3’-5’ proof-reading,
which improves fidelity'® — a desirable function in vivo to ensure correct copying of
the genome. Archael Family B DNA polymerases are common research tools for
PCR due to their thermostable and high fidelity nature.'® At the high temperature

1920 5ecur in a

habitat of Archaea, common mutations such as cytosine deamination
higher abundance. Therefore, Archael DNA polymerases have additional structural
adaptations, such as a read-ahead function,?' to counteract the increased mutations

(error rate per base pair is 1-20 x10° for the Thermus aquaticus DNA polymerase,
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Taq, and 1-2 x 10° for the Archael Pyrococcus furiosus Family B DNA polymerase
(Pfu-Pol)).?*® In contrast, many research questions necessitate the use of mutated
DNA, hence require a more promiscuous DNA polymerase to incorporate a mis-pair
and replicate against the mutation. DNA polymerases disabled in the the
exonuclease domain have become a popular choice for conventional PCR. PCR
protocols are now highly optimised for each bioscience application. However,
conventional PCR only replicates the sequence present, and does not extend the
DNA.

Until recently, DNA slippage has been a key synthetic approcach for the production
of long DNA, Scheme 2. The DNA slippage reaction occurs in vivo due to the
instability of tandem repeat sequences in the genome — commonly involved in

neurodegenerative diseases.?*®

Initial work focused on naturally occurring
trinucleotide repeat sequences, showing extension up to 700 bp.?° DNA slippage has
subsequently been exploited as a technique for long DNA synthesis with a variety of
nucleotide sequences. The final DNA sequence is an elongated product of the
starting sequence. An examination of DNA polymerases showed that the E. coli DNA
polymerase | Klenow exonuclease minus fragment was the most proficient in DNA
extension, extending [G]./[C]. up to 2,000 bp at 37 °C within 60 minutes.?”?® Though
DNA slippage is highly efficient at producing long DNA of repeating sequences — the
breadth of repeat sequences able to slip is limited. Hence, the need for an

improvement in long repeat sequence DNA synthesis.

| | | 1 ! | Key
| | | | — 5'strand — dGTP
| a\l | | | DNA Slippage — 3’ strand — dCTP
\ — New strand
N

- /\/\//\/\/\/
(GWW ONA Extension

4
Scheme 2 dsDNA slippage. A hairpin forms on one strand, causing that strand to shift. This hairpin

can then ‘flatten’ and extend the strand past the lower strand. This results in two ‘sticky ends’ which
the DNA polymerase can fill in with new nucleotides.
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Another example of how DNA polymerases can be expoited as biological tools is in
the production of ssDNA. This has been demonstrated by RCA.?**° RCA permits the
isothermal production of long ssDNA by the replication of circular or plasmid DNA,
displacing the single strand once it has been extended, Scheme 3. RCA is highly
efficient at producing long DNA of interest, however, the length of the repeating
sequence is limited by the size of the plasmid and the sequence itself is limited to the

commercially or biologically available DNA templates.

N

Primer

N

DNAtemplate

Scheme 3 RCA. Extension of the primer by the DNA polymerase is shown followed by the strand
displacement and continued extension.

Several attempts to enzymatically replicate DNA on a large scale using heat-cool
cycles have been published.®'® Two methods showed the amplification of
trinucleotide repeat sequences, similar to slippage, to study neurodegenerative
related sequences.?**® The polymerase endonuclease amplification reaction (PEAR),

developed in 2010 by Xu et al,*

was established to synthesise antisense
oligonucleotides. As the replication in each study involved an oligonucleotide
consisting of two repeating sequences, a side reaction of DNA extension was

observed.

These methods are applicable for the synthesis of biologically relevant dsDNA,
however, DNA length and content is again limited by the source of templates. Long
dsDNA of designer sequence and length would be a highly desirable addition to the
nanomaterials toolbox. Here, we have developed a DNA extension method, able to

extend many repeating units of DNA to a user defined length.
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2.2 Results and discussion

In this chapter, a PCR-based method for the synthesis of designer DNA is described
- the heat-cool cycles of PCR, dsDNA consisting of a repeating sequence and the
standard dNTPs are required. The dsDNA, acts as both primer and template and is
now refered to as an “oligo seed”. These oligo seeds encode the repeat element to
be extended and must contain a minimum of two repeat units. Sufficient base overlap
between units to form a stable sticky ended duplex is also a requirement. In principle,
if the strands are cooled quickly, they will not attain the lowest energy structure —
completely aligned double strands. This would result in directing the assembly of
‘sticky ends’, capable of extension by a DNA polymerase. In most instances, there
are more than two possible conformations in which the strands can anneal, shown in
Scheme 4. For each potential conformation, the length of the overhang will vary and
therefore the DNA polymerase will extend the duplex by a different number of bases
which yields a range of DNA products, Table 1. The difference in length between the
smallest and largest DNA products can be considerable. The theoretical maximum
and minimum lengths can be calculated based on the length of the repeat sequence,
the length of the oligo seed, the number of cycles and is also limited by the behaviour
of the DNA polymerase.

Key:

c Extended DNA \\¢
. . ) ) . .
I 1 1 9 dGTP derivative . dCTP derivative k

e E—
AARARRRAARARARRRRRAN - -
: Denature dATP derivative | dTTP derivative !
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Scheme 4 A PCR-based heat-cool cycle model. DNA melting is performed at 95 °C to form two single
strands. The annealing of complementary regions with the minimum (shown left) and maximum
(shown right) extension is at 55 °C. The temperature is then increased to 72 °C at which the DNA
polymerase binds complementary nucleotides to the ‘sticky ends’ of the stands. This process can be
repeated for the desired number of cycles.
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As the method of heat cool cycles demands a thermostable DNA polymerase — a
Thermococcus gorgonarius family B DNA polymerase (Tgo-Pol) mutant, Z3, was
used.'® Tgo-Pol Z3 exo- is disabled in the 3'-5’ proof-reading exonuclease region and
has an insertion in the fingers domain, Fig. 1 (c) - mutations that confer the ability to
read non-standard bases in the template strand'’ — a desirable attribute for future

experiments involving modified dNTP incorporation.

2.2.1 Heat-cool cycle extension development

The most common repeat sequence used for trialling extension techniques is a
tri-nucleotide repeat unit — regularly seen in biological examples of slippage.?** With
this in mind, the initial sequence chosen was a tetra-nucleotide repeat unit to
broaden the length of repeat units currently explored. Other oligo seeds that were
later explored included [AGlio/[TClio (b = 2), [A2G]//[TCl; (b = 3), [AsG]s/[TsCls
(b = 4). [A4G14/[T4C]s (b = 5) and [A¢G]o/[TeC]. where b = the number of bases in the
repeating unit. The maximum and minimum lengths of the expected products from

the above oligo seeds were calculated and are shown in Table 1.

No. of [AGl1o/[TCl1o (b= 2) [A2Gl/[T2Cly (b= 3) [A3Gls/[TsCls (b= 4) [A4Glo/[TsCls (b= 5) [A9GL/[TsC]> (b= 10)
cycles Mina(bp) Maxb(bp) Mina(bp) MaxPb(bp) Mina(bp) Maxb(bp) Mina(bp) Maxb(bp) Mina(bp) Maxb(bp)
0 20 20 21 21 20 20 20 20 20 20

5 30 392 36 393 40 392 45 330 70 330

10 40 5746 51 5713 60 5746 70 5650 120 5650

15 50 10746 66 10713 80 10746 95 10560 170 10560
20 60 15746 81 15713 100 15746 120 15560 220 15560

Table 1: Theoretical minimum and maximum DNA extension products by repeat unit length (b = 2-10).
The algorithm used to determine the theoretical minimum and maximum product lengths assumes that
1) at least eight bp must exist to give a duplex stable enough for elongation, that is, the minimum
stable overlap is eight for [AG]m/[TC]10 and [ASG]S/[TSC]S, nine for [AZG]7/[TZC]7, and ten for

[A4G]4/[T4C]4 and [AsGl./[T¢C]> and that 2) the polymerase can fill in up to 500 bases per 30 seconds
extension time.* [a] Minimum theoretical length (bp) = original length+(y x b). [b] Maximum theoretical

length (bp) = original length x 2Y-[(min. stable overlap x 2Y)-min. stable overlap] , where b = number of
bp in the repeat unit and y = number of cycles.

The first extension assay was performed with [A3G]./[TsCl., Fig. 2, and clearly
illustrates the increase in length of DNA as the number of heat-cool cycles increases.
As described in Scheme 4 and Table 1, a distribution of lengths is produced. The
lane absorbance intensity shows normal distribution curves for the range of lengths
produced which was anticipated, Fig. 2 (b). After 10 cycles the duplex had extended
to a modal length of 700 bp. This shows the method is capable of extending a 20
base oligo seed sequence. To determine if longer DNA lengths are achievable,

additional heat-cool cycles were investigated.
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Fig. 2 Heat-cool cycle extension with Tgo-Pol Z3 exo- and [A;G]s/[T5C]s for 2, 4, 6, 8, and 10 cycles.
(a) Agarose gel: lanes 1-5: extension products after 2, 4, 6, 8 and 10 cycles, respectively. (b) Image J
analysis of (a). Analysis shows the intensity of each band as a percentage of the highest intensity per
lane, L = DNA ladder.

The enzymatic extension of [A3G]s/[T3sC]s from 5 to 20 cycles expressed the continual
extension to a modal length of 1,500 bp, Fig. 3 (a). The distribution of lengths (from
400 to 10,000 bp) was consistent with Fig. 3 and within the extreme limits outlined in
Table 1 (from 100 to 15,746 bp).
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Fig. 3 Heat-cool cycle extension with Tgo-Pol Z3 exo- and [A3Gls/[T3C]s for 5, 10, 15 and 20 cycles.
(a) agarose gel: lanes 1-4: extension products after 5, 10, 15 and 20 cycles, respectively. (b) Image J
analysis of (a). Analysis shows intensity of band as a % of the highest intensity per lane, L=DNA
ladder.

To investigate whether continual DNA extension is possible after 20 cycles, the
number of cycles was increased further. After 20 cycles, the rate of DNA extension
tailors off, Fig. 4 and 5, suggesting a reduction in DNA polymerase activity. Previous
unpublished results have shown Tgo-Pol Z3 exo- to denature after 30 cycles, which
would explain the reduction in activity (C. J. Whitfield MRes Dissertation, 2013). To
determine if the reduced extension is due to enzyme activity additional DNA

polymerase was added during the heating and cooling cycles.
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Fig. 4 Heat-cool cycle extension with Tgo-Pol Z3 exo- and [A3G]s/[T5C]s for 5, 10, 15, 20, 25 and 30
cycles. (a) agarose gel: lanes 1-6: DNA extension product after 5, 10, 15, 20, 25 and 30 cycles,
respectively, lane 7: no polymerase control. (b) Image J analysis of (a). Analysis shows intensity of
band as a % of the highest intensity per lane, L=DNA ladder.
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Fig. 5 The DNA extension trend of the heat-cool cycles. An extension rate of 72 bp per cycle is
calculated for extension up to 25 cycles. After 25 cycles the extension tailors off.

To examine whether the stall in extension is due to Tgo-Pol Z3 exo- a comparison of
the heat-cool cycles with and without the addition of fresh DNA polymerase was
performed, Fig. 6. A difference can be seen between lanes 4 and 8, showing longer
extension products after addition of fresh DNA polymerase. This coincides with the
polymerase denaturation expected after 30 heat cool cycles, hence the continuous
extension up to 40 cycles is possible if fresh DNA polymerase is added. If longer

lengths of DNA are required, this modified extension method could be adopted.
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20 kb

5 kb

1.5 kb
0.5kb

Fig. 6 Heat-cool cycle extension of [A3G]./[T3C]n,with and without extra addition of 2 uL containing
1.0 uM dNTP and 2.0 uM Tgo-Pol Z3 exo- every 10 cycles (2 uL H,O was added to no addition
controls). Lanes 1-5: 10, 20, 30 and 40 cycles with no addition, lanes 5-8: 10, 20, 30 and 40 cycles
with addition, L = DNA ladder.

Due to the nature of the repetitive sequence within the oligo seeds, it is conceivable
that larger structures such as concatamers could assemble. Therefore, a DNA
extension assay was performed in the absence of a DNA polymerase to investigate
whether such larger structures were produced. As can be seen from the agarose gel
data, after 10 heat-cool cycles, the oligo seed [A3;G]s/[T3C]s does not self assemble

into a concatamer structure, Fig. 7.

L 1 2 3 4 5 6

5kb —

1.5kb —

0.5kb —

Fig. 7 Agarose gel of a no polymerase control extension assay with [A3Gls/[T3C]s. Lane 1: 0 cycles,
lane 2: 2 cycles, lane 3: 4 cycles, lane 4: 6 cycles, lane 5: 8 cycles, lane 6: 10 cycles, L = DNA ladder.

2.2.2 DNA Gel extraction

Access to a narrower size distribution of DNA would be beneficial in the design of
precisely controlled nanomaterials, therefore, agarose gel extraction was explored.
The Lonza FlashGel™ DNA system allows for the simple removal of DNA from a
second set of extraction wells, Fig. 8 (a). The extracted samples, A-C, were analysed

on a second gel and show much tighter bands of reduced size distribution, Fig. 8 (b).
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Fig. 8 (a) Lonza FlashGel™ DNA system of DNA product after 20 heat-cool cycles with [AsG]/[TsCln.
Sample was removed from the extraction wells and length was determined by comparison to the DNA
ladder. (b) Lonza FlashGel™ of extracted DNA products A-C.

The concentration of each extracted band is consistent with the Image J analysis
intensity of the smeared band before size recovey. A comparison between the DNA
concentration as ascertained by UV-Vis, Fig. 9 (a) and the Image J analysis data,
Fig. 9 (b), shows good correlation. Due to low extraction yields from the double tier
Lonza FlashGel™

DNA samples at 500, 1,500 and 7,000 bp for further characterisation.

system, conventional agarose gel extraction was adopted to give

(a) (b)

2100
Sample Conc (ng/pL) S
4 80
500 9.3 5 60
700 24.6 £ 40
c
1000 335 2 20
= 9
1500 33.6 2 N 0000 O © 29990 O
M~ O O00 O © OO0 0O O
2000-3000 11.1 Neosor~ o 2283

No. Base Pairs

Fig. 9 (a) A table of DNA concentrations of samples extracted from the Lonza gel, Fig. 9. (b) Image J
analysis of DNA extension products after 20 heat-cool cycles on an agarose gel.

AFM was performed with samples excised at 500 and 1,500 bp, Fig. 10 (a) and (b).
The AFM images show the mean height of both DNA samples to be 0.8 + 0.2 nm and
0.7 + 0.2 nm, which is in agreement with previously reported DNA dimensions.*®
Also, in total, 10 length measurements were performed per AFM image of each size
of DNA, (see Appendix A) which gave mean observed lengths of 180 + 18 nm, (ca.

0.5 kb) and 420 + 55 nm, (ca. 1.2 kb) for the 500 and 1,500 bp samples respectively.
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To visualise the excised DNA by fluorescence microscopy, YOYO-1, a fluorescent
intercalator, was added. The fluorescence micrographs of DNA excised at 7,000 bp,
Fig. 10 (c), outlines average DNA lengths of 3.3 um + 0.5 um, (ca. 9.7 kb + 1.6 kb) —
slightly longer than expected. However, in similar studies, other YOYO-1-labelled
samples also appeared to be up to 10 % longer than expected due to limitations of
the fluorescence microscope optics.*® This extraction process outlines a simple

method for user defined DNA production of a specific length.

e e : © 10 pme
£ = e e S e | . o —
Fig. 10 Visual analysis of DNA extension products selected by length through gel excision (a) AFM of
500 bp repeat sequence DNA, (b) AFM of 1,500 bp repeat sequence DNA and (c) fluorescence

micrograph of 7,000 bp repeat sequence DNA with YOYO-1.

2.2.3 Heat-cool cycle extension with repeating units of length b, where b = 1-10

To demonstrate the flexibility of this heat-cool cycle method to produce a wider range
of DNA products, various repeating units were trialled in extension assays. It is worth
nothing that in previous work (C. Whitfield MRes Dissertation, 2012), [A] /[T] (b = 1),

was extended and produced DNA with a modal length of 5 kb. Repeating units were
selected to encompass units of length b, where b=2,3, 4, 5, and 10 bases.
[AGL1o/[TCl10 (b = 2), [A:G]7/[ToCl7 (b = 3), [AsCs/[TsCls (b = 4) and [A4G]a/[T4Cla
(b = 5) all extended to a modal length of 5 kb after 20 cycles, Fig. 11 (a). As expected
from the extension length model in Table 1, a distribution of product lengths is
produced. The extension of the above sequences over 20 heat-cool cycles were
replicated several times and in each case similar DNA product lengths were
observed, indicating the reproducibility of this enzymatic DNA extension method,
Fig. 11 (b).
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Fig. 11 Agarose gel of (a) extension products after 5, 10 and 20 cycles, lanes 1-3: [AG]./[TC],
extension for 5, 10 and 20 cycles respectively, lanes 4-6: [A.G]/[T2C], extension for 5, 10 and 20
cycles respectively, lanes 7-9: [A3G]/[T3C], extension for 5, 10 and 20 cycles respectively, lanes
10-12: [A4G]/[T4C]n extension for 5, 10 and 20 cycles respectively. (b) extension products after 20
cycles, lanes 1 and 2: [AG]/[TC], extension, lanes 3 and 4: [A.G]./[T2C], extension, lanes 5 and 6:
[A3G]./[T3C], extension, lanes 7 and 8: [A4G]./[T4C], extension, L = DNA ladder.

The extension assay of the 10 base pair repeat sequence, using the oligo seed,
[AeG]2/[ToC]2, (b = 10), Fig. 12, indicated that the extension was less efficient than
with the smaller repeating units, Fig. 11. The initial probability of a shifted annealing
when b = 10 is lower for the 20 bp oligo seed, (only 50 % - either 20 bp complete
overlap or 10 bp shifted overlap) than with the smaller repeating units, (67 % when
b=5, 75 % when b =4, 80 % when b = 3, 86 % when b = 2,). However, after the
initial 10 cycles, the extension appears to follow the same trend as the other
sequences considered, Fig. 12. The ability to extend repeats of the sequence type
[AxG]/[TxC]n, where x = 1 to 9, affords control over the G:C base pair density, that is,

the ability to position individual G:C pairs at defined distances from each other.
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1.5 kb

0.5kb

Fig. 12 Agarose gel of the DNA extension products consisting of [AgG]./[ToCln, lanes 1-4: extension
products after, 5, 10, 15 and 20 cycles, respectively. L = DNA ladder.

Thermal cycling is also possible with sequences containing all four
bases - [GATC]/[CTAG],, (b = 4) and [ACTGATCAGC],/ [TGACTAGTCG], (b = 10),

Fig. 13 (a) and (b). This validates the method as an efficient and reliable route to

fabricate long DNA with designer sequences.

Fig. 13 Agarose gels of (a) lanes 1-5: DNA products from [GATC]s/[CATG]s after 5, 10, 15, 20 and 0
cycles respectively, lanes 6-10: DNA extension products from [ACTGATCAGC]./[TGACTAGTCG].
after 5, 10, 15, 20 and 0 cycles respectively, (b) lanes 1-4: DNA extension products from
[GATC]s/[CATG]s after 20, 40, 60 and 0 cycles respectively, lanes 6-9: DNA extension products from
[ACTGATCAGCI/[TGACTAGTCG]. after 20, 40, 60 and 0 cycles respectively, L = DNA ladder.

40



DNA Sanger sequencing was performed by GATC-biotech (Cologne, Germany), for
both the [A4G], strand and the [T4C], strand, yielding a sequence length of 307 and
340 nucleotides respectively, Fig. 14 (a) and (b). The DNA sequencing shows correct
reading and incorporation of each base by the DNA polymerase, thus providing
evidence for high fidelity of the DNA polymerase to maintain the Watson and Crick
base pairing rules.

aGAA3GaA3GaA3GAA3BGAA3GAA3GaA3GAA3GannngannngAA3GAA3GAA3GAA
BGAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3SGAA3GAA3GAA
BGAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3SGAA3GAA3GAA
BGAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3GAA3SGAA3GAA3GAA
BGAA3GAA3GAA3GAA3GAA3G

100 110 120 130 140 150 160 170 180

NN NIANAAANMAANAAANNAAANMAAAMAANAAANANAMNAAA AN AN AN AN AN,

Fig. 14 (a) Sanger sequencing results of the (A4G), strand of the DNA extension product.

TenTTTCITTTCHTTTCTTTTCTTHTCTTTTCTTTTCTTTTCTTTICTTTTCTTTICLTTTCT
TTTCTTTTCTTTTCITTTCITTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCHT
TTCTTTTCtTTTCITTTCTTTTCTTTTCITTTCtTTTCTTTTCTTTTCTTTTCITTTCTTTT
CTTTTCTTTTCTTTTCITTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCITTT
CTTTTCTTTTCITTTCHTTCITTTCTTTTCHTTCATTTCATTTCTTTTCITTICITTTCITTT
CTTTTCITTTCtTTTCtTTTCtTttcttt

TTTTCTTTTCTTTTCTTTTCTT TTCTTTTCTT TTCTTTTCTT TTCTT TTCT TTTCTTTTCTTTTCTT TTCTTT TCTTTTCTTTTCT

A A AR Ao N A ( \ ‘
(Vv r\\\_“( w \‘J \‘w ‘”\b/ \‘j \\J" | ’J“’\ _/ v \U( \‘/\w"\”‘f \M/ \“f\l,\f U \I/‘\ ,“A\, \U PN A A | \\
Fig. 14 (b) Sanger sequencing results of the

DNA melting was performed using pico-green (a DNA intercalator) with 2 uM dsDNA
(both oligo seed and DNA extension products), monitoring the fluorescence emission
while heating from 45 to 95 °C, Fig. 15. As expected, the DNA extension products
after 30 heat-cool cycles have a higher melting temperature (T,,) than the original
oligo seeds. A comparison between the control oligo duplex and the DNA samples
shows the initial gradual decrease in fluorescence intensity is expected for the DNA
melting profiles. All the samples follow a similar trend to the control sample, except
the [A9G]o/[ToC]2 oligo seed which shows a small melting curve, suggesting the oligo

seed may not form a completely annealed duplex under these conditions.
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Fig. 15 T, analysis of the oligo seeds, the extension products synthesised after 30 heat-cool cycles
and a commercial DNA duplex of known melting point.

2.2.4 Selection of DNA polymerase

Tgo-Pol Z3 exo- was used throughout the experiments in this chapter. Tgo-Pol Z3
exo- is a thermostable DNA polymerase with reduced fidelity as it is disabled in the
proof reading exonuclease region.'® Additional mutations by the insertion of 3 amino
acids into the fingers domain adds to Z3’s ability to incorporate non-standard
dNTPs.”® However, for extension with the four standard bases, a standard
exonuclease minus DNA polymerase variant is adequate. This was demonstrated by
comparing the extension efficiency of the Pfu-Pol exo- and the variant Tgo-Pol Z3
exo-. There was a slight increase in extension efficiency of Pfu-Pol exo- in
comparison to Tgo-Pol Z3 exo-, Fig. 16 (a). However, as Tgo-Pol Z3 exo- is more
accommodating of modified nucleotides, it may be a more apt reagent for future
applications in producing DNA as a customisable nanomaterial. The importance of
the exonuclease activity in this method was investigated by a comparison with
Pfu-Pol exo+. The exonuclease containing DNA polymerase is unable to extend DNA
by this method of extension and appears to degrade the starting oligo seed, Fig. 16
(b). Therefore, exo- DNA polymerase variants are required to extend DNA by this

method.
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(a) L 1. 2 3 4 5

5kb™
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Fig. 16 (a) Agarose gel comparing extension efficiency between Tgo-Pol Z3 exo- and Pfu-Pol exo-.
Lane 1: Tgo-Pol-Z3 exo- 7 cycles, lane 2: Tgo-Pol-Z3 exo- 10 cycles, lane 3: Pfu-Pol exo- 7 cycles,
lane 4: Pfu-Pol exo- 10 cycles, lane 6: oligo seed. (b) Agarose gel comparing extension efficiency
between Tgo-Pol Z3 (exo-) and Pfu-Pol exo+. Lane 1: Pfu-Pol (exo+) 5 cycles, lane 2: Pfu-Pol (exo+)
10 cycles, lane 3: Tgo-Pol Z3 (exo-) 5 cycles, lane 4: Tgo-Pol Z3 (exo-) 10 cycles, L=DNA ladder.

2.2.5 Heat-cool extension vs DNA slippage

A comparison in extension efficiency between the heat-cool cycling method
demonstrated here, and the previously reported isothermal slippage reaction,?®%’
showed that for oligo seeds where b = 2 - 5, the products from heat-cool cycling are
consistently longer, Fig. 17 (a)-(c). DNA slippage is a random process, whereas,
thermal cycling directs extension. Therefore, heat-cool cycling is more suitable for the
synthesis of long repeating sequences of DNA. Additionally, evidence is provided to
support the proposed mechanism for the heat-cooling cycling method of extension as
DNA slippage alone does not result in the same product lengths.

