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Abstract

Functionalised nucleotides have found widespread adoption in applications ranging from
genome labelling to disease diagnostics. A popular means of introducing these
modifications into nucleic acids is via the copper-catalysed azide-alkyne cycloaddition
reaction. However, the toxicity of copper limits its use in vivo. Therefore, the copper-free
strain-promoted azide-alkyne cycloaddition (SPAAC) and inverse electron demand
Diels-Alder (IEDDA) reactions were evaluated as a means of directly and indirectly
labelling DNA and RNA. A variety of cyclooctyne, trans-cyclooctene and azide
functionalised deoxyuridine triphosphates were synthesised and shown to be incorporated
by primer extension, polymerase chain reaction (PCR) and reverse transcription. Bulky
cyclooctyne and trans-cyclooctene triphosphates demonstrated moderate incorporation
efficiency, while azide nucleotides with smaller functional groups were better substrates.
PCR products of ca. 500 base pairs with 100% sequence fidelity can be formed, where
all thymidine sites are replaced with azidohexanamidopropargyl deoxyuridine. These
modified duplex products were efficiently labelled with fluorophores using the SPAAC
and IEDDA reactions, and can be converted to fluorescent single-stranded probes through
exonuclease digestion and streptavidin magnetic bead separation of the duplex followed
by fluorophore-labelling. To expand the utility of this methodology, a new and simple

single-tube dual labelling strategy was demonstrated to give a range of mixed dual
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coloured probes. Nucleosides bearing azide, trans-cylcooctene modifications and a
fluorescent base analogue were evaluated for direct cellular DNA labelling and detection.
When cultured adenocarcinoma A549 cells were treated with these nucleosides, then
chemically fixed and fluorescently labelled by the SPAAC or IEDDA reaction,
cytoplasmic staining without nuclear DNA labelling was observed. To improve the
efficiency of fluorescent labelling of genomic DNA in cultured cells, phenyl isopropyl
alanine-protected nucleoside monophosphates were prepared in an attempt to directly
deliver 5'-phosphorylated nucleosides into the cells. Preliminary fluorescence studies
indicate bright foci in addition to cytoplasmic staining, the origins of which require

further study.
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Explanatory note

1. The following numbering system is used throughout this thesis for nucleosides (A)

and purine/pyrimidine bases (B).

A B
HO Base
A ;5' °r ¢ f) i ) %
3'OH I
adenine (A) thymlne (T)

2. Oligonucleotides are written from the 5’-end to the 3'-end.
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1 Introduction

1.1 Nucleic acids

1.1.1 DNA structure

Deoxyribonucleic acid (DNA) carries the genetic information in the majority of living
systems. It is composed of monomers termed nucleotides. These nucleotides consist of
phosphate groups, deoxyribose sugars and heterocyclic bases (Figure 1.1.A). Nucleotides
without the 5’-phosphate groups are named nucleosides (Figure 1.1.B). Four canonical
bases exist and can be divided into two groups — purines (adenine and guanine) and

pyrimidines (thymine and cytosine) (Figure 1.1.C).

A B C
Purine Pyrimidine
NH; 0 1
(H) Base Base 7N 56 4 i H 7 4NH2
HO-P-O_ 5 HOSs yah </N N 3¢ N 5(\\13
(e} i
s v N Not e N/)\NHZ 1 N/&O 6 lil;go
3'OH 2 OH 2 SR of, ‘ e s
adenine (A) guanine (G) thymine (T)  cytosine (C)

Figure 1.1. Chemical structures of deoxyribonucleotide (A), deoxyribonucleoside (B) and heterocyclic
bases of DNA (C).

The heterocyclic base is linked to the 1’-position of deoxyribose by an N-glycosidic bond
to give a deoxyribonucleoside (Figure 1.2). Rotation of this bond affords syn- and
anti-conformations. Nucleosides are usually in conformations around the anti range due
to restriction of bond rotation and steric interference from the sugar residue in the

syn-conformation.
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o
HyC % N CHs
N AN
HO HO
(o) o
OH OH
anti syn

Figure 1.2. Extreme anti- and syn-conformations of pyrimidine nucleosides.

1.1.2 RNA structure

In some organisms, for example retroviruses, genetic information is stored in ribonucleic
acids (RNA) as opposed to DNA. However, generally RNA is a transient copy of DNA,
which is transported to ribosomes to be decoded into specific sequences of amino acids
that form proteins. The processes of copying and decoding are called transcription and
translation respectively, in which messenger RNA, ribosomal RNA and transfer RNA are
involved. Another type of RNA is termed as small RNA, which is non-coding but
regulates the translation of messenger RNA.! RNA is chemically similar to DNA. Its
sugar moiety has a hydroxyl group on the 2'-position and contains the pyrimidine base

uracil (U, Figure 1.3.A) instead of thymine in addition to A, G and C (Figure 1.1).

A B
O O
(kNH mcf&NH
N o NAO
HO HO
O O
OH OH OH
uridine deoxythymidine

Figure 1.3. Chemical structures of uridine (A) and deoxythymidine (thymidine, B) nucleosides.



Chapter 1

1.1.3 Nucleic acid secondary structure

The nucleotides introduced so far are incorporated within organisms into linear polymers
called nucleic acids. The 5’-phosphate group of one nucleotide and the 3'-hydroxyl group
of another are joined together by a phosphodiester bond. In physiological conditions (pH
6.4 — 7.4), all phosphodiester groups are deprotonated to give highly negatively charged
nucleic acid strands (Figure 1.4.A). They have directionality with a 5’-hydroxyl group on
one end of a strand and a 3'-hydroxyl group on the other end. By convention, the

sequences of nucleic acids are written from the 5’-end to the 3’-end.

A B
5'-end NH, ,H
HO, (/\\<N N [/ H
© R/ N/HN H )N
T K
g %
07h=0 N [ GC
pair
Q C T e
o Nyl
NH,
o H
ob=o T8 0 N-H QU CHs
|
o =/ N
o/ < A
0 . ®
0-P=0 NH, AT pair
! N
(e} /I\(\N
bN v
HO
3'-end

Figure 1.4. A. Chemical structure of oligonucleotide dCGTA. B. Watson-Crick base pairs (GC and
AT pairs).

James Watson and Francis Crick found that nucleic acids can form a double-stranded
helical structure.? This was based on the findings of an equal ratio between purine and
pyrimidine bases by Chargaff, i.e. more specifically A =T and G = C, and X-ray fibre

diffraction studies on DNA by Wilkins and Franklin.®# The two nucleic acid strands are
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bound together via hydrogen bonds between nucleobases and are referred to as
Watson-Crick base pairs. Adenine (A) pairs with thymidine (T) (or uridine in RNA) via
two hydrogen bonds; guanine (G) pairs with cytosine (C) by three hydrogen bonds (Figure
1.4.B). The two strands are complementary and antiparallel, where the 5’-end of one

strand is opposite to the 3'-end of the other.

Double-stranded DNA (dsDNA) coils to form a right-handed helix (B-form, Figure
1.5.A). The heterocyclic base pairs are positioned in the centre of the helix; the negatively
charged sugar-phosphate chains form the external hydrophilic shield. The planar
hydrophobic bases stack on top of each other. The distance between two continuous base
pairs along the helix axis is around 3.4 A (Figure 1.5.B). One full 360° turn of the DNA
double helix contains 10.5 base pairs. Both hydrogen bonding and base stacking play
important roles in stabilising the DNA duplex. The B-form helix has a spacious major
groove and a small narrow minor groove, providing binding opportunities for external
molecules. Large molecules interact with DNA preferentially in the major groove;> ® only
small molecules and a few proteins (e.g. integration host factor) can bind in the minor
groove due to steric hindrance.”® When a RNA strand binds to a complementary DNA
or RNA strand, they usually form a right-handed duplex with a different helical shape
(A-form, Figure 1.5.A). Compared to the B-form, A-form helices have deeper major
grooves and shallower minor grooves. The hydrophobic base pairs are pushed towards

the outer surface of the A-form helix.


http://www.atdbio.com/content/53/DNA-duplex-stability#Base-stacking
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Figure 1.5. Structures of A- and B-form DNA duplexes (protein data base 440D and 1BNA,
respectively)® 1° A, Top and side views. B. Structural parameters of B-form.

1.1.4 Modified nucleosides

There are various modified nucleosides in natural living systems which have specific
biological roles, e.g. 5-methyldeoxycytidine (involved in epigenetic gene expression
regulation, Figure 1.6.A).1** Apart from these modifications, artificial chemical
substitutions have been widely introduced to expand the applications of nucleic acids.** °
Modifications can be introduced to the base, sugar and phosphate linker. For example,
the arabinose sugar analogue of adenosine (ara-adenosine, Figure 1.6.B) is useful as an
anti-viral drug;*® base analogues such as 3-nitropyrrole (Figure 1.6.C) act as universal
bases;1’1° peptide nucleic acid oligomers (Figure 1.6.D) have been used for diagnostic
and other applications since they do not have a polyanionic backbone.?® 2! This enables
them to bind to DNA and RNA with higher affinity compared to conventional

oligonucleotides.
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A B C D

HoC L No, [ e
L y 3 Co
N" 0 NN NH
o O

HO HO o HO o o/>_\N {Base
el ey e -

OH OH OH L NH Jn

5-methyldeoxycytidine ara-adenosine 3-nitropyrrole peptide nucleic
acid

Figure 1.6. Chemical structures of modified nucleosides and DNA analogues. A. 5-Methyl
deoxycytidine (dC);}* B. ara-Adenosine;* C. 3-Nitropyrrole deoxyriboside;'® D. Peptide nucleic

acid.2

1.1.5 Thermal stability of DNA duplex

After the introduction of modifications into oligonucleotides, it is important to investigate
their thermal stability. The melting temperature (Tm) of a nucleic acid duplex is the point
at which half of the DNA duplex is dissociated into single strands, and can act as a
measure of binding affinity to the complementary strand. This temperature is dependent
on duplex length, base stacking and hydrogen bonding; longer or GC-rich
oligonucleotides have higher T (i.e. higher stability) than shorter or AT-rich duplexes.
Additionally, the stability of the DNA double helix is affected by the local solvent

environment such as the nature and concentration of the counter-ions (cations) in solution.

DNA nucleotide bases are ultraviolet (UV) active. The UV signal of duplex DNA is lower
than single strands due to its stronger n-stacking interaction (Figure 1.7.A). Therefore,
UV detection is commonly used to acquire the Tm of a DNA duplex. However, at lower
concentrations, the UV signal is too weak to be detected. In this case, more sensitive
fluorescence melting can be used. The Tm of duplex DNA at nanomolar (nM)

concentrations can be determined using the DNA intercalator SYBR Green, which
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exhibits at least eleven times higher fluorescence after intercalation into DNA duplexes
compared to the single-stranded form (Figure 1.7.B and C).2? This intercalator has been
widely used to monitor amplification in the polymerase chain reaction (PCR) and
investigate the thermal stability of PCR products.? 2* The principle of fluorescence and

its applications in nucleic acid research will be discussed in the following section.

A B C
UV melting Fluorescence melting ,
A —N §

3 Ty </>
g N
8 %

A o /
s N+
% S8
= S

Tm T (OC) Tm T (OC) SYBR Green

Figure 1.7. Schematic melting curves for UV melting (A) and fluorescence melting (B) using a DNA

intercalator. T, = melting temperature. C. Chemical structure of SYBR Green.

1.2 Fluorescence

1.2.1 Principles of fluorescence

Fluorescence is the emission of light by a molecule upon excitation by a photon of light
(Figure 1.8). After absorbing the light, an electron in the fluorescent molecule is excited
from its ground state S to a higher vibrational level (S1, Sz or Sp). This unstable electron
quickly releases some energy to the solvent via internal conversion and returns to its
lowest vibrational level S;. The electron then returns from S; back to its ground state with
the emission of light (fluorescence). This process also can happen via non-radiative decay
(i.e. releasing the energy by heat). Due to the energy loss in internal conversion and
solvent reorganisation, the fluorescence emission wavelength (Aem) is longer than the
excitation wavelength (Aex). The difference is known as the Stokes shift. Fluorescence

8
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quantum yield (®) is an important parameter to evaluate the fluorescent efficiency of a
fluorophore; it is the ratio of the number of photons emitted to the number of photons
absorbed. The fluorescence signal can be monitored with a lower limit of detection than
UV-visible absorption and can be used to detect biomolecules at physiological

concentrations via fluorescent labelling.

S, 1
Internal
| i conversion
S, — 1
o |
|
|
Absorption Fluorescence | Non-radiative decay
|
|
—] |
SO ] ' 1
\ 4 ‘ 0

Figure 1.8. Jablonski diagram. So, S1, Sz are the singlet ground, first and second electronic states

respectively. Each energy level has a number of vibrational energy levels shown as 0, 1 and 2.

1.2.2 Applications of fluorescence in nucleic acids

DNA can be labelled with strongly fluorescent dyes to facilitate its detection. This
approach is safer than traditional radioisotopic labelling techniques, which are potentially
harmful to the user. For in vitro studies, fluorescent labelling and detection are applied
extensively in nucleic acid research, for example in DNA sequencing, forensic science
and genetic analysis.?>° Fluorescence resonance energy transfer (FRET) based DNA
probes, utilising the interaction between a donor and an acceptor fluorophore (or a

quencher), are employed in DNA sequencing, PCR monitoring, mutation detection and
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single nucleotide polymorphism (SNP) genotyping.3® 3! Fluorescence in situ
hybridisation (FISH), employing fluorescent DNA probes, has been applied to localise
specific gene sequences of interest, to map genes in the chromosome and to visualise
intracellular RNA.32 3 By using different fluorophores with distinct fluorescence
properties, multiple genetic sequences can be detected simultaneously.3* Furthermore,
DNA intercalators (e.g. Hoechst) or modified DNA bases have been widely used to study
the complex structure of DNA in the nuclei of living or fixed cells via fluorescence

microscopy, which is an increasingly important technique in cell biology.-3®

1.3 Synthesis of fluorescent nucleic acids

The above applications require the preparation of fluorescently labelled oligonucleotides.
This can be achieved using automated solid phase oligonucleotide synthesis or enzymatic

synthesis using polymerases, often in combination with a post-synthetic labelling step.*®

1.3.1 Solid phase synthesis of oligonucleotides

An oligonucleotide is a short strand of DNA or RNA, usually up to around 100
nucleotides in length. Automated solid-phase oligonucleotide synthesis is the most
popular chemical method to assemble oligonucleotides using phosphoramidite monomers
developed by Beaucage and Caruthers.**#? The oligonucleotides are synthesised on a
solid support from the 3'-end to the 5-end. Therefore the 3’-end must be bound to the
solid support and one nucleotide is added in each synthesis cycle. Each cycle consists of
a series of steps, namely activation, coupling, capping, oxidation and detritylation (Figure
1.9). After the synthesis is complete, oligonucleotides are cleaved from the solid support

and deprotected.

10
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Figure 1.9. The synthesis cycle of the automated solid-phase oligonucleotide synthesis using

phosphoramidite monomers.

1.3.1.1 Solid phase synthesis of fluorescent oligonucleotides

The advantages of solid phase synthesis lie in the rapid preparation of oligonucleotides;
the ability to use large excesses of solution phase reagents to drive reactions to completion;

ease of removal of excess reagents; and the ability to introduce a wide variety of modified

11



Chapter 1

nucleotides at specific positions. A broad range of fluorescent tags have been introduced
into nucleotides directly by solid phase synthesis.3® These fluorescent phosphoramidites
have to be stable during the harsh solid phase synthesis and deprotection (acidic, alkaline
and oxidative) conditions. Common fluorophores, for example fluorescein and trimethine
cyanine dye (Cy3), are sufficiently stable to survive solid phase synthesis and their
phosphoramidites are commercially available (Figure 1.10.A). These fluorophores can be
coupled to the 5'- or 3’-end of oligonucleotides. This allows the fluorophores to be placed
relatively far from the nucleobases via covalent linkages thereby causing minimal
disruption of base pairing. Some applications, such as SNP detection by Hybeacons,
require the fluorophores to be located in the middle of nucleotide strands.*® % Different
fluorophores have been attached to the 5-position of the pyrimidines (T, U and C, Figure
1.10.B), which point into the major groove of DNA duplexes.*® The 2'-position of the
ribose, located around the minor groove of the DNA or RNA duplexes, has also been
widely modified with fluorescent groups (Figure 1.10.C).*® All these modification sites
are distant from the base-pair hydrogen bonding sites, minimising distortions of the
duplex. In addition to these modifications, fluorescent base analogues have been
synthesised, which can pair with natural bases (Figure 1.10.D).*”*® Fluorescence
detection and analysis of oligonucleotides using fluorescent base analogues can give more

precise structure information for DNA helix via accurate FRET measurements.>® 5!
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Figure 1.10. Chemical structures of fluorescent tags used in solid phase oligonucleotide synthesis. A.
Commercially available fluorescein phosphoramidite; B. 5-Cy3 modified deoxythymidine (dT)
phosphoramidite;*® C. 2'-Pyrene modified deoxyuridine (dU) phosphoramidite;*® D. Fluorescent

adenine analogue.*®

Failure sequences accumulate during solid-phase synthesis cycles, especially for
modified monomers and restrict the length of synthetic oligonucleotides attainable to
around 150 nucleotides. For example, if each step in the solid phase synthesis has an
average coupling yield of 98.5%, the final yield of a 150-mer unmodified oligonucleotide
is only 10.5%. The best achievable coupling yields are around 99.5% but even this makes
it hard to make sequences longer than 200 bases, tiny by biological standards. For
applications requiring oligonucleotides longer than this, such as gene synthesis and
mapping,>® alternative methods must be sought. Moreover, the incorporation of
fluorescent labels with inherent sensitivity to base, oxidation or acid is obviously

precluded in solid-phase oligonucleotide synthesis.>® A better strategy is to synthesise the
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fluorescent-modified DNA via enzymatic synthesis (Section 1.3.2) or to introduce

sensitive fluorophores post-synthetically (Section 1.4).

1.3.2 Enzymatic synthesis of nucleic acids

DNA is assembled from nucleoside triphosphates by DNA polymerases in living systems.
One parent DNA strand acts as a template for the production of a new strand that is
complementary to this template. Enzymatic synthesis using polymerase enzymes is much

faster and more efficient than chemical synthesis, but the synthesis scale is usually smaller.

1.3.2.1 DNA polymerase enzymes

DNA polymerases, RNA polymerases and reverse transcriptases are the key catalysts for
enzymatic nucleic acid synthesis. Structural analyses of DNA polymerases show that they
have three domains in common (the palm, thumb and finger domains, Figure 1.11).>* The
palm domain catalyses the transfer of phosphate groups. The finger domain plays a role
in binding the nucleoside triphosphate and its paired template base together. The thumb
domain is responsible for the processivity, translocation and positioning of the DNA
duplex. Together they catalyse DNA replication via a mechanism involving two divalent

metal ions (Mg?* or Mn?*),55:%

Taq pol

Nucleotide

Figure 1.11. Overall structure of Taq polymerase with DNA template and primer.>* Picture reproduced

with permission of the American Society for Biochemistry and Molecular Biology (Appendix 8.1).
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Polymerases can be divided into different families based on their amino acid sequences
and structures; for general reviews see the references from T. A. Steitz.>* > Family A
polymerases are also referred to as the DNA polymerase | family, and include Thermus
aquaticus (Taq) DNA polymerase and Pol-I from Escherichia coli (including its truncated
Klenow fragment). Family B polymerase or the DNA polymerase o family includes all
eukaryotic DNA replicating polymerases, T4 and RB69 phage polymerases. The reverse
transcriptase family is a family of RNA dependent DNA polymerases using RNA strands
as templates to produce complementary DNA products. The polymerases from these three

families have different finger and thumb domains.

Studies on enzymatic incorporation of modified triphosphates show that family B
polymerases are generally more efficient than family A polymerases.®® > Some
polymerases have been engineered to accept a broad range of modified triphosphates for
non-natural oligonucleotide synthesis, for example KOD and Therminator™ II
polymerases.®® & Therefore, an alternative strategy to incorporate fluorescent bases into
DNA is to employ these enzymes. DNA and single-stranded RNA can be synthesised in
vitro using primer extension, PCR, transcription and reverse transcription.®® >® 6! These

methods can yield densely modified nucleic acids up to thousands of base pairs long.

1.3.2.2 Primer extension

Primer extension requires an oligonucleotide primer which is complementary to a region
near the 3’-end of a DNA template strand (Figure 1.12). The primer anneals to the
template and forms a duplex. DNA polymerase can then be used to incorporate natural or
modified deoxynucleoside 5'-triphosphates to the 3'-end of the primer until it reaches the
5'-end of the template. For ease of detection and analysis, the primer is commonly

functionalised with a radioactive or fluorescent tag on the 5’-end. Primer extension is a
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very efficient methodology for the introduction of multiple modifications into one strand

of a DNA duplex.

dATP dCTP,

Polymerdse dGTP, dTTP

Figure 1.12. Primer extension using a DNA polymerase (yellow) and four canonical deoxynucleoside

triphosphates, which can be replaced or supplemented with modified triphosphates.

1.3.2.3 Polymerase chain reaction

The primer extension approach is restricted to the incorporation of modified nucleotides
in a linear reaction, where one template oligonucleotide gives rise to one product. In
contrast, PCR, developed by Kary Mullis in the early 1980s, is an amplification procedure
which can produce large amounts of densely modified DNA in both strands from a very
small amount of template DNA (single strand or duplex).®2 PCR amplification requires a
template and two primers which are complementary to the 3'-end of the sense- and
anti-sense template strands respectively. A typical procedure consists of denaturation,
annealing, and elongation (Figure 1.13). This process is carried out in multiple cycles at
elevated temperatures and therefore requires thermostable DNA polymerases. The

reaction is exponential, and typically around 30 cycles of PCR are carried out.
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Template i) Cycle 1: denaturation
3 5
_— Primer 5_3' i) Cycle 1: annealing
3 5
l Primer l
Polymerase (  o—— p— 20 iii) Cycle 1: elongation

l l

i) Cycle 2: denaturation

— — _— ii) Cycle 2: annealing

0 S — 0 G — O iii) Cycle 2: elongation

’ Repeat cycles n-2 times ’

Exponential growth of amplified product
Desired products concentration: (2"-2(n+1)) x Cy,
C, is the original template concentration

Figure 1.13. PCR procedure using a DNA duplex as a template. i) Denaturation at 94 to 96 °C; ii)
annealing at 50 to 60 °C; iii) elongation at 72 °C. The first two cycles are shown. The red and blue
lines represent the amplified products and the circles stand for polymerases. In real cases the template

can be much longer than the final PCR product.

One drawback of PCR and primer extension is that they produce duplex products, which
cannot be used as single-stranded DNA (ssDNA) probes directly for FISH and other
probe-based applications. An extra step such as exonuclease digestion or magnetic bead
capture of one strand is required. To avoid this complication, asymmetric PCR (APCR)
can also be used to produce mainly single-stranded products.®® One primer in the APCR
reaction is in large excess over the other primer (e.g.10:1 or 20:1 ratio). After consuming
the limited primer, each reaction cycle can thereafter only produce one of the two strands.

When the reaction is complete, the majority of products are single-stranded.
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1.3.2.4 Enzymatic synthesis of fluorescent nucleic acids

In enzymatic fluorescent DNA synthesis, fluorophores are commonly attached to the
7-position of purine bases and the 5-position of pyrimidine bases.®*®" Modifications on
these positions are distant from the base-pair hydrogen bonding sites and can be accepted
by different DNA and RNA polymerases. The Winter and Amacker groups synthesised a
wide range of fluorophore-labelled triphosphates based on all four bases (A, C, Gand T,
Figure 1.14.A).%6 57 Densely modified DNA products can be prepared by mixing different
base-modified triphosphates, however, the enzymatic incorporation efficiency varied
dramatically between different dyes. Deoxyuridine triphosphates (dUTPs) with
fluorescein linked via rigid linkers (Figure 1.14.B) were studied by Burgess and
co-workers.%* The triphosphates with long conjugated linkers were incorporated better

than those with shorter ethynyl linkers when using TagFS polymerase.

A
SOy
LY.
e
+
N \O N/\)LN
kCH3 CH,

|
R= $-P-0-P-0-P-0

Figure 1.14. Chemical structures of fluorescent modified deoxynucleoside triphosphates for enzymatic
DNA synthesis. A. Evoblue modified dUTP;% B. Fluorescein modified dUTP.%*

In most cases, the modified triphosphates were mixed with the corresponding natural

deoxynucleoside triphosphates (dNTPs) to prevent the premature termination of
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enzymatic extension, especially for PCR, as the bulky and hydrophobic fluorescent
modified nucleosides are not good substrates for the polymerases.®” To prepare more
densely labelled oligonucleotides, a post-labelling strategy is often used, which
introduces simple, sterically undemanding functional groups into DNA followed by

labelling with chemically activated fluorophores. 39 8
1.4 Nucleic acid labelling reactions

The preparation of highly modified DNA strands is desirable for a wide array of potential
applications.3 ®8 Post-synthetic introduction of fluorescent labels allows for a higher
degree of modularity, as changing the label does not require the synthesis of a novel
nucleotide. Sensitive or reactive fluorophores can be introduced in this way instead of
direct incorporation via solid phase or enzymatic synthesis. Here four of the most
commonly used chemical labelling reactions are discussed, but there are other reactions

that can be used for DNA functionalisation.3 8.9
1.4.1 Amino-active ester coupling

The most widely utilised post labelling methodology is to prepare DNA bearing primary
amino groups, which can react with N-hydroxysuccinimide (NHS) esters of different
fluorescent dyes (Figure 1.15). The reaction requires a buffer system between pH 7.2 and
9.0, and yields an amide bond. However, the NHS ester hydrolyses during the reaction

and therefore a large excess of it is required for this labelling strategy.

R

o i

NH

O
NH
s,
o O

R = Fluorescent tags or other reporter groups

Figure 1.15. General protocol for the amino-DNA active ester coupling reaction.
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Amino modified DNA and RNA have been synthesised by both solid phase synthesis and
enzymatic incorporation (Figure 1.16).% 79”3 For solid phase synthesis, protecting groups
(i.e. trifluoroacetyl group) are required to protect the amino group to prevent
side-reactions (Figure 1.16.A).% 72 After the completion of oligonucleotide assembly, the
protecting groups are removed to give the free primary amino group. The functionalised
DNA strands can be further labelled with fluorescent reporter groups. In an enzymatic
approach, Cox and Singer demonstrated the efficient incorporation of an amino modified
dUTP (Figure 1.16.B) and its post-labelling with different fluorescent dyes.”® A similar
RNA uridine triphosphate was investigated by °t Hoen et al. to generate modified
complementary RNA from RNA templates.”* However, the hydrolysis of the NHS ester

and long reaction times limit the use of this approach.
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Figure 1.16. A. Amino modified 7-deazadeoxyadenine phosphoramidite used in solid phase DNA
synthesis.®® B. Amino modified dUTP used in enzymatic DNA synthesis.”

1.4.2 Copper-catalysed azide-alkyne cycloaddition reaction

Click chemistry is a concept invented by Sharpless et al. to ligate organic molecules
selectively under mild conditions in the presence of various reactive groups.” Among
them, the Cu'-catalysed version of the Huisgen 1,3-dipolar cycloaddition reaction has
been used extensively in many fields including drug discovery, bioconjugation and
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materials science.”® The reaction between the alkyne and azide is regioselective and
produces 1,4-triazole. It is known as the copper-catalysed azide-alkyne cycloaddition
(CUAAC) reaction (Figure 1.17.A).” The Matyjaszewski group demonstrated that azides
with electron-withdrawing substituents and less steric congestion, or alkynes with

carbonyl groups, have higher reactivity.8!

Without the use of a catalyst, the Huisgen cycloaddition reaction leads to a mixture of
triazole 1,4- and 1,5-regioisomers (Figure 1.17.B) and is around eight orders of magnitude
slower.” Instead of using a copper catalyst, Fokin and Jia reported that a 1,5-disubstituted
triazole is selectively formed from azides and terminal alkynes under catalysis by
ruthenium cyclopentadienyl complexes (RUAAC reaction, Figure 1.17.C).8% 8 This

reaction has been used to modify nucleic acids.? &

A
+ —/ PR cus0.#5H,0,1 mol % N1
N=N-N sodium ascorbate, 5 mol % Ph N~ N/\Ph
Ph—O - =
o HoO/t-BuOH, 2:1, RT, 8 h \O\)T/
B
+ -R
N=N-N N1 R N R
reflux N” N . N”
—_— 5_/ \_l
R—= R 4 5 R
ca. 1:1
C
R\_ + R'\1 NG
N—N=N Cp*RuCI(PPhj3) (cat.) N °N
> 5\—/
R—— CgHg, reflux, 2 h R

Figure 1.17. A. The copper-catalysed azide-alkyne cycloaddition reaction.” B. The uncatalysed

azide-alkyne cycloaddition reaction.” C. The ruthenium-catalysed azide-alkyne cycloaddition.®

Several years after the first report of the CUAAC reaction, Fokin and co-workers

published details on the mechanism (Figure 1.18).8¢ There are two copper ions involved
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in the catalytic cycle. One copper is linked to the acetylide by a c-bond, improving the
nucleophilicity of the intermediate; the second copper forms a weak -complex with the
alkyne group to afford intermediate 11, which then coordinates with an azide group to
form intermediate I11. After the nucleophilic attack and ring closure, intermediate V is
formed via the intermediate 1V. In the last step, the copper catalyst leaves intermediate V
and the final 1,2,3-triazole product V1 is produced. The copper catalyst then proceeds to

the next cycle.
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Figure 1.18. Mechanism of the CUAAC reaction.%

1.4.2.1 Nucleic acid functionalisation via the CUAAC labelling

The CuAAC reaction has been widely used in nucleic acid research.>® ¢ The azide and
alkyne groups individually are inert to nucleic acid functional groups and react with each
other very efficiently in aqueous media in the presence of a copper catalyst. Here, the
application of this reaction in the fluorescent labelling of nucleic acids is described in
detail. The CUAAC reaction provides a flexible way to prepare various fluorescent DNA
and RNA. Alkyne/azide-modified nucleic acids can be labelled with azido/alkynyl

fluorophores.
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1.4.2.1.1 Labelling of alkyne-modified nucleic acids

Alkyne modifications have been introduced into oligonucleotides via solid phase
phosphoramidite synthesis, using procedures developed by the Carell and Seela groups
amongst others (Figure 1.19).8°2 The base and sugar modifications usually carry long
linkers to reduce steric hindrance in the labelling reaction (Figure 1.19.A).8.8° Carell and
co-workers reported that by introducing different protecting groups on the alkyne
modification, single to triple labelling with different reporter groups can be achieved
efficiently (click-click-click).” By choosing a bi-functional group, two modifications
were introduced at the same time by the Seela group (Figure 1.19.B).%% The alkyne groups
were also attached to the 5’-end or 3’-end of oligonucleotides without inhibiting DNA
binding affinity (Figure 1.19.C).%* % All these alkyne functionalised DNA/RNA strands

can be subsequently labelled with different fluorescent or other reporter groups.
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Figure 1.19. Alkyne-modified phosphoramidites used in solid phase oligonucleotide synthesis. A.
Octadiynyl dU;28 8 B. Tripropargylamino dU;* C. Monomer for terminal alkyne modification;** D.

2'-Propargyl uridine.%
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Alkyne-bearing nucleoside triphosphates have also been enzymatically incorporated into
DNA and RNA using different polymerases (Figure 1.20).%1% Carell and co-workers
attached alkyne groups to the 5-position of dUTPs. These modified triphosphates
demonstrated good incorporation compatibility with different DNA polymerases and the
resultant DNA was efficiently labelled with various reporter groups via the CuAAC
reaction (Figure 1.20.A).100-102.104 The Berdis group prepared a non-natural nucleotide,
which was selectively incorporated opposite an abasic site, and used this as a probe for
non-instructional lesion monitoring (Figure 1.20.B).% 1% Site-specific enzymatic
incorporation has also been achieved by using the third base-pairing system devised by
the Hirao group (Figure 1.20.C).1%® X-ray studies of rigid modified deoxycytidine
triphosphates (dCTPs) and KlenTag polymerase complexes demonstrated that the
triphosphate binding site of the polymerase is flexible enough to enable primer elongation

when using modified triphosphates (Figure 1.20.D).%
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Figure 1.20. Modified nucleoside triphosphates used in enzymatic incorporation reactions. A.
Octadiynyl dUTP;1% B. Non-natural nucleoside triphosphate;®: 1% C. Nucleotide with a pyrrole base
analogue;!® D. Rigid and aromatic modified dCTP;1% E. 2'-Propargyl nucleoside triphosphate.®®
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1.4.2.1.2 Labelling of azide-modified nucleic acids

The introduction of azide modifications into DNA and RNA generally requires enzymatic
incorporation, because of the reactivity of azides to phosphorus(l11) during the solid phase
synthesis (the Staudinger reaction).!%” Several azido nucleotides have been synthesised
using H-phosphonate or 2-chlorophenyl phosphodiester derivatives in solid phase
synthesis to avoid this problem (Figure 1.21.A),1% 19 pyt this method deviates from the
commonly accepted best strategy for oligonucleotide synthesis (the phosphoramidite
method). In 2007 the Carell group reported the synthesis of an azide modified
triphosphate with an alkyl linkage (Figure 1.21.B).}°X However, this modified
triphosphate was found not to be a good substrate for DNA polymerases due to the
flexible linkage. The Srivatsan group used a similar alkyl linker for azido uridine
triphosphates (UTPs) and demonstrated the production of efficient azido-modified RNA
transcripts (Figure 1.21.C).1° Marx and co-workers prepared an azido triphosphate with
an alkynyl linkage and avoided the internal cycloaddition problem resulting from the
CUAAC reaction by labelling the azide-modified primer extension products via the
Staudinger reaction (Figure 1.21.D).1! However, the reaction is sensitive to oxygen,
limiting its applications. A range of sugar and base modified azido triphosphates (Figure
1.21.E) were attached to the termini of RNA and DNA strands by the Jaschke and Kjems
groups using different nucleotidyl transferases.''?* However, this strategy can only
introduce one or multiple modifications to the 3’-end of DNA strands, and cannot be used
for general internal sequence modification. Overall, there is a need for a new type of azide
triphosphate that could be efficiently incorporated using enzymes and labelled with

fluorescent tags.
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Figure 1.21. A. Monomer used in solid phase triester DNA synthesis.1®® B to E. Monomers used for
enzymatic azide incorporation. B. Azido dUTP;! C. Azido UTP;!% D. Azido deazadeoxyadenine

triphosphate;*!! E. 2’-Azido nucleoside triphosphate.!?

The CuAAC reaction has also been utilised to make base analogues, to cross-link DNA
strands and to make DNA nanostructures.® 8% Although it has found widespread use
in the nucleic acid field, it has limitations for in vivo applications due to the cytotoxicity

of copper and the requirement for anaerobic reaction conditions.

1.4.3 Strain-promoted azide-alkyne cycloaddition reaction

To overcome the limitations of CUAAC, the strain-promoted azide-alkyne cycloaddition
(SPAAC) reaction was introduced by Bertozzi and co-workers in 2004.1*° This reaction
involves the uncatalysed reaction between an azide and a ring strained alkyne (Figure
1.22). The 8-membered ring contains a triple bond, which is more reactive than linear
alkynes due to the distortion of its sp-orbitals. Due to ring strain, it adopts a geometry
between that of an sp and sp® hybridised carbon atom. The reaction to form an sp?

hybridised triazole product greatly reduces ring strain. Two regioisomeric products are
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formed in the SPAAC reaction, similar to the uncatalysed azide and alkyne cycloaddition
reaction. The most important advantage of the SPAAC reaction is that it can be used for
both in vitro and in vivo application due to the absence of toxic metal catalysts compared

to the CUAAC reaction.116-120

N N '
R'-N"°N N7 N-R

O + N3 R ——> O + O
RO RO

RO

Figure 1.22. The strain-promoted azide-alkyne cycloaddition reaction.

Various analogues of cyclooctyne have been synthesised to increase its reactivity. 1% 117
Dibenzocyclooctyne (DIBO, Figure 1.23.A), carrying two aromatic rings fused onto the
cyclooctyne, was synthesised by the Boons group.?! Its reactivity with azides is increased
due to the electron withdrawing effect and the extra ring strain from the aromatic rings.
The aqueous solubility of DIBO was, however, lower than the unsubstituted cyclooctyne,
which is not ideal for nucleic acid applications. In 2010 an equally reactive alkyne
bicyclo[6.1.0]nonyne (BCN, endo form, Figure 1.23.B) with a 3-membered ring fused
onto the cyclooctyne ring was reported by van Delft et al.*?? Furthermore this molecule
is symmetric and does not possess any chiral centres, simplifying the stereochemistry of
triazole products formed from it. For applications in which diasterecisomers of the
SPAAC reaction products might be undesirable, achiral BCN is the preferred alkyne of
choice.??123 The second-order rate constant between BCN and benzyl azide is 0.29 M1s
in acetonitrile/water (1:2) solution, i.e. the reaction is faster than that of the plain

cyclooctyne (=2 x 103 M1s1) 122
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Figure 1.23. A. Reaction between DIBO and azide via the SPAAC reaction. B. Reaction between BCN
and azide via the SPAAC reaction.

1.4.3.1 Labelling of cyclooctyne-modified nucleic acids

In 2010, the SPAAC reaction was first used in oligonucleotide labelling and copper-free
DNA strand ligation.'?* 1% DIBO and BCN cyclooctyne phosphoramidite monomers
have been synthesised for terminal labelling of DNA and RNA (Figure 1.24.A and
B).12%.124 126128 In the Brown group, DIBO and BCN were incorporated into
oligonucleotides by attachment to the 5-position of the uracil base or the 2'-position of
the pentose sugar (Figure 1.24.C).1? The above cyclooctyne modified DNA strands were
further labelled with fluorescent tags, conjugated to proteins or ligated to DNA strands

via the SPAAC reaction.
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Figure 1.24. Chemical structures of cyclooctyne phosphoramidites used in DNA functionalisation. A
and B. Cyclooctyne phosphoramidites for terminal labelling;*?® 126 C. 2'-Sugar modified

phosphoramidite.?

The DIBO group (Figure 1.24.A) was attached to the 5-end of oligonucleotides during
solid-phase synthesis by the Taton group.!?® The functionalised product was used as a
modified primer for PCR reactions. The DIBO modification was found to be stable to
PCR thermal cycling and was subsequently labelled with azide-bearing Texas Red to
afford fluorescent PCR products. However, other enzymatic studies of
cyclooctyne-modified triphosphates are limited. Therefore, it would be useful to
investigate their biocompatibility for enzymatic nucleic acid synthesis and subsequent

functionalisation.

It should be noted that cyclooctynes can react with nucleophiles such as thiols which are
prevalent in cells, thereby sequestering them. For protein labelling, Boelens and
co-workers partially solved this problem by first introducing iodoacetamide, which
alkylates peptidylcysteine thiols, and performing the SPAAC labelling.**® For other in
vivo biomolecule-labelling applications, alternative copper-free and efficient reactions

are required to overcome this problem.
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1.4.4 Inverse electron demand Diels-Alder reaction

An inverse electron demand Diels-Alder (IEDDA) reaction between tetrazine and olefins
is another fast metal free click reaction developed by Fox and co-workers (Figure
1.25.A).131 This reaction has been widely used in biomolecule conjugation and
functionalisation.'3213 The reaction mechanism is shown in Figure 1.25.B.13%: 13 The
first cycloaddition step between the diene tetrazine and dienophile olefin is the
rate-limiting step. The intermediate 11 is formed after the elimination of nitrogen from the
highly strained cyclic intermediate I. Further isomerisation intermediate Il affords the
final product I11. Cyclised dienes have higher reactivity than the linear version due to ring
distortion in the transition state of intermediate I. The trans-cyclooctene-tetrazine
reaction is one of the fastest known bioorthogonal click reactions with a second-order rate
constant up to 30 000 M1st in phosphate buffered saline (PBS) at 37 °C.1*® This is
several orders of magnitude faster than the SPAAC reaction (which in turn is much faster

than the CUAAC reaction).**®

A
R
o N)\ N Z o SN
R‘Nko TONW N T R )k Ry S NH
" E§

= Fluorescent dye

(A Ly §
S

Figure 1.25. A. General reaction scheme of trans-cyclooctene and a tetrazine-derivatised fluorescent

dye. B. Reaction mechanism of inverse electron demand Diels-Alder reaction.!3!
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1.4.4.1 Labelling of trans-cyclooctene-modified nucleic acids

The tetrazine group is very reactive and bulky, therefore the dienophiles (norbornenes
and trans-cyclooctenes) are usually attached to the oligonucleotides. They have been
attached to the terminal and internal positions of oligonucleotides using their
phosphoramidites (Figure 1.26).132 133,137,138 The Jaschke group has pioneered the use of
IEDDA on nucleic acids. Norbornene and trans-cyclooctene functionalised DNA and
RNA were efficiently labelled with tetrazine reporter groups.t*3 137. 138 Cyclopropene and
tetrazine were also introduced to the terminal position of oligonucleotides by the Devaraj
group through coupling their NHS active esters to the oligonucleotides containing amino
groups.32 When the tetrazine is located close to a fluorophore, it behaves as a quencher.
This effect was alleviated after tetrazine reacts with trans-cyclooctene affording an

intense fluorescence signal.
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Figure 1.26. Cyclo-dienophile modified phosphoramidites used in DNA functionalisation. A.

Monomer used for internal modification of DNA;3 B. Monomers used for terminal modification.138

The trans-cyclooctene and norbornene modified nucleic acids have also been prepared
from their modified triphosphates using primer extension and PCR (Figure 1.27.A and
B).1¥ 140 The Royzen group has reported the enzymatic incorporation of a
trans-cyclooctene modified cytidine triphosphate (Figure 1.27.C).2* In the Jaschke group,

various cyclo-dienophile-modified RNA monophosphates were successfully attached to
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the termini of RNA strands using RNA polymerases (Figure 1.27.D).}*! These modified

products were further conjugated to the tetrazine-modified peptides or fluorophores.

Qk NH,
#0gP30 40gP;0
40gP30. o

OH OH

Figure 1.27. Cyclo-dienophile-modified triphosphates (A to C)'3*139.140 and protected monophosphate
(D)**! used in DNA and RNA functionalisation.

1.45 Dual/multiple fluorescent labelling

Fluorescent oligonucleotides carrying different combinations of fluorophores have wide
applications in the detection of nucleic acid, and usually utilise FRET in the detection
method. Direct incorporation of modified phosphoramidites during oligonucleotide
synthesis or nucleoside triphosphates during enzymatic synthesis requires the laborious
and time-consuming synthesis of different monomers/nucleotides. In comparison,
modular post-labelling strategies are potentially simpler. As discussed in Section 1.4.2,
the Carell group demonstrated a multiple labelling strategy by using different
alkyne-protecting groups within a DNA strand which can be selectively deprotected and

progressively labelled.®! To avoid these selective deprotection strategies, which could be
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difficult to optimise and are not truly orthogonal, the CUAAC and IEDDA reactions have
been combined by the Jaschke group to label oligonucleotides site-specifically in a
single-tube reaction (Figure 1.28).1% The linear alkynes do not cross react with tetrazine,
which makes them orthogonal to the IEDDA reaction. Houk et al. reported that IEDDA
can also be used in combination with SPAAC to conduct multiple orthogonal labelling
reactions.!*? Hilderbrand and co-workers applied this orthogonal pair to develop
dual-coloured cell-surface imaging.**> Among the cyclooctyne modifications mentioned
in Section 1.4.3, BCN can react both with azides and tetrazines, while DIBO can only
react with azides via the SPAAC reaction. In addition to above labelling methods, there
are also other compatible dual labelling combinations that have been studied for the

functionalisation of DNA.1%?

Figure 1.28. Orthogonal labelling reaction using the combination of CUAAC and IEDDA 138

1.5 Fluorescent cellular DNA imaging using modified nucleosides

With the development of fluorescence microscopy, fluorophores have been widely used
to monitor biological processes.® 1 Carbohydrates, proteins and nucleic acids are key
elements in living organisms.'*® Fluorescent DNA imaging in cells has been used as an
important tool to monitor the DNA replication, transcription and other metabolic

processes.#® This section focuses on cellular DNA imaging using modified nucleosides.

33



Chapter 1

Nucleotides do not readily enter cells due to their anionic nature. However, free
nucleosides can be taken up by cells and converted to monophosphates, diphosphates and
triphosphates by cellular kinases (Figure 1.29).147-14° The first and rate-limiting step is the
conversion of the nucleoside into a monophosphate.?>® The final reactive triphosphates
can then be incorporated to the DNA or RNA strands during replication and transcription.
Therefore, in principle, modified nucleosides can be utilised to functionalise nucleic acids

in vivo.
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Figure 1.29. The transformation of 2',3'-dideoxy-2’,3'-didehydrothymidine (d4T) into its active

triphosphate.147: 151

Gratzner et al. monitored nascent DNA in proliferating cells by treatment with
5-bromo-2'-deoxyuridine (BrdU, Figure 1.30.A) and subsequent staining with
fluorescently-labelled antibodies specific for BrdU.*>? However, the antibody has poor
cell membrane permeability due to its large size. The Salic and Greenberg groups found
that 5-ethynyl-2’-deoxyuridine (EdU, Figure 1.30.B) and 5-ethynyl-2'-deoxycytidine
(EdC, Figure 1.30.C) were converted to their triphosphates by cellular kinases and

incorporated into genomic DNA by endogenous polymerases.®® % Subsequent
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cell-fixation and derivatisation of the alkyne-modified DNA with a fluorescent azide via
the CUAAC reaction yielded DNA which can be visualised by fluorescence microscopy.
The Salic group also adapted this approach for the detection of RNA synthesis in cells by
using the ribonucleoside 5-ethynyluridine instead.*>® The methodology is compatible with
fixed cells, but the toxicity of copper and EdU precludes its application in live cells. The
addition of EdU to live cells causes DNA damage, cell cycle arrest, and apoptosis.t>*
More recently, the less metabolically toxic (2'S)-2’-deoxy-2'-fluoro-5-ethynyluridine

(F-ara-EdU, Figure 1.30.D) was used by Luedtke and Neef for cellular imaging.t>®

A B C D
o) o) NH o)
Br: i % \\ § %
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o ! o
OH ‘ OH
Vdu AM dU

Figure 1.30. Modified nucleosides for cell imaging. A. BrdU used in antibody staining.'>> B to D.
monomers used in the CUAAC labelling. B. EdU;® C. EdC;*” D. F-ara-EdU.*® E. VdU used in the
IEDDA labelling.?*® F. AM dU used in the SPAAC labelling.t5"

Moreover, efficient copper-free chemical methodologies have been developed to
overcome the problem of CUAAC staining for in cellulo applications. In the Luedtke
group, 5-vinyl-2'-deoxyuridine (VdU, Figure 1.30.E) was used to label cells with

tetrazine fluorophores via the IEDDA reaction.?® VdU had less cytotoxicity and higher
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stability than EdU. It was found to be compatible with BrdU and F-ara-EdU labelling,
which have been used to label cellular DNA sequentially. In the same year, this research
group also demonstrated that toxic metal-ion based catalysis can be negated if
5-azidomethyl-2'-deoxyuridine (AM dU, Figure 1.30.F) is incorporated into genomic
DNA.?7 Subsequent treatment with a cyclooctyne (BCN) dye derivative yielded the

fluorescently labelled DNA via the SPAAC reaction.

Unlike bulky dye-labelled nucleosides, the modified nucleosides described above are
sufficiently similar to their natural analogues to be converted to triphosphates by
endogenous cellular enzymes. As mentioned previously, this conversion of nucleoside to
triphosphate is essential, since triphosphates themselves are unable to pass the cell

membrane (and enter cells) due to their negative charge.
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1.6 Objectives of the research

Investigating new technologies for use in DNA detection for biological applications is the
main objective of this DPhil project. Enzymatic synthesis of modified DNA is an efficient
strategy to introduce different numbers of functional groups. The employment of
copper-free click reactions to densely label the modified DNA is more efficient than the
direct enzymatic incorporation of fluorescent nucleoside triphosphates, providing a
simple way to increase the signal intensity of fluorescent probes compared to the
single-fluorophore labelled probes. The aims of the work in Chapter 2 to 4 are to
investigate the enzymatic incorporation compatibility of various (cyclooctyne,
trans-cyclooctene and azide) modified triphosphates and the feasibility of preparing
fluorescent probes by labelling the functionalised enzymatic products using the SPAAC

and IEDDA reactions.

Monitoring nucleic acids in cells is very important for biological and pharmacological
studies. The aim of the work described in Chapter 5 is to expand the tool-box for cellular
DNA imaging. Synthesis of different modified nucleosides and their applications in

cellular DNA imaging are investigated.
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Chapter 2 Synthesis and applications
of cyclooctyne-modified deoxyuridine

triphosphates

38



Chapter 2

2  Synthesis and applications of cyclooctyne-modified

deoxyuridine triphosphates

2.1 Background and aims

Nucleoside 5'-triphosphates are utilised in many important biological reactions, including
DNA replication, reverse transcription and RNA transcription.®® They are potentially
useful tools for introducing densely packed chemical modifications, such as fluorophores,
into DNA and RNA.>® 101 159161 gligonucleotides labelled with multiple fluorophores
give rise to far stronger signal intensity than conventional single fluorophore probes.”
This is of particular importance for the fluorescent detection of DNA which are present
at very low concentrations (e.g. specific loci of genomic DNA in fixed cells).
Fluorescently modified nucleotides have been incorporated directly into DNA using
enzymatic methods such as PCR (Chapter 1, Section 1.3.2).57 12 However, a high ratio
of the natural unmodified dNTP to the fluorescently modified triphosphate (~9:1) must
be used to achieve efficient enzymatic DNA synthesis.”* This limits the number of
fluorophores (labelling density) that can be introduced. Alternatively, DNA or RNA
containing reactive functional groups can be post-synthetically labelled with fluorophores
(Chapter 1, Section 1.4).%% .69 These reactive groups can be introduced via nucleotides
that can subsequently be labelled using the appropriate chemical reaction. A variety of

different functional groups can be introduced into DNA.

In this context, the strain-promoted azide-alkyne cycloaddition reaction (SPAAC, Section
1.4.3) would be of great use since it does not require a toxic metal catalyst (unlike the
copper-catalysed azide-alkyne cycloaddition reaction) and it is an efficient click

chemistry reaction.!*® Although different modified cyclooctynes have been introduced
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into DNA strands via solid phase chemical synthesis,®® there is only one example of
enzymatic incorporation of cyclooctyne nucleotides. In 2015 Jaschke et al. described an
aza-dibenzocyclooctyne modified deoxyuridine triphosphate (dUTP) and its successful

3'-terminal incorporation to DNA using nucelotidyl transferase enzymes.''4

The aim of the work in this chapter is to investigate the feasibility of enzymatically
incorporating reactive cyclooctyne derivatives into DNA and to examine their use in the
synthesis of fluorescent probes (Figure 2.1). To this end, dibenzocyclooctyne (DIBO) and
bicyclo[6.1.0]nonyne (BCN) modified triphosphates are explored in detail.

Enzymatlc incorporation
M W DIBO or BCN dUTP -

dATP, dCTP, dGTP

Enzylne

Figure 2.1. Enzymatic (polymerase) DNA synthesis using cyclooctyne-modified triphosphates.

2.2 Preparation of cyclooctyne-modified dUTPs

Nucleoside triphosphates are commonly prepared from the corresponding nucleosides
using the Yoshikawa or the Ludwig-Eckstein method (Figure 2.2).158 163164 n the
Yoshikawa procedure (Figure 2.2.A), phosphorus oxychloride (POCIs) is employed as
the phosphorylating agent using trimethylphosphate as solvent to generate the
5'-dichlorophosphate (an activated monophosphate, intermediate 11).2%% The reaction
mixture is subsequently treated with pyrophosphate and quenched with water to afford
the nucleoside 5'-triphosphate. This methodology is simple, and the employment of

trimethylphosphate as solvent favours the formation of the 5'-triphosphate. However, the
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reaction generates many by-products including 3'-phosphate and 3’,5'-diphosphate, which
are very difficult to remove. For the Ludwig-Eckstein reaction (Figure 2.2.B), salicyl
chlorophosphite, which is less reactive than phosphorus oxychloride and more selective,
reacts with the 5-OH to generate the intermediate V.1%* After treatment with
pyrophosphate and iodine solution (to oxidise the P"' to PVY), the desired nucleoside
5'-triphosphate is obtained. Compared to the Yoshikawa procedure, this method is more

regioselective but requires an additional oxidation step.

A Yoshikawa

Base Base 0 Base O O O Base
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Figure 2.2. Synthesis of deoxynucleoside triphosphates by the Yoshikawa (A) or the Ludwig-Eckstein
method (B).158 164

2'-Deoxyuridine is one of the easiest natural nucleosides to chemically modify and has
been extensively used to introduce functional groups into nucleic acids for various
applications (e.g. fluorescent detection, antiviral drug development).3® 84 160, 165-167

Importantly modifications attached at the 5-position of the uracil base protrude into the
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major groove of the DNA double helix and are remote from the Watson-Crick
base-pairing hydrogen bonding groups. Therefore these modifications cause minimal
disruption to the normal B-DNA helical conformation and do not significantly destabilise

the duplex.

With this in mind, the DIBO cyclooctyne was joined to the 5-position of uracil base by
an aminopropargyl linkage (Scheme 2.1.A). Modified deoxyuridine triphosphates with
alkynyl linkages on the 5-position have been incorporated enzymatically by different
DNA polymerases.®® %8 The alkynyl linkage can actually stabilise DNA duplex by
enhanced r-stacking, which is useful.X®® 170 Therefore, this linkage has been widely
applied to introduce modifications into nucleic acids.2® '™ The DIBO-modified
triphosphate was synthesised as shown in the Scheme 2.1.A. The aminopropargyl group
was attached to 5-iodo-2'-deoxyuridine 2.1 by a Sonogashira cross coupling reaction.!’2
The DIBO p-nitrophenyl (PNP) carbonate 2.3 (synthesised by Dr Montserrat Shelbourne
in the Brown group) was then coupled to the amino group of
5-aminopropargyl-2’-deoxyuridine 2.2  (amino dU) to  produce @ the
5-DIBO-2'-deoxyuridine nucleoside 2.4 (DIBO dU). 8 Triphosphorylation of the 5'-OH
group of this compound afforded the triphosphate 2.5 using the Yoshikawa reaction as
described in Figure 2.2.A.1% In order to minimise the production of 3'-phosphate and
other by-products, the Yoshikawa reaction was carried out at -15 °C. The
5-DIBO-2'-deoxyuridine-5'-triphosphate (DIBO dUTP) 2.5 was obtained in very low
yield; only 0.21% vyield was obtained for the triphosphorylation reaction. The
tris(tetrabutylammonium) hydrogen pyrophosphate 2.7 used in the Yoshikawa reaction
was prepared according to the reported method (Scheme 2.1.B).1”® This compound is very
hygroscopic and had to be aliquoted inside a glovebox under inert gas due to the water

sensitivity of the Yoshikawa reaction. In 2015, Hodgson and co-workers reported the use
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of a tris[bis(triphenylphosphoranylidene)ammonium] pyrophosphate, which is easier to
be dry and is much less hygroscopic than the normal tri- and tetra-alkyl ammonium
pyrophosphates.™ It is a good alternative pyrophosphate salt for triphosphate synthesis.

This could be used in the future nucleoside triphosphate syntheses.
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Scheme 2.1. A. Synthesis of DIBO dUTP. B. Synthesis of tris(tetrabutylammonium) hydrogen
pyrophosphate.

Taking into consideration the very poor yield of DIBO dUTP and the complex steps to
prepare DIBO PNP carbonate, an alternative synthetic route was designed (Scheme
2.2).12L. 128 The primary amine of amino dU 2.2 is a suitable attachment point for

N-hydroxysuccinimide (NHS) derivatives of reporter or other functional groups. Its
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triphosphate (aminopropargyl dUTP) is accepted efficiently as a substrate by various
DNA polymerase enzymes and has been used for subsequent fluorescent label
attachment.” 17> However, its moderate reactivity and unwanted hydrolysis of the NHS
active  ester during labelling  reactions limit its use.  Therefore,
5-aminopropargyl-2'-deoxyuridine-5'-triphosphate 2.11 (amino dUTP) was synthesised
as a common intermediate to introduce the far more reactive cyclooctyne group, enabling
the preparation of a broad range of functionalised dUTPs (Scheme 2.2). In this approach,
the primary amine must be protected before the Yoshikawa reaction. Trifluoroacetyl
(TFA) protected aminopropyne 2.9 (TFA-aminopropyne) was synthesised and then
reacted with 5-iodo-2'-deoxyuridine 2.1 via the Sonogashira reaction. Compound 2.10
was then converted to its 5'-triphosphate by the Yoshikawa procedure. The TFA protected
amino dUTP was deprotected in concentrated aqueous ammonia to afford amino dUTP

2.11in 9.5% yield for the Yoshikawa and deprotection reactions.
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I NH TFA-aminopropyne 2.9 FsC ” X NH (CH3)3P0y4, -15°C, 1 h; 2 X NH
\ _L__Cul, Pd(PPhy)s, EtN, \ _k._ i) Pyrophosphate 2.7, n-BuaN, \ Y
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Scheme 2.2. Synthesis of TFA-aminopropyne (A) and amino dUTP (B).

Three cyclooctyne-modified deoxyuridine triphosphates were prepared by labelling
amino dUTP 2.11 individually with an active ester or carbonate of DIBO, BCN-I and

BCN-II (Figure 2.3). DIBO dUTP 2.5 and two different BCN dUTP derivatives with
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either short or long linkers (BCN-I1 dUTP 2.12 and BCN-11 dUTP 2.13, respectively) were
obtained. These modified triphosphates were synthesised to study the effect of the steric
bulk and linkage length on their enzymatic incorporation efficiency, in addition to

subsequent cyclooctyne reactivity and potential side reactions.
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Figure 2.3. A. Labelling of amino dUTP to produce cyclooctyne-modified dUTPs. B. Chemical
structures of BCN-I NHS carbonate and BCN-Il NHS ester.
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2.3 Primer extension using cyclooctyne dUTPs

Primer extension (Chapter 1, Section 1.3.2) is an efficient biochemical protocol to prepare
chemically modified DNA of defined sequence and composition by replacing one of the
four canonical nucleotides (dATP, dTTP, dCTP or dGTP) with a modified triphosphate
(Figure 2.4). It is a linear copying process that introduces modifications into only one
strand of the DNA duplex. Primer extension reactions using DIBO, BCN-1 and BCN-1I
dUTPs were carried out with Therminator™ II, KOD and Gotaq polymerases as well as
DNA polymerase | large (Klenow) fragment. The 5'-terminal of the primer was labelled
with 6-carboxyfluorescein (FAM, Table 2.1, P3) for ease of visualisation on analytical
denaturing polyacrylamide gel electrophoresis (PAGE). Two DNA templates contain the
same primer region but have distinct arrangements of adenine bases in the extension
region (Table 2.1, T1 and T2). The primers can be extended using only the modified
dUTP to give a 19-mer product for template T1 and a 22-mer product (four consecutive
incorporation sites) for template T2. Alternatively, primer extension can be performed in
the presence of modified dUTP with dATP, dCTP and dGTP to give a 29-mer full-length
product for both templates. The natural dNTPs (dATP, dCTP, dGTP, dTTP) and amino

dUTP 2.11 were used in positive control experiments for comparison.” 17

M W Primer extension
BCN or DIBO dUTP

Po]ymeraqe dATP, dCTP, dGTP
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Q H 0 9
~o Py H
| 0 /\d - O N Oy M~ /\
OJ\N/\ N o H H TS JUTP
&

dUTP

Figure 2.4. Primer extension using cyclooctyne (BCN or DIBO) dUTPs and a DNA template.
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Table 2.1. Oligonucleotide sequences used in the primer extension, reverse transcription and PCR.

Code Sequences (5'-3')

T1 CAGTCACTGTACTGCCGACACACATAACC (DNA template)
T2 CAGTCACAAAACTGCCGACACACATAACC (DNA template)
P3 FAM-GGTTATGTGTGTCGGCAG (primer)
T4 CAGUCACUGUACUGCCGACACACAUAACC (RNA template)
T5 CAGUCACAAAACUGCCGACACACAUAACC (RNA template)
P6 GCATTCGAGCAACGTAAG (PCR primer)
P7 GGTTATGTGTGTCGGCAG (PCR primer)

T8 GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGA
GATTGTGTGCTGGCGATCTTACGTTGCTCGAATGC (PCR template)

FAM is 6-carboxyfluorescein. The bold A (A/T for PCR) shows sites where
modified triphosphates are incorporated.

2.3.1 Primer extension using Therminator™ II polymerase

Therminator™ II polymerase is a genetically engineered 9°N™ DNA polymerase, which
is more tolerant of modified triphosphates. A wide range of sugar and base modified
nucleotides have been incorporated efficiently into nucleic acid by this
polymerase.®® 160176 The enzymatic incorporation efficiency of three cyclooctyne
modified triphosphates (BCN-I, BCN-1I and DBIO dUTPs) was initially studied using
Therminator™ II polymerase. To ensure the primer anneals with the template to form a
DNA duplex, primer extension was carried out at 60 °C, which is lower than the
polymerase’s optimum functioning temperature (72 °C). Denaturing PAGE analysis
showed that Therminator™ II polymerase gave good incorporation of all cyclooctyne
dUTPs using template T1 (Figure 2.5). For the reactions with dTTP or modified dUTPs
only, one or two additional nucleotides were incorporated to the 3'-end of partially
extended primers (Figure 2.5, lanes 1, 12, 1°, 1¢ and 1%). This is presumably caused by the

un-templated incorporation, which is a well-known phenomenon.’3* 1% 177 By using
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modified dUTP, dATP, dCTP and dGTP, full-length products were observed for all
modified triphosphates (Figure 2.5, lanes 2, 22, 2°, 2¢ and 29). All the copies of the
template containing BCN-II dU exhibited slower electrophoretic mobility compared to
the natural counterparts. This is due to the extra steric bulk of the BCN-II dU, which

carries a longer linker than the BCN-1 dU.

T1: CAGTCACTGTACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM
dNTP Amino BCN-I BCN-II DIBO
N [ 2 [222 3a]b 2b3bjc)c3c 1dpd3d

Amino DIBO BCN-I
) o
HNT S 7N\ H 1 .
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ACG |[-]|- +|- + |- + + + o+ + o+

Figure 2.5. Primer extension using modified dUTPs, primer P3 and template T1 for Therminator™ II
polymerase (1 unit, 60 °C). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N,
P3 + T1 without triphosphates; lane 1/1%/1%/1¢/1¢, dTTP or modified dUTP; lane 2/23/2b/2¢/2¢, dTTP
or modified dUTP + dATP + dCTP + dGTP; lane 3%/3°/3¢/39, dTTP (1.6 nmol) + modified dUTP
(1.6 nmol) + dATP + dCTP + dGTP. (20% denaturing PAGE)

In some applications it is advantageous to reduce the density of reactive groups and
ultimately the density of fluorophores introduced via the modified dUTP to avoid
fluorescence quenching in the labelled DNA. This can be done by using a mixture of
modified dUTP and dTTP in the same extension reaction. This will only be successful if
the modified dUTP competes with dTTP for incorporation. Therefore primer extension
with modified dUTP and dTTP at a 1:1 ratio was explored. The denaturing PAGE analysis
showed multiple or broad bands of the fully extended products containing mixed modified

dU and dT sites opposite to the dA sites in the template (Figure 2.5, lanes 32, 3, 3¢ and 39).
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This shows that the amino and the cyclooctyne dUTPs were all able to compete with

natural dTTP.

In the case of the demanding template T2, carrying four consecutive adenine bases, amino
and BCN dUTPs were incorporated more efficiently than DIBO dUTP by Therminator™
Il polymerase. Full-length products were observed on the denaturing PAGE for amino
and BCN dUTPs with dATP, dCTP and dGTP reactions (Figure 2.6.A, lanes 22, 2° and
29); whereas multiple short bands from the reaction with DIBO dUTP were observed
(lane 2°). To investigate the effect of mixing modified dUTP with dTTP on the primer
extension with the template T2, the ratios of modified dUTP to dTTP were varied from
1:1 to 1:0 (Figure 2.6.B). The BCN-II dUTP reactions produced multiple bands in the
presence of dTTP, as previously observed with template T1 (Figure 2.5 and Figure 2.6.B).
For the DIBO dUTP (1:1) reaction, further weak extension bands were observed
compared to the DIBO dUTP (1:0) products (Figure 2.6.B, lanes 19 and 3%). However, the
main product bands were six and four base extended primers (confirmed by mass
spectrometry). The polymerase terminated extension after the modification sites,
presumably as a result of DNA duplex distortion caused by the clustered bulky DIBO

groups.
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T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

A B
dNTP Amino BCN-1 DIBO BCN-II dNTP Amino BCN-I BCN-II DIBO
2 1N 2212 201b 2¢ e 2d N 3 2 2232 |b2b 3bjcpe3e 1d2d3d

Primer

Modified | - -|-|+ +|+ +|+ +]|+ -|-/1 3 1|1 3 1|1 3 1(1 3 1
T S M I I e B -[+|1 1 0|1 1 0f1 1 0|1 1 O
ACG |+ -|-|+ -|+ -]+ -]+ |+ N

Figure 2.6. Primer extension using modified dUTPs, primer P3 and template T2 for Therminator™ II
polymerase (60 °C). 1.6 nmol of each triphosphate was used unless otherwise stated. A. Reactions
with Therminator™ II (2 units). Lane N, P3 + T1 without triphosphates; lane 1/1%/1°/1¢, dTTP or
modified dUTP; lane 2/23/2°/2¢/2¢, dTTP or modified dUTP + dATP + dCTP + dGTP. B. Reactions
with Therminator™ II (1 unit) and different ratios of modified dUTP to dTTP + dATP + dCTP +
dGTP. Lane 1¥/1°/1¢/19, dTTP + modified dUTP; lane 2%/22/2¢/29, dTTP + modified dUTP (4.8 nmol);
lane 3/3%/3°/3%/34, dTTP or modified dUTP. (20% denaturing PAGE)

DIBO dUTP reaction conditions were further optimised based on the above observations.
Mixing the modified triphosphate with a larger proportion of its canonical triphosphate
(dTTP) ought to prevent the premature termination of primer extension. This strategy has
been widely used to incorporate bulky fluorophore-functionalised triphosphates.®” The
DIBO dUTP to dTTP ratio was therefore lowered to 1:2 and indeed further extended
product bands were observed (Figure 2.7.A, lane 4). Moreover, increasing the amount of
polymerase from 0.5 unit to 2 units also produced longer elongated products (Figure 2.7.A,
lanes 7 to 9; Figure 2.7.B, lanes 1 to 3). However, increasing the amount of DIBO dUTP
from 3.2 nmol to 6.4 nmol did not improve the primer extension efficiency (Figure 2.7.A,
lane 10). Since Therminator™ II functions more efficiently at 75 °C than 60 °C

(according to the supplier), the primer extension reactions were examined at 72 °C. As
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expected they proceeded more rapidly than at 60 °C as judged by the amount of the
remaining primers in the reactions after 10 min (Figure 2.7.B, lanes 4 and 7). Ultimately,
reaction with 2 units of polymerase at 72 °C (close to the optimum temperature) afforded
the best extension result, however, the main product was only six bases extended (Figure

2.7.B, lane 3).

T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

A B

dNTP DIBO DIBO
N 12 345678910 1 2345678

Primer —»

DIBO -l- - [+)1 + + 2
T -1+ +1 -2 + -
ACG -1+ - -t + + 2 +
Pol. (unit) 1 1(1 21051 2|1 05 1 2 1 1
Time (min) 60 60 10 30|60 10 30
°C 60 72 60

Figure 2.7. Primer extension using DIBO dUTP, primer P3 and template T2 for Therminator™ II
polymerase. 1 unit of polymerase and 3.2 nmol of each triphosphate were used unless otherwise stated.
A. Reactions at 60 °C for 1 h. Lane N, P3 + T1 without triphosphates; lane 1, dNTPs; lane 2, dTTP;
lane 3, DIBO dUTP; lane 4, dTTP (6.4 nmol) + DIBO dUTP + dATP + dCTP + dGTP; lanes 5 and 6,
dTTP + DIBO dUTP + dATP + dCTP + dGTP (Pol. 1 and 2 units); lanes 7 to 9, DIBO dUTP + dATP
+ dCTP + dGTP (Pol. 0.5, 1 and 2 units); lane 10, DIBO dUTP + dATP + dCTP + dGTP (6.4 nmol of
each). B. Reactions with DIBO dUTP + dATP + dCTP + dGTP at 72 °C unless otherwise stated. Lanes
1 to 3, reactions with 0.5, 1 and 2 units of polymerase (1 h); lanes 4 to 5, reactions for 10 and 30 min;
lanes 6 to 8, reactions for 60, 10 and 30 min at 60 °C. (20% denaturing PAGE)

2.3.2 Primer extension using KOD polymerase

Another thermostable DNA polymerase — KOD — was also used in primer extension.

KOD is a recombinant form of Thermococcus kodakaraensis KOD1 DNA polymerase,
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which exhibits efficient and high fidelity amplification. Different versions of KOD
polymerase have been used to introduce modified nucleotides into DNA, 102 160. 178-181
Primer extension reactions with cyclooctyne dUTPs were carried out at 72 °C close to its
optimum temperature (75 °C). In the presence of dTTP or modified dUTP only, one extra
base was incorporated for template T1 (the same as for Therminator™ II, Figure 2.5 and
Figure 2.8.A). BCN-I dU fully extended products of both template T1 and T2 were
observed by denaturing PAGE and mass spectrometry (Figure 2.8, lane 2° and Table 2.2).
Efficient BCN-I1 dUTP incorporation was also observed on the denaturing PAGE for
template T1 and T2 reactions (Figure 2.8, lane 2%). However, only a ten-base extended
product peak was detected by mass spectrometry analysis for the T2 product (Table 2.2).
For the reaction with DIBO dUTP, dATP, dCTP and dGTP, the primer was extended to
the end of template T1 efficiently (Figure 2.8.A, lane 2°). With template T2, nine to ten
bases elongated products were obtained (Figure 2.8.B, lanes 2° and 4°% Table 2.2).
Compared to the Therminator™ II results, which gave mainly six-base extension products
for DIBO dUTP using template T2 (Figure 2.7), KOD incorporated DIBO dUTP more
efficiently. Multiple bands were observed when cyclooctyne dUTPs were mixed in equal
ratios with natural dTTP (Figure 2.8, lanes 32, 3°, 3¢ and 3%). The main bands migrated
more close to the fully cyclooctyne-modified product bands than those of amino dUTP
(Figure 2.8). This suggests that the cyclooctyne dUTPs competed efficiently with natural
dTTP. Degraded DNA strands were also detected by denaturing PAGE and mass

spectrometry due to the 3'-5' exonuclease activity of the polymerase.
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T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP Amino BCN-I DIBO BCN-II dNTP Amino BCN-I DIBO BCN-1I

PN 1 2 1222 32]b 2b3b]c pc3c]dd3d 1 2 122232 b 2b3bjc pcge3e dd 3d

Primer —»

Modified | - [ -]|- -[+ + +|[+ + +[+ + +|[+ + + + o+ +H |+ o+ [+ |+ + o+
T -l-|+ + + + + + + -+ + + +
ACG -+ - +]- + + + o+ + + + + + + + + +]- + + +]- + +

Figure 2.8. Primer extension using modified dUTPs, primer P3, template T1 (A) or T2 (B) for KOD
polymerase (1 unit, 0.4 M MgCl,, 72 °C). 3.2 nmol of each triphosphate was used unless otherwise
stated. Lane P, P3; Lane N, P3 + T1 with dATP + dCTP + dGTP; lane 1/13/1%/1¢/1¢, dTTP or modified
dUTP; lane 2/23/2°/2¢/2¢, dTTP or modified dUTP + dATP + dCTP + dGTP; lane 3%/3%3¢%/3¢, dTTP
(2.6 nmol) + modified dUTP (1.6 nmol) + dATP + dCTP + dGTP; lane 4¢, DIBO dUTP + dATP +
dCTP + dGTP reaction with 1 M MgCl,. (20% denaturing PAGE)

Table 2.2. Mass spectrometry analysis of primer extension using different modified dUTPs and
polymerases. A, C, G = dATP, dCTP, dGTP. For representative mass spectra (HPLC-MS) see
Appendix 8.2.

Template T1 Template T2
dXTP dXTP+A+C+G dXTP dXTP+A+C+G
Found (Calc.) Found (Calc.) Found (Calc.) Found (Calc.)
dTTPa! 6442(6442) 9557(9556) 7355(7355) 9554(9554)

BCN-1 dUTP 6657(6657)%  10202(10201)K  8215(8216)°KT  10845(10845)P
BCN-II dUTP 6902(6901)°SK 10934(10935)K  9193(9193)>GT  11981(11982)(10 bases)?
DIBO dUTP 6728(6727)P6K  10412(10412)PCTK  8496(8496)PKGT 10936(10936)(10 bases)>X

Note: The superscripts indicate the specific polymerase(s) for which the mass was confirmed. All
= all four polymerases. T = Therminator™ II, G = Gotaq, K = Klenow, D = KOD.

A time course study for the template T1 reaction was also conducted using DIBO and

BCN-1 dUTPs with KOD polymerase. For single DIBO dUTP incorporation, a higher
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conversion was observed when the reaction time was increased from 30 min to 60 min
(Figure 2.9, lanes 1 and 2). The reaction containing BCN-1 dUTP, dATP, dCTP and dGTP
went to completion in 30 min, while DIBO dUTP required more than 60 min to fully
extend to the end of the template (Figure 2.9). This indicates that the BCN-1 dUTP was
incorporated more efficiently than the DIBO dUTP, as observed for the template T2

reactions (Figure 2.8.B).

DIBO BCN-I

1 2 3 4 5 632425 62

Primer —»,

Modified + + +

AC.G - + +
Time (min) |30 60 | 10 30 60 90 [10 30 60 90
Template T1

Figure 2.9. Primer extension time course for DIBO and BCN-I dUTPs using KOD polymerase (1 unit,
1 M MgCly). Lanes 1to 2, DIBO dUTP reactions for 30 and 60 min; lanes 3/3? to 6/62, modified dUTP
+ dATP + dCTP + dGTP reactions for 10, 30, 60 and 90 min, respectively. (20% denaturing PAGE)

2.3.3 Primer extension using Gotaq polymerase

Both Therminator™ II and KOD are engineered family B DNA polymerases which
accept modified triphosphates more efficiently than natural polymerases. To investigate
the compatibility of these cyclooctyne modified triphosphates with other polymerases,
Gotag, which belongs to the A-family of DNA polymerases, was also examined in the
primer extension assay. It is a full-length form of Tag DNA polymerase and exhibits 5'-3’
exonuclease activity. The optimum temperature for Gotaq activity is 75 °C, whilst primer

extension was performed at a slightly lower temperature of 72 °C. The BCN and DIBO

54



Chapter 2

dUTPs were incorporated efficiently by Gotaq using dispersed-A template T1 as fully
extended products were observed by denaturing PAGE and mass spectrometry (Figure
2.10.A and Table 2.2). For template T2 primer extension experiments, only a trace of
fully elongated product was obtained for BCN-II dUTP (Figure 2.10.B, lane 2%). For
BCN-1 and DIBO dUTPs, the primers were extended less than six bases with intense
unextended primer bands (Figure 2.10.B). The reason for this may be due to the longer
linker of BCN-II which reduces steric hindrance and consequently might make it a better
substrate for Gotaq polymerase. Premature termination was reduced by mixing modified
dUTP with dTTP for template T2 (Figure 2.10, lanes 32, 3°, 3¢ and 3Y); several bands,
which migrated quicker than the fully modified products and comparably to the
unmodified product, were observed for both template T1 and T2 reactions. As expected,
compared to Therminator II™ and KOD polymerases (Figure 2.6.B and Figure 2.8),

Gotaq is more selective for natural dTTP than modified dUTPs.

T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP Amino BCN-I DIBO BCN-II dNTP Amino BCN-I DIBO BCN-II

N 12 122232 1b203b jcc 3¢ Jc*)c [d)d 3d N 1 2 1222 32]b 2b3b]cpc 3c]ctpctd pd3d

Primer —»

Modified | - | - - [+ +
T e

ACG +- +]- +

+ [+ |+
|+
i
+ [+ |+
i
+
+ |+ |+
++ |+
+
|+

+ 1

Figure 2.10. Primer extension using modified dUTPs, primer P3, template T1 (A) or T2 (B) for Gotaq
polymerase (1 unit, 72 °C). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N,
P3 + T1 with dATP + dCTP + dGTP; lane 1/13/1%/1¢/19, dTTP or modified dUTP; lane 2/22/2b/2¢/29,
dTTP or modified dUTP + dATP + dCTP + dGTP; lane 3%/3°/3¢/34, dTTP (1.6 nmol) + modified dUTP
(1.6 nmol) + dATP + dCTP + dGTP; lanes 1¢ and 2¢, repeated reactions for DIBO dUTP. (20%
denaturing PAGE)
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The reaction conditions for cyclooctyne dUTPs using Gotag polymerase were further
optimised for template T2. Increasing the amount of polymerase from 1 unit to 3 units
made the reaction proceed further; intense longer extended products were observed for
DIBO and BCN-II dUTP reactions by denaturing PAGE analysis (Figure 2.11, lanes
2/23/2° to 4/4%/4°). Doubling the concentration of modified triphosphates (Figure 2.11,
lanes 5, 59 and 5°) or increasing the reaction volume thereby reducing the concentration

(Figure 2.11, lanes 6, 6 and 6°), however, did not facilitate the reaction.

T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

BCN-I DIBO BCN-II
N 12 3 456 12223242 5262220304050 6P

DIBO BCN-I
M\ o
VA H
— A
)8 \ S o e
0NN ~
<) o Shaute
BCN-II
. —
Primer —» 4 \ H ﬁ °
AN A — . . .
—h O N Oy ST
H o H A e
Modified | - | + + 20+ |+ + 20+ + + +
ACG |+ 2]+ + 2]+ + [+]+
PolL(unit) | 1| 1|1 2 3(1f1f1f1 2 3|1|1|1|1 2 3|1|1

Figure 2.11. Primer extension optimisation using cyclooctyne modified dUTPs, primer P3 and
template T2 for Gotaq polymerase (72 °C). Reactions with 1 unit of polymerase in 20 puL were carried
out unless otherwise stated. Lane N, P3 + T1 with dATP + dCTP + dGTP; lane 1/1%/1°, modified dUTP;
lanes 2/23/2° to 4/4%/4°, modified dUTP + dATP + dCTP + dGTP (Pol. 1, 2 and 3 units); lane 5/5%/5°,
modified dUTP + dATP + dCTP + dGTP (6.4 nmol of each); lane 6/6%/6°, modified dUTP + dATP +
dCTP + dGTP reaction in 40 L. (20% denaturing PAGE)

2.3.4 Primer extension using Klenow polymerase

Another natural polymerase, DNA polymerase | large (Klenow) fragment was tested for
primer extension. It is a family A polymerase and for ease of description is subsequently
referred to as Klenow polymerase. It is a proteolytic product of E. coli DNA polymerase

I which has 3'-5" exonuclease activity and functions efficiently at 37 °C.5* 18 A range of
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modified nucleotides have been shown to be accepted as substrates by Klenow to prepare
modified DNA.183-185 primer extension using cyclooctyne dUTPs showed that partially
and fully elongated products were obtained consistently for template T1 as expected
(Figure 2.12.A and Table 2.2). Mixing BCN or DIBO dUTP with dTTP in a 1:1 ratio
afforded three bands on denaturing PAGE, similar to the previous Gotaq results,
indicating that dTTP is its preferred substrate (Figure 2.10.A and Figure 2.12.A, lanes 3%,
3, 3¢ and 39). For template T2, fully extended products from Therminator™ II
polymerase were used as positive controls (Figure 2.12.B). Only amino and BCN-1 dUTP
with dATP, dCTP and dGTP were extended to full length (Figure 2.12.B, lanes 22 and
2°). The DIBO and BCN-II extensions terminated early and no full-length product was

obtained (Figure 2.12.B, lanes 2¢ and 29).

T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B

dNTP Amino BCN-I DIBO BCN-II dNTP  Amino  BCN-I BCN-II DIBO
N [ 2 1222 32]b 20 3b Jcpc3cdnd 3d N 1 2 3 [222324a]bpb3b]c)c3edpd3d

Primer —)

Modified | - |- -|+ + +|+ + +|+ + +|[+ + + + + 4+ +|+ + ++ + +H ]+ + +
T e I e T P B I o [ B e
ACG +l- +|- + +|- + +|- + + + + ++ + -+ + - -]+ + -+ + -+ + -
Pol. Klenow k[t] x [r] x [r] x [r] x [r][

Figure 2.12. Primer extension using modified dUTPs for Klenow polymerase (37 °C). 3.2 nmol of
each triphosphate was used unless otherwise stated. A. Reactions with primer P3 and template T1
using Klenow (1 unit). Lane N, P3 + T1 with dATP + dCTP + dGTP; lane 1/1%/1%/1¢/1¢, dTTP or
modified dUTP; lane 2/223/2°/2¢/24, dTTP or modified dUTP + dATP + dCTP + dGTP; lane 3%/3%/3¢/3¢,
dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP + dCTP + dGTP. B. Reactions using Klenow
(K) and Therminator™ II (T) with primer P3 and template T2. Lane N, P3 + T1 with dATP + dCTP
+ dGTP (K, 2 units); lane 1/18/1°/1¢/1%, dTTP or modified dUTP + dATP + dCTP + dGTP (T, 1 unit);
lane 2/23/2/2¢/29, dTTP or modified dUTP + dATP + dCTP + dGTP (K, 2 units); lane 3%/3%/3¢/3¢,
dTTP or modified dUTP (K, 2 units); lane 42, amino dUTP (K, 1 unit). (20% denaturing PAGE)
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The reaction conditions for DIBO and BCN-Il dUTPs were optimised for template T2
(Figure 2.13.A). Mixing them with dTTP enabled further primer extension (Figure 2.13.A,
lanes 3, 3¢ 4 and 4°). Ten base extended products containing DIBO and BCN-1I dU
modifications were obtained individually by increasing the amount of polymerase to
2 units (Figure 2.13.A, lanes 7 and 72, confirmed by mass spectrometry). The effect of
reaction time on Klenow-mediated incorporation was also studied for both template T1
and T2 using amino, BCN-II and DIBO dUTPs. The reactions for T1 were complete in
60 min (Figure 2.13.B, lanes 4%, 4° and 4°), the same as for the amino dUTP T2-templated
reaction (Figure 2.13.C, lane 4%).
A B C
T2 T1 T2

DIBO BCN-II dNTP Amino BCN-II DIBO dNTP Amino BCN-II DIBO
12 34 5678 91223324252617282 9aN | 21 3143203040 c3c4e | 23 33 4aQb3b4b e 3c4e

Primer.

DIBO |+ +|+]|2 + w4+ +]+]2 + +]+]- - + + + - + + +
T 1 - - +]1 | - - - +
AC.G R + + ++]+ + -+ - + + + + + + + +
Pol. (unit) T 11105 1 2]1(1 T 1105 1 2|1(1]1 0.5 0.5
Time (min) 60 60' 10 30 60| 10 30 60| 10 30 60 60|10 30 60| 10 30 60 I 10 30 60

Figure 2.13. A. Primer extension optimisation using DIBO and BCN-IlI dUTPs, primer P3 and
template T2 for Klenow polymerase (37 °C). 1 unit of each polymerase and 3.2 nmol of each
triphosphate were used unless otherwise stated. Lane N, P3 + T1 without triphosphates; lane 1/12,
modified dUTP (Therminator™ TII, 60 °C); lane 2/2% modified dUTP + dATP + dCTP + dGTP
(Therminator™ TII, 60 °C); lane 3/3%, dTTP + modified dUTP + dATP + dCTP + dGTP; lane 4/42,
dTTP + modified dUTP (6.4 nmol) + dATP + dCTP + dGTP; lanes 5/5 to 7/7%; modified dUTP +
dATP + dCTP + dGTP (Pol. 0.5, 1 and 2 units); lane 8/82, modified dUTP; lane 9/9%, modified dUTP
+ dATP + dCTP + dGTP reaction in 40 pL. Primer extension time course using template T1 (B) or T2
(C) for Klenow polymerase (0.5 unit, 37 °C). Lane 1, dNTPs (60 min); lanes 23/2°/2° to 42/4°/4¢,
modified dUTP + dATP + dCTP + dGTP (10, 30 and 60 min). (20% denaturing PAGE)
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In summary, for primer extension assays using amino and cyclooctyne dUTPs with four
different polymerases, fully extended products with four modified dUTPs without natural
dTTP were obtained efficiently for template T1. In the presence of the template T2, BCN
dUTPs, which are less bulky than DIBO dUTP, were generally incorporated more
efficiently. The DIBO-modified template T2 full-length product was not observed for all
polymerases (Table 2.3).