@ L 1 2 3 4 5 6 7 8 L (b

e e e e e

L 1 2 3 4 5 6 7 8 L

e e L L

5 kb —>! 5 kb—

1.5 kb
0.5 kb

1.5 kb
0.5 kb

¢ L 1 2 3 4 5 6 7 8 L

— e

5 kb

1.5 kb
0.5 kb

Fig. 17 Agarose gels of (a) Tgo-Pol Z3 exo-, (b) Pfu-Pol exo- and (¢) Tgo-Pol exo- comparisons; lane
1: [AG]1o/[TClio DNA extension products, lane 2: [AG]1o/[TC]io0 DNA slippage products, lane 3:
[A.G]//[ToC]; DNA extension products, lane 4: [A>G]//[T.C]; DNA slippage products, lane 5:
[A3G]s/[TsCls DNA extension products, lane 6: [A3Gls/[T3C]s DNA slippage products, lane 7:
[A4G14/[T4Cls DNA extension products, lane 8: [A4G]4/[T4C], DNA slippage products, L = DNA ladder.
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2.3 Conclusions

DNA extension via heat-cool cycles provides a flexible method for the synthesis of
long dsDNA of designed length and sequence from short oligo seeds. Repeating
units of a number or bases, b, where b =2, 3, 4, 5 and 10 bases can be extended to
produce a range of lengths of long DNA. As shown with [A3G]s/[T3Cls, DNA lengths of
smaller distribution can be extracted from agarose gels to yield uniform DNA
samples. Oligo seeds containing repeating units of random sequences can also
extend — showing the versatility of this method. Extension comparisons between two
exonuclease minus and an exonuclease positive DNA polymerases illustrates the
requirement for an exonuclease minus variant, however, additional mutations are not
required. Finally, this method establishes a means for the introduction of multiple,
uniformly spaced bases, controlled by user defined repeat units within the oligo
seeds, to assemble DNA with potential for adaptable nanomaterials. If modified DNA
synthesis was possible by this method of DNA extension, it would further expand the
DNA nanotechnology tool-box and provide avenues to a variety of designer DNA.
Chapter 3 will consider the addition of modified dNTPs into the heat-cool cyclic

method of DNA synthesis reported here.
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2.4 Experimental

Deoxynucleotide concentration

Deoxyoligonucleotides were purchased from Eurofins (Ebersberg, Germany). The
concentration of the deoxynucleotides were determined using absorbance at 260nm.
Absorbance was measured using a NanoDrop 1000 Spectrometer (Thermo
Scientific, UK). Deoxyoligonucleotide concentrations were calculated using the
Beer-Lambert Law (equation 1).

A=¢ecl (Equation 1)
c= concentration (M)
A= Absorbance
& = extinction coefficient of the deoxyoligonucleotide at 260 nm (mM'cm™) (Table 2).
| = path length (cm)

Name Sequence Extinction Coefficient mM'cm™
(AG)1o AGAGAGAGAGAGAGAGAGAG 2421
(TC)1o TCTCTCTCTCTCTCTCTCTC 144.9
(AAG)7 AAGAAGAAGAAGAAGAAGAAG 266.5
(TTC), TTCTTCTTCTTCTTCTTCTTC 156.2
(AAAG)s AAAGAAAGAAAGAAAGAAAG 259.6
(TTTC)s ITTCTTTCTTTCTTTCTTTC 150.8
(AAAAG), AAAAGAAAAGAAAAGAAAAG 263.16
(TTTTC), [TTTCTTTTCTTTTCTTTTC 151.9
(AAAAAAAAAG), AAAAAAAAAGAAAAAAAAAG 270.2
(TTTTTTTTTC), [TTTTTTTTCTTTTTTTTTIC 171.4
(GATC)s GATCGATCGATCGATCGATC 193.5

(

ACTGATCAGC), ACTGATCAGCACTGATCAGC 195.8
(TGACTAGTCG). TGACTAGTCGTGACTAGTCG 191.2

Table 2 Oligos used in this study.

Each deoxynucleotide extinction coefficient (mM'cm™) was calculated using

equation 2 and Table 3.

eoligodeoxynucleotide = 5 ebases x 0.9°" (Equation 2)
Nucleotide Extinction coefficient at 260 nm
dA 15400
dC 7400
dG 11500
daT 8700

Table 3 Nucleotide extinction coefficients taken from Sigma-Aldrich
(http://www.sigmaaldrich.com/technical-documents/articles/biology/quantitation-of-oligos.html).
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Primer template annealing

The primer duplexes, shown in Table 4, were prepared by addition of DNA annealing
buffer (10 MM Hepes pH7.5, 100mM NaCl and 1mM EDTA) to the
deoxynucleotides and heating to 95 °C for 10 minutes and cooling slowly to room

temperature, 25 °C. Annealed duplexes were stored at -20 °C.

Oligos to be combined Final oligo seed DNA duplex
length / bp
(AG)1 and (TC)1o [AG]1o/[TCl10 20
(AAG); and (TTC); [AAGI//[TTC], 21
(AAAG)s and (TTTC)s [AAAG]S/[TTTC]s 20
(AAAAG), and (TTTTC), [AAAAG/[TTTTC]4 20
(AAAAAAAAAG); and (TTTTTTTTTC), [AAAAAAAAAGL/TTTTTTTTTC], 20
(GATC)s [GATC]s/[CTAG]s 20
(ACTGATCAGC), and (TGACTAGTCG). [ACTGATCAGC]/[TGACTAGTCG]. 20

Table 4 Summary of oligos required to form the primer duplexes used.

DNA polymerases

The DNA polymerases used in this study are described in Table 5.

DNA Polymerase Properties Source Extinction DNA pol
coefficient concentration
M'cm™ for extension
Pfu-Pol exo+ Archael family B polymerase Agilent 121710 1 unit /20 pl
reaction
Pfu-Pol exo- Archael family B polymerase Prepared 121710 200 nM
with the 3'> 5" exonuclease  and purified
activity removed in house'®%
Tgo-Pol exo- Archael family B polymerase Prepared 116020 200 nM
with the 3> 5" exonuclease and purified
activity removed in house'®%
Tgo-Pol Z3 exo- Archael family B polymerase Prepared 116020 200 nM

low fidelity variant with the and purified
3" 5" exonuclease activity  in house'®®’
removed and alterations to

the fingers domain

Table 5 Description of DNA polymerases used.

Extinction coefficients of DNA polymerases used in this study were calculated at 280 nm. The values
were determined using ExPASy ProtParam. The extinction coefficients of enzymes with single amino
acid substitutions are assumed to be the same as wild type.
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DNA duplex extension using heat-cool cycles

0.5 uM DNA duplex (oligo seed), DNA polymerase (Table 6), corresponding reaction
buffer (Table 7), and 0.5 mM dNTPs (dCTP, dATP, dTTP and dGTP) were mixed.
Thermocycling was carried out using an Applied Biosciences Veriti 96 well Thermal

Cycler by the following method:

N (number of cycles stated) x 30 seconds at 95 °C

30 seconds at 55 °C

30 seconds at 72 °C
The products were cooled to 4 °C after the reaction. The reactions were terminated
by the addition of 40 mM EDTA.
DNA extension product was then purified using a QlAquick PCR purification kit (25)
(QIAGEN, Manchester, UK) following the manufacturers protocol.
Where stated in the results and discussion, additional dNTPs (2 mM) and Tgo-Pol Z3
exo- (200 nM) were added every 10 cycles to the reaction mixture. As a control, an
equal volume of nanopure-H,O was added to additional reaction solutions to match

dilution.

DNA Slippage reaction

0.5 uM DNA duplex (Table 4), 200 nM DNA polymerase, DNA polymerase reaction
buffer (Table 6), and 0.5 mM deoxynucleotide triphosphates (ANTPs) (dCTP, dATP,
dTTP and dGTP) were mixed. Reaction mixtures were incubated at 37 °C for 2 hours
and quenched by the addition of 40 mM EDTA. Product was then purified using a
QlAquick PCR purification kit (25) (QIAGEN, Manchester, UK) following

manufacturers protocol.

DNA polymerase Buffer Components

Pfu-Pol exo-, 10 x Pfu-Pol exo- and 200 mM Tris-HCI (pH 8.8, 25 °C), 100 mM

Tgo-Pol exo- and Pfu-Pol-Z3 exo- Reaction  (NH,;)2SO,4, 100 mM KCI, 1 % Triton X-100,

Tgo-Pol Z3 exo- Buffer 1 mg/mL Bovine Serum Albumin (BSA) and
20 mM MgSO4

Table 6 Composition of 10x polymerase reaction buffers.

Agarose Gel Electrophoresis

The DNA extension products were analysed by gel electrophoresis in either TAE
(Tris, Acetic Acid and Na,EDTA.2H,O) or TBE (Tris, Boric Acid and Na,EDTA.2H,0)
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buffer. Either 0.5 % or 1% Agarose (Melford, Ipswich, UK) or 0.3 % Seakem Gold
Agarose (Lonza, Reading, UK) was added to the 1 % TBE or TAE buffer and heated
to dissolve. The agarose solution was either supplemented with ethidium bromide
(Sigma Aldrich) and poured once it had cooled to 50 °C or post-stained with a
5 pg/mL solution of ethidium bromide. The 100 bp+, 1 kb and 1 kb+ DNA ladders
were purchased from Thermo Scientific and provided with a Loading dye (2.5 %
Ficoll-400, 11 mM EDTA, 3.3 mM Tris-HCI (pH 8.0, 25°C), 0.017 % SDS and
0.015 % bromophenol blue). DNA samples were supplemented with the gel loading
dye. The gels were run at 100 V, 100 mA, 10 W for approximately 1 hour and then

visualised using an ultra-violet transilluminator.

Lonza Gel Electrophoresis

Lonza Gel electrophoresis was performed using the pre-cast Lonza Gel kit (Lonza™)
and performed as stated in the manufactures handbook. DNA was recovered by
addition of nano pure H.O to the wells. Concentration of extracted DNA was

performed using a rotary evaporator (Savant Speed Vac).

Extraction of DNA Bands from Agarose Gel

DNA bands were manually excised from 1 % agarose gel using a surgical blade
following resolution by electrophoresis. The excised gel was then weighed and
product extracted using a QIAquick gel extraction kit (QIAGEN) and performed
following the manufacturers protocol. Product was then purified using a QIAquick

PCR purification kit (25) (QIAGEN) following manufacturers protocol.

AFM Imaging

The top layer of the mica surface was cleaved using sticky tape. 5 puL of the DNA
sample was dropped onto the mica surface at 25 °C using a micro pipette. After
5 minutes, 5 pL nanopure-H>O was dropped onto the mica surface, maintaining the
25° angle. Nitrogen gas was then passed over the surface and allowed drying for
1 hour under laminar flow. Light microscopy was used to locate the sample and
cantilever position. AFM images were collected using a Dimension V with a
nanoscope controller (Veeco Instruments Inc., Metrology Group, Santa Barbara, CA).

The tapping mode was used with an etched silicon tip (Tap 300AI-G, 300 kHz,
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40 N/m) on an isolation table (Veeco Inc., Metrology Group) to reduce interference.

Nanoscope 7.00b19 software was used to acquire data.

Ultra-violet/ Visible Spectroscopy

UV-Vis spectroscopy was performed using a NanoDrop 1000 Spectrometer (Thermo
Scientific) for volumes less than 2 pL and using a Varian Cary 100Bio UV-Vis
spectrophotometer with a Varian Cary temperature controller for larger volumes.
Spectrometer was blanked using nanopure-H>O or QIAGEN elusion buffer.

Concentration and peak determination was performed as shown on Table 4.

Fluorescent Microscope Imaging

DNA samples were prepared as stated above in ‘Heat-cool cycle DNA extension’,
diluted to approximately 10 ng/puL and supplemented with 0.5 nM YOYO-lodine (Life
technologies, Paisley, UK). Glass slides were cleaned using a diener electronic
(Femto, Korea) and 5 uL sample was deposited using a micro pipette and spread on
the surface. Sample was allowed to dry and mounted onto an Axioshop 2 plus (Zeiss,
Germany) image platform, set to filter 44, with a Plan-NEOFLUAR 40 x/ 0.75
objective lens (Zeiss). The sample was excited at 490 nm from a ebq100 isolated

mercury lamp (LEJ, Germany) and captured using an axioCam HRm (Zeiss).

DNA Melting Temperature

DNA oligo seeds were pre-annealed and DNA products were synthesised following
the method in “heat-cool cycles DNA extension” for 30 cycles. Control dsDNA
annealed from
5’GGGGATCCTCTAGAGTCGACCTGCTGGAAAGCAAGCTTGTCTCATGGACCGATA
5TATCGGTCCATGAGACAAGCTTGCTTGCCAGCAGGTCGACTCTAGAGGATCCCC

200 fold Quant-iT™ PicoGreen® was added in a 1:1 ratio to 2 uM dsDNA. DNA
melting was monitored via fluorescence detection from 45 to 95 °C rising 1 °C every

10 seconds on a Corbett Research Rotor-Gene 6000.
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Designer DNA: Synthesis of Modified and Sequence Controlled
Double Stranded DNA
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3.1 Introduction

Enzymatic incorporation of modified dNTPs has potential in both biomedical™? and
nanotechnology applications,>® with probable aid in DNA sequencing,”®

910 and sensing.®'! The insertion of modified dNTPs would reveal a new

conjugation
array of specialist DNA structures capable of further function and added control.
Currently, the DNA used within these advanced applications consists of a known length
and sequence, however, both these attributes are difficult to design beyond the
capabilities of an automated DNA synthesiser. Along with a high fidelity controlled base
pairing system,’? DNA is a stable molecule constructed from three components, the
base, ribose sugar and phosphate — each of these groups can be artificially modified,

13,14
d'®

Fig. 1. The synthesis of non-natural dNTPs is now highly establishe with many

now commercially available (Jena Biosciences (Germany) and Trilink (USA)).
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Fig. 1 dNTPs with modifications on the base (a) 8-0x0-dGTP,' the phosphate (b) dTTPaS' and the
sugar (c) 2’-F-duTP."'®

The incorporation of modified nucleotides into dsDNA has been possible, by either

phosphoramidite chemistry using automated DNA synthesisers'”'®

or enzymatically
by primer extension assays'® and template copying.® Shionoya’s laboratory
synthesised a range of unnatural bases, modified in the base pairing region, and
incorporated these into short oligos by the phosphoramidite method.>'”'® These
unnatural bases provide a specific anchor for certain metal ions, affording additional
control over typical DNA templating.?® However, this method of modified DNA
synthesis is limited by the reducing yield of increasing oligo length during the
phosphoramidite method. A PCR based method, PEAR, allows the enzymatic
synthesis of modified antisense oligos." PEAR is a more accommodating method for

artificial DNA synthesis compared to the phosphoramidite method as the DNA
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polymerase is more flexible, for example, azide functional groups cannot be
incorporated into oligos by the phosphoramite method.?'

The incorporation of oxidised nucleotides has been studied due to their interference
with the faithful replication of chromosomal DNA,2 resulting in cellular mutations.??
Incorporations in this instance are shown using primer extension assays where the
end length of the modified DNA strand is equal to the template used.'?® A detailed
study by the Loeb laboratory'® outlines incorporation efficiencies of 8-oxo-dGTP and
8-NH.-dGTP versus dGTP in the reaction pot, revealing reduced efficiency in both Pol
o and Pol 3, however, some level of incorporation is present. This is an efficient method
for modified DNA synthesis, however, the lengths of DNA are limited by the template
provided.

Fig. 2 Modified DNA, decorated with alkyne functional groups positioned on dT bases throughout the
DNA molecule.**

Longer lengths of DNA are currently obtainable using DNA extracted from bacterial or
mammalian cells, for example, lambda DNA and calf thymus DNA. Modifications
cannot be built-in to the original DNA sequence, however, they can be incorporated
into the new replica under PCR conditions. Carell’s laboratory prepared modified DNA
by this method to provide alkyne functional anchors for click chemistry on 300 and
900 bp lengths of DNA, Fig. 2.* The DNA sequence and length were known as the
Pol n gene was used, however, neither of these attributes were designed specifically
for this experiment. Although, 900 bp is an improvement on oligo lengths of DNA,
functional nanomaterials necessitate user-definable lengths. The synthesis of longer
lengths of modified DNA with designed sequence and length was performed by ljiro’s
laboratory using the slippage reaction.® [dG]1s/[dC]1s underwent isothermal incubation
to allow extensions up to 2,000 bp in length where the sequence is controlled by the
starting oligo duplex and the length is controlled by the time of incubation. This method
in turn was used to synthesise DNA tri-block copolymers with blocks of unmodified
versus modified regions of polynucleotides, Fig. 3 — additionally affording control over

functional content location. Although ljiro’s results report a method with added control,
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this control is still limited to the [dX]./[dY], sequence and can only direct the site of

modifications in large blocks.

LML LRI LI LI IR X X ey rrrrrrr e T r L LA I T L I T T T DIl
Y Y Y Y Y Y Y Y Y Y Y Y Y Yy Y Y Y Y Y YrY Y Y Y rYyYyYyyyyWYYYYYYYYYYYYYYYYYYJYYY Y
n n n
Key: =— DNAbackbone ~ dG =+ dC 7-deaza-dG

Fig. 3 DNA triblock copolymer consisting of an unmodified, a modified and an unmodified region of DNA
of n bp in length, following three rounds of the slippage reaction.®

The integrity of the genome relies on the faithful replication of the DNA by a set of DNA
polymerases. Many studies into the DNA polymerase ability to read mutations has led
to several exo- derivatives with added abilities to handle artificial ANTPs. The E. coli
Klenow exo- fragment is commonly used for primer extension assays and the slippage
reaction due to its’ ability at performing many biosciences applications, such as, DNA
sequencing® and blunt end formation.?® As the Klenow exo- fragment is a proteolytic
product of E. coli DNA polymerase 1, it is not stable at high temperatures,?’ hence,
thermostable DNA polymerases from the Archaea genus such as Pyrococcus and
Thermococcus have been investigated to aid PCR based methods.?**° Many
thermophilic Archaeal DNA polymerases are now commercially available; Vent exo-,
Deep Vent exo- and Pfu-Pol exo- - all are absent in the 5’-3’ proofreading ability,
however, they are derived from a highly accurate DNA polymerase, providing support
to enable correct reading and incorporation of artificial bases.

A method, able to incorporate artificial bases at not only known, but designed positions
throughout the DNA duplex, would provide anchors for additional function — aiding the

synthesis of designable nanomaterials.
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3.2 Results and discussion

To build on the method reported in Chapter 2, adaptations to improve the control over
the range of products was investigated to produce designer DNA. Scheme 1 outlines
the chosen modifications to establish this designer DNA synthesis method. Single
atom modifications of varying sizes and positions have been selected, 5-1-dCTP,
7-deaza-I-dATP, 5-Br-dUTP and 6-S-dGTP, along with a long chain modification,
5-alkyne-Cg-dCTP, to ascertain DNA polymerase capacity. Two DNA polymerases; the
Tgo-Pol Z3 exo-?° and Thermococcus litoralis DNA polymerase (Deep Vent exo-)*’
have been assessed during this chapter to ascertain requirements for modified base
incorporation. A comparison with the commercially available Deep Vent exo- was
performed to gauge the behaviour of Tgo-Pol Z3 exo-. Both DNA polymerases are
disabled in the exonuclease domain and are therefore suitable for modified dNTP
incorporation. Tgo-Pol Z3 exo- has an insertion of 3 amino acids in the loop subdomain
— a subdomain involved in dNTP incorporation — allowing added flexibility for larger

artificial base incorporation.?®

O NH2 HS | H2N NH,
Br I X N N N &7 4:
NH N N 7 N N%
AR e B
o SN0 NN NH, N 9
[A4C4/[T4Cla [GATC]s/[CTAG]s

l Heat-Cool Extension l
1-type modification

ZM‘lI?TlI?TII?EZ&Z

2-types modification

3-types modification

||||'I|II?I|II

?IIT?IIT?IIT

4-types modification

IIII'IIII'IIII ZSQZ?..??”??”?:ZSQZ

Key:\.7 Extended DNA 1 dGTP L dCTP ! dATP ! dTTP e modification

||||,|||I?||I|

Scheme 1 Designer DNA synthesis by heat-cool cycles from [A4G]4/[T4C]s and [GATC]s/[CTAG]s to
control the production of DNA with specific sequence, length and chemical content.
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3.2.1 DNA extension reactions incorporating 1-type of modification

3.2.1.1 DNA extensions with [GATC]s/[CTAG]s
[GATC]s/[CTAG]s is a self-complementary sequence, containing an equal distribution
of each base on both strands, hence will lead to no bias when analysing the DNA
polymerase ability to incorporate modified bases using the heat-cool cycles described
in Chapter 2.
3.2.1.1.1 5-I-dCTP incorporation with [GATCJs/[CTAG]s5
Incorporation of the single atom modification, 5-1-dCTP, was initially investigated with
the self-commentary oligo seed [GATC]s/[CTAG]s and Tgo-Pol Z3 exo-. Extension
using Tgo-Pol Z3 exo- is clearly highly proficient when incorporating this artificial base
— lengths up to 3,000 bp are reached within 5 heat-cool cycles, Fig. 4 (a). The agarose
gel, depicts a distribution of products lengths, consistent with the DNA extension
results in Chapter 2. A maximum extension length is reached before 30 cycles - this is
shown clearly on the Image J plot, Fig. 4 (b), illustrating a consistent maximum intensity
(modal length) from 20-30 cycles.

(a)

Intensity/a.u.

0 2000 4000 6000 8000 10000
Length/bp

Fig. 4 (a) 5-1-dC-DNA agarose gel of [GATC]s/[CTAG]s DNA extension products after 0, 5, 10, 15, 20,
25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to
100 for the maximum fluorescence of each lane.

3.2.1.1.2 5-alkyne-Cs-dCTP incorporation with [GATCJs/[CTAG]s

To establish whether the DNA polymerase can handle bulky chain derivatives,
5-alkyne-Cg-dCTP was added to the reaction pot in place of dCTP. Equally, this
artificial base had little effect on the DNA polymerase capability, Fig. 5 (a). DNA
extension performed with this artificial base also reached the maximum length before
30 cycles, exhibiting similar product lengths from 15-30 cycles as depicted in more
detail by the Image J analysis, Fig. 5 (b). Once again, a large band is visible on the
agarose gel, confirming a distribution of lengths were produced, spanning from 200 to

3,000 bp, with a peak maximum at 2,000 bp.
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Fig. 5 (a) 5-alkyne-Cg-dC-DNA agarose gel of [GATC]s/[CTAG]s DNA extension products after 0, 5, 10,
15, 20, 25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised
to 100 for the maximum fluorescence of each lane.

3.2.1.1.3 7-deaza-I-dATP incorporation with [GATCJs/[CTAG]s

To determine whether the position of the modification on the base affects the
incorporation, dATP was replaced with 7-deaza-I-dATP. DNA extension was again
monitored up to 30 cycles, Fig. 6 (a) and expressed a reduced extension proficiency
in comparison to 5-1-dCTP. A closer analysis of the Image J plot, reveals the maximum
extension length was not reached until 25 cycles suggesting incorporation is less
favourable in the N7 position of dATP derivatives. This dATP derivative also involves
the exchange of nitrogen for carbon, potentially altering the electron density distribution

and thus, the DNA polymerase handling of the modification.
100
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Fig. 6 (a) 7-deaza-1-dA-DNA agarose gel of [GATC]s/[CTAG]s DNA extension products after 0, 5, 10,
15, 20, 25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised
to 100 for the maximum fluorescence of each lane.

3.2.1.1.4 5-Br-dUTP incorporation with [GATC]s/[CTAG]s

As iodine has a larger atomic radius than bromine, bromine containing derivatives were
expected to incorporate at an equal rate, if not greater than the I-dNTPs. Analysis of
extension products however, elucidates a reduced incorporation rate compared to the
I-derivatives, Fig. 4 and 6 - a 2,000 bp extension product length was not achieved until
15 cycles — confirmed by the Image J analysis depicting near identical plot profiles

from 15-30 cycles, Fig. 7. The agarose gel and Image J plot illustrates a lag phase in
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enzymatic extension which is overcome after 5 cycles. The slight reduction in
extension rate may be due to the larger electronegativity difference between hydrogen
and bromine versus hydrogen and iodine. Bromine is more electronegative, potentially
changing the electron density of the delocalised electrons in the base ring, altering the
hydrogen bonding environment — a potentially unfavourable attribute for DNA stability

and enzyme recognition.
(a)

Intensity/a.u.
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Fig. 7 (a) 5-Br-dU-DNA agarose gel of [GATC]s/[CTAG]s DNA extension products after 0, 5, 10, 15, 20,
25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to
100 for the maximum fluorescence of each lane.