Table 2.3. Summary of the enzymatic compatibility of modified triphosphates (amino, BCN-I, BCN-II,
DIBO dUTPs) for various DNA polymerases based on the template T2 primer extension results.

Polymerase Compatibility of dUTPs
Therminator™ II Amino ~ BCN-I = BCN-11 > DIBO
KOD Amino =~ BCN-I > BCN-II > DIBO
Gotaq Amino > BCN-1l > DIBO > BCN-I
Klenow Amino = BCN-I > BCN-Il > DIBO

Note: The bold text means that no fully extended product
was observed for this modified dUTP.

2.3.5 Steady state Kinetics measurements using Gotaq polymerase

Of the four polymerases tested, Gotaq polymerase displayed the least efficient
incorporation of the modified triphosphates. To rationalise these observations more in
depth, kinetic studies were performed by single nucleotide incorporation for Gotaq
polymerase (Figure 2.14.A).188 187 Assuming that the incorporation reaction follows the
simplified scheme shown in Figure 2.14.B, the reaction kinetics can be described by the
Michaelis-Menten equation (Figure 2.14.C). In this equation, Kwv is the Michaelis constant
and is the substrate concentration when the reaction rate is half of maximal; vo and Vmax
are the initial and maximal rate for the enzymatic reaction respectively; Keat is defined as

a catalytic constant and is the unimolecular rate constant for productive reaction.
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A B

T1: CAGTCACTGTACTGCCGACACACATAACC ky ky
GACGGCTGTGTGTATTGG-FAM E+S ES —— P+E

-1
Modified dUTP
Polymerase

Tl: CAGTCACTGTACTGCCGACACACATAACC k k
TGACGGCTGTGTGTATTGG-FAM v = VmaX[S] -1 RLZ 174 =k [E‘l
0 KM + [S] M kl max cat 0

=

Figure 2.14. A. Single nucleotide incorporation in primer extension. B. Simplified enzymatic reaction
scheme. S is the substrate; E is the polymerase; ES is the substrate and polymerase complex
intermediate; P is the product; ki, k-1, ko are the reaction constants for each reaction respectively. C.
Michaelis-Menten kinetic equation for an enzymatic reaction. [S] is the concentration of substrate;
[E]o is the concentration of polymerase; vo and Vmax are the initial and the maximal reaction rate

respectively; Ky is the Michaelis constant; k. is the catalytic constant.

To determine these parameters, the reactions were carried out with different dTTP or
modified dUTP concentrations at 60 °C rather than 72 °C. The lower temperature ensured
the reaction rate remained within the linear range for subsequent data analysis. One-base
extended product yields were determined using gene-snap imaging software according to
their relative fluorescence intensities and were used to calculate the Vo. The data were
fitted to the Michaelis-Menten equation using Origin to obtain Vmax and Km (Figure 2.15).
For these measurements, the supplier-defined unit of enzyme concentration was used to

calculate kcat.
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Figure 2.15. Michaelis-Menten kinetic analyses for single nucleotide incorporation using Gotaq
polymerase. A. dTTP; B. Amino dUTP; C. DIBO dUTP; D. BCN-I dUTP. Representative initial

reaction rate calculation was shown in Appendix 8.6.1.

The catalytic efficiency kea/Km value is an indication for the incorporation efficiency of
a triphosphate by a polymerase. The keat/Km value of natural dTTP was set as 1.00 (Table
2.4). Amino dUTP (kcat/Km = 0.10) was incorporated more efficiently than DIBO dUTP
(0.08) and BCN-I dUTP (0.05). However, they were all significantly less efficient than
natural dTTP. This clearly demonstrates Gotaq (a family A polymerase) has high
selectivity for natural dTTP and is consistent with the previous denaturing PAGE analysis

of Gotaq reactions (Figure 2.10 and Table 2.3).
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Table 2.4. The Kkinetics of single triphosphate incorporation using Gotaq polymerase.

Vmax KM kcat kcat/ KM
Polymerase  dXTP (pmol s1) (uM) (pmol st unit!)  Relative value
dTTP 0.8 £0.05 61+10 1.6+0.10 1.00
Amino dUTP 0.42+0.02 318+36 0.84 £0.04 0.10
Gotaq
DIBO dUTP 0.22 £ 0.02 212+ 34 0.44 £ 0.04 0.08
BCN-IdUTP  0.17 £0.01 281 +44 0.34 £ 0.02 0.05

2.3.6 Fluorescent labelling of cyclooctyne-modified primer extension products

After the success in enzymatically introducing cyclooctyne modifications into DNA
strands, their labelling efficiencies were investigated by reacting with an azido
functionalised fluorophore via the SPAAC reaction (Figure 2.16). This strategy can be
used to make probes for fluorescent detection of DNA targets and other types of DNA
functionalisation. Cy3 is a bright fluorophore and has been widely used in the preparation
of fluorescent DNA probes and to study nucleic acid structure and dynamics.*> 18
Therefore, Cy3-azide 2.16 (synthesised by Dr Marta Gerowska in the Brown group)
functionalised with an azide modification on a hexyl linker was used as the model

fluorophore.'8®

Fluorescent labelling W
Ng_c

Cy3-azide

—N* | N—

2.16 [Cy3-azide]
‘ ex=550 nm
N Aem=570 nm
N3

Figure 2.16. Fluorescent labelling of cyclooctyne-modified primer extension products.
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The extension products from single cyclooctyne nucleotide incorporation were
fluorescently labelled to study the efficiency of 3'-terminal base labelling (Figure 2.17).
Denaturing PAGE analysis showed that the BCN-1- and DIBO-modified oligonucleotides
were labelled efficiently with Cy3-azide by the SPAAC reaction; there were no unlabelled
products detected after 1 h of labelling (Figure 2.17.A). The Cy3 labelled products had
much slower electrophoretic mobility compared to the unlabelled controls (Figure 2.17.A)
and the Cy3-labelled products can be observed visually as pink bands (Figure 2.17.B).
Expected masses were observed by mass spectrometry for all the single terminal
Cy3-labelled BCN-I and DIBO products (Figure 2.17.C). Intense fluorescence were
obtained (as measured by fluorimetry, Figure 2.17.D). These results confirm that the BCN
and DIBO reactive groups are stable to the enzymatic incorporation conditions and can

subsequently be fluorescently labelled.
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T1l: CAGTCACTGTACTGCCGACACACATAACC
TGACGGCTGTGTGTATTGG-FAM

BCN-I DIBO BCN-I DIBO

12 P 1 2 12 22

e

P

BCN-I
(o]
[\,/NH du
DIBO
Primer —» q ,:(] o
/= ‘OJ\H/ X
Modified | - |+ + |+ + R [ W% v
Cy3-azide | - -+ -+ - -+ -+
C D
BCN-I NL BCN-I L DIBO NL DIBO L 4001
—— DIBO Labelled
6.661 7.130 6.732 7.200 —— BCN-I Labelled

3004

2004

Intensity
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WW i i m " o

T T v
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Mass/kD

Figure 2.17. Fluorescent labelling of single BCN-I- and DIBO-modified products from Gotaq
polymerase. A. Gel was visualised on a transilluminator (302 nm). B. Gel picture was taken under
normal light. Lane P, P3; lane 1/12, unlabelled products; lane 2/28, cyclooctyne-modified products
labelled with Cy3-azide at RT for 1 h. (20% denaturing PAGE) C. Mass spectra of unlabelled (NL)
and Cy3-azide labelled products (L). BCN-1 NL: calc.6657 [M], found 6661 [M] and 6683 [M+Na];
BCN-I L: calc. 7125 [M], found 7130 [M]; DIBO NL, calc. 6727 [M], found 6732 [M] and 6754
[M+Na]; DIBO L, calc.7195 [M], found 7200 [M]. D. Fluorescence emission spectra of Cy3-azide
labelled products, excited at 540 nm.

Multiple labelling reactions for the fully extended products from both template T1 and
T2 were also carried out (Figure 2.18). The labelled products exhibited a similar slow
migration rate to that observed above, and produced more intense fluorescent bands
compared to the unlabelled products (Figure 2.18.A and B). A pink band was observed

for the Cy3 labelled BCN-I dU product from template T2 (Figure 2.18.C). The labelling
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reactions between DIBO dUTP 2.5 or BCN-I dUTP 2.12 monomer and Cy3-azide were
also carried out to show that the fastest migration bands were due to the labelled
cyclooctyne triphosphates which had not been removed (Figure 2.18.A, lane 7/7%). The
Cy3-azide labelled BCN-1 dUTP product gave a single band, whereas DIBO dUTP, which

Is racemic, afforded multiple stereoisomer bands (Chapter 1, Section 1.4.3).

T1l: CAGTCACTGTACTGCCGACACACATAACC : T2: CAGTCACAAAACTGCCGACACACATAACC
G'{,‘CAGTGACA'{GACGGCTGTGTGTATTGG—FAM i GTCAGTGTTTTGACGGCTGTGTGTATTGG—FAM
s/ &/ |, i 9 { /»4: &ZAAJ
A ! B C
dTTP BCN-I DIBO i BCN-I
1 234 56 73242526372 P : I 2 1 2
Primer —»
Modified | - + e 1 + +
T +
ACG - . - . - - i ; ;
Cy3-azide -I+ -[+ -l+ + -]+ -[+ + |- -[+ .lv

Figure 2.18. Fluorescent labelling of BCN-I- and DIBO-modified full-length products. A. Cy3-azide
labelling of template T1 products from Gotaq polymerase at RT for 1 h. Lane P, P3 + T1; lane 1, dTTP
product; lane 2, lane 1 with Cy3-azide; lane 3/3%, cyclooctyne dU full-length products; lane 4/42,
labelled full-length products; lane 5/52, cyclooctyne dU partial extension products; lane 6/62, labelled
patial extension products; lane 7/72, labelled modified dUTP monomers. B and C. Cy3-azide labelling
of BCN-I-modified template T2 products from KOD polymerase at RT for 1 h. C. Gels were visualised
on a transilluminator (302 nm). C. Gel picture was taken under normal light. Lane 1, BCN-I dU
full-length product; lane 2, labelled full-length product. (20% denaturing PAGE)

2.4 PCR using cyclooctyne dUTPs

Encouraged by the primer extension results, PCR (Chapter 1, Section 1.3.2) was
investigated with BCN-I and DIBO dUTPs using KOD polymerase. This enzymatic

amplification procedure is an efficient method to introduce densely packed modifications
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into both strands of DNA. In PCR, the modified amplification products act as templates
for the next cycle of amplification. Therefore, for efficient PCR the polymerase has to
accept the cyclooctyne modified dU residues in the template as thymidine analogues in
terms of base pairing/stacking, and has to accommodate them in its active site in order to
continue the amplification process. Importantly, the incorporation of cyclooctyne dUTPs
into DNA during PCR amplification would enable the preparation of long fluorescent
probes by the subsequent SPAAC labelling when the amount of available template is

limited (Figure 2.19).

INININY 5o 2NN

T8 template dATP, dCTP, dGTP

DIBO BCN-I

8]}
- IR §
SNOTNT N
O
07N N
Q ”\uuw

Figure 2.19. PCR and fluorescent labelling of cyclooctyne-modified products.

PCR was carried out with different ratios of BCN-1 or DIBO dUTP to dTTP using KOD
polymerase and the 81-mer DNA template T8. Canonical dNTPs were used as a positive
control for PCR and a negative control for the fluorescent labelling reaction. BCN-1 dUTP
was successfully incorporated when it was mixed with dTTP in a 1:3 ratio in the presence
of dATP, dGTP and dCTP (Figure 2.20.A, lane 3). Increasing the percentage of BCN-I
dUTP to 50% inhibited the reaction — only a limited amount of the product was obtained
(Figure 2.20.A, lane 2). PCR products were not observed using DIBO dUTP and dTTP
mixtures (Figure 2.20.A, DIBO lanes). Labelling of the 25% BCN-I-modified PCR
product with Cy3-azide afforded a fluorescent band without ethidium bromide staining

(Figure 2.20.B, lane 3%). Subsequent staining of the agarose gel revealed the slower
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electrophoretic mobility of this labelled product compared to the unlabelled amplicon, as

expected.

T8: GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGA
GTGTGAGATTGTGTGCTGGCGATCTTACGTTGCTCGAATGC

A BCN-I DIBO

dUTP (%) 0 50 25 50 25
T (%) 100 50 75 50 75
Cy3-azide - | + - | + - I + - l + - l +

Figure 2.20. Cy3-azide labelling of PCR products from template T8, primer P6, P7 and KOD
polymerase (0.5 unit, 1 mM MgCl,) using different ratios of cyclooctyne dUTP to dTTP (4 nmol in
total of modified dUTP/dTTP + 4 nmol each of dATP, dCTP and dGTP). Agarose gel analysis of the
labelling reactions after staining with ethidium bromide (A) and before staining (B). Lanes without
asterisk are for unlabelled products; lanes with asterisk are for products labelled with Cy3-azide at RT
for 30 min. Lane L, 50 bp ladder; lane 1/1", unmodified amplicon; lanes 2/2" to 3/3", 50% to 25%
BCN-I-modified amplicons; lanes 4/4™ to 5/5%, 50% to 25% DIBO-modified amplicons. (2% agarose

gel)

2.5 Reverse transcription using cyclooctyne dUTPs

After the success with DNA polymerase reactions (primer extension and PCR), reverse
transcriptases were evaluated to determine if the cyclooctyne modified dUTPs are also
substrates for them (Figure 2.21). Reverse transcriptase can be used to prepare chemically
modified complementary DNA from RNA templates. The cyclooctyne modified dUTPs
were studied with Moloney Murine Leukemia Virus reverse transcriptase (M-MuLV,
RNase HY). This enzyme does not have the RNase activity necessary to cleave RNA

strands and tolerates some modified triphosphates.’®® ' The M-MuLV sub-family of
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reverse transcriptases has higher accuracy (fidelity) and efficiency of polymerisation than

other types of reverse transcriptase.'%!-1%3

Reverse [I‘anSCI‘l])[lOll

BCN or DIBO dUTP

Revcrse dATP, dCTP, dGTP
transcriptase

DIBO BCN-I BCN-II

B Gt

dUTP
dUTP

Figure 2.21. Reverse transcription using cyclooctyne dUTPs and a RNA template.

RNA templates T4 and T5 (Table 2.1) have the equivalent sequences to the DNA
templates previously used in the primer extension. For the template T4, BCN-Il dUTP
was incorporated better than BCN-I1 and DIBO dUTP as judged by the production of
full-length products (Figure 2.22.A, lane 2°/25/2%). The BCN-I1 dU fully extended product
was observed after 1 h incubation (Figure 2.22.A, lane 2%, while for template T5, only
the four-base extended product was obtained using BCN-I1 dUTP only (Figure 2.22.B,
lane 19). Mixing BCN-1I dUTP with 50% dTTP enabled the reverse transcriptase to
proceed further and afforded multiple product bands (Figure 2.22, lane 3%). For BCN-I
and DIBO dUTPs, intense unextended primer bands were detected for all the reactions

(Figure 2.22, BCN-1 and DIBO lanes).
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T4: CAGUCACUGUACUGCCGACACACAUAACC T5: CAGUCACAAAACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B

dNTP Amino BCN-I DIBO BCN-II dNTP Amino BCN-I DIBO BCN-II
N 1 2 [228338 [b2b3bjcpc3cdpd3d N 1 2 ]2 22321 203bjcpc3ejd pd3d

Primer —»,
Modified | - | - - |+ + + |+ + + |+ + + [+ + + + + |+ + |+ + H |+ + o+
T S+ - -+ -+ -+ + + + -+ + -+ -+
ACG - +|- + + + + + + + + + + + + + + + + + +

Figure 2.22. Reverse transcription using modified dUTPs, primer P3, RNA template T4 (A) and T5
(B) for M-MuLV (RNase H-, 100 units, 1 h). 3.2 nmol for each triphosphate was used unless otherwise
stated. Lane N, reaction with dATP + dCTP + dGTP; lane 1/1%/1°/1¢/19, dTTP or modified dUTP; lane
2/223/2°/2¢/29, dTTP or modified dUTP + dATP + dCTP + dGTP; lane 3%/3%/3¢/3%, dTTP (1.6 nmol) +
modified dUTP (1.6 nmol) + dATP + dCTP + dGTP. (20% denaturing PAGE)

Increasing the reaction time to 17 h improved the efficiency of reverse transcription, as
multiple bands that migrate comparably to the unmodified product were observed for the
reaction with cyclooctyne dUTP and dTTP mixture (Figure 2.23, lanes 32 and 3°). Without
the introduction of dTTP, intense unextended primer bands remained for the reactions

involving modified dUTP, dATP, dCTP and dGTP (Figure 2.23, lanes 22 and 2°).
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T4: CAGUCACUGUACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

dNTP BCN-I DIBO

N 1 2122a3a lh 21) 31)

Primer —»

T -+ +]- -

Modified |[-|- - |+ + +[+ + +
t
b

ACG - |- 4

Figure 2.23. Reverse transcription using modified dUTPs, primer P3, and RNA template T4 for
M-MuLV (RNase H-, 100 units, 17 h). 3.2 nmol for each triphosphate was used unless otherwise stated.
Lane N, dATP + dCTP + dGTP; lane 1/13/1°, dTTP or modified dUTP; lane 2/23/2°, dTTP or modified
dUTP + dATP + dCTP + dGTP; lane 3/3%/3®, dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP
+ dCTP + dGTP. (20% denaturing PAGE)

2.6 Conclusions

Three cyclooctyne-modified dUTP analogues (DIBO, BCN-I and BCN-II) were
synthesised from a common aminopropargyl dUTP intermediate. They were incorporated
efficiently into DNA by primer extension using a template with dispersed adenine bases.
In the presence of the more demanding template carrying clustered adenines sites, BCN
dUTPs were better substrates than DIBO dUTP. KOD and Klenow polymerases
incorporated BCN-I dUTP more efficiently than BCN-11 dUTP; whereas BCN-I1 dUTP,
which has a longer linker between the base and the cyclooctyne, showed superior
incorporation with Gotaq polymerase and M-MuLV (RNase H") reverse transcriptase.
BCN-1dUTP (25%) with dTTP (75%) supported efficient amplification in PCR reactions.
Labelling of the cyclooctyne functionalised primer extension and PCR products with
Cy3-azide via the SPAAC reaction was successful, demonstrating the efficient

incorporation and stability of these modified triphosphates to the conditions encountered
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in the enzymatic reactions. This strategy could be used to prepare fluorescent DNA probes
and be used in other applications requiring modified DNA, for example systematic

evolution of ligands by exponential enrichment (SELEX) with modified aptamers.18
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Chapter 3 Synthesis and applications
of trans-cyclooctene-modified

deoxyuridine triphosphates
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3 Synthesis and applications of trans-cyclooctene-modified

deoxyuridine triphosphates

3.1 Background and aims

Our success in using the strain-promoted azide-alkyne cycloaddition reaction (SPAAC,
Chapter 2) to label cyclooctyne modified DNA encouraged us to study other bio-orthogonal
chemistry methodologies to expand the toolbox of modified nucleic acids that can be
enzymatically synthesised. Another well-established click chemistry reaction is the inverse
electron demand Diels-Alder reaction (IEDDA, Chapter 1, Section 1.4.4), which has
reaction Kinetics several orders of magnitude faster than the SPAAC reaction.''> 3! [IEDDA
has been utilised for fluorescent in cellulo imaging of proteins and glycans,*?% 1%4-1% whijlst
DNA strands have also been functionalised in vitro.%® Dienophile modified
phosphoramidites (norbornene and trans-cyclooctene) rather than tetrazine are usually used
to functionalise nucleic acids due to the bulky structure and instability of the latter.*33 138
The cycloaddition reactions between various tetrazines and trans-cyclooctenes are
extremely fast with rate constants of up to 30 000 M*s%.2% However, the highly reactive
tetrazine is not stable under aqueous or physiological conditions, therefore 4-methyl-
substituted tetrazine, with a lower second-order rate constant of 820 M*s™%, has been more
widely used in biological applications due to its higher stability (Figure 3.1).1% Interestingly
fluorophores, such as fluorescein and coumarin, are quenched when they are linked to, or
located nearby tetrazines,®> 17 and the effect is eliminated after tetrazine reacts with
trans-cyclooctene. This observation can be exploited to give good signal to background ratio

in applications requiring fluorescence detection.
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H

CH3

= NN
Proteln —»2 Protem\ + Proteln\ o NH

Figure 3.1. An example of the IEDDA reaction in the protein field using trans-cyclooctene and 4-methyl

substituted tetrazine.136

Studies on the enzymatic incorporation of trans-cyclooctene (TCO) modified
deoxynucleotides are limited. Indeed, at the start of this work, only a norbornene modified
DNA triphosphate and a trans-cyclooctene cytosine RNA triphosphate had been utilised for
enzymatic incorporation into nucleic acids.*®* 4 In this chapter, the compatibility of TCO
modified deoxyuridine triphosphate (TCO dUTP) with primer extension, reverse
transcription and PCR is investigated. After being incorporated into DNA, TCO modified
strands are fluorescently labelled with tetrazine-modified dyes through the IEDDA reaction,

which could be used to prepare fluorescent probes or other functionalised DNA.
3.2 Preparation of trans-cyclooctene-modified dUTPs

The studies in Chapter 2 confirmed that 5-aminopropargyl-2'-deoxyuridine-5'-triphosphate
2.11 (Amino dUTP) is a good substrate for different DNA polymerases (Klenow, Gotaq,
Therminator™ Il and KOD) and an ideal intermediate to introduce modifications.>® 66 168,198
The bulky bicyclo[6.1.0]nonyne (BCN) modification, similar to trans-cyclooctene,
demonstrated good enzymatic incorporation (Chapter 2). Therefore, it was thought likely
that trans-cyclooctene would be accepted by DNA polymerases. Consequently, two
trans-cyclooctene (TCO) deoxyuridine triphosphates with different lengths of linker were
prepared to study their enzymatic compatibility. Amino dUTP 2.11 was labelled with either
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an N-hydroxysuccinimide (NHS) carbonate 3.3 or ester 3.4 of trans-cyclooctene to afford
two TCO-modified triphosphates 3.1 and 3.2 (TCO-S dUTP and TCO-L dUTP, Figure 3.2).

They were treated as thymidine surrogates in the subsequent enzymatic incorporation assays.

A
< )4
N R\g o)
S SO g 0~ "N
»\OO ’\6?9\ 6'5\ H %
W

NH

o A | 3.1 [TCO-S dUTP

HaNT Sy / 4 N ’go [ 1
NH “0gP30
s k_J
9h
2.11 [Amino dUTP] 79/ @\ U /\/O\/\O/\/O\/\O/\)L /\(Ok
NH
|

A

N~ ~O

4-,
3.2 [TCO-L dUTP] O9P30

OH

(0] (0]
o)ko” N OJLH/\/O\/\O/\/O\/\O/\)kO/N
(6] (0]

3.3 [TCO-S NHS] 3.4 [TCO-L NHS]

Figure 3.2. A. Synthesis of trans-cyclooctene-modified triphosphates. B. TCO-S NHS carbonate and
TCO-L NHS ester used in the syntheses.

3.3 Primer extension using trans-cyclooctene dUTPs

As described in Chapter 1 (Section 1.3.2), primer extension is an efficient and simple method
to introduce modified triphosphates into DNA. This is done by using equal amounts of a
template and a primer. The efficiency of TCO dUTP incorporation in the primer extension
assay was evaluated using the same DNA templates as previously described in Chapter 2 for
ease of comparison (Figure 3.3). Template T1 has three separated modified triphosphate
incorporation sites (Figure 3.4). The more challenging template T2 carries six adenines, four

of which are grouped together at the start of the extension region (Figure 3.5). They were

75



Chapter 3

designed to give one- or four-nucleotide extended product in the presence of dTTP or TCO
dUTPs only, and yield full-length products with eleven nucleotides incorporated when dTTP
or TCO dUTPs are mixed with dATP, dCTP and dGTP. The 5’-end of the primer was
functionalised with 6-carboxyfluorescein (FAM) to enable quantitative analysis by
analytical denaturing polyacrylamide gel electrophoresis (PAGE). Natural triphosphates

dNTPs (dATP, dCTP, dGTP and dTTP) were used as positive controls.

M W Primer extension
AM

TCO dUTP, dATP @
F P(}lymcrasu dGTP, dCTP
Tco-SdUTP-<£_) 2
' \OJ\N"\Q\‘\
H dUTP

1 o]
TCO-LAUTP: < L ANﬂ\,.vAD,\o,/WT«,lNA\\
~dUTP

Figure 3.3. Primer extension using TCO dUTPs and a DNA template.

Primer extension with TCO dUTPs was carried out using three different polymerases (KOD
at 72 °C, Gotaq at 60 °C, Klenow at 37 °C); reactions were analysed by denaturing PAGE
and mass spectrometry. TCO-S and TCO-L dUTPs were successfully incorporated in the
presence of template T1 by KOD, Gotaq and Klenow polymerases (Figure 3.4 and Table
3.1). Bands corresponding to the full-length products were identified by correlation with the
expected theoretical masses. The bulky TCO-S and TCO-L dU bases resulted in slower
electrophoretic mobility of the desired products compared to their natural counterparts
(Figure 3.4). For the KOD reaction (with dTTP or modified dUTP only) at 72 °C for 30 min
with 2 mM MgCl2, multiple digested oligonucleotide bands were observed (Figure 3.4.C,
lanes 1, 1* and 1°). This is because of the strong 3'-5' exonuclease activity of KOD
polymerase, which is dependent on the concentration of Mg?*.2%% 2% |n order to decrease the
rate of digestion, primer extension reactions with modified dUTPs were conducted with
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1 mM MgCl,. Sufficient quantities of products were generated to confirm the identity of the

partially extended products by mass spectrometry (Table 3.1).

T1l: CAGTCACTGTACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

A Klenow B Gotaq C

KOD

dNTP TCO-S TCO-L dNTP TCO-S TCO-L dNTP TCO-S TCO-L

P 1 2 ]2 21310203 p | 2 ]a2a3a[bb3b

Primer —»

P 1 2 1222321b20b 30

TCO |-|- -|+ + +|+ + + - + + + |+ + +
T + + + -+ + + -+ + +
ACG|-|- +|- + +[- + + -+ + + + +

Figure 3.4. Primer extension using TCO dUTPs, primer P3 and template T1 for Klenow (A, 37 °C, 1.5 h),
Gotaq (B, 60 °C, 1.5 h) or KOD (C, 72 °C, 1.5 h for lanes 2/2%/2® and 3%/3° 0.5 h for lane 1/1%/1°)
polymerases. 3.2 nmol of each triphosphate was used unless otherwise stated. Lane P, primer P3; lane
1/13/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP or modified dUTP + dATP + dCTP + dGTP; lane
38/3°, dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP + dCTP + dGTP. (20% denaturing PAGE)

Table 3.1. The mass spectrometry analysis of primer extension (Klenow, Gotagq and KOD) and reverse
transcription (M-MuLV (RNase HY) and AMV) using dTTP, TCO-S and TCO-L dUTPs. Each product
mass peak was observed for all enzymes unless otherwise stated. A, C, G = dATP, dCTP, dGTP. For

representative mass spectra see Appendix 8.3.

Template T1 or T4 Template T2 or T5
dXTP dXTP+A+C+G dXTP dXTP+A+C+G
Found (Calc.) Found (Calc.) Found (Calc.) Found (Calc.)
dTTP 6442(6442)  9555(9556) 7355(7355)  9553(9553)
TCO-SdUTP  6633(6633) 10129(10129)  8120(8120) 10701(10700)
TCO-LdUTP  6880(6880) 10870(10871)  9108(9109) 12184(12184)¢

G Only Gotaq polymerase gave the expected product.
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The number of reactive groups introduced via the enzymatic incorporation can be
manipulated by mixing modified dUTP and dTTP in the same extension reaction.” 73 This
method can be used to control the number of fluorophores in the final labelled DNA product
to avoid collisional fluorescence quenching. This strategy requires the modified dUTP to
compete with dTTP for incorporation. To evaluate this, primer extension reactions were
carried out in the presence of a 1:1 ratio of TCO dUTP to dTTP in addition to dATP, dCTP
and dGTP. Multiple or broad bands were observed by denaturing PAGE (Figure 3.4, lanes
3% and 3°), suggesting that full-length products with a mixture of dT and TCO dU were
produced as opposed to a single sharp product band with dT or TCO dU only. For Klenow
and Gotaq reactions, the major products migrated comparably to the natural dNTPs
extension product (Figure 3.4.A and B), suggesting that these two polymerases are more
selective for the natural dTTP over the TCO dUTPs. On the other hand, KOD polymerase
gave multiple bands, which migrated closer to fully TCO dU modified products (Figure
3.4.C). This is probably due to KOD DNA polymerase being an engineered family B
polymerase, which accepts modified triphosphates more efficiently than natural

polymerases,160: 201

For primer extension with the more demanding template T2, once again, all three
polymerases extended the primer to the end of the template in the presence of TCO-S dUTP,
dATP, dCTP and dGTP (Figure 3.5, lane 22 and Table 3.1). In contrast to T1, the full-length
product of TCO-L dU was only obtained using Gotaq polymerase (Figure 3.5.B, lane 2° and
Table 3.1); nine to ten bases extended products were observed for the KOD polymerase
reaction (Figure 3.5.C, lane 2°). The long tetraethylene glycol linker of TCO-L dUTP
seemed to be advantageous only for the Gotag polymerase reactions. Furthermore, TCO-S
dUTP was incorporated more efficiently than TCO-L dUTP using Klenow and KOD

polymerases as judged by the presence of shorter products for the latter (Figure 3.5.A and
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C). For Klenow polymerase, mixing TCO-L dUTP with dTTP in a 1:1 ratio produced
multiple product bands (Figure 3.5.A, lane 3°) which migrated more slowly than, or similar
to the unmodified product (lane 2), suggesting significant incorporation of TCO-L dUTP.
This result also proves that blending a modified triphosphate with its natural counterpart
prevents early reaction termination, as previously demonstrated for the enzymatic
incorporation of bulky cyclooctyne-modified triphosphate substrates (Chapter 2, Section

2.3).5

T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

A Klenow B Gotaq C KOD

dNTP TCO-S TCO-L dNTP TCO-S TCO-L dNTP TCO-S TCO-L
P 1 2 ]a22321b2b3d P | 2 [22232]1b20 30 P 1 2 12a223a1b2b

Primer —$

B B s

-
n
+ |

++ [+

|+ |+

il 4+ |
+

|+ |+

++ [+
b
+
.

+ |
+ |

ACG|-|- +|-

Figure 3.5. Primer extension using TCO dUTPs, primer P3 and template T1 for Klenow (A, 37 °C, 1.5
h), Gotaq (B, 60 °C, 1.5 h) or KOD (C, 72 °C, 2 mM MgCls, 1.5 h for lanes 2/23/2° and 3%/3; 0.5 h for
lane 1/1%/1°) polymerases. 3.2 nmol of each triphosphate was used unless otherwise stated. Lane P, primer
P3; lane 1/12/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP or modified dUTP + dATP + dCTP + dGTP;
lane 3?/3°, dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP + dCTP + dGTP. (20% denaturing
PAGE)

3.3.1 Thermal stability of trans-cyclooctene-modified primer extension products

After the successful incorporation of TCO dUTPs, the effect of these modifications on DNA
duplex stability was studied. For hybridisation applications, an ideal modified DNA probe

should have similar or better annealing properties for the target nucleic acid to the
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unmodified probe.2%? Fluorescent melting temperature measurements (Chapter 1, Section
1.1.5) were carried out by adding SYBR Green to the Gotaq primer extension reactions,
which had been also analysed by denaturing PAGE (Figure 3.4.B and Figure 3.5.B). The
melting temperatures of partially extended products using only TCO dUTPs were the same
as that of the dTTP control for both template T1 and T2 (Figure 3.6, T1-Part and T2-Part).
However, fully extended TCO-L dUTP products showed slightly lower melting
temperatures than natural INTP products. For template T1, three TCO-L dU modifications
decreased the Tm by 1 °C than the natural dNTP product, whilst for template T2 six
modifications reduced the Tm by 2 °C (Figure 3.6, T1-Full and T2-Full). The Tm of the
TCO-S dU full-length product from template T2 with six modifications was 1 °C lower
relative to the unmodified product (Figure 3.6, T2-Full). Overall the differences in Tr are

too minor to determine a trend in terms of stability for this modification.

Partially extended products: 75 -

T,, of TCO dU products
Tl: CAGTCACTGTACTGCCGACACACATARCC
GACGGCTGTGTGTATTGG-FAM
70§ 69 69 6969
o 68
T2: CAGTCACARAACTGCCGACACACATAACC E
TTTTGACGGCTGTGTGTATTGG-FAM 2 65 L
E 636363
g 616161
L)
E 60
Fully extended products:
T1: CAGTCACTGTACTGCCGACACACATAACC
GTCAGTGACATGACGGCTGTGTGTATTGG-FAM 55
T1-Part T1-Full T1-Mix T2-Part T2-Full T2-Mix
®mdTTP ®TCO-S mTCO-L
T2: CAGTCACARAACTGCCGACACACATAACC @\ 9 @\ 0 o
GTCAGTG GACGGCTGTGTGTATTGG-FAM 0N N OJ\N/\/O\/\ONO\/\O/\AKN\
dUTP H H dUTP
TCO-S dUTP TCO-L dUTP

Figure 3.6. Melting temperatures of TCO-modified primer extension products from template T1 and T2
using Gotaq polymerase. Part, partially extended products; full, fully extended products; mix, reactions
with dTTP and TCO dUTP (1:1) + dATP + dCTP + dGTP. Melting curves see Appendix 8.5.1.
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3.3.2  Fluorescent labelling of trans-cyclooctyne-modified primer extension products

In Chapter 2, cyclooctyne modified DNA products were labelled with Cy3-azide via the
SPAAC reaction. In addition to the SPAAC labelling, the BCN group has also been reported
to react with tetrazine through the IEDDA reaction, which can be used to functionalise
nucleic acids and proteins.1?% 14! This reaction is faster than the SPAAC reaction and would
be a good alternative labelling strategy to functionalise BCN-modified oligonucleotides.
However, TCO dUTP is a better substrate than BCN dUTP as shown in the primer extension
studies and confirmed by PCR studies detailed later in the chapter (Section 3.4). The
fluorescent labelling of trans-cyclooctene-modified products by the IEDDA reaction is
examined in this chapter (Figure 3.7). Commercially available 4-methyl-tetrazine-sulfo-Cy3
3.5 (Cy3-tetrazine, Figure 3.7) was used; it contains three anionic sulfonate modifications

to improve aqueous solubility.?%3

o, OOk

FAM
/ S0,
o < ]
TCO-S du: {)\ N S N 3.5 [Cy3-tetrazine]
Oku/\ [\ ~ hoex = 553 M
w ] S0 Joem = 566 NM
TCO-L dU: 2 2 058 ~
-| : o N/\/O\/\O/\/O\/\o/\)J\N/\ Py \Q\(N*N
H H du O H N:N»\CHS

Figure 3.7. Fluorescent labelling of TCO-modified primer extension products.

Single nucleotide primer extension products from template T1 were used to evaluate the
efficiency of single terminal base labelling (Figure 3.8). The IEDDA labelling reaction went
to completion within 30 min (Figure 3.8.A). The labelled products exhibited much slower

electrophoretic mobility compared to the unlabelled controls due to the bulky anionic
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sulfo-Cy3 fluorophore. Correct mass peaks for the Cy3-tetrazine labelled products were

observed (Figure 3.8.B).

T1l: CAGTCACTGTACTGCCGACACACATAACC
ITGAC GGCTGTGTGTATTGG-FAM

L)

A B

Tco-s TCO-L TCO-S NL TCO-SL TCO-L NL TCO-LL
6.633 7.512 6.882 7.759

i I Arl L o e
" 6.8 7.8

6.6 74 6.8 7.4 70 78

Cy3(min) | - | 30 60 | - | 30 60

Mass/kD

Figure 3.8. Terminal fluorescent labelling of TCO-modified partially extended products from Gotaq
polymerase and template T1. A. Time course of fluorescent labelling of single nucleotide modified
products with Cy3-tetrazine. Lane 1/12, unlabelled products; lanes 2/22 and 3/3?, labelling reactions for
30 and 60 min, respectively. (20% denaturing PAGE) B. Mass spectrometry characterisation of unlabelled
(NL) and Cy3-tetrazine labelled (L) products. TCO-S NL: calc. 6633, found 6633; TCO-S L: calc. 7513,
found 7512; TCO-L NL: calc. 6880, found 6882; TCO-L L: calc. 7760, found 7759.

Labelling reactions on fully extended T1 products carrying three TCO modifications were
also performed (Figure 3.9). After 1 h, intense product bands labelled with two and three
Cy3 dyes were observed for both TCO-S and TCO-L strands (Figure 3.9, lane 2). The
TCO-L product labelled with one Cy3-tetrazine gave a weaker band than the TCO-S product
(Figure 3.9, lane 2). As expected, this suggests that the longer linker of TCO-L dU is subject
to less steric hindrance (from the oligonucleotide chain) and reacts with the tetrazine more
efficiently than TCO-S dU. The full-length products with TCO in the middle of a DNA
duplex exhibited much lower labelling efficiency compared to the above terminal labelling

reactions (Figure 3.8 and Figure 3.9). Extension of the reaction time, or the use of more
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equivalents (higher concentration) of Cy3-tetrazine might increase the efficiency of

labelling.

T1l: CAGTCACTGTACTGCCGACACACATAACC

GECZ—\GLJ[‘GACA}‘GACGGCTGTGTGTATTGG—FAM
QO W Q
A B
TCO-S TCO-L
| 1 2

, one Cy3 label

Figure 3.9. Fluorescent labelling of TCO-modified full-length products from Gotaq polymerase and
template T1. TCO-S (A) and TCO-L (B) products labelled with Cy3-tetrazine. Lane 1, Unlabelled
products; lane 2, labelling reactions at RT for 1 h. (20% denaturing PAGE)

3.4 PCR using trans-cyclooctene dUTPs

Primer extension studies have demonstrated that TCO dUTPs can be accepted as substrates
by different DNA polymerases (Klenow, Gotag and KOD). However, this is linear extension
as opposed to PCR amplification, and functional groups are only introduced into one strand
of the duplex. Next, PCR amplification was investigated since it requires far less template
than primer extension, can afford densely functionalised DNA products, and is compatible

with double-stranded templates (Figure 3.10).
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X,
&R PCR

/\M/ —_—
o TCO dUTP, dATP

Template T8 ’

P 4GTP, dCTP &) =)
TCO-S dUTP: @ e
© H\dUTP

Figure 3.10. PCR using TCO dUTPs and different templates. For the plasmid template T11, the two

o 0
TCO-L dUTP: < L o o) PP
o H/‘\/ o~ O~ H\

duTP

arrows indicate the amplification direction and the region being amplified is in grey.

Table 3.2. Oligonucleotide sequences used in PCR.

Code

Sequences(5'-3")

P6
P7
T8

P9
P10
T11

GCATTCGAGCAACGTAAG (PCR primer for T8)

GGTTATGTGTGTCGGCAG (PCR primer for T8)

GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGAGATTGTGTG

CTGGCGATCTTACGTTGCTCGAATGC (PCR template)

GTTTGGCTTTAGAGGCTGGAG (PCR primer for T11)

ACTGCAATACGAATAATGGCTAC (PCR primer for T11)

501
551
601
651
701
751
801
851
901
951
1001

AAGATATGGG
AACAATCCTA
AAAACATAAA
CTACTGTAGA
ATACTTTTCC
TACAGGTCCA
CTATGGAAGG
AATATGTACA
GGAAGCTGCT
GTCCTGCAGA
GAGATTTTTG

ACATAAACGT
TTGAATATAT
AATGGAGCAA
AAACTACAAG
AAGAAACCTA
AAACATGATT
TGGTATTGAT
AATATGACTT
ATGGGTGTAG
TGACATTGAT
AAAAAATTGT

TTGGCTTTAG
TCTTGACTGT
TTAGACGTGT
AAATTAAAGG
TAACAAAAAA
ATGCCTATCA
GATGTAGGTA
TGTTGGACTT
GCCCTCATAC
CCTGAAAACT
AGCCATTATT

(amplified region of plasmid template HydGdCTD5)

AGGCTGGAGA
ATCAAAACCA
AAATGTAAAT
ATGCTGGTAT
AGTTACGAGG
TACAGAAGCA
TTGGGGTTTT
CTAATGCATG
TATAAGCGTT
TCTCAAATGC
CGTATTGCAG

AGACCCTGTA
TATACAGCAT
ATTGCAGCTA
TGGAACATAT
AACTTCATCC
ATGGATCGTG
GTTTGGACTA
CTGAACACTT
CCTCGTATAC
AATATCGGAC
TTCCATACAC

Initially, PCR was carried out using a short 81-mer DNA template (T8, Table 3.2) and Gotaq
polymerase. To control the number of modifications introduced, reactions were conducted

in the presence of different ratios of TCO dUTP to dTTP with dATP, dCTP and dGTP. In
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all cases PCR amplifications were successful, even when using only TCO-modified
triphosphates with no additional dTTP (Figure 3.11.A). A more intense band was observed
for TCO-L dU fully modified amplicon compared to TCO-S dU (lanes TS4 and TL4),
indicating that the longer linker of TCO-L dUTP makes it a better substrate for Gotaq
polymerase. The major difference in migration between the 100% TCO dU product band
and the 75% product suggest that in the latter reaction mainly dTTP was incorporated in the
product (Figure 3.11.A, lanes TS3, TS4, TL3 and TL4). These observations were consistent
with previous primer extension results, in that Gotaq is more selective towards natural dTTP

than modified nucleotides (Section 3.3).