3.2.1.1.5 6-S-dGTP incorporation with [GATC]Js/[CTAG]s

Thus far, the modifications discussed are located in the major groove of DNA once
incorporated. As implied by the bromine derivative, alterations in the base pairing
region may reduce polymerase ability. In 6-S-dGTP there is an exchange between the
nucleobase 6-oxygen for a sulfur — a larger atom with lower electronegativity. As
anticipated, extension rate is largely reduced when exchanging dGTP for 6-S-dGTP in
the extension reaction, Fig. 8 (a). Additionally, the reaction also appears to have a lag
time of 5 cycles before extension begins, Fig. 8 (b). Due to the increased atomic radius
of sulfur, some distortion in the dsDNA helical structure and a reduced dsDNA stability
is anticipated.®® Therefore, re-annealing with a shifted structure may be less favourable
— this could account for the lag time before the dsDNA is long enough to overcome this

instability challenge.
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Fig. 8 (a) 6-S-dG-DNA agarose gel of [GATC]s/[CTAG]s DNA extension products after 0, 5, 10, 15, 20,
25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to
100 for the maximum fluorescence of each lane.

3.2.1.2 DNA extensions with [A4G]/[T4Cl4

To understand the true potential of Tgo-Pol Z3 exo-, a sequence with repeated bases,
[A4G]4/[T4Cls, was investigated. [A4G]4/[T4Cls affords further control over base
positions — dG and dC appear once every 5 bases and each nucleotide only appears
on one strand. In future studies the number of dA and dT bases can be varied in the
form, [AxG]/[TxC]. to study how the base separation between the dC/dG sites can be
exploited for nanomaterial assembly.

3.2.1.2.1 5-I-dCTP incorporation with [A4G]«/[T4Cl]4

5-1-dC incorporation into [A4G]./[T4C], showed similar extensions when compared to
[GATC]./[CTAG]» (modal DNA product length of 3,000 bp for both oligo seeds), Fig. 9,
confirming this modified dNTP has little effect on DNA polymerase efficiency. From the
Image J analysis, it is clear that maximum extension is reached after 10 cycles, Fig. 9
(b), producing a distribution of lengths as exhibited by the long bands on the agarose
gel, Fig. 9 (a).
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Fig. 9 (a) 5-1-dC-DNA agarose gel of [A,G14/[T4C]s DNA extension products after 0, 5, 10, 15, 20, 25
and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to 100
for the maximum fluorescence of each lane.
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3.2.1.2.2 5-alkyne-Cg-dCTP incorporation with [A4G]/[T4Cls

5-alkyne-Cg-dCTP incorporation into [A4G]n/[T4«C]n is almost identical to
[GATC]./[CTAG]nincorporation, exhibited by the agarose gel images. Both gels display
a similar distribution of product lengths, ranging from 200 to 4,000 bp and reach a
maximum extension length after 10 heat-cool cycles. Equally, the modal length is
approximately 2,000 bp for each sequence as expressed from the Image J analysis,
Fig. 5 (a) and 10 (a).
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Fig. 10 (a) 5-alkyne-Cg-dC-DNA agarose gel of [A,G]4/[T4C]s DNA extension products after 0, 5, 10, 15,
20, 25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised
to 100 for the maximum fluorescence of each lane.

3.2.1.2.3 7-deaza-I-dATP incorporation with [A4G]/[T4Cls

Heat-cool cycles performed with [A4G]4/[T4C]s and in the presence of 7-deaza-I-dATP
in the reaction produced a maximum modal product length of 4,000 bp after 10 cycles,
Fig. 11. Surprisingly, the maximum product length was reached earlier with the
[A4G]/[T4C]n than with the [GATC]./[CTAG], sequence. [A4G]/[T4+C]n extension
requires consecutive incorporation of the artificial dA derivative, hence a slower rate of
incorporation was anticipated. However, these results show this modified dNTP has
negligible effect on DNA extension as the overall rate of extension is not hindered by
arequired increase in the number of modifications to produce the same product length.
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Fig. 11 (a) 7-deaza-I-dA-DNA agarose gel of [A4G]4/[T4C], DNA extension products after 0, 5, 10, 15,
20, 25 and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised
to 100 for the maximum fluorescence of each lane.
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3.2.1.2.4 5-Br-dUTP incorporation with [A4G]«/[T4Cl]4

A comparison between 5-Br-dUTP incorporation into the [AsG]./[T4C]. sequence
versus the [GATC]/[CTAG], sequence, exhibited a slower rate, reaching only 200 bp
versus 1,000 bp, after 5 cycles, Fig. 12. As recalled, 5-Br-dUTP has a negative effect
on DNA extension due to the potential disruption of the hydrogen bonding region due
to the increased electronegativity of the Br atom, hence, in a sequence where four
consecutive incorporations are required, a larger impact on the rate of extension is
observed. The adjustment in hydrogen bonding strength may cause a reduction in
stability of the DNA duplex. On beginning extension, a shift is required — if there are 4
consecutive bases of unfavourable or less stable annealing, the overlapping duplex
may not be completely double stranded and thus disable DNA polymerase binding and
sequence copying. As the final maximum product length is similar to the dNTPs which
the DNA polymerase can handle well, it is likely that the reduced initial extension rate

is due to initial instabilities, rather than DNA polymerase handling.
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Fig. 12 (a) 5-Br-dU-DNA agarose gel of [A,G]4/[T4C]s DNA extension products after 0, 5, 10, 15, 20, 25
and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to 100
for the maximum fluorescence of each lane.

3.2.1.2.5 6-S-dGTP incorporation with [A4G]«/[T4ClJ4

6-S-dGTP also has a reduced incorporation rate using [A1G]4/[T4C]4 as the oligo seed,
Fig. 13 (a). Again, we expect the modification to induce some structural instabilities
into the dsDNA. Conversely to [GATC]./[CTAG],, the modification only appears on one
strand in [A4G]./[T4Cln, hence it is proposed that as any deformations are unequal
between the two strands the 6-S-dG sites may result in reduced stability, stalling dNTP
incorporation. Slow extension is observed up to 30 heat-cool cycles, and only reaching

modal product lengths of 300 bp.
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Fig. 13 (a) 6-S-dG-DNA agarose gel of [A4G]4/[T4C]4 DNA extension products after 0, 5, 10, 15, 20, 25
and 30 cycles from lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to 100
for the maximum fluorescence of each lane.

3.2.1.3 Summary of 1-type of modification per extension reaction

The 5 artificial bases discussed above are each within the Tgo-Pol Z3 exo- handling
capacity to perform replication incorporations. The DNA polymerase activity varies
depending on the position and type of modification, within each modified nucleotide,
as shown by the variation in modal DNA product lengths after 5 and 10 cycles, Fig. 14.
Extensions with [GATC]s/[CTAG]s and 5-I-dCTP, 5-Cg-alkyne-dCTP and
7-deaza-I-dATP clearly show maximum extension is rapidly reached by 5 heat-cool
cycles. The same trend is seen with [A4G]4/[T4C]s and 5-Cg-alkyne-dCTP and
7-deaza-I-dATP, however maximum extension is not observed with 5-1-dCTP until after
10 heat-cool cycles. Due to the less favourable incorporation of 5-Br-dUTP and
6-S-dGTP, a lag phase is observed. 5-Br-dUTP and 6-S-dGTP interfere with the base
pairing regions, therefore, the reduced stability affects enzyme processivity. However,
5-Br-dUTP does reach similar maximum product lengths to 5-1-dCTP,
5-Cg-alkyne-dCTP and 7-deaza-I-dATP once more favourable duplex stability has
been established. 6-S-dGTP, however, continues to extend up to 30 cycles with a

heavily reduced DNA product length profile.
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Fig. 14 DNA modal lengths determined from maximum fluorescence from the Image J analysis
(Fig. 4-13) versus the number of heat-cool cycles, [GATC]s/[CTAG]s (blue) and [A4G]4/[T4Cl4 (red), (a)
5-1-dC-DNA, (b) 5-alkyne-Cg-dC-DNA, (c) 7-deaza-I-dA-DNA, (d) 5-Br-dU-DNA and (e) 6-S-dG-DNA.

3.2.1.4 DNA extensions with 5-acetyl-Hg-dCTP

Having established a method to incorporate artificial AINTPs bearing common organic
functionalities, it would be interesting to assess dNTPs modified with heavy metals to
gain an avenue towards controllable DNA labelling and sequencing.®® Extensions with
5-acetyl-Hg-dCTP were performed to study the DNA polymerase handling of heavy
metal dNTP derivatives. However, only low levels of incorporation were observed for
the extension of the [GATC]s/[CTAG]s oligo seed, Fig. 15. 5-acetly-Hg-dCTP
incorporation has been trialled previously using the slippage reaction and shows no
extension is possible under standard isothermal polymerase conditions.** However, on
addition of 2-mercaptoethanol, incorporation was observed.®® If future DNA synthesis
bearing mercury functionalised nucleobases was to be explored, an updated reaction

solution containing 2-mercaptoethanol would be implemented.
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Fig. 15 (a) Agarose gel of 5-acetyl-Hg-dC-DNA extension products from [GATC]s/[CTAG]s after 0, 5, 10,
15, 20, 25 and 30 cycles, lanes 1-7, respectively. (b) Image J analysis of (a) agarose gel, normalised to
100 for the maximum fluorescence of each lane.

3.2.1.5 DNA extension controls

It is conceivable, that the gel electrophoresis results discussed in section 3.2.1 above,
could in fact be due to incorrect base incorporation by the DNA polymerase. An
unmodified base could be inserted preferentially over the modified base or
alternatively, it is possible that the dNTP reagents were impure. Control extensions
were performed in the absence of each individual dNTP per reaction to identify any
misincorporations or impurities. For each sequence and DNA polymerase, no
extension was observed when the reaction was performed in the absence of any one
of the four standard dNTPs, Fig. 16 (a-c). This confirms that no contamination was
present in any of the dNTP samples and that the DNA polymerase does not perform

incorrect base pairing incorporation.

(a) L123456_7_(b)

——— e e e — e ——

5kb — 5kb —

1.5 kb 1.5 kb—>| 1.5 kb

0.5 kb 0.5 kb—> 0.5 kb

Fig. 16 DNA extenion controls with (a) [GATC]./[CTAG], and (b) [A4G]./[T4C] with Deep Vent exo- and
(c) [A4G]/[T4C] with Tgo-Pol Z3 exo-. Lane 1(a-c): starting oligo seed, lanes 3-6(a-c): negative controls
performed in the absence of dTTP, dATP, dGTP and dCTP, respectively, lane 7(a-b) and lane 2(c):
positive control performed in the presence of all four unmodified dNTPs and lane 2(a-b) blank.

3.2.2 Atomic force microscopy

The DNA products described in section 3.2.1 were only characterised by agarose gel
electrophoresis, which, does not distinguish between the expected linear DNA
products and other potential DNA structures, for example, concatamers between

shorter DNA sequences or branched extension products. Ensuring this enzymatic DNA
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synthesis method produces linear DNA is important, hence, AFM was performed for
each of the [A4G]./[T4C], samples after 30 cycles of extension. Each AFM image shows
the expected topographical image of dsDNA aligned on a mica surface, Fig. 17.3
Additionally, length statistics of the DNA products are in good agreement with those
from agarose gel electrophoresis, Table 1. DNA heights are likewise in agreement with
literature guidelines® — profile scans were taken perpendicular to the linear DNA
(Appendix B). Although each AFM image depicts singular linear molecules of DNA, a
variety of different curvatures are notable. Standard dsDNA has a persistence length
of less than 43 nm in the presence of 100 mM Na* counterions.>* 1 mM Mg?* were
used for this study, therefore, a shorter DNA persistence length is expected which
could not be observed using the AFM parameters operated here. However, the
7-deaza-I-dA-DNA has a prominently more rigid structure than the other modified DNA
molecules produced, Fig. 17 (c). Further studies could expose distortions in the dsDNA
structure and rigidity on inclusion of multiple modified bases to the DNA sequence. On

account of the AFM images, we can confirm the synthesis of linear 1-D-dsDNA.

Fig. 17 AFM of modified [A4G]./[T4+C], DNA extension products after 30 cycles, (a) 5-1-dC-DNA, (b)
5-Cg-alkyne-dC-DNA, (c) 7-deaza-I-dA-DNA, (d) 5-Br-dU-DNA, (e) 6-S-dG-DNA. Additional examples
of each AFM image are shown in Appendix B.

I-dC I-dA Br-dU Alkyne-dC S-dG
Average (nm) 907 798 958 871 326
SD (nm) 128 191 231 180 46

Table 1 DNA average length summary calculated from AFM images in Fig. 17. A sample of DNA lengths
are shown in Appendix B.

65



3.2.3 DNA sequencing

Enzymatic synthesis of long linear DNA with artificial dNTPs has been shown by
agarose gel electrophoresis and AFM, however, the Tgo-Pol Z3 exo- DNA polymerase
chosen for this project has attributes that induce an increased error rate. To ensure the
elevated DNA polymerase promiscuity did not result in incorrect base pairing, DNA
sequencing was performed (GATC Biotech). Sequencing of [A4G]/[T4+C]n DNA
extension products yielded results in perfect agreement with the oligo seed sequence,
Fig. 18 (a) — (e). Submission of [GATC]./[CTAG], extended DNA samples did not yield
any sequencing data — sequencing of repetitive sequences is known to be challenging
and as [GATC]/[CTAG], is self-complementary, additional difficulty is expected. In
order to obtain sequencing data, representative of the [GATC]./[CTAG], sequence,
[GAATC]/[GATTC], was adopted and produced sequencing data in equally good
agreement with the oligo seed sequence, Fig. 18 (f) — (j). Therefore, the correct
incorporation of dNTPs according to the Watson and Crick base pairing rules was

maintained throughout the above oligo seed extensions.

a) (b) (c) (d) (e)

1]

)

GrTTCGATTCHGRTTCGATTC |GATTCGATTCGAT TCGAT TC(g 27T C G T?;OC
Fig. 18 DNA sanger sequencing of modified [A4G]./[T4Cls; (a) 5-1-dC-DNA, (b) 5-Cg-alkyne-dC-DNA, (c)
7-deaza-l-dA-DNA, (d) 5-Br-dU-DNA, (e) 6-S-dG-DNA. and modified [GAATC]./[CTTAG],; (f) 5-1-dC-
DNA, (g) 5-Cg-alkyne-dC-DNA, (h) 7-deaza-I-dA-DNA, (i) 5-Br-dU-DNA, (j) 6-S-dG-DNA. Longer
regions of sequencing data are found in Appendix B.

3.2.4 DNA digestions and characterisations

Thus far, the data has shown promise for a method capable of designing and
synthesising DNA by sequence and functional content. For absolute confirmation of
modified dNTP incorporation, DNA digestions were performed to analyse the
constituent nucleosides. Analysis of the DNA digested products was performed by high
performance liquid chromatography (HPLC) and each peak was comparable to dN

standards (Appendix B). The HPLC traces of each digested extension product confirm
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the presence of the modified nucleoside and absence of the natural derivative, Fig. 19
(a-e). A slight shoulder is noted in the 6-S-dG-DNA digested products, which compares
to the dG present in the digested oligo seed, Fig. 19 (f). As the 6-S-dG-DNA product
is considerably shorter than the other modified-DNA products (300 bp versus 2,000
bp), the unmodified dG in the starting oligo seed will be present in a larger ratio and so
can be seen in the chromatogram.
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Fig. 19 HPLC traces of DNA digestion products from (a) 5-1-dC-[A4sGl./[T4Cl,,
(b) 5-alkyne-Cg-dC-[A4G1./[T4Cls, (c) 7-deaza-I-dA-[A,G1./[T4Cln, (d) 5-Br-dU-[A,G]./[T4Cl,, (€) 6-S-dG-
[A4G]/[T4Cl, and (f) [A4G14/[T4Cl4 Oligo seed.

To further confirm the presence of each artificial base, each peak at the corresponding
retention time of the modified nucleobase standards was collected for additional
analysis. Each collected fraction showed comparable UV-Vis data, Fig. 20 and the
corresponding mass in high resolution mass spectroscopy (HRMS) to the relevant
standard, Table 2. Therefore, confidence is given to the correct incorporation of each

artificial ANTP into the dsDNA whilst maintaining the correct repeating sequence.
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Collected dN

HRMS

5-1-dC

7-deaza-I-dA

6-S-dG

5-alkyne-Cg-dC

5-Br-dU

[M-H]* calculated for
[CoH13IN3O,]" 353.9951 found
353.9951

[M-H]* calculated for
[C1oH15INsO4]* 376.9985 found
377.0103

[M-H]* calculated for
[C10H14N505S]" 284.0817 found
284.0815

[M-H]* calculated for
[C17H22N30,]" 332.1610 found
332.1572

[M-H]* calculated for
[CoH12BrN,Os]* 306.9930 found
306.9862.

Table 2 HRMS product peaks of collected modified dNs from the HPLC traces. Each dN found mass is
compared to the calculated mass.
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Fig. 20 UV-Vis spectrums of collected modified dN peaks (dashed line) compared to the corresponding
standard (solid line).

Having proven incorporation of a single type of artificial dNTP per reaction to produce

multiply modified DNA, extensions involving more than one type of modification were

investigated to enhance the scope for the synthesis of designer DNA.
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3.2.5 DNA extension reactions incorporating multiple types of modification
Since 1-type of artificial base per extension reaction had been established, to add to
the designer DNA tool-box, 2- to 4-types of modification in one extension pot was
assessed. The 2-type incorporation of both 5-1-dCTP and 5-Br-dUTP into a single DNA
duplex is observed by agarose gel electrophoresis, Fig. 21, showing a similar
extension pattern to the 1-type extension reactions. Likewise, with both
5-alkyne-Cg-dCTP and 5-Br-dUTP — final DNA products after 30 heat-cool cycles are
equivalent in length as the 1-type extension product of the limiting artificial base,
5-Br-dUTP, Fig. 23. [A4G]/[T4C]n, shows reduced extension due to the limiting
repetitive incorporation of 5-Br-dUTP, however, the [GATC]/[CTAG], does not contain
the repetitive dT sequence, hence has equal product length to both 1-type extensions.
DNA sequencing verifies the correct base incorporation and AFM confirms linear DNA
synthesis is maintained as the number of modifications per sequence is increased,
Fig. 21 (c) — (e).

80
PFTTTCTTTTCTTTTCT ] GEAET TCGAETTCGETTCG

Fig. 21 DNA extension analysis of products after extension in the presence of 5-1-dCTP, 5-Br-dUTP,
dGTP and dATP. (a) DNA extension products after 5, 10, 15, 20, 25 and 30 cycles with Tgo-Pol Z3 exo-
and [A4G]./[T4C],, (b) DNA extension products after 5, 10, 15, 20, 25 and 30 cycles with Tgo-Pol Z3
exo- and [GATC],/[CTAG],, (c) DNA sequencing of the 5-1-dC, 5-Br-dU-products after 30 cycles with
[A4G]/[T4Cln- (d) DNA Sanger sequencing of DNA extension products of 5-alkyne-Cg-dC,
5-Br-dU-product after 30 cycles, (e) AFM of 5-1-dC, 5-Br-dU-products after 30 cycles.

3- and 4- types of modifications per extension reaction are also possible and again,
show final DNA product lengths similar to the limiting artificial base, Fig. 22 (a) — (d). A

similar lag phase is visualised on the agarose gels of any the extension products from
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[A4G]4/[T4Cls where 6-S-dGTP has been incorporated. This delay in extension
corresponds closely to the 1-type modification reaction for the incorporation of
6-S-dGTP. DNA sequencing of each 3- and 4-type modification extension products
was possible to confirm that the expected fidelity is maintained by the DNA
polymerase, Fig. 22 (e) — (h).

(@) s 2 3 4 35 8 T

5kb—> 5kb

1.5kb—> 1.5 kb

05kb — 0.5 kb

Fig. 22 Agarose gels of DNA extension products of (a) and (¢) 6-S-dG, 5-Br-dU, 7-deaza-I-dA and
5-Cg-alkyne-dC modified [A4G]/[T4C], and [GATC]/[CTAG],, respectively (b) and (d) 6-S-dG, 5-Br-dU
and 7-deaza-I-dA modified [A4G]/[T4C], and [GATC]/[CTAG],, respectively. DNA extension products
were anayalyed after 5, 10, 15, 20, 25 and 30 cycles. Extension was performed using Tgo-Pol Z3 exo-.
DNA sequencing of 6-S-dG, 7-I-dA and 5-Br-dU modified (e) [GAATC],[GATTC], and (f) [AsG]/[T4Cl..
6-S-dG, 7-1-dA, 5-Cg-alkyne-dC and 5-Br-dU modified (g) [GAATC],[GATTC], and (h) [A4G]./[T4Clx.

The modified DNA product lengths after 30 heat-cool cycles using Deep Vent exo-
instead of Tgo-Pol Z3 exo- as the DNA polymerase depicted the same trend of
extension efficiency for all oligo seeds and modified nucleotides, Fig. 23. Therefore,
this method of extension is also feasible with a commercially available enzyme.
Additionally, extensions with [GATTC]4/[CTAAG]4 as the oligo seed, Fig. 23 (c), yielded
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DNA product lengths similar to [GATC]J4«/[CTAG]s, for example, extension with
7-deaza-I-dATP produced modal lengths of 1,500 bp. [GATTC]./[CTAAG], was used
as the representative sequence for [GATC]/[CTAG], to perform DNA sequencing,
therefore similar extension profiles confim its acceptable use as a replacement
sequence, Fig. 23 (c).

(a) L 1 2 3 4 5 6 7 8 9 (b)

5kb —

1.5kb —>

0.5 kb —>

S5kb —

15kb —

05kb s

Fig. 23 Agarose gels of DNA extension products with Deep Vent exo- and (a) [A4G]./[T4C]n, (b)
[GATC]/[CTAG], and (c¢) [GATTC],./[CTAAG], after 30 cycles. Lane 1 (a,b) and lane 9 (c) depict the
oligo seed used for each extension assay. Lanes 2-9 (a, b) and lanes 1-8 (c), depict extensions with
5--dCTP, 5-Br-dUTP, 7-deaza-I-dATP, 5-acetly-Hg-dCTP, 6-S-dGTP, 5-Cg-alkyne-dCTP,
5-Cg-alkyne-dCTP and 5-Br-dUTP, 5-Cg-alkyne-dCTP, 5-Br-dUTP and 7-deaza-I-dATP, respectively.

Table 3 summarises the incorporation efficiencies of each modified nucleotide against
the rate of extension using standard dNTPs, as considered in Chapter 2. As discussed,
each 1-type modification reaction exhibited a similar extension profile to unmodified
dNTP incorporation, except in the case of 6-S-dGTP. Modifications situated in the
major groove appear to have little effect on DNA polymerase handling for correct
incorporation to produce dsDNA. Modifications that interfere with the base pairing
hydrogen bonds lead to a decrease in DNA stability and thus a reduction in extension
lengths. This trend is consequently seen in 2-, 3- and 4-type modification reactions —
where length is limited by the least efficiently incorporated dNTP. However, DNA
extension is still observed with multiple modified dNTPs in the reaction. Therefore, here

the enzymatic synthesis of modified DNA has been successfully demonstrated and the
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potential for variations in the sequence, length and now the number of modifications is

attractive for the realisation of truly designer DNA.

[GATC]/[CATG]n  [A4G]/[T4Cln

Modified dNs
Grade Grade
I-dC © ©
=-dC © ©
© ©
©
S-dG A
I-dC, © ©
, =-dC
=-dC, ,
S-dG, ) A
S-dG, , , =-dC A
No modification © ©

Table 3 Extension efficiency summary, comparing each 1-, 2-, 3-, and 4-type modified dNTP extension
pot to 4 unmodified dNTPs. DNA product length after 30 heat-cool cycles, © represents DNA products
> 2 kb, > 500 bp and A > 20 bp.
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3.3 Conclusions

An enzymatic DNA synthesis method has been reported with the added amenability
and control over the sequence and functional content. Single atom modifications,
5-1-dCTP, 7-deaza-I-dATP, 5-Br-dUTP and 6-S-dGTP and a chain modification
5-Cg-alkyne-dCTP were examined to determine DNA polymerase ability to incorporate
these dNTPs efficiently into dsDNA using the heat-cool cycle method. Two oligo seeds,
[A4G]/[T4C]n and [GATC]/[CTAG], were selected to establish the extension profile
and limits of this desinger DNA synthetic method. Extensions with the four dNTPs,
where modifications are positioned in the major groove, showed little deviation in
extension profile when compared to unmodified dNTP incorporation. 5-Br-dUTP,
however, did show a slight reduction when consecutively incorporated into the
[A4G]n/[T4C]n sequence. Conversly, 6-S-dGTP, a modification altering the base pairing
region, had a largely reduced extension profile. On expanding to 2-, 3- and 4-type
modification extensions, this trend continued. No added reduction in extension rate
was observed on increasing the number of artifical ANTPs, however, product length
was limited by the least efficiently incorporated dNTP.

In summary, an enzymatic DNA synthetic method has been established which provides
freedom to design the repeating sequence, functional content, and length. To
demonstrate that this highly designed DNA has potential as a tool in the fabrication of
nanomaterials, metal binding and organic chemistry at the modified dN sites is

described in Chapter 4 and Chapter 5 respectively.
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3.4 Experimental details

Preparation and Purification of DNA polymerases
Tgo-Pol Z3 exo- was prepared and purified as described previously.?>*® Deep Vent

exo- was purchased from New England Biolabs (Herts, UK).

Deoxynucleotide preparation
Deoxyoligonucleotides were purchased from Eurofins (Ebersberg, Germany) and

complementary strands were annealed as shown in Table 5.

Oligos to be combined Oligo seed Oligo seed length / bp
(GATC)s and (CATG)s [GATCIs/[CATG]s 20
(AAAAG)4 and (TTTTC), [AAAAGI/[TTTTC], 20
(GATTC)4 and (GAATC), [GATTC]/[GAATC], 20

Table 5 Summary of oligos required to form the oligo seeds used.

Heat-cool cycle DNA extension
0.5 uM oligo seed (Table 5), 200 nM DNA polymerase or 1 unit, DNA polymerase
reaction buffer (200 mM Tris-HCI (pH 8.8, 25 °C), 100 mM (NH4)>SO4, 100 mM KClI,
1 % Triton X-100, 1 mg/mL Bovine Serum Albumin and 20 mM MgSQ,) or 10 x
ThermoPol buffer, and 0.5 mM dNTPs (Table 6) were mixed. Thermocycling was
carried out using an Applied Biosciences Veriti 96 well Thermal Cycler by the following
method:
N (number of cycles stated) x 30 seconds at 95 °C, 30 seconds at 55 °C and
120 seconds at 72 °C.
The products were cooled to 4 °C after the reaction and the product was then purified
using a QlIAquick PCR purification kit (25) (QIAGEN, Manchester, UK) following

manufacturers protocol.

Modified DNA dNTPs present

I-dC-DNA dGTP, 5-I-dCTP, dATP, dTTP

I-dA-DNA dGTP, 7-deaza-I-dATP, dATP, dTTP
Br-dU-DNA dGTP, dCTP, dATP, 5-Br-dUTP
Hg-dC-DNA dGTP, 5-acetyl-Hg-dCTP, dATP, dTTP
Alkyne-dC-DNA dGTP, C8-alkyne-dCTP, dATP, dTTP
S-dG-DNA 6-S-dGTP, dCTP, dATP, dTTP

I-dC, Br-dU-DNA dGTP, dCTP, dATP, dTTP

Alkyne-dC, Br-dU-DNA dGTP, 5-Cg-alkyne-dCTP, dATP, 5-Br-dUTP

Alkyne-dC, Br-dU, I-dA-DNA dGTP, 5-Cg-alkyne-dCTP, 7-deaza-I-dATP, 5-Br-dUTP
Table 6 dNTPs present in each modified DNA reaction mixture.
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Agarose Gel Electrophoresis

The extension products were analysed by gel electrophoresis in TBE (Tris, boric Acid
and Na,EDTA.2H,0) buffer. 0.75 % agarose (Melford, Ipswich, UK) was added to the
1 x TBE buffer and heated to dissolve. The 0.75 % agarose solution was supplemented
with ethidium bromide (Sigma Aldrich) and poured once it had cooled to 50 °C. The
1 kb+ ladder was purchased from Thermo Scientific and provided with a loading dye
(2.5 % Ficoll-400, 11 mM EDTA, 3.3 mM Tris-HCI (pH 8.0, 25 °C), 0.017 % SDS and
0.015 % BPB). DNA samples were supplemented with the gel loading dye. The gels
were run at 100 V, 100 mA, 10 W for approximately 1 hour and then visualised using

an ultra-violet transilluminator.

Atomic force microscopy imaging

The top layer of the mica surface was cleaved using sticky tape. The mica surface was
placed at 30° to the bench and 5 puL of the DNA sample (1.5 ng / uL) in 1 mM MgCl,
was dropped onto the surface using a micro pipette After 5 minutes, 5 uL of H,O was
then dropped onto the surface whilst maintaining the angle. Nitrogen gas was passed
over the surface to straighten the DNA and allowed drying for 1 hour. A light
microscope was used to locate the sample and cantilever position. AFM images were
collected using a Dimension V with a nanoscope controller (Veeco Instruments Inc.,
Metrology Group, Santa Barbara, CA). The tapping mode was used with an etched
silicon tip (Tap 300 Al-G, 300 kHz, 40 N/m) on an isolation table (Veeco Inc., Metrology

Group) to reduce interference. Nanoscope 7.00b19 software was used to acquire data.

Ultraviolet-Visible spectroscopy

UV-Vis spectroscopy was performed using a NanoDrop 1000 Spectrometer (Thermo
Scientific for volumes less than 2 puL and a Varian Cary 100Bio UV-Vis
spectrophotometer with a Varian Cary temperature controller for larger volumes.
Spectrometer was blanked using nanopure-H,O or QIAGEN elusion buffer.

Concentration and peak determination was performed as shown on Table 4.

DNA digestion

0.2 mg of snake venom phosphodiesterase, 100 units bacterial alkaline phosphotase
in 10 mM potassium phosphate buffer, pH 7 and 10 mM magnesium chloride was
added to 0.5 absobance units at 260 nm of dsDNA and incubated at 37 °C for
16-18 hours. The dNMPs produced can be analysed by reverse phase HPLC on an
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APEX ODS C18 5um 250 mm column with 0.1 M triethylammonium acetate, pH 6.5
containing 5 % ACN (buffer A) and 0.1 M triethylammonium acetate, pH 6.5 containing
65 % ACN (buffer B) operated at 1 mLmin™ at room temperature. 100 L of digestion
product was injected into a Waters 2487 Dual Wavelength Absorbance detector with

a Waters 600 controller under the buffer system described in Table 7.

Time / min Buffer A % Buffer B %
0 100 0
25 5 95
30 10 90
40 15 85
45 20 80
50 25 75
55 30 70
60 35 65
70 100 0

Table 7 HPLC buffer system

Mass spectroscopy
A Waters Micromass LCT Premier TOF system was used in positive mode, with a
desolvation temperature of 250 °C and data collected using masslynx v. 4.1. Samples

were injected directly in nanopure-H,0O.

dN standards

All standards were purchased from Jena Biosciences (Jena, Germany) except
5-Cg-alkyne-dC (5-(octa-1,7-diynyl)-cytosine) which was synthesised in house
following the protocol by Chittepu et al.*” 72 %, TLC (CHzClo/MeOH 9:1): R; 0.41.
UV-Vis Amax (MeOH)/nm 299. 'H NMR ((Dg) DMSO): 1.52-1.67 (m, 4H 2CHy),
1.96-2.17 (m, 2H CH,(2’)), 2.19-2.23 (m, 2H CHy), 2.42-2.45 (t, J=2.44 CH,), 2.78 (t,
1H C=CH), 3.54-3.65 (m, 2H CH,(5’)), 3.78-3.81 (m, HC(4’)), 4.20-4.24 (m, HC(3")),
5.06-5.09 (t, J=5.08 OH-C(5"), 5.23-5.24 (d, J=5.23 OH-C(3’)), 6.11-6.14 (t, J=6.13
H-C(1’)), 6.74 (s, NHa), 7.69 (s, NHy), 8.08 (s, H-C(6)). *C NMR ((Dg) DMSO): 17.7
(CH»-C=H), 19.0 (CH»-C=H), 27.6 (CH.CH,-C=H), 27.7 (CH.CH.-C=H), 39.9 (C-2),
61.5 (C-5’), 70.6 (C-3’), 71.8 (C=CH), 72.6 (C=C), 84.8 (C-1’), 85.7 (C-4’), 87.9 (C=C),
90.8 (C=C), 95.8 (C-5), 144.0 (C-6), 154.0 (C-2), 164.8 (C-4). HRMS (ESI +ve) calcd.
for C1704N3H21 [M-HJ* 332.1610, found 332.1589.
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Synthesis of Thiolated DNA and the Site Specific Coordination of
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4.1 Introduction

The bioinspired bottom-up assembly of nanomaterials is an attractive approach to
achieve a wide range of properties.'?? In particular, controlled metal ion deposition on
the nanoscale has been highlighted for nanoelectronics.* For nanomaterial purposes,
1-D, 2-D and 3-D structures could provide additional function and properties, but
require carefully designed synthetic strategies. 0-D materials (NPs) are fundamentally
easier to fabricate and have a comprehensive research background.® For example,
ferredoxin enzymes provide a route for metal ion mineralisation due to the biologically
established pathway to sequester and store iron.® However, this only forms 0-D metal
spheres, approximately 6 nm in diameter.”

The biological interactions between metal ions and DNA have been studied for many
years due to their vital roles in biological systems.®® Such studies have highlighted
how certain metal ions destabilise the double helix, for example copper, and some
stabilise, for example magnesium.® Nuclear Magnetic Resonance (NMR)
demonstrated the sequence specific binding of several metal ions to dsDNA.'® Nickel
expressed a preference to bind between G-G and G-C sequences.'® Manganese,
nickel and cobalt showed binding interactions at the G-H8 and G-H1 positions.'® This
provided the motivation for multiple studies into the use of DNA as a template for metal
deposition in 1-D, 2-D and 3-D nanomaterial synthesis.""'?

1-D DNA templating has been performed by many groups with several metal ions
including Cu®*, Pd** and Pt**."*"® Such DNA based nanowires have shown promise
as semiconductors and conductors.’®'® ljiro’s laboratory demonstrated a method for
the controlled metallisation of DNA, dependant on the nucleobase composition.'® The
incorporation of 7-deaza-dGTP, alternating with the generic dGTP into dsDNA by the
slippage reaction, provided specific binding regions for cisplatin — binding does not
occur to 7-deaza-dG.'® This advancement in DNA templated patterning provides an
avenue to circuit gate synthesis. However, control over metallisation on the nanoscale
is still limited as non-uniform deposition can often yield defects.'” Therefore, nucleation
control and a method to regulate deposition sites is required.

Many artificial nucleotides have been developed to extend the 4 letter alphabet of DNA
and have been incorporated into oligos by phosphoramidite chemistry.'®?° Some
artificial nucleotides replace the base pairing region with metal binding ligands. The

ligand affinity for specific metal ions can be exploited to tailor the magnetic and
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electronic properties of the DNA hybrids.?"?* Tanaka and Shionoya prepared a series

2+ 19,2 2+24
d+’9,SCu+

of artificial ligands able to bind P and B%*.?° Several other metal ions

have since been specifically bound within the base pairing region of oligonucleotides,

22 and Ag*.2”? Carell et al., designed an oligo sequence that can bind

including Hg
two metals, Cu®* and Hg?*,?° Fig. 1 (b). These results expand the capability to design
functional content into the DNA structure through artificial bases. The metal-mediated
base pairs can also induce an increased thermal stability in comparison to the Watson
and Crick base pairing, Fig 1 (a).?”*® By employing standard automated DNA synthesis
procedures, the position of the metal ion within the duplex can be controlled. In
instances where artificial nucleotides are situated at ‘sticky ends’, higher ordered
structures can be assembled, such as DNA tiles.* However, the incorporation of the
artificial bases discussed here is still restricted to short oligos. Therefore, a method
able to incorporate site specific metallisation into long DNA would provide an avenue

for the templating of metal ions onto DNA to design nanowires.

Fig. 1 Artificial base pairs of (a) 1-deaza-adenine and thymine®” and (b) hydroxypyridone with Cu®* and
pyridine with Hg**,%® R = deoxyribose of a DNA backbone.

Alternatively, modified nucleosides have also been explored for metal ion interactions
with DNA. The strong thio-gold interaction has been exploited for many years to attach
DNA to gold surfaces through  terminal  DNA-thio-modification.®!
2-deoxy-6-thio-guanosine (6-S-dG), can form highly ordered coordination complexes
with metal ions, for example Co?®*.*? The coordination structure depends on the metal
ion chosen and whether the ribose sugar is with or without the 2’ OH group, Fig. 2.%
X-ray crystallography indicates two binding forms of thio-guanosine to Co®*, the thiol
and thione group are both present in the coordination structure, Fig. 2 (c) and (d). 1-D
polymers have also been reported by the addition of Ni?* ions to 6-S-G,* revealing a
versatile interaction of the modified nucleoside with a variety of metal ions.
Modifications at the phosphate group have also been explored, for example,
alpha-phosphorothioate-(a-S-)dUMP, Fig 2 (f).>** Metal ions were added to
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a-S-dUMP to study their binding strength compared to the phosphate derivative
(dUMP). It was found that Zn?** and Cd** formed more stable complexes with
a-S-dUMP, however, the binding geometries were unknown.** Again, although the
metal ion interaction with the nucleotide was observed, no evidence of metal

coordination to long DNA bearing artificial groups was reported.

e " < ) )
(a) ) o N R (b) . e \
L X S A S
\CI * $ * \_:’ N & K 2 K>
{ @ < X ‘gl + X 4 Kl
A A /..',' /
X 1t - e A0 AR Y - ¥
N X ke s Vb 1 \
Q A\ « M Y\ \ N A
(g w " g ; ~gl y X N AL y
g F £ V7 ,‘{ 2 g A £ {
/7 al €~ b ~ \ > - ~
) N % 4 . ) X < Ky ¥ U4 X <
< y - ‘I) 1A \”//'* .) LA < * ¢
*, 3 .l ol ¢ 0% * ¢ S 2% e e AKX
'--) e { [ ) ] =) \J "
3 ™ L o ) & Aam -~
X * T
2 e G ¢ X ¢ cr \ N Y i K Y
S M A o L~ & =
V7 SF ¢ * > O X% { x
<~ o A e W o -~ v
s O 23 ) o s .
L 0 X ™ X 4
9L B ‘R $7 Tk 2
)

Fig. 2 (a) [Co(2-d-6-thio-GH)***, (b) [Co(6-thio-G)?], (c) 6-thione-guanosine, (d) 6-thiol-guanosine, ()
4-thio-thymine, (f) a-S-dN, L = ligand, R = DNA.

An alternative route to metal DNA templating exploits DNA origami, folded using
functionalised oligo staple strands.’®* In one example, the origami structure was
designed to present regions of ssDNA, complementary to thio-functionalised oligos
bound to metal NPs.*® However, this approach only afforded control over relatively
large regions (ca. 500 nm) of DNA.

Multiple a-S-dNTPs have been incorporated into long oligos (60 to 80 bp) to provide
thio-anchors at specific separations via a bifunctional fastener.*® This approach is
attractive for the assembly of Au-NPs at specific separations and makes it possible to
specifically functionalise DNA nanostructures with various nanoscale materials.

A method able to introduce multiple metal binding functional groups at controllable
positions on long DNA (> 500 bp) would provide a synthetic tool towards advances of
1-D electronic and photonic nanostructures. The following section describes some

progress in this respect.
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4.2 Results and discussion

In Chapter 2, a method to extend repeat sequence DNA where base position and DNA
length is controlled was described. Chapter 3 outlined an adaptation to the heat-cool
extension method to allow for the precise incorporation of multiple non-standard
nucleotides into DNA. Here, the enzymatic incorporation of thiolated dNTPs was
investigated with the aim to control metal deposition along the DNA duplex. The range
of oligo seeds, the type of thiolated dNTPs and the number of incorporations were all

examined as variables in the design of DNA hybrid molecules.

4.2.1 6-S-dG-DNA
As discussed in Chapter 3, the Tgo-Pol exo- mutant, Z3, is able to incorporate
6-S-dGTP into dsDNA. Therefore, the potential to design DNA bearing specific sites of

thiolation is possible by careful tailoring of the oligo seed sequences.

4.2.1.1 Incorporation of 6-S-dGTP into repeat unit DNA

To assess the flexibility of the heat-cool cycle method with 6-S-dGTP, a larger range
of repeat unit sequences were analysed to determine possible spacing and control of
thio-positioning. Several oligo seeds were designed to assess the dependence of
extension on the separation between nearest neighbour G-bases; [G]oo/[Clzo,
[AG]10/[TCl1o, [A2G17/[T2Cl7, [A3Gla/[T3Gls, [A4Gla/[T4Gla and [AgGlo/[ToClo. These oligo
seeds allow the positioning of the thio-modification every base and every 2" 3 4"
5" and 10™ base. Extension with [GATC]s/[CTAG]s was also performed to show that a
mixed base repeat sequence is compatible with this method. Extension efficiency
increased on decreasing 6-S-dG frequency, peaking at [AsG]4/[T3G]s, as seen by gel
electrophoresis data, Fig. 3 (a). In Chapter 3, this was attributed to the reduced stability
of the DNA duplex upon 6-S-dGTP incorporation through less favourable hydrogen
bonding to dC. Therefore, oligo seed sequences bearing > 25 % thio-groups are
expected to have reduced extension. The reduced extension trend for oligo seeds
bearing < 25 % thio-groups, is due to the diminishing extension of the longer repeat
sequence rather than kinetics of 6-S-dGTP incorporation. As each repeat sequence
starts as a 20 bp oligo seed, sequences with longer repeats have a lower probability
of forming a shifted structure on annealing, therefore they may take more cycles to
begin extension. Even though the [A3G]s/[T5G]s oligo seed yielded the longest

products, [A4G]4/[T4Cls, was selected as the thio-modification appears at regular
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intervals on alternating sides of the DNA duplex, Fig. 4 (a). A negative control
extension, performed in the absence of a dGTP derivative results in no extension of
the initial oligo seed, Fig 3 (b). An extension performed in the presence of all four
unmodified dNTPs in the same conditions as used for the [AsSG]/[T4Cln, produces
DNA lengths comparable to Chapter 2.

(@) L 1 2 3 4 5 6 7 8 9 10 11 12 13 14 L (b)

L 1 2 3

5 kb —> .

15kb—

0.5kb —

Fig. 3 Agarose gels of (a) DNA extension products versus oligo seeds and (b) DNA extension controls.
L = DNA ladder, (a) lane 1: [GSG]n/[C]n, lane 2: [G]2o/[Cl2o, lane 3: [ASSG]n/[TC]n, lane 4: [AG]1o/[TCl10,
lane 5: [A°Gl/[T2Cln, lane 6: [AsGl/[ToCls, lane 7: [As*°G]/[TsCl., lane 8: [AsGl4/[TsCls, lane 9:
[ASGIW/[T4Cln, lane 10: [AsGla/[T«Cls, lane 11: [AeSGl/[ToCln, lane 12: [A¢Glo/[TsClo, lane 13:
[*SGATC]./[CTA®G],, lane 14: [GATC]s/[CTAGIs. (b) lane 1: [A,*°G]/[T4Cl, lane 2: [A,Gl4/[T4Cls, lane
3: [AsG]/[T4Cl.

UV-Vis of the thiolated nucleotides is a useful tool to identify the thio-functionality.*’ An
absorbance at 340 nm for the 6-S-dG in the purified thiolated-DNA extension products

is evidence of the successful incorporation, Fig. 4 (b). Additional characterisations are

described in Chapter 3.
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Fig. 4 (a) Schematic of [A4GSG]n/[T4C]n, showing how thio-modifications at every 5" base results in
potential binding sites on alternate sides of the DNA helix (b) UV-Vis spectrum of unmodified and
thio-modified DNA extension products.

The above extensions were performed with an unmodified oligo seed, resulting in
products containing a single unmodified oligo seed sequence at the ends of the DNA
product. As control over the spacing of the modification throughout the dsDNA is
desirable, a modified oligo seed is required to ensure completely thiolated products.
Thiolation of the [A4G]4 oligo seed was performed as described in the materials and

methods.** Heat-cool extension reactions were then carried out and the product
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lengths were assessed by gel electrophoresis. Unfortunately, no extension was
observed using the thiolated oligo seed. As discussed in Chapter 3, the incorporation
of 6-S-dGTP into DNA, reduces the stability of the duplex, therefore, the initial oligo
seed may not anneal at the 55 °C employed in the heat-cool cycle. The melting
temperature (Tm) of [A4G]4/[T4G]s is 67 °C (Chapter 2), however, a 6 °C reduction has
been documented on the inclusion of one 6-S-dG into a 13 bp duplex.”® Here,
[A425G]4/[T4Cls contains four 6-S-dG units, therefore a total T reduction of up to 24 °C
is conceivable, resulting in an estimated T, of 43 °C. Therefore, the [As2°G]4/[T4Clawill
most likely remain in its single strand form at 55 °C and thus not provide a binding site

for the DNA polymerase to begin extension.

4.2.1.2 Metal ion coordination with 6-S-dG-DNA

Metal : 6-S-dG coordination polymers have been studied due to their conductive
properties.®> The extended structure of the coordination polymer depends on the
presence of the ribose sugar or phosphate group on the nucleobase. In these previous
studies, the coordination polymer was formed from modified nucleobases, nucleosides
and nucleotides. Here the focus is to exploit the 6-S-dG binding sites already
embedded into long dsDNA. Thus, the elucidation of stable metal ion coordination
modes with dsDNA could present an avenue to realise DNA scaffolding through site
specific metal ion deposition. The interactions between [As55G]./[T4Cl. (Where
n > ca.100) and several metal ions were investigated; Au*, Ni**, Cd®** and Au**. The
concentration of 6-S-dG was determined using the extinction coefficient, 9485 M'cm™.
To establish if metal binding is possible when the thio-group is distributed throughout
dsDNA, UV-Vis binding titrations were performed. On coordination, the thio-
absorbance shifts to a lower wavelength (from c.a. 348 nm to 320 nm), corresponding
to an increased proportion of the thiol form, which is known to absorb between 320
and 330 nm.** By monitoring the change in absorbance, a binding plot can be produced
to understand the approximate stoichiometry and dissociation energy. The binding
curves for each metal ion show interactions with the thio-functional group, Fig. 5.
Analysis of the binding titration plots revealed the dissociation constant, Kq, to be 91 +
16 uM for Au* binding, 102 + 12 uM for Ni®* binding, 23 + 4.6 uM for Cd** binding and
24 + 3.3 uM for Au®* binding (inverse percentage plot and titration tables are found in

Appendix C). Au® has low solubility in 100 % aqueous solution, and hence may be

84



unfavourable in the DNA environment resulting in the higher dissociation constant. On
the other hand, Cd?* has the lowest dissociation constant as expected due to the strong

interaction between Cd ions and thio-groups.*®
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Fig. 5 Static [A,*°G]./[T4C]. binding titration plots with (a) Au*, (b) Ni?*, (c) Cd?* and (d) Au®".

Binding stoichiometry can be determined by performing a two variable titration and
plotting a Job plot. Au™ appears to form two binding modes with 6-S-dG in dsDNA,
Fig. 6 (a). The thio-group appears throughout the DNA on one strand and every 5"
base, so the observed 2:1 binding ratio must result from interstrand interactions of two
DNA duplexes. As more Au® is added during the titration, a 1:1 binding mode is also
apparent. Interstrand interactions may be unfavourable due to the steric bulk of the
DNA duplex, therefore, in the presence of a higher concentration of Au®, 1:1 binding is
adopted to remove the crosslinking requirement. Ni?* binding to 6-S-dG modified DNA
expresses a 3:1 and a 1:1 binding ratio, Fig. 6 (b). A 3:1 binding ratio was reported
previously for Ni?* with the 6-S-dG monomer (S. Hribesh PhD thesis, 2013), and similar
coordination could exist within the long DNA here. However, due to the stoichiometric
challenge to assemble three DNA duplexes together, again a 1:1 binding ratio could
be envisaged to relieve some of the unfavourable thermodynamic architectures. Cd**
binding to 6-S-dG also expresses 3:1 binding, as seen from the Job plot analysis,
Fig. 6 (c). In this instance 2:1 binding is also observed. Cd?* binding is stronger than

the other metal ions analysed here, hence there is a potential to overcome the steric
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hindrance possible from the surrounding DNA duplex. Binding studies with Au®* exhibit
similar characteristics to binding with Ni** as a 3:1 and 1:1 binding ratio is evident from
the Job plot, Fig. 6 (d). The binding stoichiometry for each metal ion determined by the
titration plots are similar but not identical to the Job plots due to the variation in the

methods used (see section 4.4 Experimental Details).
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Fig. 6 Job Plots of the two variables titration of 6-S-dG-DNA with (a) Au*, (b) Ni**, (c) Cd** and (d) Au®*.
X = mole fraction = 6-S-dG / (6-S-dG + metal)

To further elucidate the different binding modes observed for each metal ion with
6-S-dG-DNA, Raman spectroscopy was performed. Standard DNA, shown as the
yellow plot in Fig. 7, has a well-known fingerprint; each peak corresponding to certain
bases and bonds or rings within those bases.” On incorporation of the thio-
modification, there is a shift in two peaks, one corresponding to the purine ring stretch,
shifted from 1544 cm™ to 1568 cm™ and the other the C=0/C=S stretch, shifted from
1643 cm™ to 1671 cm™. The shift of these peaks suggests the thio-function has been
incorporated and has led to the higher wavenumber peak due to the lower
electronegativity of S compared to O. Additionally, on coordination with metal ions, the
two shifted peaks maintain the same wavenumber, except for Au®*, however, peak
intensities vary with each metal ion — Cd®* peaks increase, due to the strong binding
affinity to both the thio-group and N-7.%” The other three metal ions have similar, if not,
reduced intensities suggesting a different binding mode as elucidated from the Job
plots. The N-H functional group contributes to the broad peaks between 3200 and
3500 cm™. A reduction in intensity is observed for Cd** : 6-S-dG-DNA hybrids in
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comparison to the other M’* : 6-S-dG-DNA, which again suggests a potential variation
in binding mode.