The duplex stability of TCO-modified PCR products (Tm = 77 °C) did not change when the
TCO-S dUTP to dTTP ratio was varied from 25% to 75% (Figure 3.11.B, TS1 to TS3) and
slightly increased (+1 °C) for the 100% TCO-S dU product (78 °C, TS4). However, there
was a 6 °C difference between the full TCO-L-modified product (71 °C) and the unmodified
product (77 °C). These results suggest that the TCO-S functional group is better than the

TCO-L in stabilising double-stranded DNA.
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Figure 3.11. A. PCR amplifications using Gotaq polymerase and template T8 with different ratios of TCO
dUTP to dTTP (5 nmol in total of TCO dUTP/dTTP + 5 nmol each of dATP, dCTP and dGTP). Lane L,
25 bp ladder; lane TO, unmodified amplicon; lanes TS1/TL1 to TS4/TL4, 25% to 100% TCO-S/TCO-L
amplicons. (2% agarose gel containing ethidium bromide) B. Melting temperatures of TCO-modified
PCR amplicons. Fluorescence melting curves and derivatives of TCO-S (C) and TCO-L (D) modified
PCR amplicons.

To explore the feasibility of preparing longer functionalised DNA products, a 523 bp region
of a plasmid containing a total of 335 A-T base pairs (T11, Table 3.2) was evaluated. Based
on previous results, KOD polymerase appears to be more efficient than Gotagq polymerase
for the incorporation of modified triphosphates. Taking into account the destabilising effects
of modified nucleotides, PCR with KOD polymerase and template T11 was carried out using
2 mM MgCl; instead of 1 mM (condition used in Chapter 2, Section 2.4) since Mg?* helps
stabilise the DNA duplex.'®” The PCR amplification efficiency, as judged by the intensity
of the product bands, was sensitive to the ratio of TCO dUTPs in the reaction. PCR

amplicons with 50% of TCO-S dU and 25% of TCO-L dU gave intense product bands
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(Figure 3.12.A, lanes PS2 and PL1). As observed with the template T8 amplicons, the DNA
duplex stability was affected less by the TCO-S dUTP than by the TCO-L dUTP (Figure
3.12.B). The poor PCR amplification is probably caused by the occurrence of multiple
consecutive sites of incorporation (>6) at several loci along the template (oligo dA), and/or

the duplex-destabilising effect of the TCO-L modification.

=
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dNTP  TCO-S  TCO-L
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Figure 3.12. A. PCR amplifications using KOD polymerase and template T11 with different ratios of
TCO dUTP to dTTP (10 nmol in total of TCO dUTP/dTTP + 10 nmol each of dATP, dCTP and dGTP).
Lane PO, unmodified amplicon; lanes PS1 to PS3, 25% to 75% TCO-S-modified amplicons; lanes PL1
to PL2, 25% to 50% TCO-L-modified amplicons. (1.5% agarose gel containing ethidium bromide) B.
Melting temperatures of TCO-modified PCR amplicons. C. Fluorescence melting curves and derivatives
of TCO-modified PCR amplicons.

3.4.1 Fluorescent labelling of trans-cyclooctene-modified PCR products

Although it may be possible to optimise the PCR condition for the incorporation of higher

percentages of TCO dUTPs, the use of lower TCO dUTP:dTTP ratios in the reaction mixture
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might be a better option. With this strategy, the TCO dU modifications will be less densely
distributed in the PCR products, thereby providing less steric hindrance for the subsequent
labelling reaction. Also, if labelling efficiency were to remain high, lowering the density of
TCO will decrease the quenching effect due to closely grouped Cy3 fluorophores (Figure
3.13). It has been reported that RNA transcription products from aminoallyl uridine
triphosphate mixed with canonical uridine triphosphate (1:1 ratio) afforded Dbetter

fluorescent post-labelling than more densely modified products.”

- e
Fluorescent labelling W

TCO-S du: %_)\ —— {
Oiﬁ[\du } N 3.5 [Cy3-tetrazine]
. . -

o 0,57 -
TCO-LdU: & :
OJLNf\,o\/\Of\,o\/\OI\/LN/\ N
H H N 2R
du a "

N=py

Figure 3.13. Fluorescent labelling of TCO-modified PCR products.

Fluorescent labelling was carried out on the T11-templated PCR products (523 bp). The
labelled products migrated slower in proportion to increasing numbers of TCO dU
modifications in the PCR amplicons (Figure 3.14.A, lanes PS1” and PS2"). After the
labelling reaction, Cy3-labelled bands were visible by eye (Figure 3.14.B). The Cy3-labelled
25% TCO-L dU product (lane PL1") afforded a more intense and sharper pink band than the
50% TCO-S dU product (lane PS2"), suggesting that the TCO-L with a longer linker was
labelled more efficiently than TCO-S. Overall these results confirm that TCO-modified

oligonucleotides can be used in DNA fluorescent detection and functionalisation.
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A Labelled
dNTP TCO dNTP TCO
L PO" PS1 PS2 PL1 PO PS1'PS2" PLI1"
600 bp
500 bp
B

TCO (%) | 0 25 50 25 0 25 50 | 25
T (%) 100 [ 75 50 75 | 100 75 50 | 75
Cy3 + - - - - + + +

Figure 3.14. Fluorescent labelling of TCO-modified PCR amplicons from template T11. A. Gel was
visualised by staining with ethidium bromide; B. Gel picture was taken under normal light. Lanes without
asterisk are for unlabelled products, while lanes with asterisk are for products labelled with Cy3-tetrazine
at RT for 30 min. Lane L, 100 bp ladder; lane PO/P0", unmodified amplicon; lanes PS1/PS1*to PS2/PS2%,
25% to 50% TCO-S-modified amplicons; lane PL1/PL1", 25% TCO-L-modified amplicons. (1.5%
agarose gel)

3.5 Reverse transcription using trans-cyclooctene dUTPs

Itis very important for applications involving RNA templates to develop methods to produce
fluorescently labelled DNA probes from RNA. This can be done by reverse transcription.
Moreover, the RNA strand of the modified DNA/RNA duplex can be digested by RNase
enzymes to prepare functionalised single-stranded DNA.?%* 205 In this context,
trans-cyclooctene modified dUTPs were investigated for incorporation against RNA
templates (Figure 3.15) using Moloney Murine Leukemia Virus reverse transcriptase
(M-MuLV, RNase H") and Avian Myeloblastosis Virus reverse transcriptase (AMV). An
RNase inhibitor was added to AMV reactions, as the enzyme has RNase activity. Two RNA
templates T4 and T5 with sequences equivalent to these used in primer extension were tested

(Figure 3.16 and Figure 3.17).
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M {V Reverse transcription
TCO dUTP, dATP
dGTP, dCTP

Reverse transcriptase

TCO-S dUTP: C\ JL
dUTP

TCO-L dUTP: {;
o*u/\/o\/\o/\/o\/\o N/\

dUTP

Figure 3.15. Reverse transcription using TCO dUTPs and a RNA template.

Fully extended complementary DNA products were obtained from reactions with TCO
dUTP, dATP, dCTP and dGTP in the presence of the RNA template T4 as confirmed by
denaturing PAGE and mass spectrometry analyses (Figure 3.16 and Table 3.1). When using
AMV reverse transcriptase more intense unextended primer bands were observed for the
TCO-L than the TCO-S dUTP (Figure 3.16.A), suggesting that TCO-S dUTP is incorporated
more efficiently. M-MuLV (RNase H-) produced higher conversion yields of elongated
products compared to AMV reverse transcriptase (Figure 3.16). This is consistent with
previous reports by Mahler and co-workers that M-MuLV (RNase H) reverse transcriptase

gave better amplification than AMV when using natural triphosphates.?%
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T4: CAGUCACUGUACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

A AMV B M-MuLV
dNTP TCO-S TCO-L dNTP TCO-S TCO-L

] 2 12 2a 3a |20 3 P12 192032102030

Primer

TCO - -+ |+ o+ o+ + 4+ + |+ + +
T + -+ + + -+ -+
ACG | - + + o+ + o+ + + + +

Figure 3.16. Reverse transcription using TCO dUTPs, primer P3 and template T4 with AMV (A, 10 units)
and M-MuLV (RNase H-, B, 100 units) reverse transcriptases for 15 h. 3.2 nmol of each triphosphate was
used unless otherwise stated. Lane P, primer P3; lane 1/1%/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP
or modified dUTP + dATP + dCTP + dGTP; lane 3¥/3 dTTP (1.6 nmol) + modified dUTP (1.6 nmol) +
dATP + dCTP + dGTP. (20% denaturing PAGE)

In the case of the more demanding template T5, which has four consecutive incorporation
sites (As) in the extension region, the TCO-S dUTP was a better substrate for both reverse
transcriptases (Figure 3.17.A and B). Fully extended TCO-S dUTP products (lane 2%) were
consistently obtained in higher conversion yields than for TCO-L dUTP (lane 2°). For
TCO-L dUTP reactions, low levels of fully extended primers and multiple short strands were
observed for both reverse transcriptases; more intense unextended primer bands remained
for AMV reactions than for M-MuLV (RNase H") reactions (Figure 3.17). By using a 1:1
ratio of TCO-L dUTP:dTTP, longer extended products were observed as multiple bands
(Figure 3.17, lane 3°). Generally, all modified dUTPs were better substrates for M-MuLV
(RNase H) than AMV, and TCO-S dUTP is a better substrate than TCO-L dUTP (Figure

3.16 and Figure 3.17).
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T5: CAGUCACAAAACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

A AMV B M-MuLV
dNTP TCO-S TCO-L dNTP TCO-S TCO-L

P | 2]22232]1b2b3d
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Figure 3.17. Reverse transcription using TCO dUTPs, primer P3 and template T5 with AMV (A, 10 units)
and M-MuLV (RNase H-, B, 100 units) reverse transcriptases for 15 h. 3.2 nmol of each triphosphate was
used unless otherwise stated. Lane P, primer P3; lane 1/1%/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP
or modified dUTP + dATP + dCTP + dGTP; lane 3¥/3 dTTP (1.6 nmol) + modified dUTP (1.6 nmol) +
dATP + dCTP + dGTP. (20% denaturing PAGE)

3.6 Conclusions

Two trans-cyclooctene dUTPs have been synthesised efficiently by coupling their NHS
carbonates/esters to amino dUTP. They were successfully incorporated into DNA by primer
extension, reverse-transcription and PCR amplification. The TCO-S dUTP with a short
linker between the TCO and uridine base was incorporated more efficiently than the longer
TCO-L dUTP version using Klenow polymerase, KOD polymerase, M-MuLV (RNase H-)
and AMV reverse transcriptases. For TCO-L dUTP reactions, primer extension through
consecutive incorporation sites was only achieved using Gotaq polymerase. Moreover, the

TCO-S dU stabilised the DNA duplex better than the TCO-L dU.

Cy3-tetrazine was utilised to label trans-cyclooctene-modified primer extension and PCR
products via the IEDDA reaction, which can be used to prepare fluorescent probes for DNA

sequence detection and to make DNA conjugates or nanostructures.*® 158 The IEDDA click
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labelling on the TCO-L-modified DNA was more efficient than labelling of the TCO-S dU
products due to less steric hindrance from the oligonucleotide chain during the labelling

reaction.

Independently, the Wang group also reported that TCO-S dUTP can be incorporated by
different polymerases using templates with evenly distributed adenine sites in the extension
region; PCR amplicon from a 90-mer template was fluorescently labelled with fluorescein
isothiocynanate-tetrazine.'® They applied this strategy to functionalise an aptamer for cell
labelling studies. Their results are consistent with the findings for TCO-S dUTP in this
Chapter. Compared to Wang’s report, our assays include a longer TCO-linker, a more
challenging template with consecutive incorporations for primer extension, a long 523 bp
plasmid template and positive results from reverse transcription studies. The results in this
chapter should enable a more general route to the synthesis of TCO-modified DNA.
Furthermore, the efficient incorporation of TCO-S dUTP by Klenow polymerase suggests
that this strategy for labelling TCO-S-modified DNA might be used to functionalise and

image cellular (genomic) DNA (discussed in Chapter 6).
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Chapter 4 Synthesis and applications
of azide-modified deoxyuridine

triphosphates
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4 Synthesis and applications of azide-modified deoxyuridine

triphosphates

4.1 Background and aims

There are many applications that require fluorescently labelled DNA such as fluorescence
in situ hybridisation (FISH).3? 3% 146 Standard FISH probes can produce weak signals
when the genomic DNA or RNA target concentration is insufficient, but can be
significantly improved by introducing multiple fluorophores into the probe.?®” However,
to prepare short multiple labelled fluorescent probes, solid phase oligonucleotide
synthesis is inefficient as the coupling of bulky fluorophore-modified phosphoramidites
requires longer reaction times and the yield is lower than for unmodified monomers. This
effect is amplified if multiple modifications are introduced. For FISH, enzymatic DNA
probe synthesis is a viable alternative to solid phase synthesis and has certain advantages;
its efficiency is higher for the synthesis of long probes, and it is suitable for the
introduction of large numbers of labels. In enzymatic DNA synthesis two-step labelling
processes are usually necessary because direct enzyme-mediated incorporation of
fluorophore-labelled nucleoside triphosphates is problematic due to the bulky nature of
fluorophores (Chapter 1, Section 1.3.2).5” For this post-labelling strategy, the
strain-promoted alkyne-azide cycloaddition reaction (SPAAC, Chapter 1, Section 1.4.3)
and the inverse electron demand Diels-Alder reaction (IEDDA, Chapterl, Section 1.4.4)
are efficient methodologies and are suitable for in vivo and in vitro biological

applications 8 116, 208

As described in Chapter 2 and Chapter 3, the initial approach was to incorporate

cyclooctyne or trans-cyclooctene modified triphosphates into DNA and subsequently
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label them with an azide or tetrazine derivative of the fluorophore. However, bulky
cyclooctyne and trans-cyclooctene-modified nucleoside triphosphates are not ideal
substrates for DNA polymerases and reverse transcriptases. Alternatively, a variety of
sugar- and base-modified azide nucleotides have been enzymatically incorporated into
DNA or RNA to introduce fluorophores via the CUAAC, SPAAC or Staudinger reactions
(Chapter 1, Section 1.4.2).58:110-112, 114,209 et an optimised DNA polymerase-compatible
azide triphosphate has not been reported. Therefore, the aim of this chapter is to study the
enzymatic incorporation efficiency of two azide-labelled deoxyuridine triphosphates
(azidomethyl dUTP and azidohexanamidopropargyl dUTP, Scheme 4.1), and to
investigate the fluorescent labelling of these azide-modified nucleic acids via the SPAAC
reaction. Since a single-colour fluorescent probe can only detect one gene of interest at a
time, cocktails of probes labelled with different fluorescent dyes are usually used to
identify multiple targets.®* 21° However the number of dyes suitable for nucleic acid
detection that do not suffer from spectral overlap is limited. Therefore, the second goal
of this chapter is to develop a strategy whereby different targets could be detected using

probes that contain varying ratios of two fluorophores to give different coloured probes.

4.2 Preparation of azide-modified dUTPs

5-Azidomethyl-2'-deoxyuridine 4.1 (AM dU, Chapter 1, Section 1.5) can be transformed
from its nucleoside to an active triphosphate in proliferating cells and incorporated into
replicating DNA.2" However, the in vitro enzymatic incorporation of its triphosphate and
the effect of multiple additions of this modification on DNA duplex stability have not
been reported. 5-Azidomethyl-2’-deoxyuridine-5'-triphosphate 4.2 (AM dUTP, Scheme
4.1.A) was therefore synthesised from AM dU 4.1 (which was synthesised by Dr Marta

Gerowska in the Brown group) using the Yoshikawa reaction.® Phosphorus oxychloride
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(POCI3) in trimethylphosphate was employed to generate the 5'-dichlorophosphate
derivative of the nucleoside (Chapter 2, Section 2.2). Howorka and co-workers examined
the regioselectivity and yield of this phosphorylation step at 0 °C and found that the yield
of the 5’-monophosphate and the by-product (the 3’-monophosphate) remained constant
in the first 30 min. However, the other main by-product (the 5',3'-diphosphate) increased
from 15% (5 min) to 30% (30 min).1®8 This suggests that a long reaction time (e.g. -15 °C
for 2 h used in Chapter 2, Section 2.2) would not favour the production of the target
5’-monophosphate. Therefore, the first step (to form the active monophosphate) was
carried out at -15 °C for 30 min to minimise the production of the 5’,3'-diphosphate
by-product. The reaction mixture was then treated with tris(tetrabutylammonium)

hydrogen pyrophosphate 2.7 to afford the target triphosphate 4.2 in a yield of 7.5%.

A
O (@)
N NH N NH
8 \ /& iy POCl3, proton sponge, 3%/&
NSO (CHs)3PO,, -15 °C, 30 min N"o
HO » “0gP30
0] ii) Pyrophosphate 2.7, n-BusN, o
DMF, -15 °C to RT, 3 h;
OH iii) 1 M TEAB buffer, 30 min, OH
7.5%
4.1 [AM dU] ° 4.2 [AM dUTP]
B

N,N*-disuccinimidyl carbonate,

0
o DMF/DCM, DIPEA, RT, 15 h, o}
0,
N3MOH 88% N3MO/N
o]
4.3 4.4
C 0
le] N3M 0
M N N
| NH | NH
NAO Azidohexanoic acid NHS 4.4, NAO
404P30 1 M TEAB/DMF, 55 °C, 4 h, 81% 404P;0
:o: :o:

OH

2.11 [Amino dUTP]

OH

4.5 [AHP dUTP]

Scheme 4.1. Synthesis of AM dUTP (A), 6-azidohexanoic acid NHS ester (B) and AHP dUTP (C).
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In Chapter 2 and Chapter 3, 5-aminopropargyl-2’-deoxyuridine-5'-triphosphate 2.11
(amino dUTP) was found to be a good intermediate in enzymatic nucleic acid synthesis
to introduce bulky functional groups (cyclooctyne and trans-cyclooctene) into
DNA .59 65 66, 168, 198 Therefore, it was also used to prepare an azide triphosphate with an
alkynyl linkage to the nucleobase. 6-Azidohexanoic acid N-hydroxysuccinimide (NHS)
ester 4.4 was synthesised from its carboxylic acid 4.3 using a reported procedure (Scheme
4.1.B).2! 5-Azidohexanamidopropargyl-2'-deoxyuridine-5'-triphosphate 4.5 (AHP
dUTP), which has a longer linker than AM dUTP, was synthesised by labelling amino
dUTP 2.11 with 6-azidohexanoic acid NHS ester 4.4 (Scheme 4.1.C). It should be noted
that a modified azido-7-deaza-2'-deoxyadenosine triphosphate with a similar alkynyl
linker was reported by Weisbrod and Marx.*'! This dATP derivative was successfully
incorporated into a single position of a DNA strand by Pyrococcus woesei DNA
polymerase and subsequently labelled with phosphine-tagged reporter groups via the
Staudinger reaction. Therefore, it was anticipated that AHP dUTP 4.5 would also be a

good substrate for a variety of polymerases.

4.3 Primer extension using azide dUTPs

Enzymatic DNA synthesis from these two azide-modified triphosphates was examined
using the same primer extension assays as described in Chapter 2 and Chapter 3 (Figure
4.1). For ease of comparison, the same DNA templates (T1 and T2) and DNA
polymerases (Klenow, Gotaq and KOD) were used. The template and primer sequences
are shown in Figure 4.2 along with denaturing polyacrylamide gel electrophoresis (PAGE)
analyses. Template T1 carries three evenly distributed adenines in the extension region,
whilst template T2 contains six adenine bases with one site containing four consecutive

adenines. The primer can be extended by one (T1) or four (T2) bases in the presence of
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only azide dUTP or natural dTTP to give a partially extended product. In the presence of
all four triphosphates, eleven nucleotides would be incorporated to produce a fully
extended product. A mix of all four natural dNTPs was used as a positive control. To
visualise the extended products by analytical PAGE analysis, 6-carboxyfluorescein (FAM)

was attached to the 5'-end of the primer.

N;
M fv Primer extension W
A21de dUTP, dATP 3 3
dGTP, dCTP
Polymerase

AM dUTP: N3~ dUTP
o
AHP dUTP: Ng\/\J\/L\N\\
S
uTP

Figure 4.1. Primer extension using a DNA template and azide dUTPs.

4.3.1 Primer extension using Klenow polymerase

Primer extension with AM and AHP dUTPs was carried out using Klenow polymerase,
which is a natural family A polymerase and functions most efficiently at 37 °C. For the
template T1, reactions with dTTP or modified dUTP produced one- to two-base extended
products due to nucleotide misincorporation via untemplated linear extension reaction
(Figure 4.2.A, lanes 1, 1% and 1°).134 159177 The same misincorporation was observed in
the control reaction with dATP, dCTP and dGTP (Figure 4.2, lane N). The resultant
3’-mismatched complex could not be extended further, and two closely running bands
were observed on denaturing PAGE. Digested products were also observed for these

partial extension reactions due to the 3'-5" exonuclease activity of Klenow polymerase.

For templates T1 and T2, full-length products were obtained in the presence of modified
dUTP combined with dATP, dCTP and dGTP (i.e. no dTTP, Figure 4.2 and Table 4.1).

The electrophoretic mobility of AM dU products was similar to that of the unmodified
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congener, whereas the AHP dU modified DNA strands showed slower mobility (Figure
4.2, lanes 2, 22 and 2°). To investigate the competitive incorporation of the modified and
natural triphosphates, the primer extension reactions were repeated with mixtures of azide
dUTP and natural dTTP (1:1) in addition to dATP, dCTP and dGTP. Broader product
bands from the AHP dUTP and dTTP mixture were observed (Figure 4.2, lane 3°), due to
the incorporation of a mixture of AHP dUTP and dTTP. This phenomenon was not clearly
observed when AM dUTP was used due to the minor difference of electrophoretic

mobility between the structurally similar AM dU and dT.

T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP AM AHP dNTP AM AHP
N 1 2 12 2a 3a lb zb 31) N 1 2 1a Qa 3a lh 21) 31)

Primer —»

AM/AHP | - - - + + + |+ 4+ + - - - + + + |+ + 4+

T - + + - - + - - + - + + - - + - - +

ACG [+ |- + |- + =+ |- + + - - s o+ - s+

Figure 4.2. Primer extension using azide dUTPs, primer P3, template T1 (A) or T2 (B) for Klenow
polymerase (37 °C, 1 h). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N,
reactions with dATP + dCTP + dGTP; lane 1/12/1°, dTTP or modified dUTP; lane 2/22/2°, dTTP or
modified dUTP + dATP + dCTP + dGTP; lane 3%/3° dTTP (1.6 nmol) + modified dUTP (1.6 nmol) +
dATP + dCTP + dGTP. (20% denaturing PAGE)
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Table 4.1. Mass spectrometry analysis of primer extension and reverse transcription reactions using
azide dUTPs. A, C, G = dATP, dCTP, dGTP. For representative mass spectra (HPLC-MS) see
Appendix 8.4.

Template T1 or T4 Template T2 or T5
dUuTP dUTP+A+C+G dUTP dUTP+A+C+G
Found (Calc.) Found (Calc.) Found (Calc.) Found (Calc.)
AM  6483(6483)CKM  9679(9679)! 7519(7519)KCGD  9799(9799)K.C:D
AHP  6621(6620) 10090(10090)2"  8067(8067)a! 10621(10621)7"

Note: The superscripts indicate that the mass was confirmed for the specific polymerase used.
All = all four polymerases. G = Gotag, K = Klenow, D = KOD, M = M-MuLV (RNase H").

4.3.2 Primer extension using Gotaq polymerase

A thermostable family A polymerase (Gotaqg) was also examined in the primer extension
assay with AM and AHP dUTPs. Gotaq polymerase functions efficiently at higher
temperatures (75 °C) and is commonly used in the polymerase chain reaction (PCR). The
initial primer extension with Gotaq polymerase was carried out at 72 °C, close to its
optimum temperature. Denaturing PAGE analysis demonstrated that azide-modified
full-length products were obtained for template T1 as for the previous Klenow reactions
(Figure 4.3, confirmed by MS). For template T2, in the presence of AM dUTP in
combination with dATP, dCTP and dGTP, a shorter product than the unmodified
full-length product was obtained, whereas for AHP dUTP reactions, only two-base
extended products were observed (Figure 4.3.B, lanes 2, 22 and 2°). These results indicate
that AM dUTP is incorporated more efficiently by Gotaq polymerase than AHP dUTP.
Promisingly, in the presence of a 1:1 mixture of modified dUTP and dTTP, fully extended
product bands were observed, showing that mixing modified dUTP with natural dTTP
prevents extension termination, as previously reported.®” To identify the optimum time

required for full extension with AHP dUTP, a time course experiment was conducted
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with both templates. For template T1, the reaction was complete within 4 h, while for

template T2 overnight incubation gave the best conversion yield (Figure 4.4).

Tl: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP AM AHP dNTP AM AHP

N 2 [ ]2 22 32

N 2 1 la 2a 3a lh Zh 3[)

lh zh 3lw

Primer —»

AM/AHP

ACG |-+ |- + +[- + +

Figure 4.3. Primer extension using azide dUTPs, primer P3, template T1 (A) or T2 (B) for Gotaq
polymerase (72 °C, 1 h). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N,
reaction without triphosphates; lane 1/1%/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP or modified
dUTP + dATP + dCTP + dGTP; lane 3%/3° dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP +
dCTP + dGTP. (20% denaturing PAGE)

T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP AHP dNTP AHP
P 1 2 3 4 5 1 2 3 4 5 6 7P

Primer —»

AHP -
T B N N
ACG - + + + +
Tme(h) | - |1 4 1 2 4 12111 2 4 6 21

Figure 4.4. Time course of primer extension using AHP dUTP and Gotaqg polymerase (72 °C). A.
Reactions using primer P3 and template T1. Lane P, primer P3; lanes 1 to 2, dNTPs (1 and 4 h); lanes
3to 5, AHP dUTP + dATP + dCTP + dGTP (1, 2 and 4 h, respectively). B. Reactions using primer P3
and template T2. Lane P, primer P3; lanes 1 to 2, dNTPs (1 and 21 h); lanes 3 to 7, AHP dUTP +
dATP +dCTP + dGTP (1, 2, 4, 6 and 21 h, respectively).
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The thermal stability of AM- and AHP-modified DNA duplexes was then studied by
monitoring the melting temperatures of Gotaq primer extension products in the presence
of SYBR Green (Figure 4.5). The Tn, of partially and fully extended products were in the
range of 62 °C to 70 °C in 1 x Gotaq green buffer. This suggests that the duplex products
were partially denatured under the primer extension condition (72 °C), which might affect
the incorporation efficiency of modified triphosphates. The melting temperature analyses
also showed that DNA containing the AHP modification has a similar or slightly better
stability to the unmodified DNA due to the extra n-stacking of the alkyne linkage on the
surrounding bases, whereas the AM modification destabilises the DNA duplex on average
by 0.5 °C per incorporation (Figure 4.5). By mixing AM dUTP with dTTP to reduce the
number of modified nucleotides in the DNA strand, the Tm increased by 1 °C for the
template T1 product and by 3 °C for the template T2 product compared to the fully
modified products (Figure 4.5, mix). Consistent with the above observations, Sagi and
co-workers reported the destabilising effect of a methyl group and the stabilising effect
of the 1-propynyl group when attached to the 5-position of pyrimidine bases.'®® These

observations were later confirmed by the thermal stability of PCR products (Section 4.4).
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Partially extended products:
72 4

Tl: CAGTCACTGTACTGCCGACACACATAACC 70
TGACGGCTGTGTGTATTGG-FAM ) 69 69 969 69 69
| g 69 1 68
N, 68
&
2 66 | 65
T2: CAGTCACAAAACTGCCGACACACATAACC g 64 64
GACGGCTGTGTGTATTGG-FAM =% 63 63
) E 63 {62 62
[_.4
Fully extended products: 60 T T

T T T 1
T1-Part T1-Full T1-Mix T2-Part T2-Full T2-Mix
T1: CAGTCACTGTACTGCCGACACACATAACC

G'JI:CAGTGACATIGACGGCTGTGTGTATTGG—FAM dTTP =AM dUTP =AHP
|

N; N N

3 3 3 o

. Ng\/\/\)'L
T2: CAGTCACAAAACTGCCGACACACATAACC N;;/\dUTF‘ u/\
GTCAGTG'F'I"'R'];GACGGCTGTGTGTATTGG—FAM duTP
Ny Ny NN, AM dUTP AHP dUTP

Figure 4.5. Melting temperatures of azide-modified primer extension products from template T1 and
T2 using Gotaq polymerase. Part, partially extended products; full, fully extended products; mix,
reactions with dTTP and azide dUTP (1:1) + dATP + dCTP + dGTP. Melting curves see Appendix
8.5.2.

As a consequence, Gotag primer extension reactions were repeated at 60 °C for both
template T1 and T2 to ensure the formation of the primer-template DNA duplex.
Denaturing PAGE analyses showed that azide dU full-length products from both
templates were obtained in 1.5 h (Figure 4.6, lanes 2% and 2°). Even with reduced
polymerase activity at 60 °C, AM and AHP dUTPs were incorporated more efficiently
than at 72 °C (Figure 4.3, lanes 2* and 2°). This proves that forming a stable
primer-template duplex is important for Gotag polymerase. This simple observation is
easy to overlook in primer extension assays. The expected mass peaks of the partially and
fully extended products of AM and AHP dUTPs were observed by analysing the reaction
mixtures (Table 4.1); an extra addition of dA at the end of the full-length product was

detected, which is a known feature of Gotaq polymerase.
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T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP AM AHP dNTP AM AHP

N 1 2 1a 2a 3a ]b 2]: 3b N 1 2 1a 2a 3a b 21) 31)

Primer —»

[ aM/aHP
T _ - + _ _ + - .+ _ _ + _ _ + |- - =
AC.G - + + - - + - + + - + + - + + -+ o+

Figure 4.6. Primer extension using azide dUTPs, primer P3, template T1 (A) or T2 (B) for Gotaq
polymerase (60 °C, 1 h). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N,
reaction without triphosphates; lane 1/1%/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP or modified
dUTP + dATP + dCTP + dGTP; lane 3%/3° dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP +
dCTP + dGTP. (20% denaturing PAGE)

4.3.3 Primer extension using KOD polymerase

KOD polymerase is an engineered family B polymerase, designed to incorporate
modified triphosphates more efficiently than natural polymerases are able to. The initial
primer extension with azide dUTPs was carried out at 72 °C for 1.5 h. Full-length products
with AM/AHP dU modifications were successfully obtained (Figure 4.7). However,
multiple digested primer bands were present for the reaction with dTTP or azide dUTP
only, due to the strong 3'-5" exonuclease activity of KOD polymerase (Figure 4.7, lanes

1, 13 and 1°).
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T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
dNTP AM AHP dNTP AM AHP
N 2 1 12 2a 3a ]b 2h 31) N 2 1 12 2a 3a lb zb 3\)

Primer —»

AMAHP | - | - - |+ + =+ |+ + + T T

ACG -+ - -+ o+ - + + -+ - -+ o+ -+ o+

Figure 4.7. Primer extension using azide dUTPs, primer P3, template T1 (A) or T2 (B) for KOD
polymerase (72 °C, 1.5 h). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N,
reaction without triphosphates; lane 1/1%/1°, dTTP or modified dUTP; lane 2/2%/2°, dTTP or modified
dUTP + dATP + dCTP + dGTP; lane 3%/3° dTTP (1.6 nmol) + modified dUTP (1.6 nmol) + dATP +
dCTP + dGTP. (20% denaturing PAGE)

To minimise the exonuclease activity, optimisation of the primer extension reaction
conditions for KOD polymerase was carried out. (Figure 4.8). It was envisaged that
decreasing the reaction temperature from 72 °C to 60 °C would decrease exonuclease
activity; however, this might also adversely affect incorporation activity. Therefore, the
concentration of MgCl> was increased to 2 mM to compensate. In addition to these
changes, the reaction time for modified dUTP or dTTP reactions was decreased to 30 min.
Partially extended products with fewer digested by-products were observed (Figure 4.8,
lanes 1, 12 and 1°). Fully extended products were observed as major products for modified
dUTP reactions containing dATP, dCTP and dGTP after 1.5 h (Figure 4.8, lanes 2, 2% and

29,
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T1l: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM GACGGCTGTGTGTATTGG-FAM
A B
N 2 2a 3a zh 3h 1 12 ]b 2 D2a 3a 2h 31) 1 12 ]l)

Primer —»

AM [ - -+ +|- - |-]+
AHP | - |- | - - |+ +|-|-1+4 -l - -+ + -] -]+

ACG |- [+ ]+ +|+ +|-]-]- + 4+ o+ |+ o+

Figure 4.8. Primer extension using azide dUTPs, primer P3, template T1 (A) or T2 (B) for KOD
polymerase (60 °C). 3.2 nmol of each triphosphate was used unless otherwise stated. Lane N, reaction
without triphosphates; lane 1/13/1°, dTTP or modified dUTP (30 min); lane 2/2%/2°, dTTP or modified
dUTP + dATP + dCTP + dGTP (1.5 h); lane 3%/3°, dTTP (1.6 nmol) + modified dUTP (1.6 nmol) +
dATP + dCTP + dGTP (1.5 h). (20% denaturing PAGE)

4.3.4 Kinetics analysis of AHP dUTP single nucleotide incorporation

Steady state kinetics for single nucleotide incorporation were determined for Gotaq and
KOD polymerases using template T1 and AHP dUTP (Figure 4.9.A), which is a better
monomer than the AM maodification for duplex stabilisation. The kinetic measurements
were carried out using the procedure described in Chapter 2 (Section 2.3.5). The data
were then fitted to the Michaelis-Menten equation to calculate the Michaelis constant (Kw)
and maximal reaction rate (Vmax) (Figure 4.9.B). The supplier-defined unit of enzyme
concentration was used to calculate the catalytic constant kcat (Table 4.2). The relative
catalytic efficiency kcat/Km indicates the enzymatic incorporation efficiency of a
triphosphate by a polymerase. For KOD polymerase, the kea/Km of AHP dUTP (0.82) was
similar to dTTP (1.00), suggesting that AHP dUTP was almost as good a substrate as

dTTP. By comparison, for Gotaq polymerase the kca/Km value of AHP dUTP
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incorporation was 0.07 relative to dTTP (1.00). The binding affinity between AHP dUTP
(Km =197 + 23 uM) and Gotaq was 3.2 times higher than that of the dTTP (Ky =61 £ 10
UM, Keat = 1.60 +0.16 % s1); the turnover reaction rate of AHP dUTP (Keat = 0.36 +0.02 %
s'1) was 4.4 times slower. These results demonstrate that Gotaq is more selective for the

unmodified nucleotide.

A B
0.14 -
T1l: CAGTCACTGTACTGCCGACACACATAACC =
GACGGCTGTGTGTATTGG-FAM 0.12 4 -
0.10- =
AHP dUTP =
polymerase 3 o
g o
o "
T1l: CAGTCACTGTACTGCCGACACACATAACC > 006+ Model Mic*\‘lar::i"f'e“l‘:"
—_— R = X
TGACGGCTGTGTGTATTGG-FAM 8 Equation )}((mox)
) D 0044 » Reduced Chi-S  1.05443E-5
3 =5 / Adj. R-Square 0.99547
Value Standard Err
0.02 Vmax 018031  0.00939
r» Vielocly. Km 197.4035  22.8657
0.00 . T T T )
0 100 200 300 400 500

Concentration (uM)

Figure 4.9. A. Single nucleotide incorporation during primer extension. B. Michaelis-Menten kinetics
for AHP dUTP incorporation using Gotag polymerase. For dTTP incorporation using Gotaq
polymerase see Figure 2.15; For KOD polymerase results see Appendix 8.6.2.

Table 4.2. The kinetics of dTTP and AHP dUTP incorporation using Gotag and KOD polymerases at
60 °C. The supplier defined polymerase concentration (unit) was used to calculate the kcat. The Keat/ Km

values are expressed relative to dTTP.

Vmax Kwm kcat kcat/ Kwm
Polymerase  dXTP ] ]
pmol s? uM pmol s unit? Relative values
s dTTP 0.80x0.05 61+10 1.60+0.10 1.00
ota
a AHP dUTP  0.18+0.01 197+23 0.36 £ 0.02 0.07
KOD dTTP 0.24 £0.01 14+£03 0.48 £ 0.02 1.00
AHP dUTP  024+001 17x0.2 0.48 £0.02 0.82
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4.3.5 Fluorescent labelling of azide-modified primer extension products

After AM and AHP dUTPs have been incorporated into DNA strands, the azide can be
functionalised efficiently via the CUAAC, SPAAC or Staudinger reactions.%® 110-112, 114
Here, the SPAAC reaction was used to label the azide-modified DNA products with
bicyclo[6.1.0]nonyne (BCN) functionalised fluorophores (Figure 4.10). BCN has
C2-symmetric alkyne and only produces two isomeric products, which simplifies the
analysis of SPAAC products (Chapter 1, Section 1.4.3). Commercially available
amino-triethylene glycol BCN 4.6 was treated separately with the NHS active esters of
three fluorophores with mutually distinct fluorescent spectra, to prepare the
corresponding novel BCN fluorophores (Cy3-BCN 4.7, FAM-BCN 4.8, Cy5-BCN 4.9,
Figure 4.11). The van Delft group and the Luedtke group have used this labelling strategy

to prepare BCN-functionalised AlexaFluor fluorophores to image cellular glycans and

DNA 122, 157
N
DNDNOINLY,, e
— -
s Ok y

Fluorophore
AMdU: Ny dU

o
AHP dU: N, _~ P

du

Figure 4.10. Fluorescent labelling of azide-functionalised primer extension products with
BCN-modified fluorophores.
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A
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Figure 4.11. A. Synthesis protocol for BCN-functionalised fluorophores. B. Chemical structures of

Cy3-BCN, 5(6)-carboxyfluorescein-BCN (for ease of description 5(6)-FAM-BCN is written as
FAM-BCN subsequently) and Cy5-BCN.

Cy3-BCN was first used to label the azide-functionalised primer extension products.
Labelling reactions were carried out on the partially and fully extended products from
both templates (Figure 4.12). Extension products obtained from unmodified dNTPs were
used as negative controls. Partially extended products of both AM and AHP dUTPs were
labelled efficiently and no unlabelled starting materials were observed (Figure 4.12.B and
D, lanes 2 and 4). Compared to the unlabelled primer extension products (Figure 4.12.A

and C, lanes 2 and 4), the Cy3-BCN labelled strands exhibited much slower
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electrophoretic mobility due to the bulky fluorophores. For the full-length products, the
AHP-modified DNAs were labelled with more than one Cy3-BCN, while AM dU
products remained mainly unlabelled (Figure 4.12.B and D, lanes 3 and 5). The products
containing the AHP dU nucleotides exhibited much higher labelling efficiency than the
AM dU products, especially when the azide groups were in the middle of DNA strands.
This may be due to the longer linkage between the azide and the uracil base for the AHP
moiety that protrudes further out from the major groove of the DNA duplex.
Consequently, there is less steric hindrance for Cy3-BCN labelling. With this in mind,

subsequent fluorescent labelling studies were only carried out on AHP-modified products.

Tl: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
'II.'GACGGCTGTGTGTATTGG~FAM T;ﬁiGACGGCTGTGTGTATTGG‘FAM
N3 "5 N3
Tl: CAGTCACTGTACTGCCGACACACATAACC T2: CAGTCACAAAACTGCCGACACACATAACC
GTE‘CAGTGACATGACGGCTGTGTGTATTGG-FAM GTCAG'{.‘GTT'IHGACGGCTGTGTGTATTGG—E‘AM
N3 ’\Ilg N3 N3 N3 NANN;
A B C D
Unlabelled Labelled Unlabelled Labelled
1 23 45 12345 12345 1 2345

-+ Unlabelled _»Unlabelled

E+4
\

e AHP | - - + - - + - . + - . +
Ny dutP|  AM - + - - + - - + - . +

+
+
+

aco 1| L T
(Cy3-BCN - + - +

Figure 4.12. Fluorescent labelling of azide-modified primer extension products with Cy3-BCN at RT
for 2 h. Unlabelled products from template T1 (A) and T2 (C). Cy3-BCN labelled products from
template T1 (B) and T2 (D). Lane 1, unmodified product, negative control; lane 2, AM dU partially
extended product; lane 3, AM dU full-length product; lane 4, AHP dU partially extended product; lane
5, AHP dU full-length product. (20% denaturing PAGE)
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The labelling efficiency of different BCN-functionalised fluorophores (Cy3-BCN,
FAM-BCN, Cy5-BCN) was then examined using AHP dUTP primer extension products
from both template T1 and T2 (Figure 4.13 and Figure 4.14). Denaturing PAGE analyses
showed that the AHP dU product was labelled with at least one Cy3-BCN within 1 h
(Figure 4.13.A and Figure 4.14.A, lane 4). By comparison, intense unlabelled bands were
observed for FAM-BCN and Cy5-BCN labelling reactions (Figure 4.13.A and Figure
4.14.A, lanes 5 and 6). The negative charge of the 5(6)-FAM moiety might decrease the
reactivity of BCN toward the azide modifications in the anionic DNA major groove.
However, an advantage of the FAM labelled products is that they exhibited better aqueous
solubility than the cyanine labelled products. The hydrophobicity and bulky structure of
Cy5 might lead to its lower reactivity in the labelling reaction. For all labelling reactions,
increasing the reaction time to 4 h gave a higher ratio of densely (or fully) labelled
products (Figure 4.13.B and Figure 4.14.B, lanes 4 to 6). Expected mass peaks of double
FAM-BCN labelled products (calc. 11455, found 11457) and triple FAM-BCN labelled

products (calc. 12137, found 12139) were observed.
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T1l: CAGTCACTGTACTGCCGACACACATAACC
G'{.‘CAG'.II‘GACA'.FGACGGCTGTGTGTATTGG— FAM

Cy5-T19-BCN

Cy5-T1p-BCN: CyS5-TTTTTTTTTT-BCN
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Figure 4.13. Fluorescent labelling of AHP dU full-length products from template T1. A. Reactions
with Cy3-BCN, Cy5-BCN, FAM-BCN (5 eq) at RT for 1 h and Cy5-T10-BCN (1 eq) at 55 °C for 4 h.
B. Reactions with Cy3-BCN, Cy5-BCN, FAM-BCN (5 eq) at RT for 4 h and Cy5-T10-BCN (2 eq) at
55 °C for 4 h. Lane P, primer P3; lane 1, unmodified product; lane 2, unmodified product mixed with
FAM-BCN, negative control; lane 3, AHP dU product; lanes 4 to 7, AHP dU products labelled
individually with Cy3-BCN, Cy5-BCN, FAM-BCN and Cy5-T10-BCN. C. Cy5-T10-BCN labelled
product. (20% denaturing PAGE)
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T2: CAGTCACAAAACTGCCGACACACATAACC
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Figure 4.14. Fluorescent labelling of AHP dU full-length products from template T2. A. Reactions
with Cy3-BCN, Cy5-BCN, FAM-BCN (5 eq) at RT for 1 h and Cy5-T10-BCN (1 eq) at 55 °C for 4 h.
B. Reactions with Cy3-BCN, Cy5-BCN, FAM-BCN (5 eq) at RT for 4 h and Cy5-T1-BCN (2 eq) at
55 °C for 4 h. Lane 1, unmodified product; lane 2, unmodified product mixed with FAM-BCN,
negative control; lane 3, AHP dU product; lanes 4 to 7, AHP dU products labelled individually with
Cy3-BCN, Cy5-BCN, FAM-BCN and Cy5-T10-BCN (20% denaturing PAGE)

For Cy5-BCN labelling reactions, weaker product bands were observed from the 4 h
reaction mixture than from the 1 h reaction (Figure 4.13 and Figure 4.14, lane 5). This is
presumably caused by the poor aqueous solubility of DNA containing multiple Cy5
moieties. In an attempt to overcome this solubility problem, a Tio oligonucleotide
carrying Cy5 at the 5’-end and BCN at the 3'-end was used in the labelling reaction (Figure
4.13.C). In principle, this approach should also separate the Cy5 dyes and reduce
fluorescence quenching. Unlike the conditions for the Cy5-BCN labelling reactions (5 eq,
RT, 1 h), only one equivalent of Cy5-T10-BCN was used for this labelling reaction which
was carried out at 55 °C for 4 h. Fluorescent bands with much slower mobility than
Cy5-BCN labelled DNA products were observed (Figure 4.13.A and Figure 4.14.A, lanes

5 and 7). The labelled Cy5-T10-BCN strands increased the size of the AHP dU products,
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forming branched DNA structures (Figure 4.13.C). Increasing the ratio of Cy5-T10-BCN
to DNA products to 2:1 improved the labelling reaction further. The main products bands
migrated close to the loading well and no unlabelled products were detected (Figure
4.13.B and Figure 4.14.B, lane 7). The Cy5-T1o-BCN labelled products gave more intense
bands than the Cy5-BCN labelled products (Figure 4.13.B and Figure 4.14.B, lanes 5 and
7). These results confirm that the oligothymidine linker improves the aqueous solubility
of the labelled products. This strategy also proved to be an efficient and easy method to

make branched DNA probes.?'# 213

In conclusion, primer extension studies have demonstrated that the AM and AHP dUTPs
are accepted as good substrates by a variety of DNA polymerases (Klenow, Gotaq and
KOD). This is an efficient strategy to introduce multiple modifications in the linear
extension region of DNA. The AHP modification with an alkynyl linkage stabilises the
DNA duplex, whereas the AM dU has a destabilising effect. Post-labelling of AM- and
AHP-modified primer extension products using the SPAAC reaction demonstrated that
AHP dU with a longer linker between the azide and the uracil base was labelled more
efficiently. AHP dU full-length DNA products were fluorescently labelled with different
BCN fluorophores. Cy3-BCN exhibited higher reactivity than FAM-BCN and Cy5-BCN,
but FAM labelled products had better aqueous solubility. The labelling reaction between
the AHP product and Cy5-T10-BCN showed that introducing the T1o oligomer improves
the fluorescent property and aqueous solubility of Cy5-labelled DNA, and could be used
to prepare branched DNA nanostructures. This strategy is well worth pursuing further in

the future.
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4.4 PCR using azide dUTPs

The success in the enzymatic incorporation of AM and AHP dUTPs using thermostable
polymerases (Gotag and KOD) in primer extension prompted the study of these two azide
triphosphates in PCR (Chapter 1, Section 1.3.2). In applications for which there is
insufficient template or which requires densely modified products, PCR is the method of
choice for introducing modifications into DNA duplexes. It results in the labelling of both
strands simultaneously. In this section, PCR amplification in the presence of AM or AHP

dUTP is examined with two different templates (Figure 4.15 and Table 4.3).

INININST

Azide dUTP, dATP X
dCTP, dGTP

Template T8

AM dUTP: N3~ dUTP

o}
AHP dUTP: I\g\/\/\)LH\
==

UTP

Figure 4.15. PCR using azide dUTPs and different templates. The two arrows indicate the

amplification direction and the amplification region is in grey.
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Table 4.3. Oligonucleotide sequences used in PCR.

Code

Sequences (5'-3")

P6
P7
T8

P9
P10
T11

GCATTCGAGCAACGTAAG (PCR primer for T8)

GGTTATGTGTGTCGGCAG (PCR primer for T8)

GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGAGATTGTGTGCTGG
CGATCTTACGTTGCTCGAATGC (PCR template)

GTTTGGCTTTAGAGGCTGGAG (PCR primer for T11)

ACTGCAATACGAATAATGGCTAC (PCR primer for T11)

501
551
601
651
701
751
801
851
901
951
1001

AAGATATGGG
AACAATCCTA
AAAACATAAA
CTACTGTAGA
ATACTTTTCC
TACAGGTCCA
CTATGGAAGG
AATATGTACA
GGAAGCTGCT
GTCCTGCAGA
GAGATTTTTG

ACATAAACGT
TTGAATATAT
AATGGAGCAA
AAACTACAAG
AAGAAACCTA
AAACATGATT
TGGTATTGAT
AATATGACTT
ATGGGTGTAG
TGACATTGAT
AAAAAATTGT

TTGGCTTTAG
TCTTGACTGT
TTAGACGTGT
AAATTAAAGG
TAACAAAAAA
ATGCCTATCA
GATGTAGGTA
TGTTGGACTT
GCCCTCATAC
CCTGAAAACT
AGCCATTATT

AGGCTGGAGA
ATCAAAACCA
AAATGTAAAT
ATGCTGGTAT
AGTTACGAGG
TACAGAAGCA
TTGGGGTTTT
CTAATGCATG
TATAAGCGTT
TCTCAAATGC
CGTATTGCAG

AGACCCTGTA
TATACAGCAT
ATTGCAGCTA
TGGAACATAT
AACTTCATCC
ATGGATCGTG
GTTTGGACTA
CTGAACACTT
CCTCGTATAC
AATATCGGAC
T

(amplified region of plasmid HydGdCTD5 template)

The amplification compatibility of AM and AHP dUTPs in PCR was explored initially
using an 81-mer DNA template T8 (Table 4.3) and Gotaq polymerase. Different
percentages of modified dUTP mixed with natural dTTP were used to control the number
of reactive groups introduced into PCR products for subsequent fluorescent labelling. In
all cases, PCR amplifications were successful, even when using 100% modified azide
dUTP in combination with dATP, dCTP and dGTP (Figure 4.16.A, lanes TM4 and TH4).
Melting experiments on the amplicons showed that the AHP dU modification preserved
the stability of the DNA duplex, whereas the AM dU destabilised the duplex relative to
unmodified DNA proportionally to the number of modifications in the PCR products
(Figure 4.16.B). These results are consistent with the previous melting temperature
studies on primer extension products. The effects of modified nucleotides on duplex
stability should be taken into account when designing PCR protocols for the incorporation

of modified dUTPs.
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Figure 4.16. A. PCR using Gotaq polymerase and template T8 (primer P6 and P7) with different ratios
of azide dUTP to dTTP (5 nmol in total of azide dUTP/dTTP + 5 nmol each of dATP, dCTP and
dGTP). Lane TO, unmodified amplicon; lanes TM1/TH1 to TM4/TH4, 25% to 100% azide-modified
amplicons. (2% agarose gel containing ethidium bromide) B. Melting temperatures of azide-modified
PCR amplicons. Melting curves and derivatives of AM dU (C) and AHP dU (D) modified PCR

amplicons.

Encouraged by these results, PCR amplification using a longer, more demanding plasmid
template T11 (Table 4.3) was investigated using KOD polymerase, which amplifies DNA
more efficiently than Gotaq polymerase. Initial PCR with different ratios of azide dUTP
to dTTP afforded fully modified products for AHP dUTP reactions but not for AM dUTP
(Figure 4.17). The inefficient amplification using AM dUTP might be due to its duplex
destabilising effect, a problem that might be solved by increasing the divalent Mg?* cation
concentration. Magnesium ions bind to the negatively charged phosphate backbone more
tightly than monovalent cations, and therefore has a positive effect on the stability of the

DNA duplex.®
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dNTP AM AHP
L PO PMI PM2 PM3 PM4 PH1 PH2 PH3 PH4

500 bp -
400 bp

AM/AHP (%) | 0 25 50 75 100 [ 25 50 75 100
T (%) 100 | 75 50 25 0 75 50 25 0

N5~ duTP N3 N

Figure 4.17. PCR using KOD polymerase (1 mM MgCl,) and template T11 (primer P9 and P10) with
different ratios of azide dUTP to dTTP (10 nmol in total of azide dUTP/dTTP + 10 nmol each of dATP,
dCTP and dGTP). Lane L, 100 bp ladder; lane PO, unmodified amplicon; lanes PM1/PH1 to PM4/PH4,
25% to 100% azide-modified amplicons. (1.5% agarose gel containing ethidium bromide)

As a consequence, real-time PCR using 2 mM MgCl, was conducted. Promisingly, PCR
with 100% of either AM or AHP dUTP gave intense product bands (Figure 4.18.A, lanes
PM4 and PH4). Melting temperatures of modified PCR products increased progressively
with higher ratios of AHP dUTP in the reaction; in contrast the AM modifications had a
destabilising effect, giving a 10 °C reduction in Tm between the fully modified and

unmodified amplicons (Figure 4.18.B).
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Figure 4.18. A. PCR using KOD polymerase (2 mM MgCI,) and template T11 (primer P9 and P10)
with different ratios of azide dUTP to dTTP (10 nmol in total of azide dUTP/dTTP + 10 nmol each of
dATP, dCTP and dGTP). Lane L, 100 bp ladder; lane PO, unmodified amplicon; lanes PM1/PH1 to
PM4/PH4, 25% to 100% azide-modified amplicons. (1.5% agarose gel containing ethidium bromide)
B. Melting temperatures of azide-modified PCR amplicons. Melting curves and derivatives of AM dU
(C) and AHP dU (D) modified PCR amplicons.

To confirm the fidelity of base pairing during PCR, AHP-modified amplicons with
different AHP dU to dT ratios were directly analysed by automated Sanger sequencing.?*
Only the 25% AHP-modified product (PH1) had the full and correct sequence. With more
modifications in the products (higher AHP dU percentages), the sequencing enzyme
terminated earlier (stopping after 351 bp (50% PH2), 173 bp (75% PH3), 281 bp (100%
PH4)). This is not surprising as the sequencing polymerase was not designed to read
through templates containing modified bases. Therefore, to circumvent the problem the
functionalised products were used as templates for a second-round of PCR amplification

using natural triphosphates and Gotaq polymerase (Figure 4.19). This produced templates
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that were suitable for Sanger sequencing and gave perfect sequencing results for all

products (Appendix 8.7).
A B
L PHI PH2 PH3 PH4 PO PH1 PH2 PH3 PH4
500 bp l II ' '
400 bp

Figure 4.19. Second-round of PCR using dNTPs and AHP-modified amplicons as templates. A.

AHP (%) | 25 50 75 100
T (%) 75 50 25 0

Different percentages of AHP dU-modified templates. B. Amplicons from the second-round of PCR
using Gotaq polymerase. Lane L, 100 bp ladder; lane PO, unmodified amplicon template; lanes PH1
to PH4, 25% to 100% AHP-modified templates. (1.5% agarose gel containing ethidium bromide)

4.4.1 Fluorescent labelling of AHP-modified PCR products (T11)

After the success in obtaining AM- and AHP-modified PCR products, the next step was
to fluorescently label these PCR amplicons (523 bp) to prepare long fluorescent DNA
probes that at present cannot be synthesised by solid phase oligonucleotide synthesis. As
the AM maodification exhibited poor labelling efficiency in the primer extension labelling

reaction, only AHP dU PCR amplicons were studied in this section (Figure 4.20).

(O

A Y, 4,
T11 I
(0]
Na\/\/\)I\N/\d
" u

Figure 4.20. Fluorescent labelling of AHP-modified PCR products (T11).

Due to the hydrophobic nature of Cy3 and Cy5, it was anticipated that the aqueous

solubility of fully labelled DNA products could be problematic. Hence, the nature of the

121



Chapter 4

labelling reaction buffer was initially investigated. For the ease of availability, Cy3-BCN
labelling of 50% AHP-modified products (PH2) was carried out in 1 x KOD or Gotaq
green buffer from 10 min to 60 min (Figure 4.21.A). Intense labelled product bands with
altered electrophoretic mobility were observed for the reactions in Gotaq green buffer,
suggesting these products had been labelled with different numbers of Cy3-BCN units.
However, for the labelling reaction in KOD buffer, a faint band was observed in the
10 min reaction, but no bands thereafter, presumably due to the poor aqueous solubility
of the Cy3-BCN labelled products as noted previously. Whilst these results demonstrated
that the Gotaq green buffer is a better reaction medium. However, when the DNA was
heavily labelled by increasing the reaction time, aqueous solubility was still an issue. No
product was observed after 4 h labelling for 100% AHP-modified amplicons (Figure
4.21.B, lane PH4). For the 75% AHP-modified product, a faint band was detected after
2 h (lane 4). Therefore, further labelling reactions were restricted to 0.5 to 1 h, which

gives sufficient labelling and keeps the products soluble.

KOD buffer Green buffer PH3
PH2 1 2 3 & 2& 3¢ PO PH1 PH2PH3PH4

#

AHP (%) 50 75 0 25 50 75 100

T (%) 50 25 100 [ 75 50 25 0
Cy3-BCN - + - + +
Time (min) | - [ 10 30 60 [ 10 30 60 Time (h) - 105 1 2 6 4

Figure 4.21. Cy3-BCN fluorescent labelling of AHP-modified PCR amplicons. A. Labelling of 50%
AHP-modified amplicons (PH2) in KOD polymerase buffer 1 (1 x) and Gotaq green buffer (1 x).
Lane PH2, unlabelled PH2 amplicon; lanes 1/19 to 3/39, labelling of PH2 amplicons at RT for 10, 30
and 60 min respectively. B. Labelling of AHP-modified PCR products at RT. Lane 1, unlabelled 75%
AHP dU amplicon (PH3); lanes 2 to 5, labelling of PH3 amplicons for 0.5, 1, 2 and 6 h respectively;
lane PO, unmodified amplicon mixed with Cy3-BCN, negative control; lanes PH1 to PH4, labelling of
25% to 100% AHP-modified amplicons for 4 h. (1.5% agarose gel containing ethidium bromide)
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4411 Cy3-BCN labelled AHP-modified PCR products

Based on these initially optimised labelling conditions, the AHP-functionalised PCR
products were labelled with Cy3-BCN in 1 x Gotaq green buffer for 30 min (Figure
4.22.A). Labelled products showed highly fluorescent bands without staining with
ethidium bromide (Figure 4.22.B). The 50% AHP dU PCR product gave the strongest
fluorescent signal (Figure 4.22.E, PH2-Cy3). With all dT units in the PCR product
replaced by AHP dU (PH4-Cy3), the fluorescent signal decreased, presumably due to
collisional quenching between fluorophores or poor aqueous solubility of the densely
labelled products. This was consistent with the post-labelling of amino functionalised
RNA strands reported by ’t Hoen and co-workers.” They also demonstrated that
fluorescent labelling of the product, which was generated from enzymatic incorporation
of an aminoallyl uridine triphosphate (aa-UTP) and unmodified UTP in a 1:1 ratio, gave

the optimal fluorescent signal.
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Figure 4.22. Cy3-BCN fluorescent labelling of AHP-modified PCR amplicons. A. Scheme for
Cy3-BCN labelling. Agarose gel analysis of labelling reactions before staining (B) and after staining
with ethidium bromide (C). (1.5% agarose gel) D. Fluorescence emission spectra of labelled PCR
amplicons, excited at 545 nm. E. The fluorescence intensity at 568 nm for each sample. PO/P0-Cys3,
unmodified amplicon mixed with Cy3-BCN, negative control; PH1/PH1-Cy3 to PH4/PH4-Cy3, 25%
to 100% AHP-modified amplicons labelled with Cy3-BCN at RT for 30 min.

123



Chapter 4

4.4.1.2 Cy5-BCN and Cy5-T10-BCN labelled AHP-modified PCR products

Cy5-BCN was also used to label AHP-modified PCR products from the template T11
(Figure 4.23.A). However, the agarose gel electrophoresis purification procedure used for
Cy3-BCN labelling failed with Cy5-BCN. Labelled or unlabelled PCR amplicons were
not detected after gel extraction. Given that Cy5 is more hydrophobic than Cy3, solubility
might be an even bigger influence on labelling yield. Therefore, instead of gel extraction
to purify the labelling reaction mixture, excess Cy5-BCN monomer was removed by
ethanol precipitation and steady state fluorescence of the samples was directly monitored.
The 25% AHP dU product exhibited the most intense signal (Figure 4.23.C, PH1-Cy5),
with intensity decreasing as the AHP dU modification progressively increased. This
might be caused by the strong fluorescence collisional-quenching effect of Cy5, which
has also been observed in other reports of densely Cy5-modified nucleic acids and

proteins. 215
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Figure 4.23. Cy5-BCN fluorescent labelling of AHP-modified PCR amplicons. A. Scheme for
Cy5-BCN labelling. B. Fluorescence emission spectra of labelled PCR amplicons, excited at 645 nm.
C. The fluorescence intensity at 665 nm for each sample. PO-Cy5, unmodified amplicon mixed with
Cy5-BCN, negative control; PH1-Cy5 to PH4-Cy5, 25% to 100% AHP-modified amplicons labelled
with Cy5-BCN at RT for 30 min.
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Once again, to overcome the aqueous solubility and fluorescence quenching issues
associated with the Cy5 fluorophore, oligo T1o with Cy5 and BCN groups on the termini
was used to label the AHP-functionalised PCR amplicons (Figure 4.24.A). At room
temperature no desired products were obtained, whereas, when the reactions were left at
55 °C for 4 h in a heating block, densely labelled products were observed (Figure 4.24.B,
lanes PH1 to PH4). In the latter case, the solvent evaporated to dryness gradually, which
promoted the SPAAC labelling reaction. For the AHP dU products with 50% and 100%
modifications, intense Cy5 fluorescence signals were observed in the loading well (Figure
4.24.C); the 25% AHP dU labelled product afforded the most intense fluorescent band

(lane PH1).

A B
;% ;% ;@
[ ligo(T);— @
1000 bp >
Cy5-T,,-BCN
500 bp >
Y C
%
£ CyS Channel
.-
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T(®%) | 10075 50 25 0

Figure 4.24. Cy5-T1o-BCN fluorescent labelling of AHP-modified PCR amplicons. A. Scheme for
Cy5-T10-BCN labelling. Agarose gel analysis of labelling reactions visualised on a transilluminator
(B, 302 nm) and by Cy5 channel (C). Lane PO, unmodified amplicon, negative control; lanes PH1 to
PH4, 25% to 100% AHP-modified amplicons labelled with Cy5-T10-BCN at 55 °C for 4 h. (1.5%

agarose gel containing ethidium bromide)

4.4.1.3 FAM-BCN labelled AHP-modified PCR products

Fluorescein, which has far better aqueous solubility than Cy3 and Cy5, was also

investigated in the Ilabelling reaction (Figure 4.25.A). As with Cy3, the
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AHP-functionalised PCR products were efficiently labelled within 30 min. When
recording the fluorescence measurements, it should be noted that the pH strongly
influences FAM fluorescence. The FAM moiety has cationic, neutral, anionic and
dianionic forms (Figure 4.26),2'® of which the most fluorescent is the dianionic form at
pH ~ 8 and above (es0 = 79000 Mcm? @ = 0.9).2!" Therefore, fluorescence
measurements were recorded in 75 mM TEAB buffer at pH 8.0. The 50% and 75% AHP
dU amplicons gave the most intense fluorescent signals (Figure 4.25.C, PH2-FAM and
PH3-FAM). However, for the 100% AHP dU product, the fluorescence signal slightly

decreased, most likely due to fluorescence quenching (PH4-FAM).
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Figure 4.25. FAM-BCN fluorescent labelling of AHP-modified PCR amplicons. A. Scheme for
FAM-BCN labelling. B. Fluorescence emission spectra of labelled PCR amplicons, excitation at
480 nm. C. Fluorescence intensity at 520 nm for each sample. PO-FAM, unmodified amplicon mixed
with FAM-BCN, negative control; PH1-FAM to PH4-FAM, 25% to 100% AHP-modified amplicons
labelled with FAM-BCN at RT for 30 min; solvent, 75 mM TEAB buffer (pH 8.0).
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Figure 4.26. Chemical structures of fluorescein in its cationic, neutral, anionic and dianionic states.?!

4414 Cy3and FAM dual labelled AHP-modified PCR products

For genomic FISH, single fluorophore labelled probes (i.e. multiple units of one type of
fluorophore) can be used to detect specific gene sequences. However, to detect multiple
gene targets simultaneously, differently coloured fluorescent probes with distinct spectra
are required.>* However, the number of fluorescent dyes that can be used for nucleic acid
detection is limited due to spectral overlap. This problem can potentially be resolved by
introducing multiple coloured fluorophores (e.g. FAM and Cy3) into a single probe. To
achieve this, different fluorophores can be attached to DNA via orthogonal chemical
reactions which require specific functional groups on different phosphoramidites/dNTPs
during the DNA assembly reaction (Chapter 1, Section 1.4.5).%7- 192138 Thjs will produce

probes with subtly different fluorescence emission spectra, akin to mixing different
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primary colours to produce various shades. However, these strategies require the
synthesis of different modified monomers (ANTPs). Here, a labelling strategy that ‘blends’
two different coloured BCN labelling fluorophores in a single reaction to give fluorescent

probes with specific emission spectra is developed.

To maintain the labelling efficiency and minimise fluorescence quenching, the PCR
products from 50% AHP dUTP and 50% dTTP (PH2, 523 bp, average 168 azide
modifications per duplex) were used in dual fluorophore labelling reactions with different
ratios of Cy3-BCN and FAM-BCN (Figure 4.27.A). Agarose gel analysis showed, as
expected, that the electrophoretic mobility of different combinations of Cy3 and FAM
labelled products varied because of their different structures and charge states (Figure
4.27.B and C). To detect fluorescent signals of both dyes simultaneously by fluorimetry,
samples were dissolved in TEAB buffer (75 mM, pH 8.0) and excited at 480 nm. These
samples were then reused after lyophilisation for gel electrophoresis analysis. When the
ratio of FAM-BCN changed from 100% to 75%, the fluorescence emission spectra
changed (Figure 4.27.D, PH2-5 and PH2-6), which demonstrates that diverse
fluorescently labelled products can be prepared simply by labelling with fluorescent dyes
in different combinations and ratios. This principle could be applied to two-colour
microarray-based hybridisation to detect more than two gene sequences simultaneously.
In the mixing range of FAM (100% to 75%) and Cy3 (0% to 25%), further alternative

combinations could be used to obtain different coloured fluorescent probes.
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Figure 4.27. Cy3-BCN and FAM-BCN dual labelling of 50% AHP-modified PCR amplicons. A.
Scheme for dual labelling. Agarose gel analysis of the dual labelled products before staining (B) and
after staining with ethidium bromide (C). Lane L, 100 bp ladder. (1.5% agarose gel) D. Fluorescence
emission spectra of the dual labelled products, excited at 480 nm (75 mM TEAB buffer, pH 8.0).
1/P0-1, unmodified amplicon mixed with Cy3-BCN (50%), negative control; 2/PH2-2 to 6/PH2-6, 50%
AHP-modified amplicons labelled with different combinations of Cy3-BCN (100% to 0%) and
FAM-BCN (0% to 100%) respectively.

To summarise, PCR amplification of AM and AHP dUTPs was successfully carried out
even when the modified dUTP was not supplemented with dTTP. The AHP dUTP was
amplified more efficiently than the AM dUTP and the AHP-modified amplicon duplexes
demonstrated good thermal stability. The PCR amplicons (523 bp) from reactions with
different ratios of AHP dUTP:dTTP all gave 100% correct sequencing results (i.e.
demonstrate faithful incorporation during PCR). These AHP-functionalised PCR
products were efficiently post-labelled with different BCN-modified fluorescent reporter
groups, and afforded intense fluorescence signals. A single step two-dye labelling method
was developed to prepare DNA probes with distinct fluorescence spectra. This is a
potential methodology to synthesise various fluorescent probes using limited numbers of

fluorophores for FISH applications.
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4.5 Synthesis of single and dual labelled fluorescent ssDNA probes

The probes discussed so far were double-stranded, however, single-stranded probes are
more sensitive than the denatured duplex DNA for hybridisation based detection.?® In
addition to automated solid phase oligonucleotide synthesis (Chapter 1, Section 1.3.1),
there are several methods to prepare single-stranded DNA (ssDNA). This is usually
performed using PCR amplification followed by exonuclease digestion of one strand,
magnetic beads separation (streptavidin-biotin binding), denaturing PAGE separation or
denaturing HPLC.?*® Several of these methods are explored to prepare fluorescently

labelled single-stranded probes from AHP-functionalised PCR products in this Section.

45.1 Synthesis of single-stranded probes via exonuclease digestion

A-exonuclease is derived from E. coli exonuclease and preferentially digests the
5'-monophosphate labelled strand of a DNA duplex.??% 22! |t has a toroidal structure
consisting of a homotrimer.?2 The DNA duplex substrate is positioned in the centre of
the toroid and the exonuclease threads through the DNA, enabling efficient
processivity.??? 222 O’Sullivan and co-workers compared several different ssDNA
production methods and demonstrated that the combination of A-exonuclease digestion
and asymmetric PCR (APCR) afforded single-stranded products with higher recovery
yield and purity.?!® Compared to PCR, APCR generates a mixture of double- and
single-stranded products by using unequal concentrations of the two primers (Chapter 1,
Section 1.3.2). Therefore, the AHP-modified ssDNA was initially synthesised by
exonuclease digestion of PCR products or by a combination of exonuclease digestion and
APCR (Figure 4.28). One PCR/APCR primer contained a 5'-phosphate group making this

strand a better substrate for A-exonuclease.
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Figure 4.28. A-exonuclease digestion of PCR or APCR products from AHP dUTP, template T8 or T11.

Table 4.4. Oligonucleotide sequences used in PCR/APCR and single strand synthesis.

Code  Sequences(5'-3")

P6 GCATTCGAGCAACGTAAG (primer for T8)

P7 GGTTATGTGTGTCGGCAG (primer for T8)

P6, Phosphate-GCATTCGAGCAACGTAAG (primer for A-exonuclease digestion)

P7, Phosphate-GGTTATGTGTGTCGGCAG (primer for A-exonuclease digestion)

P6p Biotin-GCATTCGAGCAACGTAAG (primer for streptavidin binding)

T8 GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGAGATTGTGTGCT
GGCGATCTTACGTTGCTCGAATGC (template)

P9 GTTTGGCTTTAGAGGCTGGAG (primer for T11)

P10 ACTGCAATACGAATAATGGCTAC (primer for T11)

P9, Phosphate-GTTTGGCTTTAGAGGCTGGAG (primer for A-exonuclease digestion)

P10,  Phosphate-ACTGCAATACGAATAATGGCTAC (primer for A-exonuclease digestion)

T11 Plasmid HydGdCTD5 template (Table 4.3)

4.5.1.1 Synthesis of short AHP-modified single strands

Single-stranded probes with 20 to 50 nucleotides are commonly used in hybridisation

applications.??* Therefore, the preparation of AHP-modified single strands was carried

out by A-exonuclease digestion of APCR products from a short template T8 (Figure

4.29.A). In addition to the AHP-modified single strand (ST), an unmodified and

complementary C12 strand was also prepared as a control. Agarose gel electrophoresis

revealed that a substantial amount of double-stranded amplicons were produced in the
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APCR amplifications when a ratio of 10:1 of normal to 5’-phosphorylated primers was
used (Figure 4.29.B). However, this could be due to sSDNA detection being less sensitive
than double-stranded DNA (dsDNA) using ethidium bromide staining. After
A-exonuclease digestion, only weak duplex bands were observed (Figure 4.29.C, single
strand lanes). To confirm that single-stranded probes had been produced, the
AHP-modified (ST) and complementary unmodified (C12) single strands generated by
APCR and A-exonuclease digestion were annealed to give intense duplex bands (Figure

4.29.C, re-annealing lanes).
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Figure 4.29. A. Scheme for exonuclease digestion of APCR/PCR amplicons and re-annealing of the
AHP-modified single strand (ST) with the complementary unmodified strand (C12). B. APCR using
KOD polymerase and template T8 (10:1 of primer P6:P7,/P7:P6y) with different ratios of AHP dUTP
to dTTP. Lane L, 25 bp ladder. C. A-exonuclease digestion of APCR products and re-annealing of the
AHP-modified single strands (ST) with C12. Lane L, 50 bp ladder. Lane 1/19/6, unmodified product;
lanes 2/29 to 5/59, 25% to 100% AHP-modified products. (2% agarose gel containing ethidium

bromide)
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To further support the above observation, agarose gel electrophoresis was repeated but
with SYBR Gold staining, which can detect both sSDNA and dsDNA. These gels showed
that APCR produced both double- and single-stranded products (Figure 4.30.A). As
expected, the yield and purity of ssSDNA was enhanced by A-exonuclease digestion
(Figure 4.30.B, single strand lanes).?!® When the AHP-modified ssDNA (ST) and
complementary strand (C12) were annealed, a fainter faster migrating band was also
observed in addition to the intense duplex band as a result of an excess of primers after
APCR (Figure 4.30.B, re-annealing (C12) lanes). This was confirmed as the annealing
product of sSSDNA with excess primers P6 and P7 (Figure 4.30.B, re-annealing (primers)
lanes). To simplify the above annealing strategy, the AHP-modified sSDNA was also
annealed to the complementary template T8 and the expected duplex products were
consistently observed (Appendix 8.8). These results confirm that both C12 (generated
from digestion of APCR product) and T8 (chemically synthesised) strands can be used in
the re-annealing reaction to form the desired duplex products. The preparation of
complementary DNA strand by digestion is important for the preparation of long sSDNA
(523-mer, Section 4.5.1.2). Such long DNA strands cannot be synthesised by solid phase

chemical methods.
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Figure 4.30. A. APCR using KOD polymerase and template T8 (10:1 of primer P6:P7,) with different
ratios of AHP dUTP to dTTP. Lane L, 25 bp ladder; lane TO, unmodified amplicon; lanes TH1 to TH4,
25% to 100% AHP-modified amplicons. D = double strands; S = single strands. B. A-exonuclease
digestion of APCR amplicons and re-annealing of the AHP-modified single strands (ST) with
complementary strand C12 or primers (P6 and P7). Lanes 1/19/1° and 6/6°, unmodified products; lanes
2/29/2° to 5/59/5P, 25% to 100% AHP-modified products. S + primer = single strands annealed with
primer. (2% agarose gel containing SYBR Gold)

45.1.1.1 Fluorescent labelling of short AHP-modified single strands

After optimisation of the preparation of AHP-modified single strands, these were labelled
with FAM-BCN to prepare fluorescent probes via the SPAAC labelling reaction.
FAM-BCN labelling with AHP-modified sSDNA was performed at 55 °C to improve the
labelling efficiency. The labelled products were re-annealed with the template T8 to
investigate their binding to the complementary strand (Figure 4.31.A). Native PAGE,
which offers better resolution than agarose gels, was used to analyse the labelling and

re-annealing reactions. Fluorescently labelled products were observed without staining
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(Figure 4.31.C, FAM-BCN labelled lanes), indicating that ssSDNA containing AHP dU
modifications was efficiently labelled with FAM-BCN. With lower percentages of AHP
dU modifications, broader fluorescent bands were observed compared to the fully
modified products, indicating the varied numbers of azides inside each sSDNA (Figure
4.31.C, FAM-BCN labelled lanes). These labelled products were successfully
re-annealed with template T8 and afforded fluorescent dsDNA (Figure 4.31.C,
re-annealing lanes). The fluorescence intensity of the re-annealed duplexes increased with
higher numbers of AHP dU modifications (Figure 4.31.B). Importantly, this shows that
single-stranded oligonucleotides, even with large numbers of bulky fluorophores, can
efficiently anneal to their complementary strands and could be subsequently used for

DNA fluorescence detection applications.
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Figure 4.31. FAM-BCN fluorescent labelling of AHP-modified single strands (ST) and re-annealing
of the labelled products with template T8. A. Scheme for labelling and re-annealing. B. Relative
fluorescence intensity for the re-annealed duplex products (lanes 19 to 59 in Figure C). Native PAGE
analysis before staining (C) and after staining with SYBR Gold (D). Lane L, 25 bp ladder; lane 1/1719,
unmodified product; lanes 2/272¢ to 5/5759, 25% to 100% AHP-modified products; lane T, template
T8. D = duplex products; T + primer, excess primer annealed to template T8; T = template T8. (12%
native PAGE)
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4.5.1.1.2 Dual labelling of short AHP-modified single strands

After the success in obtaining one colour single-stranded probes, a dual labelling strategy
using different combinations of two fluorophores was examined as described previously
for double-stranded AHP-modified PCR amplicons (Section 4.4.1). 50% AHP-modified
sSDNA (81-mer, average 5.5 modifications per strand) was initially labelled with
FAM-BCN and Rhodamine-B-BCN 4.10 (Figure 4.32.A). Rhodamine-B-BCN was used
since it has similar absorption and fluorescent emission spectra to Cy3-BCN but also has

greater aqueous solubility (Figure 4.32).
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Figure 4.32. A. Chemical structure of Rhodamine-B-BCN (purchased from Synaffix). Absorption
spectra (B) and emission spectra (C) of FAM-BCN (0.1 M TEAB buffer, pH 8.0), Cy3-BCN (EtOH)
and Rhodamine-B-BCN (EtOH).

As FAM-BCN showed lower labelling efficiency in the dual-labelling of AHP-modified
PCR amplicons (Section 4.4.1), a higher ratio of FAM-BCN to Rhodamine-B-BCN was
used throughout. Fluorescent bands were observed by native PAGE without staining;
FAM-BCN and Rhodamine-B-BCN labelled products showed fluorescent bands in their
corresponding detection channels (Figure 4.33.C and D). The dual labelled probes were
re-annealed with the template T8 and the fluorescence intensity of the duplex products
was quantified by ImageJ software. When the percentage of FAM-BCN was changed

from 100% to 90%, the relative fluorescence intensity of the FAM-signals decreased
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dramatically by three-fold (Figure 4.33.B, 2" and 3%). This may be due to the lower
reactivity of FAM-BCN relative to Rhodamine-B-BCN. The fluorescence intensity of
Rhodamine-B decreased slightly when the percentage of Rhodamine-B-BCN was varied
from 10% to 40% (Figure 4.33.B, 3" to 6°). This may be the result of spectral overlap of
the two fluorophores or the collisional quenching effect of densely labelled Rhodamines
(Figure 4.32.B and C). These results demonstrate that this dual-labelling strategy can
afford fluorescent probes with different fluorescence profiles, which could be used in

FISH applications to target different DNA or RNA sequences.
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Figure 4.33. Dual labelling of 50% AHP-modified single strands (ST) with different combinations of
FAM-BCN (100% to 60%) and Rhodamine-B-BCN (0% to 40%). A. Scheme for dual labelling and
re-annealing. B. Relative fluorescence intensity for the re-annealed duplex products in FAM and
Rhodamine channels (lanes 1" to 6" in Figure C and D). Native PAGE analysis visualised before
staining by FAM channel (C), Rhodamine channel (D) and after staining with SYBR Gold (E). Lane
1/1%, unmodified product, negative control; lanes 2/2" to 6/6", 50% AHP-modified products. (12%
native PAGE)
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45.1.2 Synthesis of long AHP-modified single-stranded probes

Short single-stranded fluorescent probes of the kind described above are very useful for
target DNA sequence detection. However, in the case of genome analysis, longer
intensely fluorescent probes are commonly used.?” 22 The same digestion and
fluorescent labelling techniques were therefore used to synthesise long fluorescent probes
from AHP-modified APCR products (T11) (Figure 4.34.A). Of the primers used, using
primer P9 as the limiting primer was more efficient than using primer P10 as judged by
the intensity of APCR product bands (Figure 4.34.B, APCR lanes). This is possibly due
to the higher Tm (54.3 °C) of P9 relative to P10 (52.8 °C).%* 227 228 The T, of an
oligonucleotide indicates its binding affinity to its complementary strand and is
concentration dependent. Therefore, when primer P9 is used as a limiting primer in APCR,
it anneals to the template strand better and amplifies more efficiently compared to primer

P10.

During the A-exonuclease digestion, as the number of AHP dU units increased in the
phosphorylated strand, digestion became progressively slower, and a faint duplex band
was present in the 100% AHP dU single-stranded sample (Figure 4.34.B, lane 5°).
Nonetheless, sSDNA products were confirmed by re-annealing of the modified strand (SP)
with unmodified complementary C13 (lane 6°) to form hybrid modified/unmodified DNA

duplexes (Figure 4.34.B, re-annealing (C13) lanes).
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Figure 4.34. A—exonuclease digestion of APCR amplicons (T11, 10:1 of P10:P9,/P9:P10;). A. Scheme
for digestion and re-annealing of the AHP-modified single strands (SP) with the complementary
unmodified strand C13. B. Agarose gel analysis of digestion and re-annealing. Lane L, 100 bp ladder;
lanes 1/1%/1¢ and 6/6°%, unmodified products; lanes 2/25/29 to 5/5%/59, 25% to 100% AHP-modified

products. D = duplex products; S = single strands. (1.5% agarose gel containing ethidium bromide)

FAM-BCN was then used to label the AHP-modified long ssDNA (523-mer), followed
by re-annealing with complementary strand C13. As expected, fluorescent bands for the
labelled single strands and the re-formed duplexes were visualised without the need for
dye-staining (Figure 4.35.B). These results show that this strategy can be used to prepare
very long single-stranded fluorescent probes. It could be applied to the Cy3-BCN or

Cy5-BCN dyes if additional hydrophilic modifications can be attached to the
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fluorophores to improve their aqueous solubility such as the oligothymine linker used

previously or sulfonic acid groups directly attached to the dye.?%
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Figure 4.35. FAM-BCN fluorescent labelling of AHP-modified single strands (SP). A. Scheme for
labelling and re-annealing. Agarose gel analysis before staining (B) and after staining with ethidium
bromide (C). Lane L, 100 bp ladder; lanes 1/17/19 and 6, unmodified products, controls; lanes 2/2/2¢
to 5/5/59, 25% to 100% AHP-modified products. (1.5% agarose gel) The labelling reactions were also
analysed by agarose gel containing ethidium bromide (Appendix 8.9).

4.5.2 Synthesis of dual labelled single-stranded probes using streptavidin magnetic

bead separation

The previous fluorescent labelling of ssDNA, generated by exonuclease digestion of
APCR or PCR products involves laborious purification procedures between each step. To
simplify the digestion and labelling strategy, another widely used method to prepare
single-stranded oligonucleotides, streptavidin-coated magnetic bead separation is
described in this section.??® 20 Streptavidin is a protein from Streptomyces avidinii and
has an extremely high affinity for biotin via non-covalent binding.?* By using one
5’-biotin modified PCR primer and one unmodified primer, PCR amplicons can be
captured on streptavidin magnetic beads (Figure 4.36). Alkaline or heat denaturation can
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then be used to denature the DNA duplex. The un-biotinylated strand is liberated into
solution and can be collected, while the biotinylated complementary single strand remains
attached to the magnetic beads. Furthermore, the unwanted excess triphosphates from the

PCR can be removed easily by washing the streptavidin magnetic beads.

Biotin

Binding and +
NNNS 2, LA
Template T8 Streptavidin
N i beads
RPN u,\\\\\\du

Figure 4.36. Streptavidin magnetic bead separation to make single-stranded products from
AHP-modified PCR amplicons with biotin modified strands.