1000 6-S-G-DNA ——DNA ——6-S-G-DNA:Au*
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Fig. 7 Raman spectrum of [A4,G]./[T4C], DNA extension products, with and without the thio-modification,
and after the addition of metal ions to 6-S-DNA, with each intensity at 2950 cm™ normalised to 150 units.

As the binding ratios are now known, it would be interesting to investigate the
morphology of the DNA-metal coordination complex. AFM elucidated the hybrid height
profiles to reveal any aggregation occurring, Fig. 8. On addition of metal ions (relative
concentration to 6-S-dG-DNA was chosen by the highest binding ratio observed), a
height increase is noted in each instance. However, by comparing the heights of
6-S-bearing DNA compared with unmodified DNA, an increase is observed for both
types of DNA with Au*, Cd** and Au®*. Unspecific binding in these instances is likely
to occur with the negatively charged phosphate backbone. Nickel DNA nanowires have
been reported previously,*® therefore, binding to the phosphate backbone is also
expected with Ni?*. However, in this instance no aggregation is detected by AFM with
unmodified DNA. DNA solutions were prepared in the presence of 1 mM MgCl, — Mg®*
has a higher affinity than Ni** for phosphate binding, hence may displace Ni**.?
Therefore, changes in morphology on Ni?* addition are specific to the thio-modification.
Bare DNA heights for 6-S-DNA and DNA are 0.6 = 0.1 nm. On addition of Ni**, a height
increase to 1.2 + 0.2 nm is noted for 6-S-DNA, suggesting the presence of multiple
DNA duplexes per linear structure. In order to achieve the 3:1 binding ratio observed
for 6-S-dG : Ni®*, DNA aggregation is necessary to reach this stoichiometry. The
double height structures apparent by AFM analysis, provide evidence to suggest the
self-assembly of linearly aggregated DNA structures through Ni coordination between

2 or more duplexes.
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DNA 6-S-dG-DNA
height /nm height /nm
Average StDev Average StDev

0.6 0.1 0.6 0.1
0.9 0.3 1.0 0.3
0.6 0.1 1.2 0.2
1.0 0.3 0.8 0.2
0.8 0.2 0.9 0.2

Fig. 8 AFM images of unmodified and 6-S-dG-DNA with and without the addition of Au*, Ni**, Cd** and
Au**. The average heights and standard deviations were calculated from the AFM images in Appendix
C.

By selecting the metal ion, the binding ratio, and consequently the self-assembly of
higher ordered DNA structures bearing 6-S-dG can be directed. Further investigations
into how the DNA sequence could be used to control the structure assembled by the
metal ions would open further avenues for the exploitation of the output DNA in

molecular electronics.
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4.2.2 alpha-phosphorothioate-DNA

Although 6-thio-dG derivatives are useful for metal ion coordination,* the reduced
stability on incorporation into DNA apparent by the lack of extension during heat-cool
cycles, means only limited DNA lengths are available. To overcome the length
challenge, other thio-containing derivatives were investigated. Previously, a-S-dNs
have mainly been studied as a mechanism to stall nuclease degradation.*® Metal ion
coordination with this thio-ligand has also been considered to assess the affinity of in
vivo metal ions.®* Using the heat-cool cycle enzymatic DNA extension method
discussed in Chapter 3, incorporation of a-S-dNTPs were investigated to produce DNA
bearing thio-groups on the backbone of the duplex from a [GATC]s/[CTAG]s oligo seed.
Each dNTP derivative was incorporated individually, and an extension with all four
dNTP derivatives in one reaction was performed, Fig. 9. Each a-S-dNTP can be
incorporated into the [GATC]./[GATC], sequence to produce DNA lengths greater than
1000 bp after 30 heat-cool cycles using Tgo-Pol Z3 exo-. The extension proficiency
varied with each dNTP derivative - a-S-dTTP extension is the most efficient followed
by a-S-dCTP, a-S-dGTP and a-S-dATP being the least efficient. Extension with all four
a-S-dNTPs is also possible, to produce DNA bearing a phosphorothioate between
every base on both sides of the duplex. DNA, bearing thio-groups readily accessible
for metal binding, provides a route to the fabrication of 1-D nanomaterials with site

specific deposition along the helix.
L 1 2 3 4 5

—— —— —— —— —t— ——

5kb—
1.5kb—

0.5 kb —

Fig. 9 Agarose gel of DNA extension products from a [GATC]s oligo seed with a-S-dNTPs, lane 1:
a-S-dGTP, lane 2: a-S-dATP, lane 3: a-S-dTTP, lane 4: a-S-dCTP, lane 5: all a-S-dNTPs, L = DNA
ladder.

As reported previously, modifications may reduce the DNA duplex stability. To
investigate the effect of a-S-incorporation, T, analysis was performed on short 20 bp
oligos with and without the a-S-modification, Fig. 10. A slight decrease in stability is

noted on addition of a-S to the duplex — 55 °C for [A4**Gl4/[T4Cls and 56 °C for
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[A4G]4/[T4Cls, however, as only a slight decrease is notable, DNA stability is deemed
acceptable for continuing study for nanomaterials.
(a) (b)
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Fig. 10 (a) UV-Vis melting curves and (b) the first derivatives of [A4G]4/[T4C]4 (blue) and [A4°'SG]4/[T4C]4
(red).

As described in Chapter 3, DNA digestions can be used to analyse the constituent
base components of a DNA duplex. However, as the enzymes used to digest the DNA
produce the nucleoside constituents - Snake venom phosphodiesterase breaks the 3’
phosphodiester bond and alkaline phosphatase cleaves the 5’ phosphodiester bond —
the a-S-modification is removed during the digestion process.®® Hence, DNA
digestions cannot be used to determine whether the DNA products contain the
a-S-group. However, control extensions performed in Chapters 2 and 3 indicate that
the effective promiscuity of Tgo-Pol Z3 exo- should allow for the high fidelity
incorporation of the a-S-dCTP. Additionally, DNA sequencing (GATC Biotech) showed
that the oligo seed sequence was maintained, Fig. 11, confirming correct base pairing

occurred.

LG T TCG TT CG TTC GRART T C GAT T C GRET T C

Fig. 11 DNA sequencing of [**GATTC]/[CAAT*SG], extension product.

To utilise the a-S-DNA for nanomaterial purposes, an investigation into AuNP
deposition was conducted. To determine the binding specificity of the
phosphorothioate backbone linkage for AUNPs, UV-Vis was performed to quantify the
binding event. Firstly, a DNA brush was immobilised onto the inner surface of a cuvette,

Scheme 1. Surface immobilisation ensures that thorough washing could be performed
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to determine that the bound AuNP was in fact attached to the DNA. A biotinylated
oligonucleotide was first bound to a streptavidin modified cuvette, followed by
polymerisation using the E. coli DNA polymerase | Klenow exo- fragment. As DNA
extension using Tgo-Pol Z3 exo- is performed at 72 °C, the Klenow exo- fragment was
used as it is active at 37 °C,°' which reduces streptavidin and DNA denaturation.’**?
An initial duplex of (dG)20/(dC)20 was extended to produce a single layer DNA brush
(c.a. 4,500 bp) on the cuvette inner surface. a-S-dGTP and dCTP were incorporated
into the sticky ends during the slippage reaction, resulting in long linear dsDNA bearing
thio groups on one strand.

/ /7

o (0}

S=0 >=o

T
o /S.»'\ N (2) ®) (4)

—
i I I i I s =
Cuvette surface Cuvette surface Cuvette surface

oy, - 88 . 88

Cuvette surface Cuvette surface Cuvette surface

OH OH OH OH OH OH

Cuvette surface

() ()
s B
Cuvette surface

Scheme 1 DNA brush preparation on the inner surface of a glass cuvette. (1)
2-carbomethoxyethyltrichlorosilane in super dehydrated toluene, (2)
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HCl and amine-PEG-biotin in HEPES, pH 7.6 (3)
streptavidin in Tris, pH 7.9. (4) C4s-biotin in Tris-HCI, pH 7.9 and NaCl, (5) G5 in Tris-HCI, pH 7.9 and
NaCl. (6) polymerisation solution —dNTPs, Klenow exo- in MgCl,, Tris-HCI, pH 7.9 and NaCl, (7) 5 nm
AuNP citrate stabilised. Cuvettes were washed thoroughly between each step.

The consequential incubation of the cuvette surface with 5 nm AuNPs stabilised with
citrate, was monitored by UV-Vis, Fig. 12. Coating the nanoparticles with citrate
groups, provides a negative charge, and hence a repulsion to the DNA backbone.
Binding of the NPs to the a-S-DNA is evident by the absorbance peak at 525 nm and
only a small background peak is present in the control, unmodified DNA, Fig. 12.

Therefore, the specific binding of the AuNPs to a-S-DNA can be concluded.
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Fig. 12 UV-Vis of DNA brush modified cuvette cells, followed by incubation with citrate stabilised 5 nm
AuNP over specified times.

An initial AFM experiment to visualise the effect of AuNP binding to a-S-DNA
([GATC]/[GATC],) where each phosphate linkage on both strands bears a a-S-group
was performed. AFM images of the bare a-S-DNA and unmodified DNA of the same
sequence indicated no significant differences, Fig. 13 (ai) and (bi). On addition of
citrate stabilised 3 nm AuNPs, binding to a-S-DNA is apparent, Fig. 13 (aii), visible by
the positioning of the NPs on the linear DNA structure. No specific binding is observed
to the unmodified DNA, Fig. 13 (bii). Therefore, specific binding of AUNPs to a-S-DNA
brushes as seen by UV-Vis, is also observed on linear DNA deposited onto a mica
surface by AFM. In both these studies, the DNA bears a-S functional groups
throughout the DNA structure, i.e. NPs can bind to any position. 3 nm AuNPs at
maximum loading (intimate contact between nearest neighbours) could in theory
position themselves approximately once every helical turn (c.a. 3.4 nm), to produce a
uniformly templated DNA hybrid material. However, this is not observed as the initial
deposition and incubation of AUNPs was performed within 15 minutes which may have
limitations on the assembly of a fully coated uniform structure. To direct the assembly
of a uniformly distributed DNA-NP hybrid material with regular spatial control, the
repeating sequence can be designed to position the a-S-binding sites at the desired

spacing for NP deposition.
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v
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3nm AuNP
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Fig. 13 AFM of (a) a-S-DNA and (b) DNA on mica, before (i) and after incubation with 3 nm AuNP for
15 mins (ii).

To direct the even deposition of AuNPs to once every helical turn, the repeating
sequence [(AT)sGo]n/[(TA)4C2]n was extended with a-S-dCTP to produce DNA
consisting of two adjacent a-S-groups per turn to enhance NP immobilisation. After 30
heat-cool cycles, 1,000 bp lengths of DNA were observed in the gels for both the
control, using all four unmodified dNTPs and the a-S-DNA, replacing dCTP with
a-S-dCTP, Fig. 14 (a). a-S-DNA was analysed by AFM and exhibited DNA lengths as
expected from the agarose gel and heights in correspondence with literature values,>
Fig. 14 (bi). The a-S-DNA immobilised on mica was incubated with 3 nm AuNPs for 10
minutes before washing with 1 mL water, Fig. 14 step (1). Deposition of the 3 nm
AuNPs onto the DNA is apparent, however, on scanning the length of a sample of DNA
molecules, it is clear the deposition is not uniformly distributed, Fig. 14 (bii). A fresh
AuNP incubation was repeated for another 10 minutes with gentle shaking, Fig. 14
step (2). After washing, AFM analysis revealed DNA molecules with additional AUNP
deposition suggesting sequential incubation steps allows additional binding. This
process was repeated a further two times, Fig 14 steps (3) and (4), to yield DNA with
near uniform deposition of AUNPs as exhibited by the height traces shown below the
AFM images, Fig. 14 (bv). Therefore, the incorporation of a-S linkages into DNA

provides an additional approach to the DNA scaffolding of metal NPs. Using the
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enzymatic extension of oligo seeds additional control over the deposition sites through

designer sequences could have implications for complex nanomaterial synthesis.
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Fig. 14 (a) Agarose gel of [(AT)4G2]n/[(TA)4“S‘CQ]n (lane 1) and [(AT)4G2]W/[(TA)sC2]n (lane 2) DNA
extension products, L = DNA ladder. (b) AFM of [(AT)4G2],1/[(TA)4“S’02]n on mica, followed by the
consecutive deposition and washing of citrate stabilised 3 nm AuNP, (1) 10 mins incubation, (2) and (3)
10 mins incubation with gentle shaking, (4) 20 mins incubation with gentle shaking.

Therefore, this method for the controlled spacing of NPs may provide a route to
optimise surface enhanced plasmon resonance (SERS), in particular the ability to
create small gaps (< 30 nm) between adjacent NPs to generate SERS “hot-spots”.>>®
The sequence positioning of the a-S-group once every 4 turns (c.a. 13.6 nm
separation) within the DNA helix provides approximately a 10 nm gap between each
3 nm AuNP. Therefore, the 40-base repeat oligo seed [(AT)15"°Galo/[(TA)1sC2]> was
extended in the presence of a-S-dGTP and produced DNA modal lengths of 700 bp
after 30 heat-cool cycles, Fig. 15 (a). The same extension lengths were achieved using
standard dNTPs and an unmodified oligo seed, Fig. 15 (a). Initial analysis by AFM
depicted short strands of DNA, which were difficult to image bare and became

“‘invisible” after NP deposition. To be able to analyse by AFM the deposition of 3 nm
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AuNPs onto this 40 base repeat DNA, longer lengths of DNA are required to prevent
aggregation and allow for more facile molecular combing. Therefore, to establish
whether further extension beyond 700 bp is possible, 40 and 50 cycle extensions were
performed. Analysis of the DNA extension products by agarose gel electrophoresis
suggests however that additional extension is not possible using the conditions
employed here, Fig. 15 (b). On further analysis of the agarose gel by Image J, Fig. 15
(c), itis clear that no further extension occurred beyond 30 heat-cool cycles. Therefore,
to analyse the deposition of AUNPs on DNA of this length, (c.a. 250 nm) a more
sensitive visualisation technique is required - liquid AFM or AFM with an ultra-sharp tip
could provide a possible route to making this observation.>”
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Fig. 15 Analysis of DNA heat-cool enzymatic extension products (a) agarose gel of DNA extension
products after 30 cycles from lane 1: [(AT)19G2]o/[(TA)1sColz with dGTP and lane 2:
[(AT)1°°Giolo/[(TA)19Col» With a-S-dGTP, (b) agarose gel of [(AT)1s*°Galo/[(TA)1sCo]> DNA extension
products after lane 1: 30 cycles, lane 2: 40 cycles, and lane 3: 50 cycles, L = DNA ladder. (¢) Image J
analysis of (b), normalising the maximum intensity of each lane to 100.
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4.3 Conclusions
A potential route towards the directed assembly of DNA-metal hybrid nanomaterials
has been described here through the designed incorporation of thio-modifications into
the DNA sequence. Several oligo seeds were extended with 6-S-dGTP in exchange of
dGTP in the reaction pot to yield DNA with a thio-group every base, every other base
and so on up to every 10" base. DNA extension product length varied depending on
the spatial frequency of the 6-S-dG base — extension efficiency increased on
decreasing 6-S-dG frequency up to a maximum length for [A3G]./[TsC],. Metal ion
titrations were performed with the 6-S-dG-DNA to determine binding stoichiometry.
Titrations were performed with Au*, Ni**, Cd** and Au®* to yield primary binding ratios
of 2:1 for Au* and 3:1 for Ni**, Cd** and Au®* For these binding ratios to occur, higher
ordered structures consisting of multiple DNA duplexes would be required. On closer
analysis of the Job plots, a 1:1 binding ratio is observed which is explained by the
unfavourable steric hindrance to bring DNA duplexes together. On AFM analysis of
unmodified and 6-S-modified DNA, Ni** binding to 6-S-DNA appears specific and leads
to DNA- nanostructures double in height compared to the unmodified DNA control,
suggesting the ability to direct the assembly of a higher ordered DNA structure through
metal ion coordination. As 6-S-DNA extension was limited by the reduced compatibility
of 6-S-dGTP during enzymatic incorporation, DNA extension only reached 500 bp,
therefore, an alternative thio-containing dNTP was investigated - a-S-dNTP. Extension
of [GATC]s/[CTAG]s with each a-S-dNTP was performed and yielded DNA of similar
length to the unmodified derivative, approximately 1,500 bp. UV-Vis and AFM analysis
confirmed the specific binding of citrate stabilised AuNPs to a-S-containing DNA. To
direct an even distribution of 3 nm AuNPs along the DNA structure.
[(AT)4G2)2/[(TA)4sCo]l was extended and deposited onto a mica surface. Four
consecutive incubations with 3 nm AuNPs followed by washing with H>O, produced a
uniformly decorated hybrid DNA molecule. To establish whether the spacing of the
NPs can be determined by the DNA sequence, [(AT)19"*G2]o/[(TA)15C2]> was extended
to yield designer DNA of lengths up to 700 bp. On addition on 3 nm AuNPs, it was
difficult to ascertain whether the NPs were positioned on the DNA molecules. To
conclude whether the NPs were spaced along the DNA backbone, a more sensitive
technique is required. However, the data provided illustrates a method to specifically
scaffold either metal ions or NPs on the designer DNA structure at precise positions,
determined by the initial oligo seed.
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4.4 Experimental details

Preparation and Purification of DNA polymerases

Tgo-Pol Z3 exo- was prepared and purified as described previously.®°

Deoxynucleotide preparation
Oligos were purchased from Eurofins (Ebersberg, Germany) and complementary

strands were annealed as shown in Table 1.

Oligos to be combined Oligo seed Duplex length / bp
(A)20 and (T)z0 [Al20/[T]20 20
(AG)10 and (TC)1o [AG]1o/[TCl10o 20
(AAG)7 and (TTC), [AAG]//[TTC], 21
(AAAG)s and (TTTC)s [AAAGLS/[TTTC]s 20
(AAAAG), and (TTTTC), [AAAAGI/[TTTTC], 20
(AAAAAAAAAG), and (TTTTTTTTTC), [AAAAAAAAAGL/[TTTTTTTTTCl, 20
(GC)1o [GCl10/[CGCl10 20

Table 1 Summary of oligos required to form the oligo seeds used.

Heat-cool cycle DNA extension
0.5 uM DNA duplex (Table 1), 200 nM DNA polymerase, DNA polymerase reaction
buffer (200 mM Tris-HCI (pH 8.8, 25 °C), 100 mM (NH4)2SO4, 100 mM KCI, 1 % Triton
X-100, 1 mg/mL Bovine Serum Albumin (BSA) and 20 mM MgSO), and 0.5 mM
deoxynucleotide triphosphates (ANTPs) (dCTP, dATP, dTTP and dGTP or 6-S-dGTP)
were mixed. Thermocycling was carried out using an Applied Biosciences Veriti 96 well
Thermal Cycler by the following method:
N (number of cycles stated) x 30 seconds at 95 °C, 30 seconds at 55 °C and
120 seconds at 72 °C.
The products were cooled to 4 °C after the reaction and then purified using a QlAquick

PCR purification kit (25) (QIAGEN, Manchester, UK) following manufacturers protocol.

Agarose Gel Electrophoresis

The extension products were analysed by gel electrophoresis in TBE (Tris, boric acid
and NaEDTA.2H,0) buffer. 0.3 % Seakem agarose (Lonza, UK) was added to the 1 %
TBE buffer and heated to dissolve. The 0.3 % Seakem agarose solution was
supplemented with ethidium bromide (Sigma Aldrich) and poured once it had cooled
to 50 °C. The 1 kb+ ladder were purchased from Thermo Scientific and provided with
a loading dye (2.5 % Ficoll-400, 11 mM EDTA, 3.3 mM Tris-HCI (pH 8.0, 25 °C),
0.017 % SDS and 0.015 % BPB). DNA samples were supplemented with the gel
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loading dye. The gels were run at 100 V, 100 mA, 10 W for approximately 1 hour and

then visualised using an ultra-violet transilluminator.

Thiolation of on-column oligo

Oligo 5-AAAAGAAAAGAAAAGAAAAG- 3’

2 pmol oligo ([A4Gls4) column (MWG Operon) was crushed with a spatula followed by
addition of 10 mL pyrimidine. 1 mL trifluoroacetic anhydride was added drop wise
followed by 40 minutes of stirring. A slurry of 1 g sodium sulphide and 40 mL
N,N-dimethylformamide was added to the stirring solution and left for 24 hours.
Solution was filtered using a Buchner funnel and washed with 3 x H,O and 3 x ethanol.
Solid beads were placed in a sample vial and filled with methylamine overnight. Vial
was returned to atmosphere followed by addition of 1 mL H,O to the vial. H,O — bead
suspension was run through a DNA purification column (QIAGEN PCR Purification kit),

separating the free oligos from the beads.
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Fig. 16 UV-Vis of thioalted oligo after column purification.

HPLC purification of thio-oligo

A buffer system consisting of A: 0.1 mM triethyl ammonium acetate, pH 6.5 in 5 %
acetonitrile and B: 0.1 mM triethyl ammonium acetate, pH 6.5 in 65 % acetonitrile was
used to purify un-thiolated oligos on the gradient from 0 to 50 % buffer B over 30
minutes and on an APEX ODS 25 cm 4 um column at 25 °C. Oligos eluted at the times

stated in Table 2 and shown Fig. 17. The thio-oligo was collected for further use.

Analyte Time / min
Un-modified oligo 3.2
Thio-modified oligo 6.2

Table 2 Elution times for the un-modified and thio-modified oligo.
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Fig. 17 HPLC purification of thiolatied oligo. Absorbance is detected at 254 (solid line) and 340 nm
(dashed line) to determine the peaks that contain the thiol-function group.

Binding curves

Solutions of 6-thio-dG-DNA were prepared at the stated concentrations, found in
Appendix C, in nanopure-H,O. Metal ion solutions (AuCl, Ni(NO3)..6H-0,
Cd(NO3)2.4H20) and AuCls) were prepared by dilution in nanopure-H,O from a 100 mM
stock solution. A 2 x concentration of 6-thio-dG-DNA was prepared for addition during
titrations to maintain a constant 6-thio-dG concentration. Concentration of M’* was
altered by the removal of 10 pL coordination polymer mixture, followed by the addition
of 5 uL M**and 5 L 2 x concentration 6-thio-dG-DNA. Binding curves were performed
by detecting the change in A%*® as the M* concentration increases, see Tables 2-5 for
more details. The absorbance was detected using a Nanodrop 1000. Binding constants
were determined using a nonlinear fit of one site specific binding on Prism 7
(GraphPad, California, USA).

Job plots
Job plots were performed to determine binding stoichiometry by the gradual reduction
of the 6-thio-dG mole fraction in a 100 uL mixture. Concentration was altered by the

removal of binding solution, followed by the addition of M"* of the same volume.

Raman spectroscopy

Raman spectroscopy was performed with a Melles Griot HeNe laser (California, USA)
and Witec focus innovations system (Ulm, Germany). A 488 nm laser was used with a
600 g / nm grating and a spectral offset of 1800 cm™. Samples were dropped onto a
clean glass cover slip using a micro pipette and allowed drying before analysis. Raman

spectra was taken over a 5 x 5 uym square with a 5 second integration time per
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spectrum and 15 points per line. The data shown in Fig. 7 is an average of each sample

image.

Atomic Force Microscopy

The top layer of the mica surface was cleaved using sticky tape. 5 puL of the DNA
sample at 4 ng / uL in 1 mM MgCIl was spread onto the mica surface using a micro
pipette. Nitrogen gas was passed over the surface to straighten the DNA and allowed
drying for 1 hour. A light microscope was used to locate the sample and cantilever
position. AFM images were collected using a Dimension V with a nanoscope controller
(Veeco Instruments Inc., Metrology Group, Santa Barbara, CA). The tapping mode
was used with an etched silicon tip (Tap 300 Al-G, 300 kHz, 40 N/m) on an isolation
table (Veeco Inc., Metrology Group) to reduce interference. Nanoscope 7.00b19

software was used to acquire data.

High resolution mass spectroscopy
A Waters Micromass LCT Premier TOF system was used in positive mode, with a
desolvation temperature of 250 °C and data collected using masslynx v. 4.1. Samples

were injected directly in nanopure-H,0O.

DNA brush preparation

Cuvettes were cleaned using piranha solution followed by washing with H,O and
drying. A solution of 2-carbomethoxyethyltrichlorosilane was added in dry toluene in
< 25 % humidity. After 1 hour, cells were washed, filled with HCI and left over night.
The cells were washed thoroughly and filed with 50 mM
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and 1 mM amine-PEG2-biotin in
10 mM Hepes. After 1 hour, cells were washed and filled with 0.1 mg/mL streptavidin
in 10 mM Tris, pH 7.9. After 1 hour, cells were washed and filled with 1 uM C1s-biotin
in 10 mM Tris, pH 7.9 and 200 mM NaCl. After 1 hour, cells were washed and filled
with 1 uM G5 10 mM Tris-HCI, pH 7.9 and 200 mM NaCl. After 1 hour, cells were
washed and filled with polymerisation solution — 0.5 mM dNTPs, 0.08 mg/mL Klenow
exo- in 2 mM MgCl,, 10 mM Tris-HCI, pH 7.9 and 200 mM NaCl. Reactions were
performed as stated in the results and quenched by the removal of reaction solution
and washing with 10 mM Tris, pH 7.9 and 200 mM NaCl.
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5.1 Introduction

The controlled attachment of biological or functional molecules to DNA provides yet
another route to DNA based materials or devices."? The functional modification of DNA
is required to utilise DNA for detection, for example, as a molecular beacon.?
Fluorescent DNA molecules are developing into highly powerful systems to target and
monitor molecular properties and pathways.?® Intercalation of planar, aromatic
fluorescent molecules has been a popular method to track DNA for many years —
expanded from the ethidium bromide staining used in DNA electrophoresis.*
Intercalation of fluorescent molecules for DNA labelling is popular due to real time
detection of, and specific binding to DNA. Many fluorescent intercalators have been
developed with improved extinction coefficients and emission quantum yields,*>® aiding
the progress of more sensitive detection methods.