For the preparation of fluorescent probes, labelling the biotinylated strand with
fluorophores is a better strategy than labelling the un-biotinylated strand due to the
simpler purification by washing the streptavidin magnetic beads to remove excess
reagents. Therefore, PCR using AHP dUTP with dTTP in a 1:1 ratio was carried out in
the presence of template T8, one normal primer (P6) and one 5’-biotin modified primer
(P7b, Table 4.4). PCR amplicons were bound to the streptavidin beads before sodium
hydroxide denaturation. The remaining single strands on the magnetic beads were
labelled with two dyes simultaneously. Initially dual labelling was examined using
different combinations of FAM-BCN and Cy3-BCN (Figure 4.37.A). The unmodified
product was used as the negative control for fluorescent labelling. After completion of
the labelling reaction, samples were washed with 70% ethanol. The labelled
oligonucleotides were then cleaved from the beads by treatment with formamide. The

dual labelled products were first analysed by denaturing PAGE (Figure 4.37.C, D and E)
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and quantified using ImageJ software. As observed previously, a sharp 4.2-fold decrease
in FAM-fluorescence intensity occurred upon reducing the ratio of FAM-BCN from 100%
to 90%, whilst the Cy3 signal intensity increased progressively as Cy3-BCN was changed
from 10% to 30% (Figure 4.37.B). This implies that the product from the bead-based
labelling strategy is not significantly different to that obtained by APCR and

A-exonuclease digestion.
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Figure 4.37. FAM-BCN and Cy3-BCN dual labelling of 50% AHP-modified single strands from
streptavidin magnetic separation. A. Scheme for dual labelling. B. Relative fluorescence intensity for
single-stranded product bands in FAM and Cy3 channels (lanes 3 to 7 in Figure C and D). Denaturing
PAGE analysis visualised before staining by FAM channel (C), Cy3 channel (D) and after staining
with SYBR Gold (E). Lane 1, unmodified product; lane 2, unlabelled 50% AHP-modified product;
lane 3, unmodified product mixed with 100% FAM-BCN, negative control; lanes 4 to 7, 50%
AHP-modified products labelled with different combinations of FAM-BCN (100% to 70%) and
Cy3-BCN (0% to 30%) respectively. (8% denaturing PAGE)

To check the purity and annealing properties of the dual labelled products, the labelled
50% AHP-modified ssDNA was annealed to the complementary strand (T8) and analysed

by native PAGE (Figure 4.38.A and Appendix 8.10.1). The fluorescent quantification of
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the re-annealed duplexes (DB) showed the same trend as the denaturing PAGE results
(Figure 4.37.B and Figure 4.38.C). The signal observed in the FAM channel for 100%
Cy3-BCN labelled product (DB2-6") was caused by the overlapping absorption spectra

of FAM and Cy3 (Figure 4.38.B and C).
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Figure 4.38. FAM-BCN and Cy3-BCN dual labelling of 50% and 100% AHP-modified single strands
from streptavidin magnetic separation. A. Scheme for dual labelling and re-annealing. B. Absorption
spectra of FAM-BCN (75 mM TEAB buffer, pH 8.0), Cy3-BCN (EtOH) and Cy5-BCN (EtOH). C
and D. Relative fluorescence intensity for the re-annealed duplex products in FAM and Cy3 channels
(DB, original native PAGE see Appendix 8.10.1 and 8.10.2). DB0-1", unmodified product with 100%
FAM-BCN, negative control; DB2-2"/DB4-2" to DB2-6"/DB4-6", AHP-modified products labelled
with different combinations of FAM-BCN (100% to 0%) and Cy3-BCN (0% to 100%) respectively.

In comparison with the 50% AHP-modified products, the fully AHP dU products
(containing eleven modifications per strand) afforded more intense (brighter) ssDNA
probes as shown in the single fluorophore labelling reactions (Figure 4.31). Dual labelling
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reactions were therefore carried out using the 100% AHP dU products. Surprisingly upon
labelling, a 6.7-fold reduction in FAM fluorescence was observed when FAM-BCN was
decreased from 100% to 90% (Figure 4.38.D, DB4-2" and DB4-3"). This reduction is
larger than that of the 50% AHP dU products (2.7-fold, Figure 4.38.C, DB2-2" and
DB2-3%). On the other hand, the Cy3 fluorescence of both 50% and 100% AHP dU
products increased progressively as more Cy3-BCN was used. This may be due to the

lower activity of FAM-BCN relative to Cy3-BCN.

The dual labelling strategy was then expanded to a FAM-BCN and Cy5-BCN system
(Figure 4.39), in which the two fluorophores do not have overlapping absorption spectra
(Figure 4.38.B). Similar results to those obtained for the FAM-Cy3 system were observed,
thus indicating that a combination of the negatively charged FAM-BCN and positively
charged Cy3 or Cy5 is not an ideal combination. This is possibly due to the unfavourable

electrostatics between negatively charged FAM and the anionic oligonucleotide backbone.
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Figure 4.39. FAM-BCN and Cy5-BCN dual labelling of 50% and 100% AHP-modified single strands
from streptavidin magnetic separation. A. Scheme for dual labelling and re-annealing. B and C.
Relative fluorescence intensity for the re-annealed duplex products in FAM and Cy5 channels (DB,
original native PAGE see Appendix 8.10.3 and 8.10.4). DB0-1, unmodified product with 70%
FAM-BCN, negative control; DB2-2"/DB4-2" to DB2-6"/DB4-6", AHP-modified products labelled
with different combinations of FAM-BCN (100% to 0%) and Cy5-BCN (0% to 100%) respectively.
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Consequently, dual labelling using Cy3-BCN and Cy5-BCN was investigated (Figure
4.40.A). No fluorescent bands were observed for the dual labelled single strands,
presumably due to the collisional fluorescence quenching between each fluorophore in
the unstructured ssDNA (Figure 4.40.B and C). In contrast, when annealed to the
complementary T8 strand, the labelled fluorophores are held apart by the rigid duplex,
reducing collisional quenching and giving rise to intense bands on the native PAGE. This
favourable ‘off-on’ system upon duplex formation should provide better detection for
hybridisation applications by reducing the background signal. Most importantly, the
fluorescence of the re-formed duplex demonstrated a progressive decrease in Cy5 signal
when the percentage of Cy5-BCN was varied from 100% to 0%, while the Cy3
fluorescence intensity increased in proportion to the percentage of Cy3-BCN used (Figure
4.41.B and C). This clearly demonstrates the feasibility of making fluorescent probes with

subtly different fluorescence characteristics using only two fluorophore labels.
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Figure 4.40. Dual labelling of 50% AHP-modified single strands from streptavidin magnetic
separation with different combinations of Cy5-BCN (100% to 0%) and Cy3-BCN (0% to 100%). A.
Scheme for dual labelling and re-annealing. Native PAGE analysis visualised before staining by Cy3
channel (B), Cy5 channel (C) and after staining with SYBR Gold (D). Lane L, 25 bp ladder; lane 1/17,
unmodified product, negative control; lanes 2/2* to 7/7%, 50% AHP-modified products; lane T,
complementary T8. (12% native PAGE)
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Figure 4.41. Cy3-BCN and Cy5-BCN dual labelling of 50% and 100% AHP-modified single strands
from streptavidin magnetic separation. A. Scheme for dual labelling and re-annealing. B and C.
Relative fluorescence intensity for the re-annealed duplex products in Cy3 and Cy5 channels (DB,
original native PAGE see Figure 4.40 and Appendix 8.10.5). DB0-1", unmodified product with 40%
Cy5-BCN, negative control; DB2-2"/DB4-2" to DB2-7"/DB4-7", AHP-modified products labelled
with different combinations of Cy5-BCN (100% to 0%) and Cy3-BCN (0% to 100%) respectively.

To summarise, a broad range of single-colour and dual-colour ssDNA probes (81-mer
and 523-mer) with different fluorescent profiles were successfully obtained. These could
potentially be used to detect multiple targets simultaneously in FISH applications. The
advantage of using streptavidin magnetic bead separation over A-exonuclease digestion
is clear in that it simplifies purification by enabling excess reagents to be washed away;
allows densely labelled products bound to the beads thereby preventing aggregation due
to the presence of multiple hydrophobic cationic Cy3 and Cy5 labels; and provides an

additional pull down tag in the form of biotin.

4.6 Reverse transcription using azide dUTPs

Finally, to investigate the biocompatibility of AM and AHP dUTPs with RNA dependent

enzymes, reverse transcription was carried out (Figure 4.42). This enables the synthesis
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of modified DNA products from RNA templates, and is very important for RNA detection

as well as the RNA-aptamer field.?32234
{‘ K h 6 R N3
,V Reverse transcription W
Azide dUTP, dATP ) s

Reverse transcnpmse dGTP, dCTP

AM dUTP: Ny~ “dUTP
o)
AHP dUTP: Ny~~~
N
dUTP

Figure 4.42. Reverse transcription using a RNA template and azide dUTPs.

The AM and AHP dUTPs were tested for incorporation against two synthetic RNA
templates, carrying the same sequence as the primer extension templates (Figure 4.43 and
Figure 4.44). Moloney Murine Leukemia Virus reverse transcriptase (M-MuLV, RNase
H") without RNase activity, and Avian Myeloblastosis Virus reverse transcriptase (AMV)
were employed. AM and AHP dUTPs were incorporated successfully in the presence of
both templates (T4 and T5) and produced fully extended products with M-MuLV and
AMV reverse transcriptases (Figure 4.43 and Figure 4.44). M-MuLV (RNase H)
reactions gave nearly quantitative conversion to the targeted products, whereas with
AMV some residual primers remained (Figure 4.43 and Figure 4.44). Therefore M-MuLV
(RNase H) appears to be a better choice and with further work this could be exploited for
DNA functionalisation. For example, these azide-modified RNA/DNA duplexes are
known to be good substrates for RNase, which can selectively digest the RNA strand and
leave the complementary modified DNA strand intact.?%* 2% This could be investigated

as a future strategy to prepare sSDNA probes.
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T4: CAGUCACUGUACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

A M-MuLV B AMV
ANTP  AM AHP ANTP  AM AHP
N 1 2 2 22 32 ]b pb 3b 1 2 12 22 32 b b 3D

AM/AHP | - [ - - |+ + + |+ + + A I T
T - + o+ - - + - - + - + +
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Figure 4.43. Reverse transcription with azide dUTPs, primer P3 and RNA template T4 using M-MuLV
(RNase H-, A) and AMV (B) reverse transcriptases. 3.2 nmol of each triphosphate was used unless
otherwise stated. Lane N, reaction without triphosphates; lane 1/13/1°, dTTP or modified dUTP; lane
2/22/2°, dTTP or modified dUTP + dATP + dCTP + dGTP; lane 3%/3° dTTP (1.6 nmol) + modified
dUTP (1.6 nmol) + dATP + dCTP + dGTP. (20% denaturing PAGE)

T5: CAGUCACAAAACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

A M-MulLV B AMV
dNTP AM AHP dNTP AM AHP
la 2a 3a b 2b 3b 1a p2a 3a b 2b 3b

AM/AHP | - - - + + + + o+ + - - - + + + |+ + +
T + - + + 4+ + +
AC.G - - + - + o+ -+ o+ - -+ - + o+ - o+ +

Figure 4.44. Reverse transcription with azide dUTPs, primer P3 and RNA template T5 using M-MuLV
(RNase H-, A) and AMV (B) reverse transcriptases. 3.2 nmol of each triphosphate was used unless
otherwise stated. Lane N, reaction without triphosphates; lane 1/1%/1°, dTTP or modified dUTP; lane
2/23/2°, dTTP or modified dUTP + dATP + dCTP + dGTP; lane 3%/3°, dTTP (1.6 nmol) + modified
dUTP (1.6 nmol) + dATP + dCTP + dGTP. (20% PAGE)
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4.7 Conclusions

Primer extension, reverse transcription and PCR reactions were successfully used to
prepare azide-modified DNA strands using AM and AHP dUTPs. PCR with AHP dUTP
was more efficient than AM dUTP and gave correct products with perfect sequence
fidelity beyond 500 bp in length. The AHP-modified product was more thermal-stable
than the unmodified product, whereas the AM modification decreased DNA duplex
stability. SPAAC post-labelling of AHP-modified primer extension products with
Cy3-BCN was more efficient than AM dU due to the longer linker between the azide and
uracil base. A variety of BCN functionalised fluorophores were used to label the
AHP-modified primer extension and PCR products; Cy3-BCN labelling was more
efficient than Cy5-BCN and FAM-BCN. A new dual labelling strategy using different
combinations of Cy3-BCN and FAM-BCN was developed to label the long AHP dU PCR

products.

AHP-modified single strands were successfully generated from PCR amplicons via
A-exonuclease digestion and streptavidin magnetic bead separation. From the reaction
using different ratios of AHP dUTP to dTTP, ssDNA can be labelled with single
fluorophores to yield fluorescent probes with different fluorescent intensities. Importantly,
two fluorophores can be used in a dual-labelling strategy, giving a variety of novel probes
with distinct fluorescent spectra. These probes could be potentially used in FISH
detection to target multiple gene sequences and will be studied in the future. In the context
of this work, the successful in vitro incorporation of AHP dUTP by Klenow polymerase
suggests that the corresponding nucleoside might be a candidate for incorporation into

and imaging of genomic DNA in a cellular context.!®’
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Chapter 5 Imaging DNA synthesis In

cells
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5 Imaging DNA synthesis in cells

5.1 Background and aims

Nascent DNA and RNA synthesis has been monitored in proliferating cells using ethynyl
modified nucleosides by fluorescence staining via the copper-catalysed azide-alkyne
cycloaddition reaction (CUAAC, Chapter 1, Section 1.5).38 97 153,155 Ethynyl nucleoside
(EdU, EU and EdC) are converted to their triphosphates by various kinases in cells and
are incorporated by cellular DNA/RNA polymerase enzymes into genomic DNA and
RNA. After cell fixation these can be reacted with azide derivatives of fluorophores and
visualised. The high concentrations of copper catalyst used in the CuUAAC labelling
reactions are toxic to cells and causes DNA degradation, restricting its applications in live
cells.?>2%7 To avoid this problem, the inverse electron demand Diels-Alder reaction
(IEDDA) using vinyl deoxyuridine (VdU) and the strain-promoted azide-alkyne
cycloaddition reaction (SPAAC) using azidomethyl deoxyuridine (AM dU) have recently
been found to be efficient copper-free alternatives.'®® 57 Functionalised genomic DNA
can be fluorescently labelled with tetrazine or cyclooctyne modified fluorophores using
these reactions. This provides potential tools to visualise DNA and RNA in living systems.
Until now, nucleosides modified with trans-cyclooctene (a more reactive dienophile than
a vinyl group for the IEDDA reaction) have not been reported for use in DNA imaging in
cells. In this chapter the utility of trans-cyclooctene modified nucleosides for the above
application is explored. Modified nucleosides containing azides or fluorophores are also
examined to expand the cellular DNA imaging toolkit. The long term aim is to provide
diverse methodologies to aid the understanding of DNA replication, transcription and

related processes in cells and organisms.
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5.2 Synthesis of modified nucleosides

5.2.1 Synthesis of azide-modified nucleosides

Compared to alkynes, azides can be functionalised using more varied chemistries, i.e. the
Staudinger, CUAAC and SPAAC reactions.” 107115 5. Azidomethyl-2'-deoxyuridine 4.1
(AM dU, Figure 5.1) has been previously utilised in different cell lines to prepare
modified genomic DNA which was subsequently reacted with fluorophores tagged with
bicyclo[6.1.0]nonyne (BCN) via the SPAAC reaction.™®” Therefore, AM dU 4.1 was used
as a comparator for the new methodology described in this chapter. The azido-RNA
nucleosides 5-azidomethyl uridine 5.1 (AM U) and 5-azidopropyl uridine 5.2 (APr U),
were also studied to investigate their utility in cellular RNA imaging (Figure 5.1).110. 238
This work was undertaken because successful in vitro incorporation of 5-azidopropyl
uridine-5'-triphosphate (APr UTP) into RNA has been reported by Srivatsan et al.,''° and
the nucleoside APr U is likely to be converted to its triphosphate and incorporated into
RNA by cellular enzymes. All three compounds in Figure 5.1 were synthesised by Dr
Marta Gerowska in the Brown group and were purified by reversed-phase high

performance liquid chromatography (RP-HPLC).

0 o o
NS N3/\{kNH N3/\/\kaH
N/&O NAO N/go
HO HO HO
o o o
OH OH OH OH OH

4.1 [AM dU] 5.1 [AM U] 5.2 [APr U]

Figure 5.1. Chemical structures of AM dU, AM U and APr U.
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As shown in Chapter 4, 5-azidohexanamidopropargyl-2'-deoxyuridine-5'-triphosphate
4.5 (AHP dUTP) is compatible with enzymatic nucleic acid copying and is a better
substrate for KOD DNA polymerase than AM dUTP 4.2; the respective longer chain
azide-modified DNA products also demonstrated more efficient fluorescent labelling via
the SPAAC reaction. Due to these favourable properties we reasoned that AHP dU
nucleoside would be more efficiently utilised by cellular DNA polymerase enzymes and
fluorescently labelled than the previously reported AM dU.™ Therefore,
5-azidohexanamidopropargyl-2'-deoxyuridine 5.3 (AHP dU) was synthesised and studied
with cellular DNA imaging applications in mind. The synthesis involved labelling
5-aminopropargyl-2'-deoxyuridine 2.2 (amino dU) with 6-azidohexanoic acid NHS
active ester 4.4 (Scheme 5.1). These nucleosides with the azide group attached to the
uracil base via different linkages enable studies to determine their suitability in cellular

nucleic acid imaging.

N o 5 N o
HO 6-Azidohexanoic acid NHS 4.4 HO
o} - o
1 M TEAB/DMF, 55 °C, 4 h, 62%
OH OH
2.2 [Amino dU] 5.3 [AHP dU]

Scheme 5.1. Synthesis of AHP dU.

5.2.2 Synthesis of trans-cyclooctene-modified nucleosides

Two trans-cyclooctene (TCO) modified nucleosides, which correspond to the modified
triphosphate TCO-S dUTP 3.1 and TCO-L dUTP 3.2 investigated in Chapter 3, were also
prepared from amino dU 2.2. These TCO dUTPs demonstrated efficient enzymatic

incorporation using different DNA and RNA templates in primer extension, PCR and
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reverse transcription. If the corresponding nucleosides are compatible with cellular
enzymes, they could be used to visualise genomic DNA by fluorescence staining via the
IEDDA reaction.’3! Commercially available trans-cyclooctene NHS carbonate 3.3 and
ester 3.4 were coupled to amino dU 2.2 to afford TCO-S dU 5.4 with a short linker and
TCO-L dU 5.5 with a longer tetraethylene glycol linker (Figure 5.2). These two
nucleosides were synthesised for subsequent evaluation for genomic DNA labelling in

cells.

N” O 54[TCO-S dU]

o} o
HoNT X 0@/ HO
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2.2 [Amino dU] H H | NH
N"0
5.5 [TCO-L dU] HO
o
B OH
0 o)
OAO”N O)kN/\/o\/\O/\/O\/\O/\)kO’N
o) H 0
3.3 [TCO-S NHS] 3.4 [TCO-L NHS]

Figure 5.2. A. Synthesis of TCO-modified deoxyuridines. B. Structures of TCO-S NHS carbonate and
TCO-L NHS ester.

5.2.3 Synthesis of a fluorescent nucleobase analogue

If a compound is both a fluorescent molecule and a base analogue, the replicating DNA
can be detected directly without an extra fluorescent labelling step.>® Fluorescent base

analogues are structurally related to and can base pair with natural nucleobases.®® In
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fluorescent probes containing this type of analogue, the fluorescent dye is attached rigidly
and positioned close to the centre of the duplex. This enables higher resolution
determination of distances (e.g. by FRET) than commonly used fluorophores (those that
are not involved in base pairing) or more conventional fluorescently-modified bases
which have fluorophores attached by long linkers. An example of a fluorescent base
analogue is quadracyclic adenine 5.7 (QC dR, Xex,water = 337 nm, Aem water = 456 NmM) which
pairs specifically with thymidine to form a stable A:T base pair analogue.*® 2°
Wilhelmsson and co-workers showed that this analogue has a higher quantum yield in
DNA duplexes than the free monomer 5.7,%8 and therefore it is likely to give a good signal
in cellular DNA imaging applications. This quadracyclic adenine analogue has been
suggested to have better cell membrane permeability due to its higher lipophilicity
compared to natural adenine.?®® The nucleoside 5.7 was therefore synthesised for testing
in cellular DNA visualisation (Scheme 5.2). The starting material, 3’,5'-toluoyl
quadracyclic adenine-2'-deoxyriboside 5.6 was previously synthesised in the Brown
group.®® The protecting groups were removed using sodium methoxide to afford

compound 5.7.

NH NH
‘1) 1D
— ~
NT N NaOMe NN
(e} _— HO
(0] MeOH, RT, (e}
(o] 48 h, 26%
le) (o) OH
5.6 5.7 [QC dR]

Scheme 5.2. Synthesis of quadracyclic adenine analogue.*®
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5.3 Cellular DNA imaging using modified nucleosides

The above azide and cyclooctene modified nucleosides (4.1, 5.1 to 5.5) and a fluorescent
analogue (5.7) were used to label DNA and RNA in proliferating cells. Commercially
available ethynyl dU 5.8 (EdU, Figure 5.3.A) and AM dU 4.1 were used as controls as
there are previous reports for their use in cellular/nuclear DNA labelling.3® %
Adenocarcinoma human alveolar basal epithelial cell line A549 was used for this
application.#% 241 This cell line is hypotriploid with 66 chromosomes, and grows as an
adherent monolayer. It has been demonstrated with good compatibility for cellular DNA
imaging application using modified nucleosides.™” Cells (5,000 cells) were grown for
24 h on the coverslips then treated with fresh nutrient carrying modified nucleosides for
a further 24 h. The cells were fixed using 3.7% formaldehyde and treated with 0.5%
Triton® X-100 to improve the membrane permeability for subsequent fluorescent staining.
Different chemical reactions (CUAAC, SPAAC and IEDDA) were used to stain the cells
with a variety of fluorophores. After that, 4',6-diamidino-2-phenylindole 5.9 (DAPI,
Figure 5.3.B) was used to stain the cell to provide a positive control for nuclear imaging
and analysed by confocal fluorescence microscopy. The above protocol is the procedure
suggested by the supplier of the EdU staining kit (Invitrogen). An alternative protocol
described by Neef and Luedtke, where the staining step precedes Triton® X-100 treatment,
was also tested but failed to give positive results for either nucleoside.*®” The fluorescent
analogue QC dR 5.7 was tested in collaboration with Dr Afaf EI-Sagheer and did not give

positive results.

157



Chapter 5

O
NH,

5.9 [DAPI]

T
(o]
ﬁ
P4
I
N
Iz

5.8 [EdU]

Figure 5.3. Chemical structures of ethynyl dU (A) and 4',6-diamidino-2-phenylindole (DAPI, B).

Unfortunately, only the EdU control sample gave an intense fluorescent image of nuclear
DNA using Cy3-azide and AlexaFluor-594-azide via the CuAAC labelling (Figure 5.4
and Figure 5.5). All the other modified DNA and RNA nucleosides including the AM dU
control gave negative results in the fluorescent labelling experiments, with no
fluorescence observed in the nucleus. The AM dU only showed fluorescent labelling in
the cytoplasm, which is in contrast with the previously reported studies (Figure 5.6).1%
Representative results from experiments with azide and trans-cyclooctene modified

nucleosides are shown in Figures 5.6 to 5.8.
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Figure 5.4. Cells treated without modified nucleosides (negative control) or with EAU (10 uM), and

Negative
control

stained with Cy3-azide using the CUAAC reaction. 20 micron scale bar shown.

158



Chapter 5

DAPI AlexaFluor 594 Merged
Negative 5.10 [AlexaFluor-594-azide]
control
o]
= /LLNH +
| ¢ EdU (CH3CH,);NH
N” 0

Figure 5.5. Cells treated without modified nucleosides (negative control) or with EQU (10 uM), and
stained with AlexaFluor-594-azide using the CUAAC reaction. 20 micron scale bar shown.
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Figure 5.6. Cells treated with different azido deoxyuridines and uridine (100 uM), and stained with
AlexFluor-594-DIBO using the SPAAC reaction. 20 micron scale bar shown.
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DAPI Cy3 Merged

Negative
control

5.12 [Cy3-alkyne]

/\\V;

Figure 5.7. Cells treated without modified nucleosides (negative control) or with different azido
deoxyuridines (100 uM), and stained with Cy3-alkyne using the CUAAC reaction. 20 micron scale bar

shown.
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Figure 5.8. Cells treated without modified nucleosides (negative control) or with TCO-S dU (100 uM)

Negative 3.5 [Cy3 tetrazine]

control

and stained with Cy3-tetrazine using the IEDDA reaction. 20 micron scale bar shown.

The putative azido DNA and RNA samples were initially stained with commercially
available AlexaFluor-594-dibenzocyclooctyne (AlexaFluor-594-DIBO) via the SPAAC
reaction (Figure 5.6). The reason for the negative results might be that DIBO reacts with

thiols in peptides and proteins that are present in the cell (Figure 5.9).130242
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Figure 5.9. General scheme for cyclooctyne reaction with thiol.130

To test the above assumption, Cy3-alkyne (provided by Dr Marta Gerowska in the Brown
group) was used to label DNA (presumably containing AM dU and AHP dU) via the
CUuAAC reaction (Figure 5.7). Weaker cytoplasm staining was observed compared to the
SPAAC staining method (Figure 5.6). Salic and Mitchison reported that cellular DNA
imaging using 5-azido-2'-deoxyuridine gave a stronger background signal than when
DNA containing EdU was labelled with fluorophores using the CUAAC reaction.® The
above results suggest that the side-reaction between cyclooctyne and thiols might not be
the main reason for the intense cytoplasm staining, and that the modified nucleosides
might not be phosphorylated efficiently by the cellular enzymes. Poor transportation of
modified nucleosides into the cell and/or inefficient transformation from nucleosides to
monophosphates, diphosphates and triphosphates have been reported as major problems
for the in vivo applications.?*® In addition to this, the failure of the TCO nucleosides
(Figure 5.8) might be caused by the conversion from trans-cyclooctene to the less reactive
cis-cyclooctene form, mediated by the thiols in the cytoplasm.?** The TCO group has
been reported to be stable in PBS solution at 37 °C for one week, while in commercial

mouse serum, the half-life is only 0.83 h.2%°

5.4 Synthesis and study of protected nucleoside monophosphates

In order to be effective for imaging cellular nucleic acids after delivery into cells,

modified nucleosides must be converted into their monophosphates, diphosphates and
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triphosphates by cellular kinases.!*” 14° The monophosphate conversion step is
well-studied and is the rate limiting step with low yield for some modified nucleosides.
Circumventing this step by delivering nucleoside monophosphates into cells would
improve their conversion to the active triphosphates. However, under physiological
conditions nucleoside monophosphates are negatively charged, and have poor cell
membrane permeability. They are also susceptible to dephosphorylation.** To improve
cell permeability in the antiviral drug field, lipophilic protecting groups have been utilised
to produce masked nucleoside monophosphates.t®® ! Lipophilic monophosphates are
delivered into the cell more efficiently than their unprotected charged counterparts.
McGuigan and co-workers used this strategy to improve the cell delivery and the uptake
of masked phosphate nucleotides in studies on antiviral drugs.?*®-2® After entering the
cell, the protecting groups are rapidly cleaved by cellular enzymes to afford free
nucleoside monophosphates (Figure 5.10).2°! These are converted to diphosphates and
then to the active triphosphates. Using this strategy, high levels of antiviral nucleoside
triphosphates were produced inside the cells.?*® 2 This approach was therefore applied
to our cell imaging investigations for some of the modified nucleosides discussed in

previous section.

'g CIx2 ﬁ Sellular 9 (H) Qellular 9 9 9
30" 1 “nucleoside 0" nucleoside 2% PP . Kinase  p___P__P. )
(o) O O 1 "O" I “nucleoside Q" 1”0”1 0" 1 “nucleoside
T o O O O O

Controlled, selective
delivery

[ = protecting groups

Figure 5.10. Transformation of masked nucleoside monophosphates into active triphosphates in

cells. 151
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5.4.1 Synthesis of protected nucleoside monophosphates

Large numbers of phosphate protecting groups have been designed and tested.?>%-252 The
analysis of structure-activity relationships (SAR, Figure 5.11.A) shows that minor
changes to the protecting groups greatly affect their properties. Aryloxy
phosphoramidates with an L-alanine ester modification on the phosphorus centre are
highly active in terms of deprotection in cells, producing high concentrations of
corresponding triphosphates.?*%-2°! The proposed deprotection mechanism starts with the
enzyme-mediated hydrolysis of the ester group from compound I to intermediate 11
(Figure 5.11.B).1® A subsequent spontaneous intracellular cyclisation takes place to
afford a five-membered cyclic anhydride 111. The efficiency of this step is related to the
structure of the nucleoside.®® Further hydrolysis of intermediate 111 (not
enzyme-catalysed) affords the intermediate phosphoalaninate 1V, which has two
positions that can be attacked by a water molecule. The last step to produce the free

monophosphate nucleoside V is proposed to be an enzymatic reaction.
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Figure 5.11. A. Structure-activity relationships for protecting group strategy in masked nucleoside

monophosphates. B. Proposed deprotection mechanism inside cells.t>

Taking the above studies into account we decided to evaluate AHP dU and BCN dU
aryloxyphosphoramidate analogues with an L-alanine ester protecting group in cellular
DNA imaging, since both of their corresponding triphosphates demonstrated efficiently
in vitro enzymatic incorporation (Chapter 3 and Chapter 4). The synthesis of the protected
monophosphates was based on literature methods.?*® 2 Isopropyl L-alanine ester 5.13
was reacted with phenyl dichlorophosphate to produce the protected chlorophosphate
5.14 (Scheme 5.3.A). The 3'P NMR spectra showed that two phosphate diastereoisomers
were formed in a near 1:1 ratio. During the phosphorylation step, the reactive amino dU
2.2 had to be protected (Scheme 5.3.B). This type of masked phosphate has been reported

to be stable to trifluoroacetic acid (TFA).?° Therefore, the t-butyloxycarbonyl (Boc)
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group, which can be deprotected under acidic conditions, was used to protect the amino
group of amino dU 2.2. Under the catalysis of N-methylimidazole, the nucleoside 5.15
was reacted with phenyl isopropyl L-alanine chlorophosphate 5.14 to form the masked
monophosphate (MMP). The amino MMP 5.16 was obtained after acid deprotection of
the Boc group. The BCN-I NHS carbonate 2.13 and azide NHS ester 4.4 were then

coupled to the free amine to give compound BCN-I MMP 5.17 and AHP MMP 5.18.

A o =
\ Q@

Phenyl diclorophosphate }0 HN-P—CI
(0]

HzN 0{ DCM, Et;N, -78 °C to RT,
15h

5.13 5.14
B
0 S )k
HoN™ ™Sy N o
‘ NH i) THF, N-methylimidazole, NH
/& Chlorophosphate 5.14, RT, o N /g
Pyridine /& 15h B
N [e] (o) \} 9 N o
HO BocOSu, RT HO ii) 30% TFA in DCM, 2 h, G HN-P-O
0] 3 h, 48% (0] 63% o Io)
OH OH @ OH
. -2
2.2 [Amino dU] 5.15 o 5.16

V\‘(\

\A\ "“&
A
\@oo\(b Azidohexanoic acid NHS 4.4,
== P 1 M TEAB/DMF, 55 °C, 3 h,
Q -
HV "H
N

Ho N N H N
4 o N
o B
(2? O § \ (\)\ N o . H
N G HN-P-O —p-
o o) o o
2.13 BCN-I NHS © OH
5.17 [BCN-I MMP] 5.18 [AHP MMP]

Scheme 5.3. Synthesis protocol for phenyl isopropyl L-alanine protected chlorophosphate (A) and

masked nucleoside monophosphates (B).
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5.4.2 Cell imaging using masked nucleoside monophosphates

The two masked monophosphates BCN-1 MMP 5.17 and AHP MMP 5.18 were used in
cellular imaging of DNA using the protocol previously described (Section 5.3). BCN-I
MMP 5.17 was tested in collaboration with Dr Afaf EI-Sagheer and did not give positive
results. The DNA in cells incubated with AHP MMP 5.18 was initially labelled with
Cy3-alkyne 5.12 using the CUAAC reaction to avoid the side reactions that are potentially
associated with the SPAAC labelling. Cytoplasmic staining was observed (Figure 5.12)
similar to previous results (Figure 5.7). Bright fluorescent loci were clearly observed in
the cytoplasm (Figure 5.12, expanded region). This might indicate the locus of endosomes,
where the protecting group of AHP MMP was removed, or where the further conversion
of AHP monophosphate to diphosphate and triphosphate was occurring. However, the
AHP nucleotide was not successfully incorporated into nuclear DNA, as determined by
the lack of fluorescence in the nucleus. Further optimisation by varying cell incubation
and staining conditions (incubation time and media), or by using other different cell lines,

for example HeLa cells, might improve cell imaging.

DAPI Merged

o 5.12 [Cy3- alkyne]
N3 \,/’\/’\/KN/\\\
H S K A .
o s \ Y I v \\
\ 7 2 N " AHP MMP
V-0 HN- P o\
! o
P
( } OH

Figure 5.12. Cells treated with media containing AHP-modified masked nucleoside monophosphate

(100 puM) and stained with Cy3-alkyne using the CUAAC reaction. 20 micron scale bar shown.
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5.5 Conclusions

Several trans-cyclooctene and azide modified deoxyuridine nucleosides were prepared to
visualise replicating DNA in cellulo using the CUAAC, SPAAC and IEDDA reactions.
5-Ethynyl dU (EdU) and 5-azidomethyl dU were used as controls. However, only EdU
gave positive nuclear DNA fluorescent imaging. The SPAAC and CuAAC labelling of
azido nucleosides showed only strong cytoplasmic fluorescent staining. The reason might
be that the modified nucleotides were not produced from the corresponding nucleosides

in cells or were not delivered into nucleus.

To improve the delivery and conversion of modified nucleosides to their triphosphates,
phenyl isopropyl L-alanine protected azide (AHP) and BCN-I masked monophosphates
were synthesised and studied in cellular DNA imaging. In this strategy the corresponding
monophosphate can be directly produced after deprotection by cellular enzymes. Cells
treated with AHP MMP exhibited accumulation of fluorescent signals in the cytoplasm
(fluorescent loci). This may indicate the sites where AHP MMP is converted to free
monophosphate or where it is converted to di- or tri-phosphate before delivery into the
nucleus, and/or trapping in endosomes. The cellular nucleic acid imaging method
described here using modified nucleosides and masked nucleoside monophosphates is a
preliminary study. Further optimisation and more systematic studies will be carried out
in the future, for example to investigate the cytotoxicity of these modified nucleosides

and nucleotides, and to test them using different cell lines.
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6 Conclusions and future work

New methods have been developed for the fluorescent labelling of oligonucleotides to
expand their use in nucleic acid detection and diagnostics. Amino dUTP 2.11 was
synthesised and labelled with a variety of NHS active esters and carbonates to give the
corresponding modified triphosphates. In total, three cyclooctyne dUTPs (DIBO dUTP
2.5, BCN-1 dUTP 2.12 and BCN-11 dUTP 2.13), two trans-cyclooctene dUTPs (TCO-S
dUTP 3.1 and TCO-L dUTP 3.2) and one azide dUTP (AHP dUTP 4.5) were prepared as
well as a shorter linker AM dUTP 4.2 to compare the effect of linkage length on
incorporation into DNA and subsequent labelling. The enzymatic incorporation of these
novel triphosphates was examined in primer extension, PCR and reverse transcription

reactions, which are used to generate functionalised DNA.

Cyclooctyne-modified dUTPs (DIBO, BCN-I and BCN-II dUTPs) were incorporated
successfully by primer extension using Klenow, Gotaq, KOD and Therminator™ II DNA
polymerases provided that the template did not contain several contiguous adenine bases.
When incorporated against consecutive dA stretches in the template, the bulky
cycloalkynes blocked replication and amplification. Fully extended products could only
be obtained for BCN-1 dUTP, which is smaller than DIBO and has a shorter linker than
BCN-II. For PCR, a mixture of BCN-I dUTP and dTTP afforded BCN-functionalised
PCR amplicons. These cyclooctyne modified primer extension and PCR products were

efficiently labelled with Cy3-azide via the SPAAC reaction.

Compared to the above cyclooctyne dUTPs, trans-cyclooctene dUTPs demonstrated
better enzymatic incorporation efficiency. In primer extension and reverse transcription
assays, fully extended TCO dU modified products were obtained even using a challenging

template containing four clustered adenines. TCO-S dUTP with a shorter linker was a
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better substrate than TCO-L dUTP for all polymerases except Gotaq. Efficient PCR
amplification with TCO dUTPs (i.e. without natural dTTP) was observed using a short
template, however PCR amplicons of ca. 500 bp were only obtained when mixtures of
dTTP and TCO dUTP were used. TCO-S dU maintained the stability of DNA duplexes
better than TCO-L dU, and this effect was more pronounced with an increased number of
modified sites in the amplicons. Efficient fluorescent labelling was achieved for TCO
functionalised primer extension and PCR products via the IEDDA reaction. As
anticipated, TCO-L dU products with longer linker were labelled more efficiently than

TCO-S dU products due to relief of steric hindrance.

An alternative and complementary strategy to cyclooctyne-modified DNA labelling was
also explored, whereby azide-modified DNA strands were prepared and coupled to BCN
containing fluorophores or reporter groups. Azide (AM and AHP) dUTPs were more
efficiently incorporated into DNA than cyclooctyne and cyclooctene dUTPs for primer
extension, reverse transcription and PCR. Promisingly, 100% AHP dU-containing PCR
products of ca. 500 bp can be obtained with 100% sequence fidelity. A-exonuclease
digestion and streptavidin magnetic separation were successfully used to prepare
AHP-modified single-stranded probes from these PCR products. Three novel BCN
modified fluorophores (Cy3-BCN, FAM-BCN and Cy5-BCN) were then synthesised.
Fluorescent labelling of AHP dU primer extension products demonstrated that Cy3-BCN
reacted with AHP dU products via the SPAAC reaction more efficiently than Cy5-BCN
and FAM-BCN. Efficient fluorescent labelling of PCR products and single-stranded
DNA was achieved. The densely labelled single-stranded probes exhibited intense
fluorescent signals, which are suitable for use in genomic fluorescence in situ
hybridisation (FISH) assays. To enlarge the number of DNA probes for detection of

genomic DNA in a cellular context, a dual labelling system was investigated by
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combining two of the following: FAM-BCN, Cy3-BCN, Rhodamine-B-BCN and
Cy5-BCN dyes, in the labelling reactions. Future studies need to focus on the application
of these probes in techniques such as FISH to detect gene sequences of interest for disease

diagnostics or gene mapping.

For in cellulo applications, the anionic charge of nucleoside triphosphates prevents them
from passing through the outer cellular membrane. Therefore five azide-modified
deoxyuridines, two trans-cyclooctene-modified deoxyuridines and a fluorescent
quadracyclic adenine were synthesised. However, only intense cytoplasm staining was
observed without nuclear DNA labelling using the CUAAC, SPAAC or IEDDA reaction.
The reason for this might be that the formation of monophosphate from the modified
nucleoside by cellular kinases is slow and rate determining, resulting in very low cellular
concentrations of modified triphosphates. To bypass this step, lipophilic phenyl isopropyl
L-alanine protecting groups were used to protect nucleoside 5’-monophosphates. These
‘masked’ nucleosides are known to have better cell permeability than the charged
nucleoside monophosphates. Aminopropargyl nucleoside masked monophosphates
(MMP) were prepared and labelled with azide and cyclooctyne NHS esters to afford AHP
and BCN-I MMPs. Whilst incubation of cells with AHP MMP still gave cytoplasmic
staining, brighter foci were also observed, which are unexplained. Further optimisation
of incubation and staining conditions, and/or the use of different cell lines will be required
to improve cellular DNA labelling; the eventual aim is to expand the toolkit for
monitoring nascent cellular DNA synthesis via non-toxic labelling strategy, which could

be used for live cell DNA an d RNA imaging and tracking.
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7 Experimental

7.1 General information

All reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, Jena
Bioscience, SynAffix, Invitrogen and Fisher Scientific, and used without purification
with the exception of dichloromethane (DCM), tetrahydrofuran (THF), triethylamine
(TEA) and N, N-diisopropylethylamine (DIPEA), which were purified by distillation or
dried over  activated molecular  sieves. DIBO PNP carbonate,
5-azidomethyl-2'-deoxyuridine, 6-azidohexanoic acid, Cy3 NHS ester, Cy5 NHS ester
and 5',3’-di-O-p-toluoyl-quadracyclic  adenine analogue-2'-deoxyriboside  were
previously synthesised in the Brown group. All the molecular sieves used in the
experiments were 3 A (beads, 4 — 8 mesh) from Sigma-Aldrich. Thin layer
chromatography (TLC) was performed using Merck Kieselgel 60 F24 silica gel plates
(0.22 mm thickness, aluminium backed) and the compounds were visualised by
irradiation at 254 nm or by staining with anisaldehyde unless otherwise stated. Column
chromatography was carried out under pressure using Merck Kieselgel Si 60 (40 — 63

micron) silica.

NMR spectra were recorded on a Bruker AV300, AV400, AVIII400 or AVII500
spectrometer. Chemical shifts are given in ppm, and J values are quoted in Hz. *H NMR
spectra were internally referenced to the appropriate undeuterated solvent signal; °C
NMR spectra were internally referenced to the appropriate deuterated solvent signal,
assignment of the compounds was aided by COSY (*H-'H), HSQC-DEPT and HMBC
(*H-13C) experiments. Asterisk mark is used in NMR characterisation to differentiate

diastereoisomers.
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Low-resolution mass spectra (LRMS) were recorded using electrospray ionisation (ESI)
on a Fisons VG platform mass spectrometer or a Micromass platform 1 spectrometer in
HPLC grade acetonitrile or methanol. High-resolution mass spectra (HRMS) of chemical
compouds were recorded using a Bruker 9.4T Fourier transform ion cyclotron resonance
mass spectrometer. HR-MS of deoxynucleoside triphosphates were recorded in deionised

water on a Bruker microTOF mass spectrometer (ES™ mode).

RP-HPLC columns:

Column S: Phenomenex Luna 10u C8 100A, 10 x 250 mm

Column L: Phenomenex Gemini-NX 10u C18 110A AXIA, 250 x 21.2 mm.

RP-HPLC buffer systems:

TEAB buffer system I: eluent A, 0.1 M TEAB buffer (pH 7.5); eluent B, 40% acetonitrile

in 0.1 M TEAB buffer (pH 7.5)

TEAB buffer system I1: eluent A, 0.1 M TEAB buffer (pH 7.5); eluent B, 50% acetonitrile

in 0.1 M TEAB buffer (pH 7.5)

TEAB buffer system IlI: eluent A, 0.1 M TEAB buffer (pH 7.5); eluent B, 60%

acetonitrile in 0.1 M TEAB buffer (pH 7.5)

Ammonium acetate system: eluent A, 0.1 M ammonium acetate (pH 7.0); eluent B, 50%

acetonitrile in 0.1 M ammonium acetate (pH 7.0)
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Quantification of triphosphates and oligonucleotides:

The concentration ¢ of nucleoside triphosphates and oligonucleotides was calculated by
Lambert-Beer equation A (aborbance) = OD (optical density) = ecl (extinction coefficient

g, cuvette length | = 1 cm) at RT in deionised water.