Intercalation of planar aromatic compounds bearing external reactive sites, provides a
route for chemical functionalisation of any length of DNA through in situ reactions such
as the click reaction, Fig. 1.” However, for nanomaterial purposes, it is difficult to control
the intercalation loading, and this approach is therefore not suitable for site specific

modifications.
X?"ll"ll"llx Ng—e=====—Nj
_—
YTIYYTIYYTIYY

Fig. 1 The intercalation of proflavin diazide, a planar aromatic compound, into dsDNA. The intercalation
in this instance provides DNA expressing azide-functional groups, available for a second layer of
modification through the click reaction.”®

Direct and specific incorporation of fluorescent and biomarker labels into oligos is
made possible by the chemical alteration of phosphoramidites followed by inclusion
through solid phase oligo synthesis.®'® Fluorescent modifications are commonly cited
using this method to establish routes to study genetic variations, for example DNA
mutations."! Although the solid phase oligo synthesis method permits the design of the
DNA sequence, lengths are limited due to the reduction in yield after each dN addition.
Additionally, chemical modifications must be compatible with the deprotection,
protection and coupling steps.

To enhance the range of chemical modifications incorporated into DNA, the synthesis
of functionalised dNTPs followed by their inclusion into DNA during PCR has been
performed.’> A common approach to modified dNTP synthesis is the Pd(0) or Pd(ll)
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catalysed Sonogashira coupling reaction: the coupling of a terminal alkyne with an aryl
or vinyl halogen.'®"® Performing the Sonogashira reaction on DNA components
requires adaptations to the reaction conditions to make it compatible with an aqueous
environment — commonly a water soluble Pd(0) catalyst was used.' Thus far,
Sonogashira reactions have been performed on nucleosides (> 50 % yield'®) to
produce modified dNTPs for incorporation into DNA strands, however, aqueous-based
Sonogashira reactions have not been performed on modified DNA strands.

The incorporation of reactive-site bearing dNTPs for post-labelling is an attractive
approach for DNA chemical modification as it removes the limitations of DNA
polymerase handling and the complex multi-step modified dNTP synthesis. One
example of post-labelling was performed by an invasive acid depurination technique
to reveal aldehyde groups for reaction with hydrazine containing fluorophores.'’
Although this is an efficient method for DNA labelling, the product lacks the ability to
undergo Watson and Crick base pairing, which may result in unknown effects on the

DNA structure and function.
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Fig. 2 Cu(l) catalysed click reaction based on the scheme by Fokin and coworkers.'® A copper acetylene
interaction in formed which increases the acidity of the acetyl-H. Deprotonation can then occur. An
intermediate is formed with the azide-group, followed by a rearrangement to the five-membered 1,2,3-
triazole ring. Protonation releases the copper complex to begin the next catalytic cycle.

Click chemistry is a term that was first introduced in 2001 by Sharpless and co-workers
and is renowned for its bio-orthogonality, requirement of mild conditions and reliable

yields.” The Cu(l) catalysed azide-alkyne cycloaddition is the most commonly used
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reaction, Fig. 2.2° This cycloaddition forms a high yielding triazole ring, linking the two
original compounds. Click chemistry on DNA was initially performed on oligos bearing
alkyne groups for DNA labelling, incorporated through the phosphoramidite method,
Fig. 3 (a).?"® An increase in duplex stability is noted for the inclusion at C7 of
deoxyguanine of alkyl-groups which lie in the major groove.?® Sequential chemical
additions of three different azide building blocks can vyield triply modified
oligonucleotides.?* The click reactions were performed sequentially by protecting the
second and third alkyne with a trimethylsilyl and triisopropylsilyl ether group, followed
by step-wise deprotection after completion of the first and then second click reaction
was performed.?* By labelling DNA with three different reporter groups, it may be
possible to report multiple genetic instabilities simultaneously. However, oligo lengths
are again limited, hence enzymatic routes have also been explored to produce
“clickable” DNA of more than 100 bp. PCR performed in the presence of alkyne-
dNTPs, provides an avenue to loading DNA with reporter groups for click chemistry.
Carell’s group performed a series of click reactions on DNA bearing a range of alkyne
densities, demonstrating a method for the high-density labelling of DNA.?>*® One
application of the covalent attachment of fluorescent tags is reduced unspecific
leaching which commonly causes background fluorescence as seen with intercalating
dyes.?” The occurrence of the alkyne group is determined by the genetic sequence
and which artificial alkyne dNTP is incorporated. Therefore, flexibility to design the
position of functionalisation is limited to the sequences commercially available and can
only be chosen by the user. A method able to design the repetition and specific location
of the alkyne and consequently the azido-marker, would provide an additional avenue

to nanoscale assembly with specific location attachment.

a. 0

Q /k
g N
NC—/_

Fig. 3 (a) 5’-4,4’-dimethoxytriphenyl-methyl-O-5-octa-1,7-diynyl)-2’-dU, 3’-[2-(nitrile)-(N,N-diisopropyl)]-
phosphoramidite. (b) 5-(Octa-1,7-diynyl)-2’-deoxycytidine 5-triphosphate.
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5.2 Results and Discussion

In this chapter, a method for the fluorescent tagging of DNA at sequence specific
positions to control fluorescence loading is reported. In Chapter 2, the controlled
elongation of a DNA repeat sequence DNA, of up to 10 bases was reported.?® Through
considered design of the repeat sequence, the arrangement and frequency of certain
base pairs can be controlled. In Chapter 3, a range of DNA polymerases were
investigated to determine relative incorporation efficiencies of modified nucleotides,
including 5-Cg-alkyne-dCTP which was found to have a similar behaviour to the
unmodified dCTP. DNA synthesised with multiple 5-Cg-alkyne-dCTP anchors allows
for organic chemistry, specifically click modification, to be carried out at precise

positions on the DNA backbone.

5.2.1 5-Cg-alkyne-dC-DNA synthesis

DNA extensions were performed with 5-Cg-alkyne-dCTP and the oligo seeds
[AG]10/[TCl10, [A4G14/[T4C]s and [AsG]2/[ToC]2 to yield DNA with three different loadings
(1in2,1in 5 and 1 in 10) of alkyne groups. Extension with each sequence yielded
DNA of 2,000 bp for [AG]n/[TC]l,, and 5,000 bp for both [A4G1./[T4Cl, and [AgG]+/[ToCln,
Fig. 4 (a). DNA extension in the absence of either the dCTP or 5-Cg-alkyne-dCTP
derivatives was not observed with any sequence, demonstrating that the DNA
polymerase did not mis-incorporate adTTP, dATP or dGTP. Once again, the extension
reaction performed in the presence of only dCTP and unmodified dNTPs, yielded
similar DNA product lengths as observed for the 5-Cg-alkyne-dC-DNA products for all
three oligo seeds.

A test of two DNA polymerases for extension of the oligo seed [A4G]4/[T4Cls was
performed to establish the optimal enzyme for the incorporation of the
5-Cg-alkyne-dCTP: Deep Vent exo-,%° a commercially available Pyrococcus species
GB-D DNA polymerase and Tgo-Pol mutant, Z3 exo-, an in-house synthesised DNA
polymerase were compared, Fig. 4 (b). Both DNA polymerases are exo- mutants,
hence exhibit favourable properties for incorporation of modified dNTP. Both DNA
polymerases produced extended DNA of similar modal length, ca. 5,000 bp. However,
Deep Vent exo- appears to yield more DNA from the extension reactions as exhibited
by the more intense bands in lanes 2 and 3 versus lanes 5 and 6. As Deep Vent exo-
produced a higher yield of modified DNA, it was the chosen DNA polymerase for the

enzymatic extensions performed in this Chapter.
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Fig. 4 Agarose gel of DNA extension products after 30 heat-cool cycles, (a) lanes 1-3: [AG],/[TC],, in
the absence of dCTP, in the presence of dCTP and in exchange with 5-Cg-alkyne-dCTP, respectively,
lanes 4-6: [A4G]/[T4C], in the absence of dCTP, in the presence of dCTP and in exchange with
5-Cg-alkyne-dCTP, respectively, lanes 7-9 [AsG]./[ToC]n in the absence of dCTP, in the presence of
dCTP and in exchange with 5-Cg-alkyne-dCTP, respectively. (b) [A4G]./[T4C], extensions performed with
Deep Vent exo-, lanes 1-3, and Tgo-Pol Z3 exo-, lanes 4-6, in the absence of dCTP, in the presence of
dCTP and in exchange with 5-Cg-alkyne-dCTP, respectively. L = DNA ladder.

Fig. 5 (a) represents schematically the range of loading of the alkyne functional groups
along the DNA duplex. By incorporating 5-Cg-alkyne-dCTP into [AG]./[TC],, the
functionality will be evenly distributed throughout the DNA at every other base on one
strand. It is known that C5 modifications of the pyrimidines extend into the major groove
and do not interfere with hydrogen bonding between base pairs. As there are ten base
pairs per turn in B-DNA, [A4G]4/[T4C]4 provides a method for presenting alkyne groups
on alternate faces of the duplex and [AsG]2/[ToC]2 bears the modification on only one

face of the duplex, Fig. 5 (a).
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Fig. 5 (a) position of alkyne functional groups depending on the DNA sequence chosen. (b) UV-Vis of
unmodified (blue) and alkyne-modified (red) DNA and 5-Cg-alkyne-dC (green). C* = 5-Cg-alkyne-dC.

The alkyne functionality of 5-Cg-alkyne-dCTP causes a shift in the Amax Of the
dC-nucleotide from 271 nm to 299 nm (5-Cg-alkyne-dC spectrum shown as the green
line in Fig. 5 (b)).>>®! Therefore detection of a shoulder in the UV-Vis spectrum of the
DNA extension products indicates successful incorporation of the 5-Cg-alkyne-dCTP,
red line in Fig. 5 (b). Additionally, further characterisation and confirmation of

5-Cg-alkyne-dCTP incorporation was reported in Chapter 3.
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5.2.2 Click chemistry with 5-Cg-alkyne-dC-DNA

DNA presenting alkyne groups can now undergo click chemistry for secondary
modification with any desired azido-group. In this investigation, click functionalisation
with fluorophores was chosen due to ease of analysis. Two different azide-modified
fluorophores were selected to determine the ability to control the fluorescent loading
of DNA using the three designed repeat sequences. Azide-fluor 545 is commercially
available from Sigma Aldrich and the bodipy-azide was synthesised in-house and
provided from the group of Prof. A. Benniston,* Fig. 6. Click reactions of the two azide-
fluorophores were performed with both 5-Cg-alkyne-dC-DNA and unmodified DNA, Fig.
6. TBTA is required to stabilise the oxidation state of Cu(l) and produce high yields.*?
The long reaction time is necessary due to the low concentrations used (50 uM), the
possible steric hindrance of the DNA duplex and the restricted diffusion of reactive

alkyne sites throughout the solution.

H cu(l) N R
TBTA
Z 4+ NpR ——— [ \
dc sodium ascorbate  4¢ -N
sodium phosphate, pH 7 N
o) 10 % t-BuOH N3

Fig. 6 The click reaction of 5-Cg-alkyne-dC with either Azide-fluor 545 (left) or bodipy-azide (right) to
form the 1,2,3-triazole ring.

Purification after the click reaction was achieved using QIAQuick PCR Purification
columns following the standard protocol. After DNA binding to the column and two
washing steps, the pink or colourless column demonstrated the presence or absence
respectively, of fluorophores in the products, Fig. 7. The DNA-click product was then

eluted to release purified products from the columns.

Fig. 7 QlAquick PCR Purification columns after binding of fluor 545-DNA click samples and 2 x washing
with PE buffer, 1-6 (left to right). Sample 1: [AG]/[TC*]., sample 2: [AG]./[TC]n, sample 3: [A1G]/[T4+C*]n
sample 4: [A4G]/[T4C], sample 5: [AG]/[ToC*]n, sample 6: [AgGl/[ToCln. C* = 5-Cg-alkyne-dC.
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UV-Vis spectroscopic analysis of the products from the click reaction with unmodified
DNA (control) and the alkyne-bearing DNA was performed. In the case of the control
reaction between Azide-fluor 545 and unmodified DNA, no absorbance peak at 545 nm
after 72 hours was observed, as expected, Fig. 8 (a), (c) and (e). This confirms the
complete removal of any free fluorophore through efficient column purification and also
indicates that intercalation of the dye into the DNA did not occur. Alkyne-bearing DNA,
however, produced an absorbance peak at 545 nm after click with Azide-fluor 545,
suggesting association of the fluorophore with the DNA, Fig. 8. Similar observations

for the click reaction with the bodipy dye were noted as in Fig. 8 (b), (d) and (f).
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Fig. 8 UV-Vis of DNA click products from alkyne-bearing-C DNA (smooth line) and unmodified-C-DNA
(dashed line). (a) [AG]/[TCln, (¢) [A4G]/[T4Cln, and (e) [AgGl/[ToCl, click with azide-fluor 545, (b)
[AG]W/[TCIn (d) [A4G]/[T4Cln, and (f) [AsG/[ToCl, click with bodipy-azide. All spectra are normalised at
260 nm.

To further characterise the click products, fluorescence spectroscopy was performed
to ensure that the fluorophore remained photo-active after attachment, Fig. 9 (a). The
characteristic emission band at 580 nm was observed for all three fluor 545-DNA
products, however, the intensity did not decrease as alkyne loading was reduced. On
normalising the emission intensity to DNA absorbance, a ratio of 2:1:4 for [AG]./[TC],,

[A4G]n/[T4C]n and [AsG]/[ToC]n was observed rather than the expected 5:2:1 ratio as
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by loading. This difference in ratios between loading and emission intensity suggests
additional interactions with either the DNA duplex or more likely, neighbouring
fluorophores. On closer analysis of the UV-Vis spectra, Fig. 9 (b), the shoulder at
520 nm is apparent at different ratios for each clicked DNA product. At high

3435 resulting in a reduced quantum

concentrations, rhodamine is known to aggregate,
yield. A reduced quantum yield is also noted on conjugation to DNA.*® A lower emission
intensity is observed for the [AG]./[TC],, repeating sequence, suggesting the
fluorophores are in close enough proximity to interact and reduce the quantum yield.
Alternatively, in the DNA sequences where reactive sites are in close proximity, it is

possible that not all alkyne sites reacted.
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Fig. 9 (a) Fluorescence spectroscopy and (b) UV-Vis of each click product from [AG]./[TC*], (orange),
[A4G]/[T4C*]n (green) and [AgG]./[ToC*], (blue). Samples were excited at 520 nm. C* = 5-Cg-alkyne-dC.
Thus far, UV-Vis and fluorescence spectroscopic studies have shown that after the
click reaction the fluorophore is present in the product, however, additional
characterisation to visualise the fluorophore associated with the DNA would be
beneficial. Fluorescence microscopy confirms the fluor 545 is located only on the DNA
molecules, as linear bright structures, ca. 1,500 nm in length which corresponds to
4,500 bp of DNA, Fig. 10. Such linear features are not observed after click addition of
Azide-fluor 545 to the control DNA. Further fluorescence micrographs of the click
products of each sequence, with and without the alkyne group modification are shown

in Appendix D.

Fig. 10 Fluorescence microscopy of [A,G]./[T4C*], click products on glass. C* = 5-Cg-alkyne-dC.
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Fluorescence microscopy expresses the association of fluorophores with DNA,
however it does not necessarily confirm covalent attachment through the expected
1,2,3-triazole ring linkage. Enzymatic digestion of the DNA-click products leads to the
break-down of DNA into its individual nucleosides. Therefore, in this case, the digestion
of the 5-Cg-alkyne-dC-DNA-click product should give the dC-fluor 545 clicked
monomer as one of the individual digestion products. HPLC of the digested click
products for both the unmodified and the 5-Cs-alkyne-modified DNA showed the
presence of dT, dG and dA in both samples but only dC in the unmodified DNA sample,
as expected. In addition, there is no peak at 54.5 minutes corresponding to the
unreacted 5-Cg-alkyne-dC peak (all standard retention times are shown in Appendix
B, Table 1 and Fig. 9). Therefore, high yields are considered for the [A¢G]n/[ToC]n
sequence due to the disappearance of the 5-Cg-alkyne-dC peak as expected from
Carell’'s studies.®” However, two new peaks at longer retention times of 61 and 62.5
minutes, assigned to the successfully clicked fluor-545-dC product were observed. The
presence of a split peak is expected of the fluor-545 rhodamine derivative due to the
equilibrium of the charged and uncharged forms.* The linear detection range of the
HPLC is not known for the click product, hence the small product peaks may be due

to limited detection at lower concentrations.
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Fig. 11 (a) HPLC trace of digestion products at A***

from 61-63 minutes.

and (b) UV-Vis spectrum of the eluent collected

The UV-Vis spectrum of the eluent collected from 61-63 minutes illustrated the
presence of the clicked dC-rhodamine derivative, Fig. 11. To ensure the peak collected
was the click product, HRMS was performed and the mass ion peak for
CsoHsoN9gO11Na, expected at 986.4388 m/z, was found at 986.4384 m/z. The mass
peak without sodium was not found, suggesting the sodium counter ion is required for
stabilisation. The presence of the new longer retention time peak in HPLC, which
absorbs at 545 nm and has the correct molecular mass ion confirms that the click
reaction was successful on long DNA bearing multiple repeating alkyne groups.
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5.3 Conclusions

The flexible incorporation of 5-Cg-alkyne-dCTP into three different repeating
sequences of DNA provides a route to loading DNA with chemical anchors at
pre-designed positions. The enzymatic heat-cool method led to DNA extension
products with modal lengths of 2,000 bp for [AG]i¢o/[TC]i0, and 5,000 bp for
[A4G]4/[T4Cls and [AsG]2/[ToC]2 after 30 cycles. The DNA extension products with the
incorporation of 5-Cg-alkyne-dCTP provide alkyne groups situated in the DNA major
groove available for the further functionalisation via the click reaction. The click
reaction was performed with alkyne-dC derivatives of [AG]./[TC]n, [A4G]/[T4C], and
[AoG]n/[ToC]n with azide-fluor-545 and bodipy-azide. Characterisation by UV-Vis and
fluorescence spectroscopy revealed the association of each fluorophore with the
modified DNA. To ensure the fluorophore was covalently attached, DNA digestion
followed by HPLC analysis revealed the HRMS product peak for the
5-Cg-alkyne-dC-fluorophore click product.

In this study, the ability to further functionalise designer modified DNA through the
1,3-dipolar cycloaddition click reaction has been demonstrated. The location of alkyne
reactive sites along the helix can be controlled by the design of the starting oligo seed.
Each alkyne site provides an anchor for further chemistry and could be a promising

route to exploit DNA as an advanced tool in diagnostics and in delivery systems.
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5.4 Experimental details

Preparation and Purification of DNA polymerases
Deep Vent exo- was purchased from New England Biolabs (Ipswich) and Tgo-Pol Z3

exo- was prepared and purified as described previously.**°

Deoxynucleotide preparation
Oligos were purchased from Eurofins (Ebersberg, Germany) and complementary

strands were annealed as shown in Table 1.

Oligos to be combined Final oligo seed Duplex length / bp
(AG)10 and (TC)1o [AG]10/[TCl1o 20
(AAAAG) and (TTTTC) [AAAAGY/[TTTTC] 20

(AAAAAAAAAG) and (TTTTTTTTTC) [AAAAAAAAAG)TTTTTTTTTC] 20
Table 1 Summary of the oligos required to form the oligo seeds used.
Deoxyguanosine (G), deoxythymidine (T), deoxycytidine (C), deoxyadenine (A) and base pair (bp)

Heat-cool cycle DNA extension
0.5 uM oligo seed (Table 1), 200 nM DNA polymerase, DNA polymerase reaction
buffer (200 mM Tris-HCI (pH 8.8, 25 °C), 100 mM (NH)SO, 100 mM KCI, 1 % Triton
X-100, 1 mg/mL Bovine serum albumin (BSA) and 20 mM MgSO), and 0.5 mM
deoxynucleotide triphosphates (dNTPs (Thermo Scientific, UK)) (dCTP, dATP, dTTP
and dGTP or 5-Cg-alkyne-dCTP (Jena Biosciences, Germany)) were mixed.
Thermocycling was carried out using an Applied Biosciences Veriti 96 well Thermal
Cycler by the following method:
N (number of cycles stated) x 30 seconds at 95 °C, 30 seconds at 55 °C and
120 seconds at 72 °C.
The products were cooled to 4 °C after the reaction and purified using a QlAquick PCR

Purification Kit (25) (QIAGEN, Manchester, UK) following manufacturers protocol.

Click reaction

50 uM 5-Cg-alkyne-dC in DNA was reacted with 500 uM azide-fluoro-545 (Sigma
Aldrich, UK) or bodpy-azide (a kind gift from Prof. A. Benniston), 500 uM Cul, 1 mM
TBTA, 5 mM sodium ascorbate in 10 % isopropanol and 10 mM sodium phosphate,
pH 7 in a total volume of 200 pL and gently shaken for 72 hours. Samples were purified
using QIAquick PCR Purification Kits. On binding the sample to the column, reaction

outcome is expressed by colouring the matrix, Fig. 7.
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Agarose Gel Electrophoresis

The extension products were analysed by gel electrophoresis in TBE (Tris, boric Acid
and NaEDTA.2H,0) buffer. 1 % agarose (Melford, Ipswich, UK) was added to the 1 %
TBE buffer and heated to dissolve. The agarose solution was supplemented with
ethidium bromide (Sigma Aldrich) and poured once it had cooled to 50 °C. The 1 kb+
ladder Thermo Scientific) was provided with a loading dye (2.5 % Ficoll-400, 11 mM
EDTA, 3.3 mM Tris-HCI (pH 8.0, 25 °C), 0.017 % sodium dodecyl! sulphate and 0.015
% bromophenol blue). DNA samples were supplemented with the gel loading dye. The
gels were run at 100 V, 100 mA, 10 W for approximately 1 hour and then visualised

using an ultra-violet transilluminator.

Ultraviolet-Visible spectroscopy

UV-Vis spectroscopy was performed using a NanoDrop 1000 Spectrometer (Thermo
Scientific) for volumes less than 2 puL and a Varian Cary 100Bio UV-Vis
spectrophotometer with a Varian Cary temperature controller for larger volumes.

Spectrometer was blanked using nanopure-H>O or QIAGEN elusion buffer.

DNA digestion

0.2 mg of snake venom phosphodiesterase, 100 units bacterial alkaline phosphotase
in 10 mM potassium phosphate buffer, pH 7 and 10 mM magnesium chloride was
added to 0.5 absorbance units at 260 nm of ds DNA and incubated at 37 °C for 16-18
hours. The dNMPs produced can be analysed by reverse phase HPLC on an APEX
ODS C18 5um 250 mm column with 0.1 M triethylammonium acetate, pH 6.5
containing 5 % ACN (buffer A) and 0.1 M triethylammonium acetate, pH 6.5 containing
65 % ACN (buffer B) operated at 1 mLmin™ at room temperature. 100 L of digestion
product was injected into a Waters 2487 Dual Wavelength Absorbance detector with

a Waters 600 controller under the buffer system described in Table 2.

Time / min Buffer A % Buffer B %
0 100 0
25 5 95
30 10 90
40 15 85
45 20 80
50 25 75
55 30 70
60 35 65
70 100 0

Table 2 HPLC buffer system
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Mass spectroscopy
A Waters Micromass LCT Premier TOF system (Hertfordshire, UK) was used in
positive mode, with a desolvation temperature of 250 °C and data collected using

masslynx v. 4.1. Samples were injected directly in nanopure-H.0.

dN standards

All standards were purchased from Jena Biosciences (Jena, Germany) except
5-Cg-alkyne-dC (5-(octa-1,7-diynyl)-cytosine) which was synthesised in house
following the protocol by Chittepu et al.*® 72 %, TLC (CH2Clo/MeOH 9:1): R;0.41. UV
Amax (MeOH)/nm 299. 'H NMR ((Ds) DMSO): 1.52-1.67 (m, 4H 2CH,), 1.96-2.17 (m,
2H CH»(2"), 2.19-2.23 (m, 2H CHy), 2.42-2.45 (t, J=2.44 CH,), 2.78 (t, 1H C=CH),
3.54-3.65 (m, 2H CHx(5"), 3.78-3.81 (m, HC(4’)), 4.20-4.24 (m, HC(3’)), 5.06-5.09
(t, J=5.08 OH-C(5’)), 5.23-5.24 (d, J=5.23 OH-C(3"), 6.11-6.14 (t, J=6.13 H-C(1’)),
6.74 (s, NHa), 7.69 (s, NHy), 8.08 (s, H-C(6)). '*C NMR ((Dg) DMSO): 17.7 (CH»-C=H),
19.0 (CHx-C=H), 27.6 (CH.CH,-C=H), 27.7 (CH.CH,-C=H), 39.9 (C-2’), 61.5 (C-5)),
70.6 (C-3’), 71.8 (C=CH), 72.6 (C=C), 84.8 (C-1’), 85.7 (C-4’), 87.9 (C=C), 90.8 (C=C),
95.8 (C-5), 144.0 (C-6), 154.0 (C-2), 164.8 (C-4). HRMS (ESI +ve) calcd. for
C1704N3H21 [M-H]" 332.1610, found 332.1589.