Ethanol precipitation:

The nucleotide solution (1 x volume) was mixed with 3 M NaCl for triphosphates or 3 M
sodium acetate (pH 5.3) for oligonucleotides (0.1 x volume) and ethanol (3 x volume).
Solution was left on dry ice for 20 min and at -20 °C for 10 min. Samples were centrifuged

with a speed of 15,000 x g at 4 °C for 30 min.

7.2 Chemical synthesis

5-(3-Aminoprop-1-yn-1-yl)-2'-deoxyuridine (2.2, Amino dU)?%

10 2 8
o} o}
H,N
| NN 3
B lami N
ropargylamine, 2
NS0 Cul PaPPhY. o
HO Et;N, DMF, RT HO__ g !
o} 2 h, 84% o}
- > 4' 1"
3 o
OH OH
2.1 2.2

5-lodo-2'-deoxyuridine 2.1 (5.00 g, 14.1 mmol, 1.0 eq) was co-evaporated with
anhydrous dimethylformamide (DMF, 3 x 20 mL), then dissolved in anhydrous DMF
(60 mL). Cul (0.54 g, 2.8 mmol, 0.2 eq), propargylamine (2.8 mL, 44 mmol, 3.1 eq) and
TEA (10 mL, 72 mmol, 5.1 eq) were added under argon. The reaction was stirred at RT
for 10 min before Pd(PPhs)s (1.65 g, 1.43 mmol, 0.1 eq) was added and the reaction
continued to stir for 2 h. The solvent was removed in vacuo and the residue was purified

by column chromatography on silica (0% to 20% MeOH in DCM). Compound 2.2 (3.32 g,
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11.8 mmol) was obtained in 84% vyield as a yellow solid. My = 281.10 g/mol (Chemical

Formula: C12H15N30x)

Rt 0.25 [DCM/MeOH 1:1 v/v]
LRMS: [ESI, MeOH] m/z: 280.2 ([M-H], 100)

IH NMR (300 MHz, DMSO-ds) 5 8.13 (5, 1 H, H-6), 6.12 (app t, J = 6.7 Hz, 1 H, H-1"),
5.03 (br. s, 4 H, H-10, 5'-OH, 3’-OH), 4.23 (app td, J = 4.5, 3.4 Hz, 1 H, H-3"), 3.79 (app
q,J =3.4Hz, 1 H, H-4'), 3.61 (dd, J = 11.6, 3.4, 1 H, H-5a), 3.56 (dd, J = 11.6, 3.4 Hz,
1 H, H-5'b), 3.46 (s, 2 H, H-9), 2.11 (dd, J = 6.7, 4.5 Hz, 2 H, H-2")

13C NMR (75 MHz, DMSO-ds) 8 161.7 (C4), 149.4 (C2), 143.0 (C6), 109.5 (C5), 98.7
(C8), 87.5 (C4"), 84.6 (C1"), 73.9 (CT), 70.2 (C3'), 61.0 (C5'), 40.0 (C2'), 31.4 (C9)

5-(3-((1,2:5,6-dibenzocyclooct-7-yn-3-yl)oxycarbonylamino)prop-1-yn-1-yl)-2'-

deoxyuridine (2.4, DIBO dU)

o
HaN % ' DMF, Et3N, 55 °C,

N O O 5h71%
N/&O N o“ o

HO
O

OH NO,

—~

2.2 23 2.4

Amino dU 2.2 (0.35 g, 1.2 mmol, 1.2 eq) was co-evaporated with anhydrous DMF (3 x
2 mL), then dissolved in anhydrous DMF (10 mL). TEA (1.0 mL, 7.2 mmol, 7.5 eq) and
DIBO p-nitrophenyl (PNP) carbonate'?® 2.3 (0.37 g, 0.96 mmol, 1.0 eq) were added under
argon. The reaction was stirred at 55 °C for 5 h. The solvent was removed in vacuo and

the residue was purified by Biotage® SNAP KP-Sil-50 cartridge on Biotage Isolera Four
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equipment (0% to 7% MeOH in DCM). Compound 2.4 (0.36 g, 0.68 mmol) was obtained

in 71% yield as a yellow foam. My = 527.17 g/mol (Chemical Formula: C29H25N307)

Rt 0.21 [DCM/MeOH 9:1 v/v]
LRMS: [ESI*, MeCN] m/z: 550.0 ([M+Na]*, 100).
HRMS: [ESI*, MeCN] Calculated mass [M+H]": 550.1585; found m/z: 550.1585.

IH NMR (400 MHz, DMSO-de) 6 11.62 (s, 1 H, H-3), 8.18 — 8.12 (m, 2 H, H-6, H-10),
7.56 (d, J = 8.1 Hz, 1 H, ArH), 7.51 — 7.32 (m, 7 H, ArH), 6.11 (app t, J = 6.6 Hz, 1 H,
H-17), 5.40 — 5.29 (m, 1 H, H-12), 5.23 (d, J = 4.0 Hz, 1 H, OH-3"), 5.06 (t, J = 5.1 Hz, 1
H, OH-5'), 425 — 4.19 (m, 1 H, H-3"), 4.04 (d, J = 5.6 Hz, 2 H, H-9), 3.79 (app. g, J =
3.0 Hz, 1 H, H-4"), 3.63 — 3.50 (M, 2 H, H-5"), 3.23 — 3.15 (m, 1 H, H-13a), 2.78 (dd, J =
15.2, 3.5 Hz, 1 H, H-13b), 2.07 — 2.18 (m, 2 H, H-2")

13C NMR (100 MHz, DMSO-ds) & 161.6 (C4), 155.0 (C11), 152.1 (ArC), 150.8 (ArC),
149.4 (C2), 143.7 (C6), 130.3 (ArC), 128.4 (2 x ArC), 127.4 (ArC), 127.3 (ArC), 126.1
(ArC), 125.8 (ArC), 123.9 (ArC), 122.9 (ArC), 120.3 (ArC), 112.6 (C20), 109.8 (C5),
98.0 (C8), 89.5 (C21), 87.6 (C4'), 84.7 (C1"), 75.8 (C12), 74.7 (CT), 70.2 (C3"), 61.0 (C5"),
45.5 (C13), 40.0 (C2'), 30.8 (C9)

Tris(tetrabutylammonium) hydrogen pyrophosphate (2.7, Pyrophosphate)’?

e ¢ DOWEX 50WX2 g 9 \\L ////
NaO*I'T’*O*IT’*ONa _— HO-P-0O-P-O" N*
OH OH Tetrabutyl ammonium o o ) 3
hydroxide, 80% 1
3

4
2.6 2.7

Disodium pyrophosphate dibasic 2.6 (1.11 g, 5.00 mmol, 1.0 eq) was dissolved in
deionised water (20 mL) and passed through Dowex 50WX2 resin (acid form). Deionised
water (70 mL) was used to wash the resin until the pH reached 7. The eluent was collected

in a 250 mL flask containing 0.2 M tetrabutylammonium hydroxide (25 mL). This was
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followed by adding 1.0 M tetrabutylammonium hydroxide (5 mL) until the solution
reached pH 7. The solvent was removed in vacuo and the resulting solid was left under
vacuum for 2 days. Compound 2.7 (3.6 g, 4.0 mmol) was obtained in 80% yield as a white
solid and used without further purification. The compound is hygroscopic and was

aliquoted inside a glovebox. My = 902.36 g/mol (Chemical Formula: CsgH109N307P2)

IH NMR (400 MHz, D20) & 3.25 — 3.11 (m, 8 H, H-1), 1.70 — 1.56 (m, 8 H, H-2), 1.34
(app sxt, J = 7.3 Hz, 8 H, H-3), 0.93 (t, = 7.3 Hz, 12 H, H-4)

13C NMR (101 MHz, D20) § 58.1 (C1), 23.1 (C2), 19.1 (C3), 12.8 (C4)

31p NMR (162 MHz, D0) § -8.6

5-(3-((1,2:5,6-dibenzocyclooct-7-yn-3-yl)oxycarbonylamino)prop-1-yn-1-yl)-2'-

deoxyuridine-5'-O-triphosphate (2.5, DIBO dUTP)

o i) Pyrophosphate 2.7, n-BugN,
DMF, -15°C to RT, 7 h;
iii) 1 M TEAB buffer, 30 min, & 0o 4
0.21% 3 2
OH OH

‘ (0]
OAN % 0 i) POCI3, proton sponge,
O H | NH  (CH3)3POy4, -15°C, 2 h;
N/g
HO
O

24 25

DIBO dU 2.4 (80 mg, 0.15 mmol, 1.0 eq) was co-evaporated with anhydrous pyridine
(3 x 2 mL) and dried over KOH in a desiccator individually with proton sponge (49 mg,
0.23 mmol, 1.5 eq), activated molecular sieves and aliquoted pyrophosphate 2.7 (0.80 g,
0.89 mmol, 5.9 eq). Trimethylphosphate and tributylamine were dried over molecular
sieves for 15 h. Trimethylphosphate (1.2 mL) and proton sponge were added to DIBO dU

2.4 in a flask under argon at -15 °C. Phosphorus oxychloride (28 pL, 0.30 mmol, 2.0 eq)
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was added dropwise and the reaction was stirred at -15 °C for 2 h. A mixture of
pyrophosphate 2.7 in DMF (440 pL) and tributylamine (360 pL) was added into the
reaction mixture. The reaction was slowly warmed up to RT and stirred for 7 h. 1 M
TEAB buffer (5 mL, pH 7.5) was added to quench the reaction. The solvent was removed
in vacuo, then the residue was dissolved in deionised water (20 mL) and washed with
DCM (3 x 20 mL). The water layer was dried in vacuo and the residue was re-dissolved
in deionised water (1 mL). Ethanol precipitation was carried out by adding 3 M NaCl
(100 puL) and ethanol (3 mL). The precipitate was purified by RP-HPLC (Column S with
TEAB buffer system 1ll, 3.5% to 60% buffer B in 20 min and monitored by UV
absorption at 305 nm). Compound 2.5 (8.3 ODzg0, 0.32 pumol, e290 = 26000 M*cm™,
calculated from DIBO dU measurement) was obtained in 0.21% vyield as a TEA salt.

Mw = 767.47 g/mol (Chemical Formula: C29H28N3016P3)

HRMS: [ESI", H20] calculated mass: 766.0604 [M-H]"; found m/z: 766.0792 [M-H]

2,2,2-Trifluoro-N-(prop-2-yn-1-yl)acetamide (2.9, TFA-aminopropyne)?°¢

O
Ethyltrifluoroacetate 3

> //\N%LCF3
EtsN, MeOH, RT, F2 N°©
2 h, 46% 4
2.8 29

\\

Propargylamine 2.8 (0.60 mL, 9.4 mmol, 1.0 eq) was added to anhydrous MeOH (7 mL)
with molecular sieves, then cooled to 0 °C and stirred for 10 min. TEA (2.0 mL, 14 mmol,
1.5 eq) and ethyltrifluoroacetate (1.6 mL, 14 mmol, 1.4 eq) were added dropwise at 0 °C.
The reaction mixture was then warmed up to RT and stirred for 2 h. Solvent was removed

in vacuo and the residue was purified by column chromatography on silica (DCM).
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Compound 2.9 (0.66 g, 4.3 mmol) was obtained in 46% yield as brown oil. My =

152.2 g/mol (Chemical Formula: CsHsFsNO)

Rt 0.81 [DCM/MeOH 95:5 v/v], stain: ninhydrin and phosphomolybdic acid (the product

is volatile, no strong heat).

LRMS: [ESI*, MeCN] m/z: 152.2 ([M+H]*, 13); 173.2 ([M+Na]*, 25); 203.2 ([M+2Na]",
100). [ESI, MeCN] 150.1 ([M-H]", 100).

IH NMR (300 MHz, CDCl3) § 6.55 (br. s, 1 H, H-4), 4.17 (dd, J = 5.5, 2.6 Hz, 2 H, H-3),
2.35 (t, J = 2.6 Hz, 1 H, H-1)

13C NMR (100 MHz, CDCls) § 156.8 (g, J = 38.0 Hz, C5), 115.5 (g, J = 288.0 Hz, C6),
78.6 (C2), 73.4 (C1), 29.7 (C3)

19F NMR (282 MHz, CDCls) § -76.1 (s)

5-(3-(2,2,2-Trifluoroacetamido)prop-1-yn-1-yl)-2’-deoxyuridine (2.10, TFA-amino

du)59
0}
12 J[ 10 9
0 8 o
FaC N7 NS
! 7 ONH HOOS 5‘ 4 NH®
12
N/&O TFA-aminopropyne 2.9 o 6 N/go
H \
HO o Cul, Pd(PPh),, EtsN, DMF, ° 5
RT to 4 °C, 15 h, 86% 4 T
3 2
OH OH
21 210

5-lodo-2'-deoxyuridine 2.1 (0.50 g, 1.4 mmol, 1.0 eq) was co-evaporated with anhydrous
DMF (3 x 2 mL) and left under vacuum for 2 h. The compound was dissolved in DMF
(7 mL) with molecular sieves and stirred at RT for 10 min. Cul (54 mg, 0.28 mol, 0.2 eq),
TEA (2.0 mL, 14 mmol, 10.0 eq), TFA-amidopropyne 2.9 (0.43 g, 2.8 mmol, 2.0 eq) and

Pd(PPhz)s (0.16 g, 0.14 mmol, 0.1 eq) were added under argon, then stirred at RT for 3 h.

178



Experimental

Another portion of TFA-amidopropyne 2.9 (0.20 g, 1.3 mmol, 0.9 eq) was added and the
reaction was stirred at 4 °C for 15 h. The solvent was removed in vacuo and the residue
was purified by column chromatography on silica (EtOAc with 0.5% TEA). Compound
2.10 (0.44 g, 1.2 mmol) was obtained in 86% yield as a yellow foam. My = 377.08 g/mol

(Chemical Formula: C14H14F3N3Q0g)

Rf: 0.45 [DCM/MeOH 8:2 v/v]
LRMS: [ESI*, MeOH] m/z: 400.1 ([M+H]*, 100); 777.2 ([2M+Na]*, 74).

IH NMR (300 MHz, DMSO-dg) 8 11.62 (s, 1 H, H-3), 10.05 (t, J = 5.1 Hz, 1 H, H-10),
8.19 (s, 1 H, H-6), 6.11 (app t, = 6.5 Hz, 1 H, H-1"), 5.23 (d, J = 4.2 Hz, 1 H, OH-3"),
5.07 (t, J = 5.0 Hz, 1 H, OH-5'), 4.28 — 4.19 (m, 3 H, H-3', H-9), 3.80 (app q, J = 3.3 Hz,
1 H, H-4'), 3.66 — 3.51 (m, 2 H, H-5"), 2.12 (dd, J = 6.5, 4.9 Hz, 2 H, H-2")

13C NMR (75 MHz, DMSO-dg) & 161.5 (C4), 149.4 (C2), 144.1 (C6), 97.6 (C8), 87.6
(C4'), 84.8 (C1"), 75.4 (CT), 70.2 (C3'), 61.0 (C5"), 40.3 (C2'), 29.4 (C9)

5-(3-Aminoprop-1-yn-1-yl)-2'-deoxyuridine-5'-O-triphosphate (2.11, Amino

dUTP)

9
F3C)LN N o i) POCIs, proton sponge, H;ﬁ/&(ﬁl
H NH  (CH3)sPO,, -15°C, 1 h; _ AN
‘ N/go ii) Pyrophosphate 2.7, n-BusN, 6 ‘ '113&0
HO DMF, -15°C to RT, 3 h; +0gP30_g
(o] ii) 1 M TEAB buffer, 30 min,
iv) Ammonium (33%), 3 h, 10.7% 4 / !
OH OH
2.10 211

TFA-amino dU 2.10 (150 mg, 0.398 mmol, 1.0 eq) was dried over KOH in the same
desiccator individually with proton sponge (128 mg, 0.597 mmol, 1.5 eq), activated
molecular sieves and aliquoted pyrophosphate 2.7 (2.0 g, 2.2 mmol, 55 eq).

Trimethylphosphate and tributylamine was dried over molecular sieves for 15 h.
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Trimethylphosphate (2.8 mL) and proton sponge were added to the TFA-amino dU 2.10
in a flask under argon at -15 °C. Phosphorus oxychloride (45 pL, 0.48 mmol, 1.2 eq) was
added dropwise and stirred at -15 °C for 1 h. A mixture of pyrophosphate 2.7 in DMF
(2.2 mL) and tributylamine (400 pL) was added. The reaction mixture was slowly
warmed up to RT and stirred for 3 h. 1 M TEAB buffer (7.5 mL, pH 7.5) was added to
quench the reaction and the solvent was removed in vacuo. A reverse (ISOLUTE) FLASH
C18 cartridge eluted with water and acetonitrile was used to purify the triphosphate.
RP-HPLC using column L and TEAB buffer system I11 (3.5% to 60% eluent B in 50 min,
monitored by UV absorption at 305 nm) was used to further purify the triphosphate. The
intermediate was left in 33% ammonia for 3 h to deprotect the TFA protecting group. The
solvent was removed in vacuo and the residue was purified by RP-HPLC purification
(column L and TEAB buffer system I, 3.5% to 50% eluent B in 50 min). Compound 2.11
(453 OD2g0, 42.7 umol, e290 = 10600 M-tcm™) was obtained in 10.7% yield as a TEA sallt.

Mw = 521.20 g/mol (Chemical Formula: C12H1sN3014Ps3)

Ry: 0.09 [n-propanol/ammonium hydroxide/H20 3:1:1 v/viv]
HRMS: [ESI", H20] Calculated mass: 519.9923 [M-H], found m/z: 519.9780 [M-H]".

IH NMR (400 MHz, D;0) § 8.22 (s, 1 H, H-6), 6.25 (app t, J = 6.1 Hz, 1 H, H-1"), 4.60
(app dt, J = 6.1, 5.0 Hz, 1 H, H-3"), 4.24 — 4.16 (m, 2 H, H-5"), 4.14 — 4.07 (m, 1 H, H-
4, 3.80 (s, 2 H, H-9), 3.11 (g, J = 7.3 Hz, Etz2NH*CH2CHs3),2.36 (ddd, J = 13.9, 6.1, 5.0
Hz, 1 H, H-2"a),2.27 (dt, J = 13.9, 6.1 Hz, 1 H, H-2'a) 1.21 (t, J = 7.3 Hz, EttNH*CH.CH)

13C NMR (100 MHz, D20) & 145.1 (C6), 98.6 (C5), 85.5 (C4'), 85.3 (C1'), 69.6 (C3'),
64.7 (C5'), 46.5 (Et;NH*CH,CHs), 39.5 (C2), 30.0 (C9), 8.43 (EL;NH*CH2CHs)

3P NMR (121 MHz, D20) 8 -5.5 (d, J = 20 Hz, P,), -10.5 (d, J = 20 Hz, Py), -21.4 (t, J =
20 Hz, Pg)
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5-(3-((1,2:5,6-dibenzocyclooct-7-yn-3-yl)oxycarbonylamino)prop-1-yn-1-yl)-2’-

deoxyuridine-5'-O-triphosphate (2.5, DIBO dUTP)

NH, ll 1 M TEAB/DMF,
/g 55°C, 4 h, 43%
4-0gP30. Q + 09P30

23 25

OH

The freeze-dried amino dUTP 2.11 (16 ODa2g, 1.5 pmol, 1.0 eq) was dissolved in
deionised water (80 pL) and 1 M TEAB buffer (80 pL, pH 7.5). The DIBO PNP carbonate
2.3 (2 mg, 5.2 umol, 3.5 eq) in DMF (160 pL) was added to the triphosphate solution.
The mixture was kept at 55 °C for 4 h and the solvent was removed in vacuo. The residue
was purified by RP-HPLC (column S with TEAB buffer system 111, 3.5% to 60% eluent B
in 20 min and monitored by UV absorption at 305 nm). Compound 2.5 (17 OD2go,
0.65 pumol) was obtained in 43% yield as a TEA salt. My = 767.47 g/mol (Chemical

Formula: C29H2sN3016P3)

HRMS: [ESI", H2O] calculated mass: 766.0604 [M-H]; found m/z: 766.0792 ([M-H],
100)
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5-(3-(((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)methyloxycarbonylamino)prop-1-yn-
1-yI)-2'-deoxyuridine-5'-O-triphosphate (2.12, BCN-1 dUTP)

/;

/\fk 1 M TEAB/DMF, @ /\(kNH
55°C, 4 h, 62%
40gP30 >:O 40gP30
kj e kj
N
o{j
2.1

OH
214 212

The freeze-dried amino dUTP 2.11 (11 ODa2g, 1.0 pmol, 1.0 eq) was dissolved in
deionised water (200 uL) and 1 M TEAB buffer (200 pL, pH 7.5). The BCN-I carbonate
2.14 (1 mg, 3.4 uymol, 3.7 eq) in DMF (200 pL) was added to the triphosphate solution.
The mixture was kept at 55 °C for 4 h and the solvent was then removed in vacuo. The
residue was purified by RP-HPLC (column S with TEAB buffer system 11, 3.5% to 60%
eluent B in 20 min and monitored by UV absorption at 305 nm). Compound 2.12
(6.6 OD29o, 0.62 pmol) was obtained in 62% yield as a TEA salt. My = 697.42 g/mol

(Chemical Formula: C23H30N3016P3)

HRMS: [ESI, H2O] calculated mass: 696.0761 [M-H]; found m/z: 696.0742 ([M-H],
100)
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5-(22-((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-5,9,20-trioxo0-13,16,21-trioxa-4,10,19-

triazadocos-1-yn-1-yl)-2'-deoxyuridine-5'-O-triphosphate (2.13, BCN-11 dUTP)

H ; ;H
o

v H
fo) O%\NH @ (o) H (o) i/\/ﬁi (0]
R A R N N
NH2 X S H e o N N X
[ NH J o] [ NH
N/&O 1 M TEAB/DMF, N/&O
40P,0 + o 55°C, 4 h, 63% 40gP30
o S > o
OH HN OH

(0]
2.1 2.15 1 213
(0]
[¢]
O,
)
(6]
The freeze-dried amino dUTP 2.11 (16 OD2g, 1.5 pmol, 1.0 eq) was dissolved in
deionised water (80 pL) and 1 M TEAB buffer (80 pL, pH 7.5). The BCN-II NHS ester
2.15 (2 mg, 3.7 umol, 2.5 eq) in DMF (160 pL) was added to the triphosphate solution.
The mixture was kept at 55 °C for 4 h and the solvent was then removed in vacuo. The
residue was purified by RP-HPLC (column S with TEAB buffer system 111, 3.5% to 60%
eluent B in 20 min and monitored by UV absorption at 305 nm). Compound 2.13
(10 OD290, 0.94 umol) was obtained in 63% vyield as a TEA salt. My = 941.7103 g/mol

(Chemical Formula: CzsHsoN5O20P3)

HRMS: [ESI, H20] calculated mass: 940.2184 [M-H]; found m/z: 940.2357 ([M-H],
100)
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5-(3-(((E)-cyclooct-4-en-1-yl)oxycarbonylamino)prop-1-yn-1-yl)-2'-deoxyuridine-

5'-O-triphosphate (2.12, TCO-S dUTP)**

173 0
(o) 9
OJﬂLN &7 Q
‘ NH 1 M TEAB/DMF, H

HaN N
S 18 19 5 3
O s50C, 4h, 63% ° BN
o0 N0 + o< 2 TR 6 N/&O
9P o o O +0gP30_ 5 !
y8 0
4' 1
o 3
s
OH OH
2.11 3.3 3.1

The freeze-dried amino dUTP 2.11 (20 OD2go, 1.9 pmol, 1.0 eq) was dissolved in 1 M
TEAB buffer (120 pL, pH 7.5). TCO-S NHS carbonate 3.3 (1.5 mg, 5.6 pumol, 2.9 eq) in
DMF (100 pL) was added to the triphosphate solution. The mixture was kept at 55 °C for
4 h and the solvent was removed in vacuo. The residue was purified by RP-HPLC
(column S with TEAB buffer system 111, 3.5% to 60% eluent B in 20 min and monitored
by UV absorption at 305 nm). Compound 3.1 (13 OD2go, 1.2 pmol) was obtained in 63%

yield as a TEA salt. My = 673.4 g/mol (Chemical Formula: C21H30N3016P3)

HRMS: [ESI7, H20] Calculated mass: 672.0761 [M-H]’; Found: 672.0801 ([M-H]", 100)

IH NMR (500 MHz, D,0) & 8.07 (s, 1 H, H-6), 6.23 (app t, J = 6.5 Hz, 1 H, H-1"), 5.66
(ddd, J =16.2, 9.1, 4.7 Hz, 1 H, H-17), 5.52 (ddd, J = 16.2, 10.9, 2.8 Hz, 1 H, H-16), 4.63
~ 459 (M, 1 H, H-3), 4.33 — 4.25 (m, 1 H, H-12), 4.24 — 4.12 (m, 3 H, H-4", H-5"), 4.05
(s, 2 H, H-9), 3.15 (q, J = 7.3 Hz, EttNH*CH,CHs), 2.41 — 2.23 (m, 5 H, H-2', H-18, H-
13a), 2.04 — 1.82 (m, 4 H, H-15, H-13b, H-14a), 1.73 — 1.51 (m, 3 H, H-19, H-14b), 1.23
(t, J = 7.3 Hz, EtzNH*CH2CHs)

13C NMR (126 MHz, D;0) & 144.6 (C6), 135.7 (C17), 133.4 (C16), 99.1 (C5), 85.53 and
85.49 (C4', C1"), 82.4 (C12), 70.0 (C3'), 65.0 (C5"), 46.6 (EtsNH"CH2CHs), 40.3 (C15),
38.6 (C2), 37.8 (C19), 33.7 (C13), 32.0 (C18), 30.7 (C9), 30.5 (Cl4), 8.2
(Et2NH*CH,CHs)

31p NMR (202 MHz, D20) § -5.1 — -5.4 (m, Py), -9.9 — -10.1 (m, Py), -20.9 — -21.3 (m, Pg)
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5-(21-((E)-cyclooct-4-en-1-yloxy)-5,21-dioxo-8,11,14,17-tetraoxa-4,20-diazahenicos-

1-yn-1-yl)-2'-deoxyuridine-5'-O-triphosphate (3.2, TCO-L dUTP)
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The freeze-dried amino dUTP 2.11 (20 ODa2g0, 1.9 pmol, 1.0 eq) was dissolved in 1 M
TEAB buffer (120 pL, pH 7.5). TCO-L NHS ester 3.4 (2 mg, 3.9 pmol, 2.1 eq) in DMF
(100 pL) was added to the triphosphate solution. The mixture was kept at 55 °C for 4 h
and the solvent was removed in vacuo. The residue was purified by RP-HPLC (column S
with TEAB buffer system 11, 3.5% to 60% eluent B in 20 min and monitored by UV
absorption at 305 nm). Compound 3.2 (16 OD2go, 1.5 pmol) was obtained in 79% vyield

as a TEA salt. My = 920.226 g/mol (Chemical Formula: Cz2Hs1N4O21P3).

HRMS: [ESI, H.0] Calculated mass: 919.2180 [M-H]’; Found m/z: 919.2295 ([M-H],
100).

IH NMR (500 MHz , D20) § 8.13 (s, 1 H, H-6), 6.22 (app t, J = 6.5 Hz, 1 H, H-1'), 5.69
~5.57 (m, 1 H, H-29), 5.56 — 5.45 (m, 1 H, H-28), 4.65 — 4.58 (m, 1 H, H-3'), 4.27 — 4.12
(m, 6 H, H-24, H-5", H-4", H-9), 3.77 (t, J = 6.0 Hz, 2 H, H-13), 3.66 — 3.59 (m, 12 H,
H-14 to H-19), 3.54 (t, J = 5.2 Hz, 2 H, H-20), 3.24 (t, J = 5.2 Hz, 2 H, H-21), 3.16 (q,
J = 7.3 Hz, EttNH*CH,CHs), 2.54 (t, = 6.0 Hz, 2 H, H-12), 2.40 — 2.32 (m, 2 H, H-2"),
2.32-2.22 (m, 3 H, H-30, H-25a), 2.00 — 1.83 (m, 4 H, H-27, H-25b, H-26a), 1.67 — 1.51
(m, 3 H, H-26b, H-31), 1.23 (t, J = 7.3 Hz, Et;NH*CH2CHs)
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13C NMR (126 MHz , D20) & 173.8 (C11), 158.3 (C4), 144.9 (C6), 135.6 (C29), 133.3
(C28), 99.1 (C5), 89.7 (C8), 85.65 and 85.59 (C4', C1"), 81.8 (C24), 73.5 (C7), 70.1 (C3'),
69.59, 69.57, 69.53, 69.50 and 69.4 (C14, C15, C16, C17, C18, C19, C20), 66.6 (C13),
65.0 (C5'), 46.6 (EtsNH*CH2CHs), 40.4 (C27), 39.9 (C21), 38.7 (C2'), 37.8 (C31), 35.9
(C12), 33.7 (C25), 32.0 (C30), 30.6 (C26), 29.6 (C9), 8.2 (Et2NH*CH,CHs)

3P NMR (162 MHz, D20) § -8.0 (br. s, P,), -11.4 (d, J = 20 Hz, P,), -22.6 (br. s, Pp)

5-Azidomethyl-2’-deoxyuridine-5’-O-triphosphate (4.2, AM dUTP)
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5-Azidomethyl-2'-deoxyuridine?®’ 4.1 (100 mg, 0.353 mmol, 1.0 eq) was dried over KOH
in a desiccator individually with proton sponge (113 mg, 0.528 mmol, 1.5 eq), activated
molecular sieves and pyrophosphate 2.7 (1.5 g, 1.7 mmol, 4.8 eq). Trimethylphosphate
and tributylamine was dried over molecular sieves for 15 h. Trimethylphosphate (2.5 mL)
and proton sponge were added to 5-azidomethyl-deoxyuridine 4.1 in a flask under argon
at -15 °C. Phosphorus oxychloride (40 pL, 0.43 mmol, 1.2 eq) was added dropwise and
stirred for 30 min. A mixture of pyrophosphate 2.7 in DMF (1.6 mL) and tributylamine
(339 pL) was added, then the reaction was slowly warmed up to RT and stirred for 3 h.
1 M TEAB buffer (7.5 mL, pH 7.5) was added to quench the reaction and the solvent was
removed in vacuo. The residue was dissolved in deionised water (3.0 mL) and mixed with
3 M NaCl aqueous solution (300 uL) and ethanol (9.0 mL) to precipitate the triphosphate.
To obtain better yields, the precipitation was repeated three times on the supernatant (the

supernatant was evaporated and the residue was re-dissolved in water each time) until
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further precipitation did not yield any product. The precipitate was dissolved in water and
purified by RP-HPLC (column L with TEAB buffer system I, 3.5% to 30% eluent B in
50 min and monitored by UV absorption at 290 nm). Compound 4.2 (258 OD2gs,
26.5 umol, e265 = 9720 M*cm?, calculated from the nucleoside measurement) was
obtained in 7.5% vyield as a TEA salt. My = 522.991 g/mol (Chemical Formula:

C10H16N5014P3)

HRMS: [ESI", H20] Calculated mass: 521.9828 [M-H]; found m/z: 521.9951 ([M-H],
100).

IH NMR (400 MHz , D20) & 8.08 (s, 1 H, H-6), 6.33 (app t, J = 6.4 Hz, 1 H, H-1'), 4.72
~ 468 (m, 1 H, H-3", 4.33 - 4.25 (M, 2 H, H-5"), 4.22 (s, 2 H, H-7), 4.21 — 4.17 (m, 1 H,
H-4),3.20 (q, J = 7.3 Hz, EtNH'CH2CHs), 2.44 — 2.38 (m, 2 H, H-2'), 1.28 (t, J = 7.3 Hz,
Et;NH*CH.CH)

13C NMR (126 MHz, D;0) § 178.5 (C4), 152.0 (C2), 141.0 (C6), 109.6 (C5), 85.7 (C4"),
85.2 (C1"), 70.0 (C3"), 65.0 (C5"), 47.1 (C7), 46.6 (EtzNH'CH2CHa), 38.7 (C2"), 8.2
(Etz2NH*CH2CHs)

3P NMR (162 MHz, D20) 6 -6.5 (d, J = 20 Hz, P,), -11.5 (d, J = 20 Hz, P,), -22.6 (app t,
J =20 Hz, Pg)

2,5-Dioxopyrrolidin-1-yl-6-azidohexanoate (4.4, 6-Azido NHS ester)?!

N,N"disuccinimidyl carbonate

o DMF/DCM, DIPEA, RT, o e
15 h, 88% 5 3
N \/\/\)’L . N \/M -N
’ OH ’ s 4 307
o)
4.3 4.4

6-Azidohexanonic acid 4.3 (840 mg, 5.34 mmol, 1.0 eq), molecular sieves and
N, N'-disuccinimidyl carbonate (1.50 g, 5.86 mmol, 1.1 eq) were dissolved in

DCM/DMF(1:2 viv, 12 mL) in a flask. DIPEA (1.8 mL, 10 mmol, 1.9 eq) was added and
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the reaction mixture was stirred at RT for 15 h. The solvent was removed in vacuo, then
the residue was re-dissolved in EtOAc (20 mL) and washed with water (20 mL). The
organic layer was dried over anhydrous sodium sulphate and filtered. The solvent was
removed in vacuo and the residue was purified by column chromatography on silica (0%
to 6% EtOAc in DCM). Compound 4.4 (1.2 g, 4.7 mmol) was obtained in 88% vyield as

clear oil. My = 254.25 g/mol (Chemical Formula: C10H14N4O4)

Rt 0.7 [DCM/EtOAC 7:3 v/v] Stain: Mary’s reagent (4,4'-Bis(dimethylamino)benzhydrol
0.4 g in acetone 100 mL)

LRMS: [ESI*, MeCN] m/z: 277.1 ([M+Na]*, 100).

IH NMR (400 MHz, CDCl3) § 3.29 (t, J = 6.7 Hz, 2 H, H-6), 2.81 (s, 4 H, H-9), 2.62 (t,
J=7.4Hz, 2 H, H-2), 1.78 (app quin, J = 7.4 Hz, 2 H, H-3), 1.70 — 1.58 (m, 2 H, H-5),
1.56 — 1.43 (M, 2 H, H-4)

13C NMR (101 MHz, CDCl3) & 168.8 (C8), 168.0 (C1), 50.7 (C6), 30.4 (C2), 28.0 (C5),
25.5 (C4), 25.2 (C9), 23.8 (C3)

5-(3-(6-azidohexanamido)prop-1-yn-1-yl)-2'-deoxyuridine-5’-O-triphosphate (4.5,

AHP dUTP)
O
0 WS SN
HoN 3
z X NH o a4 12 ” XY s 3
| o 10 ‘ 4°NH
/g 1 M TEAB/DMF, 5&
N" o o o 5>N"o
+0gP30. + MM _N 55°C. 4h, 81% 4“0gP30_ 5 1
o (®)
(0]
(0] 4 1
3'7/_‘\2.
OH OH
2.1 4.4 4.5

The freeze-dried amino dUTP 2.11 (111 OD2g0, 10.5 pmol, 1.0 eq) was dissolved in 1 M
TEAB buffer (300 pL, pH 7.5). The 6-azido NHS ester 4.4 (6 mg, 24 umol, 2.3 eq) in
DMF (300 pL) was added to the triphosphate solution. The mixture was kept at 55 °C for
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4 h and the solvent was removed in vacuo. The residue was purified by RP-HPLC
(Column L with TEAB buffer system 11, 15% to 60% buffer B in 50 min and monitored
by UV absorption at 305 nm). Compound 4.5 (90 OD2go, 8.5 umol) was obtained in 81%

yield as a TEA salt. My = 660.36 g/mol (Chemical Formula: C18H27NeO15P3).

HRMS: [ESI, H2O] calculated mass: 659.0669 [M-H]; found m/z: 659.0632 ([M-H],
100).

IH NMR (500 MHz, D,0) & 8.08 (s, 1 H, H-6), 6.24 (app t, J = 6.6 Hz, 1 H, H-1"), 4.66
— 457 (m, 1 H, H-3'), 428 — 4.10 (m, 5 H, H-4', H-5", H-9), 3.26 (t, J = 6.9 Hz, 2 H, H-
16), 3.15 (q, J = 7.3 Hz, Et;N*CH2CHs3), 2.39 — 2.29 (m, 2 H, H-2"), 2.26 (t, J = 7.3 Hz,
2 H, H-12), 1.65 — 1.49 (m, 4 H, H-13, H-15), 1.34 (tt, J = 9.1, 6.3 Hz, 2 H, H-14), 1.23
(t, J = 7.3 Hz, EtzN*CH2CHs)

13C NMR (126 MHz, D20) & 177.2 (C11), 144.9 (C6), 99.5 (C5), 89.7 (C8), 85.9 and
85.8 (C1', C4"), 75.0 (C7), 70.3 (C3'), 65.4 (C5"), 51.4 (C16), 47.0 (EtsN*CH2CHs), 39.1
(C2'), 35.8 (C12), 30.0 (C9), 28.1 (C15), 26.3 (C14), 25.2 (C13), 8.6 (Etz2N*CH.CHs)

$1P NMR (202 MHz, D20) & -5.2 (d, J = 20 Hz, P), -10.1 (d, J = 20 Hz, P,), -21.3 (app t,
J =20 Hz, Pg)
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1-(19-((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-6,17-diox0-10,13,18-trioxa-7,16-
diazanonadecan-1-yl)-3,3-dimethyl-2-((E)-3-((Z)-1,3,3-trimethylindolin-2-

ylidene)prop-1-en-1-yl)-3H-indol-1-ium iodide (4.7, Cy3-BCN)

34 34'
N N
6 N 6
+ ' 0

NH2

I :
DCM, DIPEA,RT, 7 7 21y, /7 7577
5h51% “
+ 12
13 0 o H
H \\ 14 22 s
N 19 0o N240 26
o=(s 1 A O3 I
HN—"0 20 23 28
\\ % 17 29
4.6 4.7

Cy3 NHS ester?® 4,11 (30 mg, 0.051 mmol, 1.0 eq) was dissolved in anhydrous DCM
(1.5 mL), then anhydrous DIPEA (30 uL, 0.17 mmol, 3.3 eq) and BCN amine 4.6 (25 mg,
0.077 mmol, 1.5 eq) in DCM (0.5 mL) were added. The reaction mixture was stirred at
RT for 5 h, diluted with DCM (8 mL) and washed with aqueous saturated potassium
iodide (10 mL). The organic layer was dried over anhydrous sodium sulfate, filtered and
evaporated. The residue was dissolved in DCM (2.0 mL) and added to cold diethyl ether
(20 mL) to afford a red precipitate. The precipitate was filtered off and purified by column
chromatography on silica (0% to 5% MeOH in DCM). Compound 4.7 (23 mg,
0.026 mmol) was obtained in 51% vyield as a red salt. My =890.9 g/mol (Chemical

Formula: C47Hs3IN4Os).

Rf: 0.37 [DCM/MeOH 9:1 viv]

LRMS: [ESI*, MeCN], m/z: 763.1 ([M-I]*, 100); [ESI, MeCN] m/z: 126.8 (I, 100)
HRMS: [ESI*, MeCN] Calculated mass [M-1]*: 763.4793; found m/z: 763.4784.

IH NMR (500 MHz ,CDCls) & 8.44 (app t, J = 13.4 Hz, 1 H, H-32), 7.44 — 7.38 (m, 3 H,
H-7, H-7', H-31), 7.36 (d, J = 7.3 Hz, 2 H, H-5, H-5'), 7.30 — 7.22 (m, H-6, H-6', H-33,

190



Experimental

overlapped with solvent residue), 7.13 (2 x d, J = 7.9 Hz, 2 H, H-8, H-8"), 6.88 (br. s,
H 16, 1 H), 5.36 (br. s, H-23, 1 H), 4.18 (t, J = 7.9 Hz, 2 H, H-10), 4.14 (d, J = 8.2 Hz,
2 H, H-25), 3.83 (s, 3 H, H-35), 3.65 — 6.62 (m, 4 H, H-19, H-20), 3.60 (t, J = 5.6 Hz,
2 H, H-18), 3.58 (t, J = 5.0 Hz, 2 H, H-21), 3.46 (app q, J = 5.6 Hz, 2 H, H-17), 3.39 (app
q, J =5.0 Hz, 2 H, H-22), 2.37 (t, J = 7.1 Hz, 2 H, H-14), 2.32 — 2.16 (m, 6 H, H-29,
H-28a), 1.94 — 1.85 (m, 2 H, H-11), 1.84 - 1.75 (m, 2 H, H-13), 1.73 (s, 6 H, H-34), 1.71
(s, 6 H, H-34"), 1.70 — 1.65 (m, 2 H, H-12), 1.63 — 1.52 (m, 2 H, H-28b), 1.40 — 1.31 (m,
1 H, H-26), 0.99 - 0.87 (m, 2 H, H-27)

13C NMR (126 MHz , CDCl3) § = 174.6 and 174.1 (C2, C2'), 174.0 (C15), 157.3 (C24),
151.2 (C32), 143.2 and 142.2 (C9, C9"), 141.0 and 140.9 (C4, C4"), 129.4 and 129.3 (C7,
C7'), 125.8 and 125.7 (C6, C6), 122.5 and 122.4 (C5, C5'), 111.4 and 111.2 (C8, C8"),
105.6 (C31), 104.9 (C33), 99.3 (C30), 70.8, 70.6, 70.5 and 70.2 (C18, C19, C20, C21),
63.1 (C25), 49.4 and 49.2 (C3, C3'), 45.3 (C10), 41.2 (C22), 39.4 (C17), 36.9 (C14), 33.4
(C35), 29.5 (C28), 28.6 (2 x C34, 2 x C34'), 28.5 (C11), 27.7 (C12), 25.9 (C13), 21.9
(C29), 20.5 (C27), 18.3 (C26)

5(6)-(14-(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-1,12-dioxo0-5,8,13-trioxa-2,11-
diazatetradecan-1-yl)-3",6'-dihydroxy-3-oxo-3H-spiro[2-benzofuran-1,9'-xanthene]

(4.8, FAM-BCN)

NH,

g OH
HN DCM/DMF, DIPEA, ©
. RT, 15 h, 63%
o — =
o} 19
H 3 16HN\/\O/\/O\/\N 2o %
: 17 20 H
23 H
H 28 30/
29
A
46 4.12 48

5(6)-FAM NHS ester 4.12 (30 mg, 0.063 mmol, 1.0 eq) was dissolved in anhydrous

DCM/DMF (2.5 mL, 4:1, v/v), then anhydrous DIPEA (30 pL, 0.17 mmol, 2.7 eq) and
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BCN amine 4.6 (31 mg, 0.096 mmol, 1.5 eq) were added. The reaction mixture was stirred
at RT for 15 h. The solvent was removed in vacuo and the residue was purified by column
chromatography on silica (0% to 15% MeOH in DCM). Compound 4.8 (27 mg,
0.040 mmol) was obtained in 63% yield as a yellow solid. My = 682.73 g/mol (Chemical
Formula: CsgH3sN2010). Carboxyfluorescein is pH dependent and exists as different
forms.2!” The structure was shown as the dianionic form in Chapter 4, which has better

fluorescent property.