Fluorescent microscope imaging

DNA samples were diluted to approximately 10 ng/uL. Glass slides were cleaned using
a diener electronic plasma cleaner (Femto, Korea) and 5 uL sample was deposited
using a micro pipette and spread on the surface. Sample was allowed to dry and
mounted onto an Axioshop 2 plus (Zeiss, Germany) image platform, set to filter 44,
with a Plan-NEOFLUAR 40 x/ 0.75 objective lens (Zeiss). The sample was excited at
490 nm from a ebq100 isolated mercury lamp (LEJ, Germany) and captured using an

axioCam HRm (Zeiss).
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Outlook



The enzymatic synthesis techniques outlined in this thesis provide a platform to build
DNA based nanomaterials with an advanced level of precision and control. The initial
protocol involves the enzymatic synthesis of DNA consisting of repeating sequences
up to 10 bases. This extension method utilises the heating and cooling parameters of
the polymerase chain reaction which results in incomplete annealing by one or more
repeat sequences, providing ‘sticky ends’ for the DNA polymerase to extend. Several
repeat sequences of varying G-C percentages ([AxG]./[TxC]n, where x=1to 9 and n =
number of repeat units) were extended up to 20,000 bp. Mixed repeat sequences were
also shown to extend, for example, [GATC]./[CTAG],. Specific DNA lengths (500,
1,500 and 7,000 bp) were selected by the simple excision and extraction from agarose
gels. This method requires a DNA polymerase compatible with thermal cycling,
therefore the activity of several thermophilic DNA polymerases was investigated. The
Archaeal Family B Tgo-Pol exo- mutant, Z3, the Pfu-Pol exo- and the commercially
available Pfu-Pol exo+ and Deep Vent exo- all exhibited similar extension efficiency
except the Pfu-Pol exo+, suggesting an exo- variant is required. As Tgo-Pol Z3 exo- is
known to allow for some base mis-incorporation, it was selected to investigate the
synthesis of modified DNA using non-standard dNTPs.

Single atom modifications, 5-I-dCTP, 5-Br-dUTP, 6-S-dGTP and 7-deaza-I-dATP and
a long chain modification 5-Cg-alkyne-dCTP were incorporated into two oligo seeds,
[A4G]4/[T4Cls and [GATC]s/[CTAG]s. These oligo seed sequences allow for the study
of single and multiple modified dNTP incorporations per repeating unit. Each of the five
modified dNTPs were able to incorporate into the dsDNA efficiently, except 6-S-dGTP
which may interfere with base pairing and duplex stability. Two or more different
modified dNTPs can be incorporated simultaneously to yield DNA bearing up to four
different functional groups within a designer repeat sequence determined by the initial
oligo seed.

The incorporation of 6-S-dGTP, provides thio-anchors for site directed metal ion
binding within the duplex. Au*, Ni#*, Cd®** and Au®* were titrated with 6-S-dG-DNA. Cd**
expressed the strongest binding followed by Au**, Au* and Ni?*. Job plots revealed the
preferred binding ratios of 2:1 for Au* and 3:1 for Ni**, Cd** and Au®*. However, a 1:1
binding mode was also expressed for Au*, Ni** and Au®** and a 2:1 binding ratio for
Cd?*, indicating mixed binding geometries in all cases. A binding ratio higher than 1:1
for [As85G]n/[T4Cln : MY* (y = metal charge) requires the close proximity of two or more
DNA duplexes. This may be unfavourable due to steric constraints and repulsive
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charges between the assembled duplexes resulting in some 1:1 binding modes for
metal ions with a higher K4 - Ni** and Au*. AFM analysis of the DNA hybrid structure
revealed a double height increase in comparison to bare DNA for [As2°G]./[T4C]n : Ni#*
structures, suggesting the metal ion directed assembly of multiple helices.

Oligo seed extension using 6-S-dGTP produced DNA modal lengths up to a maximum
of 500 bp (170 nm) which makes visualisation and analysis by AFM challenging.
Ideally, DNA extension products over 700 bp would provide a more accessible building
block for the directed assembly of nanomaterials. Therefore, the incorporation of
o-S-dNTPs provides an alternative avenue to the synthesis of long functional DNA (up
to 2,000 bp (680 nm)). The a-S-DNA can be exploited for NP deposition, through the
interaction between gold and the thioate-group. The oligo seed sequence can be
designed to control the a-S-dNTP position and hence the anchor location for NP
binding. Uniform deposition of 3 nm AuNPs along a-S-DNA was observed by AFM
after repetitive incubation with NPs, which was not evident with unmodified DNA of the
same sequence. This approach could potentially be used to space NPs at user defined
distances determined by the location of the a-S-group within the repeating sequence.
Similarly, DNA extended using 5-Cg-alkyne-dCTP provides a synthetic route to DNA
bearing chemical anchors for click chemistry. Again, through appropriate design of the
oligo seed, the spacing between chemical anchors can be controlled. The click reaction
was performed successfully with azide-modified fluorophores to yield fluorescent DNA.
DNA loaded with a clicked fluorophore at every other, every 5" and every 10" base
exhibited complex emission spectra potentially due to intra-strand interactions.

The work presented in this thesis provides a flexible method to design and synthesise
DNA with control over length, composition and functionality. Initial investigations into
exploiting the designer DNA for the fabrication of nanomaterials has been

demonstrated.

Some future considerations to further optimise the DNA product from the heat-cool
cycle extension method, include amplification of the extended DNA due to the relatively
low yields of the agarose gel recovery system. A standard PCR amplification method
could be adopted, however, due to the repeating sequence, unspecific primer binding

could lead to shorter DNA lengths. Therefore, the ligation of a short non-repeating
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sequence to each end of the product DNA, would provide a specific attachment point
for the complementary primer for standard PCR amplification to occur.

Additionally, variation of the composition and length of the repeating sequences could
provide near infinite possibilities for designer DNA synthesis. In each instance, the
optimisation of the extension parameters would need careful consideration. Longer
repeat lengths would allow the spacing of biologically important sequences throughout
a user defined DNA product which may have applications in biomedical research.
Here, six different modified nucleotides were incorporated into DNA by the heat-cool
cycle method. Analysis of the extension products indicated that the exo- DNA
polymerases are capable of handling a range of dNTP substrates. Therefore, the
incorporation of a wider range of modified dNTPs would provide additional chemical
anchors for secondary functionalisation.

The successful site specific binding of Au-NPs to a-S-DNA, suggests the NPs can be
spatially positioned along the DNA backbone. Further optimisation to extend the
40-base repeat sequence would allow for larger separations between particle binding
sites. High resolution TEM analysis could provide an understanding into the role of
spacing between NPs on DNA-molecule interactions through vibrational spectroscopy.
Similarly, the controlled spatial positioning of chemical anchors along the DNA allows
for the immobilisation of functional molecules at pre-designed positions. The example
presented here was the alkyne-azide click reaction, however, the incorporation of an
iodo-modified dNTP could provide a route to perform the Sonogashira reaction at pre-
determined sites on DNA. The ability to perform two different chemical reactions on
DNA would provide an avenue to attach two different molecules. The spatial separation
between chemically active sites could be controlled to study small molecule

interactions between one another and DNA.
In conclusion, this method of enzymatic DNA extension provides a protocol for the

design and synthesis of DNA based nanomaterials, tailored by length, sequence and

functional content.
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Appendix



Appendix A

AFM and fluorescent microscopy images of DNA extension products excised from an
agarose gel at 500, 1,500 and 7,000 bp, Fig. 1-3.

A B C D E F
Length  Height Length Height Length Height Length Height Length Height Length  Height
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)

205 0.9 202 0.6 165 0.5 145 1.0 178 1.1 190 0.7

162 1.2 205 1.2 199 0.9 140 0.9 145 0.7 157 0.4

173 0.6 203 0.5 179 0.8 181 1.0 195 0.6 173 1.1

163 0.8 179 0.9 152 0.4 163 0.5 178 1.2 172 1.2

178 1.1 160 0.5 216 0.6 166 1.3 200 11 194 0.7

179 1.0 191 0.5 176 0.5 199 1.4 165 0.5 156 1.0

143 1.2 187 0.9 148 0.6 143 1.2 198 0.8 190 0.5

192 1.0 179 0.6 209 0.7 161 1.1 195 1.2 153 1.2

145 1.1 176 0.5 140 0.6 180 1.2 163 0.4 160 0.8

182 0.6 204 0.7 133 0.6 173 1.0 169 0.7 168 0.6

Average 172 1.0 189 0.7 172 0.6 165 1.1 179 0.8 171 0.8
SD 19 0.2 14 0.2 28 0.1 18 0.2 17 0.3 15 0.3

Summary Length (nm) Length (bp) Height (nm)
Average 175 513 0.8
SD 18 54 0.2

Fig. 1 AFM images of DNA extension products on mica. [A3G]s/[T5C]s DNA extension products after 20 cycles and
size recovered at 0.5 kb.
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Length  Height Length Height Length Height Length Height Length Height Length  Height
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
293 0.8 447 0.8 416 0.6 491 0.7 501 0.5 426 1.0
361 0.7 323 1.2 403 0.8 379 0.5 371 0.6 560 0.8
395 1.0 304 0.7 386 0.5 441 0.8 524 1.1 428 0.9
414 0.7 442 0.6 410 0.6 305 0.7 525 0.5 412 0.5
402 0.7 422 0.8 379 0.5 482 0.8 426 0.8 454 1.1
398 0.8 430 1.0 376 1.1 373 0.5 507 0.8 470 0.5
451 1.1 451 0.5 444 0.8 428 0.6 430 0.6 364 0.6
349 0.6 384 0.7 436 0.9 335 0.9 511 0.9 407 0.9
406 0.7 419 0.6 393 0.7 454 0.8 412 0.5 382 0.7
457 0.6 513 0.8 453 0.7 405 0.6 469 0.7 416 0.5
Average 404 0.8 414 0.8 410 0.7 409 0.7 468 0.7 432 0.8
SD 36 0.2 62 0.2 27 0.2 61 0.1 54 0.2 55 0.2
Summary Length (nm) Length (bp) Height (nm)
Average 421 1238 0.7
SD 56 165 0.2

Fig. 2 AFM images of DNA extension products on mica. [A3G]s/[T5C]s DNA extension products after 20 cycles and
size recovered at 1.5 kb.
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Alength (um) B length (um) Clength(um) D length (um)

3.05 3.53 4.32 2.55
2.61 3.32 2.76 3.36
3.1 2.27 3.94 3.94
2.50 2.62 2.76 3.37
3.37 3.63 2.35 4.38
4.04 4.11 2.55 3.32
3.67 3.43 3.10 3.87
3.35 2.63 2.87 3.83
3.09 2.78 3.11 4.32
3.23 4.36 2.96 3.52
Average 3.20 3.27 3.07 3.65
SD 0.43 0.65 0.58 0.51

Summary Length (um) Length (bp)

Average 3.30 9700
SD 0.54 1600

Fig. 3 Fluorescent micrographs of 7 kb DNA synthesised using [A3G]s/[T3C]s as the oligo seed and extending for
20 cycles followed by size recovery from an agarose gel.
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Appendix B
AFM of modified DNA extension products after 30 heat-cool cycles, Fig. 1-5. Five DNA
length scans were performed for each image, see Tables and several height scans are

plotted, bottom right of Fig. 1-5.

A B P b 1100
838 1188 1032 853 900
o76 897 732 735 |E 700
Length(nm) 706 897 1029 ggs |z o0
1135 653 1003 900 |2 300
1124 794 935 g9 | T 100
Average (nm) 956 886 946 8a1 -100 ¢ 40 0
SD (nm) 166 176 113 58 -300 Section length/nm

Fig. 1 AFM images (A-D) of 5-1-dC-DNA, a table of the analysed lengths and a selection of perpendicular
height scans.

2

A B c D
715 1050 571 609 | 800
471 1026 768 512 | g 690
Length(nm) _ 547 1206 1015 991 |E 400
824 865 1165 1165 |2 200
835 1100 956 1041 0
Average (nm) 678 1049 895 864 -200 20 40 60
SD (nm) 147 111 206 256 Section length/nm

Fig. 2 AFM images (A-D) of 5-Cg-alkyne-dC-DNA, a table of the analysed lengths and a selection of
perpendicular height scans.
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644 671 818 691
800
1238 485 938 953 | E
Length (nm) __ 621 818 791 929 |= 400
1056 621 897 1041 |2
647 656 647 797 |T o\
Average (nm) 841 650 818 882 ¢ 0 40 %60 0 100
SD (nm) 256 106 101 123 -400 Section length/nm
Fig. 3 AFM images (A-D) of 7-deaza-l-dA-DNA, a table of the analysed lengths and a selection of

cans.

A B c D 900
1441 1156 982 968
1112 785 1679 641 | E
Length (nm) _ 1271 918 965 95 |z °%
1121 815 1000 600 |2
794 624 718 606 | = 100
Average (nm) 1148 859 1069 756 D 40 0 0
SD (nm) 214 176 322 172 -300 Section length/nm

Fig. 4 AFM images (A-D) of 5-Br-dU-DNA, a table of the analysed lengths and a selection of
perpendicular height scans.

A B C D 600
521 259 426 285 | €
353 324 297 326 | = 400
Length (hm) 362 297 312 315 |5
306 265 332 294 | £ 200
274 309 300 362
Average (hm) 363 291 334 316 0 0 10 20 30
SD (nm) 85 25 48 27 Section length/nm

Fig. 5 AFM images (A-D) of 6-S-dG-DNA, a table of the analysed lengths and a selection of
perpendicular height scans.
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DNA sanger sequencing was performed (GATC Biotech) for each modified DNA
product, Fig. 6-8.

100 110 120 130 140
CTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTT

5-alkyne-CgdC

.00 110 120 130 140

6-S-dG

CTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTT

Fig. 6 DNA sanger sequencing of [A;G]/[T4C], extended with a single type of modification per DNA
extension pot.
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.~ - ol AL \
S0 100 110 120
GATTCGATTCGATTCGATTCGAT TCGATTCGATTCGAEATTCGRE2T TC G 2]

5-alkyne-Cg.dC

\“\ A
| !
“‘ M\/\ “[\
| I
| !
70 80 90 1

TCGAT TCGAT TCGATTCGATTCGATTCGATTCGEAET

7-deaza-I-dA

70 80 100 110
GRATTCGATTCGATTCGAT TCGATTCGATTCGATTCGATTCGARATTCG

70
GATTCGAT TCGAT TCGATTCGAT TCGATTCGATTCGAT TCGATTCG

6-S-dG

CGATT CGATTCGATTC

5-1-dC + 5-Br-dU

WA A A Aa AN

100 110 130
FTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTTTCTTT

5-alkyne-Cg.dC + 5-Br-dU

g

80 D) 100 110 120

GAT TCGATTCGATTCGAT TCGAT TCGATTC GATTCGATTCGARETTC

Fig. 8 DNA sanger sequencing of the two-type of modified DNA products.

Fig. 7 DNA sanger sequencing of [GAATC]/[GATTC], extended with a single type of modification per
DNA extension pot.
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The HPLC elution time and extinction coefficients of the dN standard for each
unmodified and modified dNTP incorporated into dsDNA in Chapter 3 are shown in
Table 1. The elusion times were determined from the HPLC traces in Fig. 9 and the

extinction coefficients were calculated from the UV-Vis analysis of a known

concentration.

dN HPLC elution time /min  Extinction coefficient/ M cm™
dC 5.0 5180
dG 10.3 14190
T 10.8 7790
dA 21.3 9850
6-S-dG 13.8 3820
5-1-dC 17.9 4250
5-Br-dU 14.6 2700
7-1-dA 52.1 5630
5-alkyne-Cg-dC ~ 54.5 7200

Table 1 dN elution times and extinction coefficients. Extinction coefficients are shown for an absorbance
at 254 nm. *Extinction coefficient at Amax(299 nm).

300

tdG —1dC IdA - ---alkyne-dC ----dNs

BrdU
250

i
{
!
{
200 )
)
)
)
b

150

Intensity / mV

|
1
!
100 oo
)
/
50 "

0 10 20 30 40 50 60 70
Time/ min

Fig. 9 HPLC traces of each dN standard.
References

1 Seela, F., Sirivolu, V. R. & Chittepu, P. Modification of DNA with octadiynyl side chains:
synthesis, base pairing, and formation of fluorescent coumarin dye conjugates of four
nucleobases by the alkyne--azide "click" reaction. Bioconjug Chem 19, 211-224 (2008).
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Appendix C

Static 6-S-dG-DNA titrations with Au*, Table 1, Ni?*, Table 2, Cd?*, Table 3, Au®*, Table

4 and the percentage binding plot used to determine the K4 for each metal ion, Fig. 1.

[S-dG]/pM [Au*]/puM A3 1/A%8 % Binding [Au*]/[S-dG]
65.4 0.00 0.062 16.1 0.00 0.000
65.4 1.00 0.061 16.4 2.98 0.015
65.4 1.90 0.061 16.4 2.98 0.029
65.4 4.21 0.060 16.7 6.06 0.064
65.4 6.29 0.060 16.7 6.06 0.096
65.4 10.7 0.059 16.9 9.24 0.16
65.4 19.6 0.057 17.5 15.9 0.30
65.4 27.6 0.054 18.5 26.9 0.42
65.4 39.9 0.052 19.2 35.0 0.61
65.4 50.9 0.049 20.4 48.2 0.78
65.4 60.8 0.047 21.3 58.0 0.93
65.4 69.7 0.045 22.2 68.7 1.1
65.4 77.7 0.046 21.7 63.2 1.2
65.4 85.0 0.043 23.3 80.3 13
65.4 101 0.044 22.7 74.4 16
65.4 116 0.044 22.7 74.4 1.8
65.4 140 0.044 22.7 74.4 2.1
65.4 176 0.042 23.8 86.6 2.7
65.4 208 0.041 24.4 93.1 3.2
65.4 237 0.040 25.0 100 3.6

Table 1 Static 6-S-dG-DNA binding to Au®.

[S-dG]/pM [Ni]/pM A3 1/A%8 % Binding [Ni>]/[S-dG]
66.4 0.00 0.063 15.9 0.00 0.000
66.4 1.00 0.061 16.4 4.67 0.015
66.4 1.90 0.060 16.7 7.12 0.029
66.4 4.21 0.059 16.9 9.65 0.063
66.4 6.29 0.059 16.9 9.65 0.095
66.4 10.7 0.059 16.9 9.65 0.16
66.4 19.6 0.054 18.5 23.7 0.30
66.4 27.6 0.054 18.5 23.7 0.42
66.4 39.9 0.051 19.6 33,5 0.60
66.4 50.9 0.047 213 48.4 0.77
66.4 60.8 0.045 22.2 56.9 0.92
66.4 69.7 0.043 233 66.2 1.0
66.4 77.7 0.044 22.7 61.5 1.2
66.4 85.0 0.043 23.3 66.2 1.3
66.4 101 0.041 24.4 76.4 15
66.4 116 0.041 24.4 76.4 1.8
66.4 140 0.039 25.6 87.6 2.1
66.4 176 0.038 26.3 93.6 2.6
66.4 208 0.038 26.3 93.6 3.1
66.4 237 0.037 27.0 100 3.6

Table 2 Static 6-S-dG-DNA binding to Ni**.
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[S-dG]/pM [Cd2+]/uM

68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5

0.00
1.00
1.90
4.21
6.29
10.7
19.6
27.6
39.9
50.9
60.8
69.7
77.7
85.0

101

116

140

176

208

237

A348 1/A348
0.065 15.4
0.063 15.9
0.061 16.4
0.058 17.2
0.052 19.2
0.044 22.7
0.036 27.8
0.029 345
0.026 38.5
0.025 40.0
0.024 41.7
0.023 43.5

0.25 40.0
0.024 41.7
0.023 43.5
0.022 45.5
0.024 41.7
0.024 41.7
0.025 40.0
0.023 43.5

0.00
1.62
3.35
6.17
12.8
24.4
41.2
63.5
76.7
819
87.4
93.4
819
87.4
934

100
87.4
87.4
819
934

% Binding [Cd?*]/[S-dG]

0.000
0.015
0.028
0.061
0.092
0.16
0.29
0.40
0.58
0.74
0.89
1.0
1.1
1.2
1.5
1.7
2.0
2.6
3.0
3.5

Table 3 Static 6-S-dG-DNA binding to Cd*".

[S-dG]/puM [Au3+]/puM A8 1/A%8 % Binding [Au3+]/[S-dG]
68.5 0.00 0.065 15.4 0.00 0.000
68.5 1.00 0.064 15.6 2.00 0.015
68.5 1.90 0.063 15.9 4.07 0.028
68.5 4.21 0.060 16.7 10.7 0.061
68.5 6.29 0.058 17.2 155 0.092
68.5 10.7 0.053 18.9 29.0 0.16
68.5 19.6 0.046 21.7 52.9 0.29
68.5 27.6 0.046 220 54.9 0.40
68.5 39.9 0.041 244 75.0 0.58
68.5 50.9 0.039 25.6 85.4 0.74
68.5 60.8 0.038 26.7 93.9 0.89
68.5 69.7 0.038 26.7 93.9 1.0
68.5 77.7 0.038 26.3 91.0 1.1
68.5 85.0 0.038 26.3 91.0 1.2
68.5 101 0.038 26.3 91.0 1.5
68.5 116 0.037 27.4 100 1.7
68.5 140 0.037 27.0 96.9 2.0
68.5 176 0.037 27.0 96.9 2.6
68.5 208 0.037 27.0 96.9 3.0
68.5 237 0.037 27.0 96.9 3.5

Table 4 Static 6-S-dG-DNA binding to Au®*.
100
—~ A

50

100 150
Mn+ IJM

200

250

—_— Ni2+
R Cd2+

—_— Au3+

Fig. 1 Percentage binding plots of each metal ion with 6-S-dG-DNA from Tables 1-4.
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AFM of DNA and 6-S-dG-DNA samples with and without the addition of Au*, Ni**, Cd®*

and Au®* on a mica substrate, Fig. 2-11 and Tables 5-14.

A B C D E F

0.5 0.6 0.6 0.6 0.8 0.6

0.7 0.5 0.5 0.7 0.5 0.7

0.6 0.5 0.6 1.1 0.5 0.6

0.5 0.8 0.5 0.6 0.6 0.5

DNA 0.6 0.8 0.7 0.5 0.5 0.6
0.8 0.8 0.8 0.7 0.7 0.6

0.8 0.6 0.7 0.6 0.8 0.5

0.6 0.5 0.6 0.7 0.6 0.9

0.5 0.6 0.7 0.7 0.7 0.5

0.7 0.5 0.6 0.5 0.6 0.6

Average 0.6 0.6 0.6 0.7 0.6 0.6
StDev 0.11 0.12 0.09 0.16 0.11 0.11

Table 5 Sample of DNA height scans from Fig. 2.
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Fig. 3 AFM of [A,G]/[T.Cl. with Au™.

A B C

0.6 0.9 0.5 0.6 0.8 0.7

0.6 1.1 0.9 0.1 0.8 0.5

0.8 1.1 0.8 0.9 1.1 0.9

0.9 1.5 0.6 1.3 0.5 1.5

Iil:é 1.1 0.6 0.7 0.5 0.9 1.1
0.9 1.1 1.2 0.7 0.9 1.0

0.7 1.0 0.5 1.1 0.8 1.1

1.0 0.8 0.8 1.4 0.5 1.1

1.1 0.7 1.1 0.8 1.3 1.3

1.0 1.3 0.6 0.8 1.8 1.0

Average 0.9 1.0 0.8 0.8 0.9 1.0
StDev 0.18 0.26 0.23 0.37 0.37 0.27

Table 6 Sample of DNA height scans from Fig. 3.
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Fig. 4 AFM of [A4G]./[T4C], with Ni?*.

A B C D E F
0.6 0.6 0.6 0.5 0.6 0.5
0.6 0.6 0.5 0.6 0.8 0.6
0.5 1.1 0.7 0.8 0.6 0.7
0.5 0.7 0.6 0.9 0.5 0.5
DNA
Ni2+ 0.7 0.4 0.9 0.6 0.6 1.0
0.7 0.8 0.7 0.7 0.6 0.6
0.5 0.7 0.6 0.6 0.7 0.7
0.8 0.5 0.8 0.7 0.5 0.5
0.7 0.5 0.7 0.7 0.7 0.6
0.7 0.6 0.6 0.6 0.6 0.8
Average 0.6 0.7 0.7 0.7 0.6 0.7
StDev 0.10 0.19 0.11 0.11 0.09 0.15

Table 7 Sample of DNA height scans from Fig. 4.
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Fig. 5 AFM of [A4G]./[T4C], with Cd**.

A B C

0.5 1.0 1.5 0.8 0.6 0.7
1.3 0.8 1.3 0.7 1.3 1.0
1.5 1.1 1.0 0.9 1.6 1.3
0.5 1.0 0.7 0.8 1.3 0.9

DNA
Cd2+ 0.6 0.7 0.8 1.5 0.7 0.8
0.8 0.6 0.5 1.3 1.5 1.6
1.0 0.5 0.8 1.7 1.0 0.7
0.7 1.3 1.0 0.8 0.5 0.6
1.1 0.8 1.0 1.3 0.7 1.5
1.3 1.3 1.6 0.5 1.1 1.0
Average 0.9 0.9 1.0 1.0 1.0 1.0
StDev 0.34 0.26 0.33 0.37 0.37 0.33

Table 8 Sample of DNA height scans from Fig. 5.
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Fig. 6 AFM of [AsG]/[T4C], with Au®*.

A B C D E F
1.1 0.6 0.7 0.7 1.1 1.0
0.9 0.6 1.2 0.8 1.0 0.6
0.9 0.8 0.7 0.7 0.9 0.7
0.7 0.7 0.8 0.7 1.2 0.9
DNA
Aud+ 0.8 0.8 1.0 0.8 1.0 0.8
0.5 0.6 0.8 0.7 1.1 0.6
1.4 0.7 1.0 0.6 1.3 0.1
0.9 0.6 0.8 0.8 1.2 0.8
0.7 0.9 0.9 0.6 0.9 0.9
0.9 0.7 1.0 0.6 0.7 0.8
Average 0.9 0.7 0.9 0.7 1.0 0.7

StDev 0.23 0.10 0.15 0.08 0.17 0.25

Table 9 Sample of DNA height scans from Fig. 6.
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Fig. 7 AFM of [A,*5G]./[T4Cln.

A B C
0.6 0.5 0.5
0.5 0.6 0.6
0.8 0.8 0.8
0.5 0.7 0.7
G'S;Qdf' 0.6 0.6 0.5
0.8 0.7 0.7
0.5 0.8 0.6
0.5 1.0 0.5
0.9 0.7 0.7
0.7 0.5 0.8
Average 0.6 0.7 0.6

StDev 0.14 0.14 0.11

0.7
0.6
1.0
0.9
0.5
0.7
0.5
0.5
0.6
0.7
0.7
0.16

0.5
0.7
0.5
0.6
0.9
0.6
1.0
0.7
0.6
0.5
0.7
0.16

0.6
0.5
0.6
0.7
0.6
0.6
0.6
0.7
0.8
0.6
0.6
0.08

Table 10 Sample of DNA height scans from Fig. 7.
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Fig. 8 AFM of [A,*3G]./[T4C], with Au*.

A B c
1.1 0.8 1.3 0.7 1.6 1.1
0.8 0.8 0.5 1.1 1.5 1.0
0.8 0.9 0.8 0.9 1.0 0.9
6-S-dG- 1.2 1.1 1.0 0.9 1.1 0.5
DNA 1.1 1.2 1.5 1.5 1.3 1.5
Au* 1.5 1.6 1.2 1.1 0.8 0.6
1.6 1.1 1.5 0.6 1.0 0.5
0.7 1.0 1.6 1.0 1.1 1.0
1.0 0.9 1.0 0.8 0.9 0.8
1.4 0.6 1.0 1.6 0.8 1.1
Average 1.1 1.0 1.1 1.0 1.1 0.9
StDev 0.29 0.26 0.33 0.31 0.26 0.30

Table 11 Sample of DNA height scans from Fig. 8.
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Fig. 9 AFM of [A,*5G]./[T4C], with Ni?*.

A B c D

1.0 1.2 1.0 1.3 1.2 1.2

1.1 13 0.9 1.1 15 1.0

1.0 1.1 1.3 1.0 1.3 0.9

6-S-dG- 18 1.0 1.4 0.9 1.3 1.0
DNA 1.3 1.3 13 1.6 0.9 1.3
Ni2+ 1.1 0.9 1.1 1.2 1.4 1.0
1.3 0.7 1.0 0.9 1.5 0.9

1.1 1.3 1.0 15 1.0 1.1

1.2 0.9 15 1.4 1.0 0.8

18 1.0 1.4 1.0 1.2 0.9

Average 1.3 1.1 1.2 1.2 1.2 1.0
StDev_ 028 020 020 024 020 014

Table 12 Sample of DNA height scans from Fig. 9.

139



e B ] e Ly 1 k.

Fig. 10 AFM of [A;*°G]./[T4C], with Cd?*.

A B c
0.7 1.0 0.8 0.6 0.6 0.7
0.7 0.6 0.6 1.5 0.7 1.0
0.6 15 0.8 0.9 0.6 0.8
6-S-dG- 0.5 1.4 0.9 0.5 0.7 0.5
DNA 13 15 0.8 0.9 0.8 0.9
Ca?* 0.5 0.9 0.7 0.5 0.5 1.0
0.7 0.6 0.9 1.0 0.5 0.8
0.6 0.8 1.1 0.8 0.6 0.6
0.8 0.9 0.7 0.7 0.8 0.8
0.7 0.7 1.2 0.7 0.7 0.9
Average 0.7 1.0 0.9 0.8 0.7 0.8
StDev 022 034 017 028 010 __ 0.15

Table 13 Sample of DNA height scans from Fig. 10.
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0.5 1.0 1.1 0.9 0.6 0.7

0.6 0.6 0.9 0.8 1.1 0.6

0.6 0.6 1.1 1.1 0.7 0.9

6-S-dG- 0.9 0.7 0.8 13 0.7 1.0
DNA 1.0 0.6 0.6 0.6 0.6 1.1
Aud+ 0.9 1.1 0.7 0.7 1.1 0.8
0.6 0.9 1.2 1.1 0.9 0.7

1.1 0.8 0.9 0.8 1.0 0.8

1.0 1.3 1.6 1.0 0.7 1.1

1.3 0.8 0.6 0.8 0.6 0.8

Average 0.9 0.8 1.0 0.9 0.8 0.9

StDev __ 0.25 0.22 0.29 0.20 0.19 0.16

Table 14 Sample of DNA height scans from Fig. 11.
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AFM of a-S-[GATC]./[CTAG], DNA where each phosphorous bears a thio-group,
Fig. 12, followed by the templating of 3 nm AuNP, Fig. 13. A comparison of unmodified
DNA templating with 3 nm AuNP is shown Fig. 14.

Fig. 13 AFM of a-S-[GATC]/[CTAG], after templating with 3 nm AuNPs.
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Fig. 14 AFM of [GATC]/[CTAG], after templating with 3 nm AuNPs.

DNA heat-cool extension was performed with [(AT)4G2]./[(TA)4C2]n in the presence of
o-S-dCTP and analysed by AFM, Fig. 15. Consecutive incubations were performed
with the deposited sample and 10 mL of 3 nm AuNPs and analysed between each

wash step, Fig. 16-19.

Fig. 15 AFM of [(AT)4Golw/[(TA)4*°Caln.
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Fig. 17 AFM of [(AT)4GZ]n/[(TA)4°‘302]n after an additional 10 minutes of incubation with 3 nm AuNPs.
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Fig. 19 AFM of [(AT)4GZ]n/[(TA)4°‘302]n after an additional 10 minutes of incubation with 3 nm AuNPs.
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Appendix D

Fluorescence microscopy images of alkyne modified (C* = 5-Cg-alkyne-dC) and
unmodified (C) DNA after the click reaction with Azide-fluor 545, Fig. 1-6.

i

Fig. 2 Fluorescence microscopy of [AG]./[TC], after the click reaction with Azide-fluor 545.
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Fig. 4 Fluorescence microscopy of [A4G]./[T4C], after the click reaction with Azide-fluor 545.
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Fig. 6 Fluorescence microscopy of [A¢G]./[ToC], after the click reaction with Azide-fluor 545.
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Enzymatic Method for the Synthesis of Long DNA Sequences with

Multiple Repeat Units**
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Andrew R. Pike*

Abstract: A polymerase chain reaction (PCR) derived method
for preparing long DNA, consisting of multiple repeat units of
one to ten base pairs, is described. Two seeding oligodeox-
ynucleotides, so-called oligoseeds, which encode the repeat unit
and produce a duplex with 5'-overhangs, are extended using
a thermostable archaeal DNA polymerase. Multiple rounds of
heat—cool extension cycles, akin to PCR, rapidly elongate the
oligoseed. Twenty cycles produced long DNA with uniformly
repeating sequences to over 20 kilobases (kb) in length. The
polynucleotides prepared include [A]/[T], [AG]/[TC],
[AGI/T,CLy [AGL/TSCly [AGL/ATCl [AsGL/[ToC,
[GATC],/[CTAG],, and [ACTGATCAGC]/[TGAC-
TAGTCG],, indicating that the method is extremely flexible
with regard to the repeat length and base sequence of the initial
oligoseeds. DNA of this length (20 kb~7 um) with strictly
defined base reiterations should find use in nanomaterial
applications.

The double-helical structure of DNA and the simple
Watson—Crick base-pairing rules that determine helix forma-
tion!"! have led to its increasing use as a nanomaterial.
Multiple applications have been reported, including nano-
scale conducting wires,* in drug transport and target-driven
medicine,** and as highly ordered one- and two-dimensional
nanomaterials with functionalities at specific sites.”) Develop-
ments in DNA origami™® provide the ability to control the
self-assembly of DNA into specific and intricate shapes with
useful modifications in precise locations.””!

Therefore, one key to using DNA in nanoscale engineer-
ing is the ability to prepare long sequences that consist of
multiple repeat units, which is currently best achieved using
the slippage reaction.'”? This provides a route towards the
fabrication of long DNA that has a uniform repeat sequence
covering many nanometers. Initial work demonstrated the
extension of several two- and three-base repeats to a max-
imum of 700 base pairs (235 nm) by incubation with Escher-
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ichia coli DNA polymerase L' A further advance showed
that poly(dG).poly(dC) could be slipped to 10000 base pairs
(3.4 um) using the E. coli DNA polymerase I Klenow frag-
ment.>¥) More recent work investigated the range of
sequences that could be extended by the slippage mechanism,
but did not report on the lengths of the final products.'
Commonly, the repeat unit must be able to form an internal
loop for slippage to occur, limiting the number of reiterated
polymers that can be prepared.!'”! The level of control over
the length of the DNA produced by the slippage approach
relies on the quenching of the polymerase enzyme at a chosen
time. These limitations prompted our investigations into an
alternative method that affords DNA that consists of more
complex repeat units, with lengths that can be controlled by
the cyclical approach, common to the polymerase chain
reaction (PCR).

PCR is routinely used in the biosciences to amplify long
tracts of DNA.["! However, products are usually limited to
copies of naturally occurring DNA, and therefore, it is
difficult to prepare polymers with repeating units. A general
method that is capable of accurately extending short starting
oligodeoxynucleotide repeat elements would be a valuable
addition to the toolbox of DNA nanoengineers; such a pro-
tocol is outlined in Scheme 1. The starting materials are two
short fully complementary oligodeoxynucleotides (ca.
20 bases). These oligoseeds encode the repeat element to be
extended; in Scheme 1, the initial duplex has the sequence

5-AAAGAAAGAAAGAAAG Heatto Key

95°C — T,C strand — dCTP

— — A,Gstrand — dGTP
FITTCTTTCTTTCTTITC (1) — New strand — dTTP
— dATP

Cool to 55°C
(maxlmum anneal shift)

Cool to 55°C
(minimum anneal shift)

3) Heat to 72°C 3) Heat to 72°C

PRRY AARAY

(4) Repeat steps 1-3 for desired number of cycles

Scheme 1. PCR-derived heat—cool cycles to extend a short oligoseed
containing a repetitive element. Step 1: Melting of the duplex at 95°C
to form two single strands. Step 2: Annealing of complementary
regions at 55°C to give “shifted” duplexes with 5" single-stranded
extensions. Both a small (left) and a large (right) shift are illustrated;
for the large shift, eight base pairs are considered as the minimum for
stable duplex formation. Step 3: Incubation at 72°C for the poly-
merase-catalyzed extension of the 5" overhangs. Step 4: Repetition of
steps 1 to 3 until the desired length of DNA is obtained.
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Table 1: Theoretical minimum and maximum DNA extension products by repeat unit length (n=2-10).

No. of cycles [AG]1o/[TCho (n=2) [AG],/[TC]; (n=3)

[AsG]s/rrzqs (n=4)

[A4G]4/ [T«Cls (n=5) [AsG]z/ [TsCL, (n=10)

min.® max.®! min.® max.®! min.k max."! min.1 max."! min.® max.®!

0 20 20 21 21 20 20 20 20 20 20
5 30 392 36 393 40 392 45 330 70 330
10 40 11152 51 11151 60 11152 70 10130 120 10130
15 50 36152 66 36141 80 36152 95 35130 170 35130
20 60 61152 81 61131 100 61152 120 60130 220 60130

The algorithm used to determine the theoretical minimum and maximum product lengths assumes that 1) at least eight base pairs must exist to give
a duplex stable enough for elongation, that is, the minimal stable overlap is eight for [AG],,/[TCls(, nine for [A,G],/[T,Cl;, eight for [A;G]s/[T5C]s, and ten
for [A,Gl4/[T4Cls, and that 2) the polymerase completely fills any single-stranded regions. [a] Minimum theoretical length (base pairs) =original

length+(yx n). [b] Maximum theoretical length (base pairs) = original length x 2—[(min. stable overlap x 2') —min. stable overlap], where n=number

of base pairs in the repeat unit and y=number of cycles.

[A3;G]s/[T5C]s, that is, a repeat of four base pairs (n=4).
Heating denatures the duplex, and cooling allows for re-
hybridization. Although the most stable duplex will be the
starting 20-mer, structures displaced by an integral value of
the repeat length are possible. For the example given in
Scheme 1, the minimum possible shift is four bases (1 x repeat
length). The maximum displacement cannot be rigorously
stated; however, assuming that at least eight base pairs are
needed for stable duplex formation, a shift of eight bases (2 x
repeat length) is a possibility. All shifted structures possess 5’
single-strand overhangs and, as such, are DNA polymerase
substrates. Filling in by the polymerase extends the original
seeds while exactly maintaining the repeat unit. Repeating
the heat—cool cycles, akin to PCR, rapidly elongates the seeds.
The theoretical lengths attainable are shown in Table 1,
assuming that an overlap of at least eight base pairs is
required to generate an elongation-competent duplex and
that the polymerase is fully capable of filling the overlaps
produced. If only a minimal shift takes place, the seeds grow
in a slow linear fashion; however, with maximal displacement,
rapid expansion is possible. The greatest theoretical length is
unlikely to be achieved as maximal displacement at each stage
is improbable and the polymerase may lack the capacity to fill
the large gaps present in later cycles. Furthermore, selecting
more than eight base pairs for stable duplex formation also
reduces the lengths that may be realizable. Nevertheless,
Table 1 clearly illustrates the potential of this method to
generate long DNA segments with multiple repeat units. The
heat—cool cycles that are necessary for oligoseed extension
demand a thermostable DNA polymerase, and a Thermococ-
cus gorgonarius family B polymerase (Tgo-Pol) mutant, Z3,
was used."”! Z3 is disabled in the 3'—5 proof-reading
exonuclease (exo—) and has an insertion in the fingers
domain—mutations that confer the ability to read non-
standard bases in the template strand.

To gain an idea of the maximum DNA lengths that could
be achieved, extension was initially investigated with Tgo-
Pol Z3 (exo—) and [A;G]s/[T5C]s as the starting oligoseed.
DNA of escalating size builds up as the number of heat—cool
cycles increases, with products of over 20000 bases (20 kb)
visible after 15 cycles. The maximum size range was generated
after around 20-25 cycles, and further rounds of up to
40 cycles did not lead to longer products (Figure 1; see also
the Supporting Information, Figures S1 and S2). The addition
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Figure 1. The extension products produced from an [A;G]s/[T;C]s seed
duplex during heat—cool cycling were analyzed on 0.3% SeaKem Gold
Agarose gel. Lane 1: DNA ladder; lane 2: 5 cycles; lane 3: 10 cycles;
lane 4: 15 cycles; lane 5: 20 cycles; lane 6: 25 cycles; lane 7: 30 cycles;
lane 8: no polymerase (control).

of a fresh aliquot of 2’-deoxyribonucleoside triphosphates
(dNTPs) also failed to increase product size, showing that the
depletion or degradation of the dNTPs is not limiting the
attainable length (Figure S3). An Image J analysis plot shows
that the mean DNA product size increases between cycles 2
and 20 (Figures S4 and S5). Therefore, the ability to stop the
reaction after any number of rounds affords some control
over the length of the DNA produced. In all instances, the
extension products appeared as an elongated smeared band
covering a size range of approximately 0.5 to 20 kb. This
dispersion undoubtedly arises from the multiple modes in
which intermediate fragments can anneal, giving differently
sized single-stranded extensions and, consequently, products
of various lengths. The smallest size after 15 cycles, approx-
imately 0.5 kb, is greater than the theoretical minimum, and
as expected, the longest DNA segment (20 kb) did not reach
the theoretical limit of 36 kb, but it is still of a suitable length
for nanomaterial applications. However, access to DNA
products with a narrower size distribution is required, and
so a further gel-purification step was employed.
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Figure 2. a) Lonza FlashGel DNA system depicting the DNA extraction
process of samples A, B, and C and the unextracted DNA (D).

b) Lonza gel analysis of the extracted DNA products A-C. c) Image |
analysis of lane 4, Figure 1, showing the product length distribution as
a percentage of the highest level of intensity in the lane.

The Lonza FlashGel DNA system enables the simple
purification of DNA according to length®®! and was used to
enrich products to a more limited size range. DNA with a size
distribution of 0.5-20 kb was applied to multiple lanes of the
Lonza gel, and selected aliquots of DNA were removed from
the extraction wells (Figure 2). As an illustration, regions
corresponding to DNA of 0.5kb (sample A), 1.5kb (sam-
ple B), and 7 kb (sample C; based on comparison with the
standard ladder) were extracted from the gel. The successful
removal of samples A and B is confirmed by the gaps in the
elongated smeared band running beyond the extraction wells
(Figure 2a). Sample C has just entered the extraction wells,
and DNA at position D (> 10 kb) is pre-purification, still to
reach the wells. The three samples were subsequently
analyzed on a second Lonza gel, showing much tighter
bands (Figure 2b). Before purification, the total amount of all
extended DNA products from a typical starting oligoseed
concentration of 6 ngul."' was estimated from the electronic
absorption at 260 nm®" and was typically 200 nguL~". The
amounts in the purified samples varied in line with the
Image J analysis plot (0.5 kb, sample A: 9ngul™"; 1.5kb,
sample B: 34 ngul'; and 7 kb, sample C: 11 nguL"; see
Table S2). In each instance, the DNA products A, B, and C
were characterized by atomic force microscopy (AFM) and
fluorescence microscopy.

AFM confirmed the presence of ds DNA in samples A
and B. A 5 pL drop of each sample was spotted onto a freshly
cleaved mica surface, and the DNA was immobilized by
molecular combing. Typical AFM images are shown in
Figure 3a and b. The mean height of the DNA across all
observed images was 0.7 = 0.2 nm, which is in agreement with
previous AFM reports of DNA duplex dimensions.’>* A
length analysis was performed on each sample and indicated
that the mean observed lengths, 175+18 nm (0.5 kb) and
420 £ 55 nm (1.2 kb), were close to the DNA lengths expected
for samples A and B, respectively (for details, see the
Supporting Information).

Labelling of sample C with YOYO-1, a fluorescent inter-
calator,! allowed for spectroscopic characterization of the
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Figure 3. a) AFM image of an enriched sample A (500 bp) on mica.

b) AFM image of an enriched sample B (1500 bp) on mica. c) Fluores-
cence microscopy image of an enriched sample C (7000 bp) on a glass
slide.

enriched 7 kb band. The fluorescence micrograph in Fig-
ure 3¢ shows DNA strands that are 2.5-4 um long, which
corresponds to 7-12 kb. In, similar studies, other YOYO-1-
labelled samples also appeared to be longer than expected
owing to limitations of the optics of the fluorescence micro-
scope (see Figure S9 and Table S5), but in each case, the
lengths of the observed DNA strands were in good agreement
(£ 1.6 um) with the targeted extraction lengths.

Having established that the heat—cool cycling can extend
the duplex [A;G]s/[T5C]s (repeat length n=4), alternative
seeds were explored. The extension products observed with
[AG]/[TCly  (n=2), [AGL/ITLC]; (n=3), and
[A,G]/[T,C], (n=5) as the primer templates are compared
in Figures 4 and S10. These two-, three-, and five-base repeat
units all gave extension products of comparable lengths to the
four-base oligoseed and again showed efficient extension to
more than 20 kb after 20 cycles. The products from the
extension of the [A,G]/[T,C], seed after five cycles were
sequenced (Figure 4b, for more details see Figures S11 and
S12), and 305 bases of AAAAG repeat units were identified,
which correlates well with the 330 bp product expected after
five cycles (see Table 1).

a) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

b) 110 120 130 140 150
AAAAGAAAAGAAAAGAARAAGAARAARGAAAARGAAARAAGAAAAGAARARAAGARAAARG

Figure 4. a) DNA extension products from [AG],o/[TC];, (lanes 3-5),
[A:G,/[T:C; (lanes 6-8), [A;Gl5/[T;Cls (lanes 9-11), and [A,GL/[T,Cl,
(lanes 12-14) after 5, 10, and 20 cycles, respectively, were analyzed on
0.3% SeaKem Gold Agarose gel. Lanes 1, 2, and 15 show DNA
ladders. b) A segment of the DNA sequencing data of the DNA
extension product of [A,G],/[T,C], after 5 cycles (Figure 4a, lane 12).
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To increase potential applications, the diversity in the
DNA repeat sequences was expanded. The simplest seed, the
repeating polymer of [A],y/[T],, (n =1), could be extended to
give very long polymers (Figure S13) comparable to the
equivalent product obtained by the slippage reaction.!”] The
20 bp oligoseed [AyG],/[TyC], (n=10) could also be elon-
gated, but yielded shorter products of up to approximately
2 kb. The ability to extend repeats of the sequence type
[A,G]/[T,C], where x =1 to 10, affords control over the base-
pair density, that is, the ability to locate individual G:C pairs
at defined distances from each other. Thermal cycling also
succeeds with sequences that contain all four bases as shown
with [GATC]s/[CTAG]s, (n=4) and [ACTGATCAGC],/
[TGACTAGTCG], (n=10; see Figure S14). Analysis of the
DNA melting temperature outlined the expected increase in
melting temperature from the oligoseed to the product
(Figure S15).

The experiments described thus far have been carried out
with Tgo-Pol Z3 (exo—), a mutated version with improved
ability to copy non-standard bases.'¥ Therefore, this poly-
merase is potentially useful for a longer-term aim, namely the
incorporation of modified bases into repeating oligodeoxy-
nucleotides for the preparation of future hybrid DNA nano-
materials. Nevertheless, all extensions described in this
publication, which involve only the four standard bases, can
be efficiently executed with a standard, commercially avail-
able archaeal DNA polymerase, and the method is not
dependent on an exotic enzyme. This was demonstrated by
comparing the extension efficiencies of the wild-type Tgo-
Pol Z3 (exo—) DNA polymerase and the Pyrococcus furiosus
DNA polymerase (Pfu-Pol exo—). After 10 cycles, the wild-
type Pfu-Pol exo— polymerase was slightly more efficient
than the Z3 mutant (Figure S16). However, the difference in
efficiency between the DNA polymerases is minimal, and as
73 is more accepting of modified bases, it shows promise for
further applications. In a second comparison between the
exo— and exo + variants of Pfu-Pol, the exo + variant was
unable to extend the oligoseeds by the heat—cool method
described here (Figure S17). Finally, this heat-cool cycling
method was compared with the previously described isother-
mal slippage approach.™! For oligoseeds of n=2 to 5, the
length of the product produced was consistently higher when
our cycling procedure was applied (Figure S18-S20), suggest-
ing that this method, at least with archaeal exo— polymerases,
is more suitable for the assembly of long repeating DNA
sequences.

In summary, the elongation procedure described here
provides a flexible method for preparing long DNA sequen-
ces with multiple repeating units, and is compatible with very
many oligoseed sequences. This offers an alternative tech-
nique to the established isothermal slippage route towards
long DNA. With both the cycling and slippage methods, the
DNA product size distribution necessitates further gel enrich-
ment. However, especially with the Tgo-Pol Z3 (exo—)

polymerase, our method affords a route towards the intro-
duction of multiple, uniformly spaced modified bases to give
DNA with properties useful in nanomaterial fabrication, that
could be used as metal-binding sites for the assembly of
conducting nanowires.

Keywords: DNA - DNA structures - nanotechnology -
polymerase chain reaction
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