Rt 0.36 [DCM/MeOH 9:1 v/v]
LRMS: [ESI*, MeOH]: m/z: 683.1([M+H]*, 100); [ESI", MeOH] m/z: 681.1 ([M-H], 100).
HRMS: [ESI", MeOH] Calculated mass [M-H]": 683.2600; found m/z: 683.2598.

IH NMR (500 MHz, CD30OD) § 8.13 — 8.09 (m, 1 H, Ar-H), 8.04 (d, J = 8.0 Hz, 1 H,
ArH), 7.61 (s, 1 H, Ar-H), 6.65 (d, J = 2.4 Hz, 2 H, H-2, H-2'), 6.59 (d, J = 8.8 Hz, 2 H,
H-5, H-5'), 6.51 (dd, J = 8.8, 2.4 Hz, 2 H, H-4, H-4"), 4.03 (d, J = 8.0 Hz, 2 H, H-25),
3.55 (t, = 5.5 Hz, 2 H, H-18), 3.54 — 3.49 (m, 4 H, H-19, H-20), 3.47 (t, J = 5.5 Hz, 2 H,
H-17), 3.40 (t, J = 5.5 Hz, 2 H, H-21), 3.13 (t, J = 5.5 Hz, 2 H, H-22), 2.23 — 2.05 (m,
6 H, H-29, H-28a), 1.58 — 1.46 (m, 2 H, H-28b), 1.31 — 1.22 (m, 1 H, H-26), 0.91 — 0.80
(m, 2 H, H-27).

13C NMR (126 MHz, CDsOD) § 169.2 (C10), 166.9 (C15), 160.6 (C1, C1'), 157.8 (C24),
152.8 (C3, C3'), 140.7 (C9), 129.0 (ArC, C5, C5'), 124.9 (ArC), 122.9 (ArC), 112.6 (C4,
C4"), 109.7 (C6, C6'), 102.2 (C2, C2"), 98.1 (C30), 69.82 and 69.78 (C19, C20), 69.6
(C21), 68.9 (C18), 62.3 (C25), 40.2 (C22), 39.6 (C17), 28.7 (C28), 20.5 (C29), 20.0 (C27),
17.5 (C26).
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1-(19-((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-6,17-diox0-10,13,18-trioxa-7,16-
diazanonadecan-1-yl)-3,3-dimethyl-2-((1E,3E)-5-((Z)-1,3,3-trimethylindolin-2-

ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium iodide (4.9, Cy5-BCN)

DCM, DIPEA, RT, "
): 7 h, 60% 12
_—
(e} + 13 o 25

4.6 413 4.9

Cy5 NHS ester®® (30 mg, 0.049 mmol, 1.0 eq) was dissolved in anhydrous DCM
(2.0 mL), then anhydrous DIPEA (30 pL, 0.17 mmol, 3.5 eq) and BCN amine 4.6 (25 mg,
0.077 mmol, 1.6 eq) were added. The reaction mixture was stirred at RT for 7 h, diluted
with DCM (7 mL) and washed with saturated aqueous potassium iodide (10 mL). The
organic layer was dried over sodium sulphate, filtered and evaporated. The crude solid
was purified by column chromatography on silica (0% to 10% MeOH in DCM).
Compound 4.9 (27 mg, 0.030 mmol) was obtained in 60% vyield as a dark blue salt.

Mw = 916.40 g/mol (Chemical Formula: C49HssIN4Os).

Ryf: 0.26 [DCM/MeOH 95:5 v/v]
LRMS: [ESI*, MeCN] m/z: 789.5 ([M-1]*, 100)
HRMS: [ESI*, MeCN] Calculated mass [M-1]": 789.4950; found m/z: 789.4940.

IH NMR (500 MHz, CDCls) 8 8.11 — 7.90 (m, 2 H, H-32, H-34), 7.42 — 7.32 (m, 4 H,
H-5, H-5', H-7, H-7"), 7.26 — 7.18 (m, 2 H, H-6, H-6"), 7.11 (d, J = 8.0 Hz, 1 H, H-8),
7.09 (d, J=8.0 Hz, 1 H, H-8"), 7.02 (t, J = 12.5 Hz, 1 H, H-33), 6.80 (br. s, H-16), 6.46 (d,
J =137 Hz, 1 H, H-31), 6.36 (d, J = 13.6 Hz, 1 H, H-35), 5.34 (br. s, H-23), 4.13 (d,
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J=8.0Hz, 2 H, H-25), 4.09 (t, J = 7.3 Hz, 2 H, H-10), 3.66 (s, 3 H, H-37), 3.63 (s, 4 H,
H-19, H-20), 3.59 (t, J = 5.6, 2 H, H-18), 3.57 (t, J = 5.4, 2 H, H-21), 3.46 (app q, J = 5.6
Hz, 2 H, H-17), 3.38 (app q, J = 5.4 Hz, 2 H, H-22), 2.34 (t, J = 7.3, 2 H, H-14),
2.29 —2.16 (m, 6 H, H-29, H-28a), 1.89 — 1.80 (M, 2 H, H-11), 1.80 — 1.74 (m, 2 H, H-13),
1.74 (s, 6 H, H-36), 1.72 (5, 6 H, H-36"), 1.62 — 1.52 (m, 4 H, H-12, H-28b), 1.39 - 1.31
(m, 1 H, H-26), 0.97 -0.86 (m, 2 H, H-27).

13C NMR (126 MHz, CDCls) & 172.3 (C2), 172.0 (C2'), 171.8 (C15), 155.9 (C24), 152.5
(C32), 151.9 (C34), 141.8 and 140.9 (C9, C9'), 140.2 and 139.8 (C4, C4’), 127.8 and
127.6 (C7, C7"), 125.8 (C33), 124.3 and 124.0 (C6, C6'), 121.2 and 121.1 (C5, C5'), 109.8
and 109.3 (C8, C8"), 103.4 (C31), 102.9 (C35), 97.8 (C30), 69.3, 69.2, 69.1 and 68.7 (C18,
C19, C20, C21), 61.6 (C25), 48.4 and 48.1 (C3, C3), 43.5 (C10), 39.8 (C22), 38.0 (C17),
35.2 (C14), 31.08 (C37), 28.0 (C28), 27.1 (2x C36, 2x C36"), 26.2 (C11), 25.5 (C12),
24.2 (C13), 20.4 (C29), 19.1 (C27), 16.8 (C26).

5-(3-(6-azidohexanamido)prop-1-yn-1-yl)-2’-deoxyuridine (5.3, AHP dU)

o N 15 13 9
HoN N 3M 8 o)
N NH 6 14 12 H %7 4l s
\ o 10 3 N
N O (0] 1 M TEAB/DMF, 6 NZ/&O
HO + Ny~ o~ AN 55°C, 4 h, 62% HO. - 1
o (@) —_— 5 o
o} - .
3 s
OH OH
2.2 4.4 5.3

The amino dU 2.2 (6 mg, 21 umol, 1.0 eq) was dissolved in deionised water (400 uL) and
1 M TEAB buffer (400 uL, pH 7.5). The 6-azido NHS ester 4.4 (6 mg, 24 umol, 1.1 eq)
in DMF (800 L) was added and was kept at 55 °C for 4 h. The solvent was removed in
vacuo and the residue was purified by column chromatography on silica (0% to 7%
MeOH in DCM). Compound 5.3 (5.5 mg, 13 pmol) was obtained in 62% Yyield.

Mw = 420.18 g/mol (Chemical Formula: C1gH24NsOs).

Rf: 0.28 [DCM/MeOH 9:1 viv]
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LRMS: [ESI*, MeOH] m/z: 421.3 ([M+H]", 65); 443.2 ((M+Na]*, 100); 863.4 ([2M+Na]",
18). [ESI, MeOH]: 419.2 ([M-H]", 100).

HRMS: [ESI*, MeOH] Calculated mass [M+H]": 421.1830; found m/z: 421.1831.

'H NMR (400 MHz, (CD3)2CO) & 10.11 (br. s, 1 H, H-3), 8.16 (s, 1 H, H-6), 7.35 (br. s,
1H, H-10),6.14 (t,J =6.7 Hz, 1 H, H-1"),4.41 - 435 (m, 1 H, H-3"), 4.33 (d, J = 4.1 Hz,
1 H, 3'-OH), 4.28 (t, J=4.6 Hz, 1 H, 5'-OH), 4.02 (d, J = 5.5 Hz, 2 H, H-9), 3.85 (app q,
J=29Hz,1H,H-4),3.71 (ddd, J = 11.9, 4.6, 2.9 Hz, 1 H, H-5"a), 3.67 (ddd, J = 11.9,
4.6,2.9 Hz, 1 H, H-5'b), 3.20 (t, J = 6.9 Hz, 2 H, H-16), 2.21 — 2.13 (m, 2 H, H-2'), 2.09
(t, J = 7.4 Hz, 2 H, H-12), 1.51 (app quin, J = 7.4 Hz, 2 H, H-13), 1.47 (app quin,
J =6.9Hz, 2 H, H-15),1.32 - 1.21 (m, 2 H, H-14)

13C NMR (101 MHz, (CD3)2CO) & 171.9 (C11), 161.3 (C4), 149.5 (C2), 143.8 (C6), 98.7
(C5), 89.1 (C8), 88.0 (C4'), 85.4 (C1"), 74.3 (C7), 71.1 (C3"), 61.7 (C5"), 51.0 (C16), 40.8
(C2'), 35.3 (C12), 28.9 (C9), 28.4 (C15), 26.1 (C14), 24.9 (C13)

5-(3-(((E)-cyclooct-4-en-1-yl)oxycarbonylamino)prop-1-yn-1-yl)-2'-deoxyuridine

(5.4, TCO-S dUTP)™

173 o]
O 9
RN TN e
NH 18 g H AN 3
\ Ie o DMF, EtsN, T ONH
N o RT,5h, 91% NI
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HO o o /O HO 5 1
s :
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OH © 3
3.3

2.2 5.4

The amino dU 2.2 (24 mg, 85 pmol, 1.5 eq) was dissolved in DMF (500 pL). The TCO-S
NHS ester 3.3 (15 mg, 56 pumol, 1.0 eq) in DMF (500 pL) and TEA (100 pL, 717 pumol,
12.8 eq) were added into the solution of amino dU 2.2. The reaction mixture was stirred

at RT for 5 h and the solvent was removed in vacuo. The residue was purified by column
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chromatography on silica (0% to 6% MeOH in DCM). Compound 5.4 (22 mg, 51 pmol)

was obtained in 91% yield. My = 433.46 g/mol (Chemical Formula: C21H27N307).

Rt 0.37 [DCM/MeOH 90:10 v/v]
LRMS: [ESI*, MeCN] m/z: 456.1 ([M+Na]*, 100)
HRMS: [ESI*, MeCN] Calculated mass [M+H]": 456.1741; found m/z: 456.1741.

IH NMR (400 MHz, (CD3)2CO) & 8.24 (s, 1 H, H-6), 6.44 (br. s, 1 H, H-10), 6.26 (t,
J=6.7Hz, 1 H, H-1"), 5.67 - 5.54 (m, 1 H, H-17), 5.48 (ddd, J = 15.9, 10.8, 3.3 Hz, 1 H,
H-16), 4.53 — 4.47 (m, 1 H, H-3"), 4.36 — 4.28 (m, 1 H, H-12), 4.13 — 3.99 (m, 2 H, H-9),
3.97 (d,J= 2.8 Hz, 1 H, H-4"), 3.82 (dd, J = 11.7, 2.8, 1 H, H-5'a), 3.79 (dd, J = 11.7, 2.8,
1 H, H-5'b), 2.36 — 2.22 (M, 5 H, H-18, H-2’, H-13a), 2.01 — 1.82 (m, 4 H, H-15, H-13b,
H-14a), 1.81 — 1.51 (m, 3 H, H-19, H-14b)

13C NMR (101 MHz, (CD3)2C0O) & 161.1 (C4), 155.7 (C11), 149.5 (C2), 143.6 (C6), 134.9
(C17), 132.5 (C16), 98.8 (C5), 89.3 (C8), 88.0 (C4'), 85.4 (C1’), 80.1 (C12), 74.3 (C7),
71.1 (C3"), 61.7 (C5"), 40.9 (C15), 40.7 (C2"), 38.5 (C19), 33.9 (C13), 32.3 (C18), 30.8
and 30.7 (C14, C9)
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5-(21-((E)-cyclooct-4-en-1-yloxy)-5,21-dioxo-8,11,14,17-tetraoxa-4,20-diazahenicos-

1-yn-1-yl)-2'-deoxyuridine (5.5, TCO-L dU)

O\fo
HN
\L 27 2
o 25
(0] 29 j\ 21 18 17 14 /13\)(1 9
HoN X NH S 0% N/\/O\/\O/\/O\/\o NG (o}
‘ 30 31 H 2 19 16 15 2 H 8 54NH3
A o DMF, Et3N, 2 10 | |2
N0 RT, 5 h, 80% s o
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S 4' 1"
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22 3.4 5.5
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o

OH

The amino dU 2.2 (7 mg, 25 umol, 1.7 eq) was dissolved in DMF (500 pL). The TCO-L
NHS ester 3.4 (8 mg, 15 umol, 1.0 eq) in DMF (500 pL) and TEA (100 pL, 717 pumol,
47.8 eq) were added into the solution of amino dU 2.2. The mixture was stirred at RT for
5 h and the solvent was removed in vacuo. The residue was purified by column
chromatography on silica (0% to 7% MeOH in DCM). Compound 5.5 (8 mg, 12 umol)

was obtained in 80% yield. My = 680.75 g/mol (Chemical Formula: C32HgN4O12)

Rt 0.34 [DCM/MeOH 9:1 v/v]
LRMS: [ESI¥, MeOH] m/z: 703.2 ([M+Na]*, 100).
HRMS: [ESI*, MeOH] Calculated mass [M+H]*: 703.3161; found m/z: 703.3154.

IH NMR (400 MHz , (CD3)2CO) & 10.16 (br. s, 1 H, H-3), 8.34 (s, 1 H, H-6), 7.65 (br. s,
1 H, H-10), 6.27 (t, J = 6.6 Hz, 1 H, H-1"), 6.06 (br. s, 1 H, H-22), 5.67 — 5.55 (m, 1 H,
H-29), 5.48 (ddd, J = 15.9, 10.8, 3.3 Hz, 1 H, H-28), 4.57 — 4.48 (m, 1 H, H-3"), 4.35 —
4.26 (m, 1 H, H-24), 4.20 — 4.13 (m, 2 H, H-9), 3.97 (app g, J = 2.8 Hz, 1 H, H-4), 3.85
(dd, J = 11.7, 2.8 Hz, 1 H, H-5'a), 3.80 (dd, J = 11.7, 2.8 Hz, 1 H, H-5'b), 3.73 (t, J =
6.1 Hz, 2 H, H-13), 3.65 — 3.55 (m, 12 H, H-14 to 19), 3.52 (t, J = 5.6 Hz, 2 H, H-20),
3.27 (app g, J = 5.6 Hz, 2 H, H-21), 2.46 (t, J = 6.1 Hz, 2 H, H-12), 2.36 — 2.24 (m, 5 H,
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H-2’, H-30, H-25a), 2.00 — 1.83 (m, 4 H, H-27, H-25h, H-264), 1.81 — 1.48 (m, 3H, H-26D,
H-31)

13C NMR (101 MHz , (CD3)2CO) & 170.3 (C11), 161.1 (C4), 149.5 (C2), 143.9 (C6),
134.9 (C29), 132.5 (C28), 98.7 (C5), 89.0 (C8), 88.0 (C4"), 85.4 (C1'), 79.6 (C24), 74.4
(C7), 71.0 (C3", 70.32, 70.27, 70.26, 70.12 and 70.04 (C14 to 19), 70.00 (C20), 66.9
(C13), 61.6 (C5"), 41.0 (C27), 40.8 (C2'), 40.5 (C21), 38.5 (C31), 36.3 (C12), 33.9 (C25),
32.3 (C30), 30.8 (C26), 28.9 (C9)

1'-(2,3,5,6-Tetraazaaceanthrylen-2(6H)-yl)-2’-deoxyriboside (5.7, Quadracyclic

dR)48

NH

/ ‘ \N
/
\Q( NaOMe
o, HO_ &
MeOH RT, °

48 h, 26% 4

5.6 5.7

The 5’,3'-di-O-p-toluoyl-quadracyclic adenine analogue-2'-deoxyriboside 5.6 (60 mg,
0.11 mmol, 1.0 eq) and NaOMe (54 mg, 1.0 mmol, 9.1 eq) were left under vacuum for
15 h. Anhydrous MeOH (2.5 mL) was added and the reaction was stirred at RT for 48 h.
The solvent was removed in vacuo and the residue was purified by column
chromatography on silica (0% to 5% MeOH in DCM). Compound 5.7 (9 mg, 28 umol)

was obtained in 26% yield. My = 324.12 g/mol (Chemical Formula: C17H16N40O3).

Rt 0.26 [DCM/MeOH 9:1 v/v]
LRMS: [ESI*, MeOH] m/z: 325.2 ([M+H]*, 100)
'H NMR (400 MHz, DMSO-ds) & 10.63 (s, 1 H, H-10), 8.09 (s, 1 H, H-4), 7.59 (dd,

J=7.7,11Hz, 1 H, Ar-H), 7.44 (s, 1 H, H-9), 7.20 — 7.16 (m, 2 H, Ar-H), 7.04 (ddd,
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J=77,6.8,1.8 Hz, 1 H, Ar-H), 6.36 (dd, J = 8.1, 5.9 Hz, 1 H, H-1), 5.28 (d, J = 4.0 Hz,
1 H, 3-OH), 5.16 (dd, J = 6.6, 4.8 Hz, 1 H, 5'-OH), 4.42 — 4.37 (m, 1 H, H-3"), 3.87 (td,
J=48,25Hz 1H, H-4"),3.62 (dt, J = 11.7, 4.8 Hz, 1 H, H-5"a), 3.53 (ddd, J = 11.7,
6.6, 4.8 Hz, 1 H, H-5'b), 2.65 (ddd, J = 13.1, 8.1, 5.8 Hz, 1 H, H-2"a), 2.23 (ddd, J = 13.1,
5.9, 2.5 Hz, 1 H, H-2'b)

(Isopropyl-L-alaninyl)(phenyl) chlorophosphate (5.14, Chlorophosphate)?>°

) /<O Phenyl diclorophosphate

HoN o{ DCM, Et;N, -78 °Cto RT,  © 8
9 13
Hel 15h ©

L-Alanine isopropyl ester hydrochloride 5.13 (1.50 g, 8.98 mmol, 1.0 eq) was
co-evaporated with anhydrous DCM (2 x 5 mL) and left under vacuum for 15 h. It was
dissolved in anhydrous DCM (70 mL) and phenyl dichlorophosphate (1.3 mL, 8.7 mmol,
1.0 eq) was added at -78 °C. Anhydrous TEA (2.5 mL, 18 mmol, 2.0 eq) was added
dropwise over 30 min. The reaction mixture was slowly warmed up to RT and stirred for
15 h. The solvent was removed in vacuo and the residue was re-suspended in distilled
THF (15 mL) followed by filtering under argon. The filtrate was dried in vacuo and left
under vacuum for 15 h. Compound 5.14 (2.35 g) was obtained as a yellow oil and used

without further purification. My = 305.69 g/mol (Chemical Formula: C12H17CINO4P)

Ry: two isomer: 0.58, 0.66 [DCM/MeOH 9:1 v/v] Stain: KMnQO4

$1p (121 Hz) 5 8.8, 8.4
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5-(3-((t-Butoxycarbonyl)amino)prop-1-yn-1-yl)-2'-deoxyuridine (5.15, Boc-amino

dU)259
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Amino dU 2.2 (0.60 g, 2.1 mmol, 1.0 eq) was co-evaporated with anhydrous MeOH (3 x
2 mL), left under vacuum for 15 h and dissolved in anhydrous pyridine (10 mL).
N-(t-Butoxycarbonyloxy) succinimide (BocOSu, 0.46 g, 2.1 mmol, 1.0 eq) was dissolved
in pyridine (3.0 mL) and added into the solution containing amino dU 2.2 dropwise at RT.
The reaction was stirred at RT for 3 h and the solvent was removed in vacuo. The residue
was purified by column chromatography on silica (0% to 5% MeOH in DCM with 0.5%
TEA). Compound 5.15 (recalculated 0.399 g, 1.0 mmol) was obtained in 48% yield as a
white foam (0.493 g), containing 0.9 eq TEA. My = 381.38 g/mol (Chemical Formula:

C17H23N30y).
Rt 0.54 [DCM/MeOH 8:2 v/v]

LRMS: [ESI*, MeOH] m/z: 404.2 ([M+Na]*, 100).

IH NMR (400 MHz, DMSO-ds) & 8.06 (s, 1 H, H-6), 7.22 (t, = 5.6 Hz, 1 H, H-10), 6.11
(t, J = 6.7 Hz, 1 H, H-1"), 4.15 (td, J = 4.3, 3.4 Hz, 1 H, H-3"), 3.86 (d, J = 5.6 Hz, 2 H,
H-9), 3.72 (app q, J = 3.4 Hz, 1 H, H-4"), 3.53 (dd, J = 11.7, 3.4 Hz, 1 H, H-5a), 3.48 (dd,
J=117,3.4 Hz, 1 H, H-5'b), 2.04 (dd, J = 6.7, 4.3 Hz, 2 H, H-2"), 1.40 (s, 9 H, H-13)

BCNMR (100 MHz, DMSO-ds) 5 161.6 (C4), 155.2 (C11), 149.4 (C2), 143.5 (C6), 98.2
(C5), 90.1 (C8), 87.6 (C4"), 84.7 (C1'), 78.2 (C12), 74.1 (C7), 70.2 (C3"), 61.0 (C5"), 40.0
(C2), 30.1 (C9), 28.2 (C13)

200



Experimental

5-(3-Aminoprop-1-yn-1-yl)-2'-deoxyuridine-5'-O-((isopropyl-L-

alaninyl)(phenyl))phosphate (5.16, Amino dU masked monophosphate)

LT
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Chlorophosphate 5.14 and Boc-amino dU 5.15 were dried under vacuum for 15 h in
separate flasks. Boc-amino dU 5.15 (0.32 g, 0.8 mmol, 1.0 eq) was dissolved in anhydrous
THF (10 mL). N-methyl imidazole (0.42 mL, 5.3 mmol, 6.6 eq) and chlorophosphate 5.14
(1.30 g, 4.29 mmol, 5.4 eq) in anhydrous THF (4.2 mL) were added at -78 °C. The reaction
mixture was slowly warmed up to RT and stirred for 15 h. The solvent was removed in
vacuo, then the residue was re-dissolved in EtOAc (10 mL) and washed with water
(10 mL). The organic layer was dried over MgSOa and filtered, then the solvent was
removed in vacuo. Anhydrous DCM (3.0 mL) and TCA (1.5 mL) were added to the
residue to deprotect the Boc group. The mixture was stirred at RT for 2 h. The solvent
was then removed in vacuo and the residue was purified by column chromatography on
silica (0% to 20% MeOH in DCM). Compound 5.16 (re-calculated 0.28 g, 0.50 mmol,
two diastereoisomers) was obtained in 63% yield as a yellow oil (0.40 g), containing

3.1 eq N-methyl imidazole. My = 550.18 g/mol (Chemical Formula: C24H31N4OgP).

R 0.46 [DCM/MeOH 8:2 viv]
LRMS: [ESI*, MeOH] m/z: 551.2 ([M+H"], 61) 573.2 ([M+Na*], 100).

HRMS: [ESI*, MeOH] Calculated mass [M+H]*: 551.1901; found m/z: 551.1895.
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IH NMR (400 MHz, DMSO-ds) & 11.74 (br. s, 1 H, H-3), 7.97 (s, 0.4 H, H-6*) and 7.95
(s, 0.6 H, H-6%), 7.42 — 7.32 (m, 2 H, ArH), 7.26 — 7.14 (m, 3 H, ArH), 6.14 — 6.07 (m,
1H, H-1'), 6.05 - 5.96 (m, 1 H, H-11), 4.92 — 4.80 (m, 1 H, H-14), 4.29 — 4.15 (m, 3 H,
H-3", H-5'), 4.04 — 3.94 (m, 1 H, H-4"), 3.89 (s, 2 H, H-9), 3.74 — 3.82 (m, 1 H, H-12),
2.20 —2.06 (M, 2 H, H-2"), 1.28 — 1.20 (m, 3 H, H-17), 1.19 — 1.12 (m, 6 H, H-15, H-16)

13C NMR (100 MHz, DMSO-ds) 8 161.2 (C4), 144.6 (C6), 129.6 (2 x ArC), 124.6 (ArC),
120.5 (ArC), 120.1 (ArC), 112.8 (C5), 97.4 (C8), 85.6 (C1’), 85.2 (C4'), 70.0 (C3'), 68.0
(C14), 65.9 (C5'), 48.6 (C12), 39.1 (C2), 29.1 (C9), 21.3 (C15,16), 19.7 (C17)

$1p (121 Hz, CDCls) § 3.7, 3.5

5-(3-(((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)methyloxycarbonylamido)prop-1-yn-
1-yI)-2'-dexoyuridine-5'-O-((isopropyl-L-alaninyl)(phenyl))phosphate (5.17, BCN-I

dU masked monophosphate)

> 9 N/go 7 1 M TEAB/DMF D Q
0 HN-P-O . 3 ' 70 HN-P-O_ g
w o o 55°C, 3 h, 58% Mo o
O \F o — > 15 0) . "
18 h
© 0, 19@233 2

Amino dU masked monophosphate 5.16 (46 mg, 84 umol, 2.2 eq) was mixed with BCN-I
NHS ester 2.14 (11 mg, 38 umol, 1.0 eq) in DMF (1.0 mL) and 1 M TEAB buffer (300
pL, pH 7.5). Reaction mixture was left at 55 °C for 3 h, then diluted with DCM (10 mL)
and washed with deionised water (2 x 10 mL). The organic layer was dried over MgSO4
and filtered. The solvent was removed in vacuo and the residue was purified by column

chromatography on silica (0% to 5% MeOH in DCM). Compound 5.17 was obtained in
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58% vyield (16 mg, 22 umol, two diastereoisomers) as a solid. Mw = 726.27 g/mol

(Chemical Formula: C3sH43N4O11P).

Rt 0.24 [DCM/MeOH 95:5 v/v]
LRMS: [ESI*, MeCN] m/z: 749.2 ([M+Na]*, 100).
HRMS: [ESI*, MeCN] Calculated mass [M+H]": 749.2558; found m/z: 749.2556.

'H NMR (400 MHz, CDCl3) § 9.07 (s, 1 H, H-3), 7.93 (s, 0.4 H, H-6*) and 7.86 (s, 0.6 H,
H-6%*), 7.38 — 7.29 (m, 2 H, ArH), 7.29 — 7.23 (m, ArH, overlapped with solvent residue),
722 -7.12 (m, 1 H, ArH), 6.24 — 6.17 (m, 1 H, H-1"), 5.69 — 5.53 (m, 1 H, H-10), 5.02
(app spt, J = 6.2 Hz) and 5.01 (app spt, J = 6.2 Hz) (overlapping peaks, 1 H, H-14),
454430 (m, 3 H, H-3", H-5), 426 — 3.96 (m, 7 H, H-4', H-9, H-12, H-25, H-11),
2.50 - 1.79 (m, 8 H, H-2", H-29, H-28a), 1.62 — 1.48 (m, 2 H, H-28b), 1.39 (d, J = 6.3 Hz,
3H,H-17),1.36 - 1.31 (m, 1 H, H-26), 1.28 — 1.20 (m, 6 H, H-15, H-16), 0.97 — 0.87 (m,
2 H, H-27)

13C NMR (100 MHz, CDCls)  149.0 (C2), 143.1 (C6), 129.8 (2 x ArC), 125.4 (ArC),
120.2 (ArC), 120.1 (ArC), 99.5 (C5), 98.8 (C30), 85.4 and 85.3 (C1’, C4"), 70.5 (C3'),
69.7 (C14), 65.7 (C5"), 63.2 (C25), 50.7 (C12), 40.3 (C2'), 31.7 (C9), 29.0 (C28), 21.7
(C15), 21.6 (C16), 21.4 (C29), 21.0 (C26), 20.7 (C17), 20.2 (C27)

31p (121 Hz, CDCl3) § 4.0
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5-(3-(6-Azidohexanamido)prop-1-yn-1-yl)-2'-deoxyuridine-5'-O-((isopropyl-L-

alaninyl)(phenyl))phosphate (5.18, AHP dU masked monophosphate)
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Amino dU masked monophosphate 5.16 (53 mg, 96 umol, 2.0 eq) was mixed with 6-azido
NHS ester 4.4 (12 mg, 47 pumol, 1.0 eq) in DMF (1.0 mL) and 1 M TEAB buffer (300 uL,
pH 7.5). Reaction mixture was left at 55 °C for 3 h, then diluted with DCM (10 mL) and
washed with deionised water (2 x 10 mL). The organic layer was dried over MgSQO4 and
filtered. The solvent was removed in vacuo and the residue was purified by column
chromatography on silica (0% to 5% MeOH in DCM). Compound 5.18 was obtained in
74% vyield (24 mg, 35 umol, two diastereoisomers). My = 689.26 g/mol (Chemical

Formula: C3oH10N7010P).

Rt 0.37 [DCM/MeOH 9:1 v/v]
LRMS: [ESI*, MeCN] m/z: 712.2 ([M+Na]*, 100)
HRMS: [ESI*, MeCN] Calculated mass [M+H]*: 690.2647; found m/z: 690.2648

1H NMR (400 MHz, CDCls) § 9.66 (s, 0.4 H, H-3*), 9.62 (s, 0.6 H, H-3%), 7.96 (s, 0.4 H,
H-6%), 7.93 (s, 0.6 H, H-6%), 7.37 — 7.29 (m, 2 H, ArH), 7.26 — 7.21 (m, 2 H, ArH),
7.21-7.15 (m, 1 H, ArH), 6.97 (br. s, 1 H, H-10), 6.26 — 6.19 (m, 1 H, H-1"), 5.01 (app
spt, J = 5.9 Hz, 1 H, H-14), 4.55 — 4.26 (m, 4 H, H-3', H-5', H-11), 4.26 — 3.93 (M, 4 H,
H-9, H-12, H-4'), 3.23 (t, J = 6.8 Hz, 2 H, H-29), 2.50 — 2.33 (M, 1 H, H-2"a), 2.21 — 1.93
(m, 3 H, H-25, H-2'b), 1.71 — 1.50 (m, 4 H, H-26, H-28), 1.39 (d, J = 6.9 Hz, 3 H, H-17),
1.37 - 1.29 (m, 2 H, H-27), 1.28 — 1.16 (m, 6 H, H-15, H-16)
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13C NMR (100 MHz, CDCls) § 172.7 (C24), 161.9 (C4), 149.2 (C2), 143.2 (C6), 129.9
(2 x ArC), 125.4 (ArC), 120.2 (ArC), 120.1 (ArC), 99.4 (C5), 89.7 (C8), 85.6 (C1’), 85.3
(C4'), 74.7 (C7), 70.4 (C3"), 69.8 (C14), 65.8 (C5'), 51.2 (C29), 50.7 (C12), 40.6 (C2'),
35.7 (C25), 30.2 (C9), 28.6 (C28), 26.3 (C27), 25.0 (C26), 21.7 and 21.6 (C15, C16), 20.8
(C17)

31p (121 Hz, CDCls) § 3.5

7.3 General method for oligonucleotide synthesis and purification

Standard and modified DNA phosphoramidites, solid supports, and additional reagents
were purchased from Link Technologies and Applied Biosystems Ltd. All
oligonucleotides were synthesised on an Applied Biosystems 394 automated DNA/RNA
synthesiser using a standard 1.0 umol scale phosphoramidite cycle of acid-catalysed
detritylation, coupling, capping, and iodine oxidation. Stepwise coupling efficiencies and
overall yields were determined by the automated trityl cation conductivity monitoring
facility and in all cases were >98.0%. All 3-cyanoethyl phosphoramidite monomers were
dissolved in anhydrous acetonitrile to a concentration of 0.1 M immediately prior to use.
The coupling time for normal A, G, C, and T monomers was 40 s. Cleavage of
oligonucleotides from the solid support and deprotection was achieved by exposure to
concentrated aqueous ammonia solution for 60 min at RT followed by heating at 55 °C

in a sealed tube for 5 h.

The building blocks for the RNA analogues were prepared using 2'-t-butyldimethylsilyl
protected RNA phosphoramidite monomers with t-butylphenoxyacetyl protection of the
A, G and C nucleobases and unprotected U (Sigma-Aldrich). A solution of 0.3 M
benzylthiotetrazole in acetonitrile (Link Technologies) was used as the coupling agent,
t-butylphenoxyacetic anhydride was employed as the capping agent and 0.1 M iodine as
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the oxidising agent (Sigma-Aldrich). All RNA phosphoramidite monomers were
dissolved in anhydrous acetonitrile to a concentration of 0.1 M immediately prior to use,
and the coupling time for all monomers was 10 min. Stepwise coupling efficiencies
were >96%. Cleavage of RNA oligonucleotides from the solid support and deprotection
were achieved by exposure to concentrated aqueous ammonia/ethanol (3:1 v/v) at RT for
2 h followed by heating at 55 °C in a sealed tube for 45 min. RNA oligonucleotide
solutions were concentrated to ~ 0.2 mL in vacuo and lyophilised. The residues were
dissolved in DMSO (300 pL) and triethylamine trihydrofluoride (300 pL) was added,
after which the reaction mixtures were kept at 65 °C for 2.5 h. Sodium acetate (3 M,
50 pL) and butanol (3 mL) were added with vortexing and the samples were kept at -80°C
for 30 min then centrifuged with a speed of 15,000 x g at 4 °C for 10 min. The supernatant
was decanted and the precipitate was washed with ethanol (2 x 0.75 mL) then dried under

vacuum.

The fully deprotected DNA was purified by RP-HPLC on a Gilson system using HPLC
column S and Ammonium acetate system (0% to 35% buffer B in 20 min). Elution was
monitored by UV absorption at 295 nm. After HPLC purification, oligonucleotides were
desalted using NAP-10 columns (GE Healthcare). For HPLC purification of RNA, TEAB
buffer system Il was used (0% to 35% buffer B in 20 min). The fractions from HPLC

were evaporated without need for additional desalting.

All oligonucleotides were characterised by HPLC-MS using an Acquity UPLC system
with a BEH C18 1.7 pum column (Waters) and a Bruker micro-TOF mass spectrometer
(ESI" mode). A gradient of methanol in TEA and hexafluoroisopropanol (HFIP) was
employed, increasing from 0% to 70% buffer B over 8 min, with a flow rate of 0.2 mL/min

(buffer A: 8.6 mM TEA, 200 mM HFIP in 5% methanol/water; buffer B: 20% buffer A
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in methanol). Raw data were processed and deconvoluted using the Data Analysis

function of the Bruker Daltronics Compass™ 1.3 software package.

Modified oligonucleotide synthesis

The 5'-terminal 6-FAM, Cy5, phosphate and biotin modifications were introduced by
using the corresponding phosphoramidite on the solid phase oligonucleotide synthesiser.
The 3’-end BCN modifications were prepared by labelling the amino-functionalised
oligonucleotides, which were synthesised on the amino C7 dU resin. The labelling
reaction was carried out in 0.5 M Na,CO3/NaHCO3 (100 uL, pH 8.7) with 1 mg of BCN-I
NHS carbonate 2.14 in DMF (100 uL) at 55 °C for 5 h. The solvent was removed in vacuo
and the residue was purified by RP-HPLC as described above and followed by denaturing

PAGE purification.
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Table 7.1. Mass spectrometry characterisations of synthesised oligonucleotides.

Mass
r__r
Code Sequences(5'-3") Found (Calc.)
T1 CAGTCACTGTACTGCCGACACACATAACC (DNA template) 8775(8776)
T2 CAGTCACAAAACTGCCGACACACATAACC (DNA template) 8777(8778)
P3 FAM-GGTTATGTGTGTCGGCAG (primer) 6138(6138)
T4 CAGUCACUGUACUGCCGACACACAUAACC (RNA template) 9169(9169)
T5 CAGUCACAAAACUGCCGACACACAUAACC (RNA template) 9199(9199)
P6 GCATTCGAGCAACGTAAG (PCR primer) 5532(5533)
P7 GGTTATGTGTGTCGGCAG (PCR primer) 5601(5602)
P6, Phosphate-GCATTCGAGCAACGTAAG (primer for A-exonuclease 5612(5612)
digestion)
P7p Phosphate-GGTTATGTGTGTCGGCAG (primer for A-exonuclease 5681(5680)
digestion)
P6p Biotin-GCATTCGAGCAACGTAAG (primer for streptavidin binding) 5937(5937)
T8 GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGA 25201(25199)
GATTGTGTGCTGGCGATCTTACGTTGCTCGAATGC (PCR template)
P9 GTTTGGCTTTAGAGGCTGGAG (primer for T11) 6548(6548)
P10 ACTGCAATACGAATAATGGCTAC (primer for T11) 7040(7041)
P9, Phosphate-GTTTGGCTTTAGAGGCTGGAG (primer for 6627(6627)
A-exonuclease digestion)

P10, Phosphate-ACTGCAATACGAATAATGGCTAC (primer for 7119(7120)
A-exonuclease digestion)

Cy5-T1o-BCN Cy5-TTTTTTTTTT-BCN 3900(3897)

FAM = 6-carboxyfluorescein; BCN = Bicyclo[6.1.0]nonyne

7.4 Primer extension protocol

Ina 20 pL reaction (1 x buffer), 66 pmol of primer (P3), 132 pmol of template (T1 or T2),
3.2 nmol in total of modified dUTP/dTTP in addition to 3.2 nmol each of dATP, dCTP
and dGTP were mixed with the polymerase enzyme (1 unit for Gotag, Klenow and
Therminator™ 11, 0.5 unit for KOD) and stock buffer solution (5 x or 10 x solution
supplied with the enzymes). In the case of KOD polymerase, 1 mM MgCl., was added
separately to the reaction mixture. The reactions were heated in a heating block or a

BIO-RAD T100™ thermal cycler for 1.5 h (Therminator™ 11, KOD and Gotaq at 60 or

208



Experimental

72 °C, Klenow at 37 °C) and formamide (20 pL) was added before analysis by 20%
denaturing PAGE at a constant 20 W of power in 1 x Tri-Borate-EDTA (TBE) buffer.
Gel images were recorded using Syngene G: BOX with a transilluminator (302 nm) and
the gene-snap imaging software. For the mass spectrometry analysis, two same reactions
were carried out, followed by NAP column desalting and lyophilising or by ethanol
precipitation. The residue was dissolved in deionised water (15 pL) and analysed on a

Bruker microTOF mass spectrometer (ES™ mode).

KOD DNA polymerase was purchased from Merck Millipore; DNA polymerase | large
(Klenow) fragment and Therminator™ II polymerases were from New England Biolabs;

Gotaq polymerase was from Promega.

Kinetics measurements of modified nucleotide incorporation

Primer extension reactions were prepared using above protocol with different
concentrations of dTTP or modified dUTP and heated at 60 °C in a BIO-RAD T100™
thermal cycler. The reactions were then quenched after 30, 60, 90, 120, 150, 180 and
210 s by freezing in liquid nitrogen and mixing with formamide/TBE buffer (20 puL). The
reaction mixtures were analysed by 20% denaturing PAGE and quantified using
gene-snap imaging software. Reaction rates were calculated as the yield of reaction
divided by reaction time. The supplier defined polymerase unit was used as polymerase

concentration to calculate the relative catalytic constant Kcat.

Melting temperature measurements

Melting temperatures were measured on a BIO-RAD CFX96 real-time PCR instrument
by adding SYBR Green (0.6 pL) to the primer extension reactions. When the primer

extension was complete, samples were heated to 95 °C for 30 s, cooled to 30 °C, then the

209



Experimental

temperature was increased to 95 °C at a rate of 1 or 0.5 °C/s and held (monitored) at each
temperature for 5 s. The Tm measurement for the same condition was carried out only

once and presented without errors.

Fluorescent labelling of primer extension products

Two same primer extension reactions (2 x 20 pL) were performed as explained in the
previous section using modified dUTP, or unmodified dNTP as a negative control.
Ethanol precipitation of the products was carried out after primer extension. The
precipitates were re-dissolved in 1 x Gotaq green buffer (40 pL) and half of the solution
(20 pL) was treated with 6.4 nmol of functionalised fluorophores. When the reaction was
complete, another ethanol precipitation was performed. Formamide (20 puL) was added
to the labelled and unlabelled products followed by a 20% denaturing PAGE analysis at
a constant 20 W of power. For the mass spectrometry analysis, two same labelling

reactions were carried out and analysed using HPLC-MS.

7.5 PCR protocol

For template T8, Gotaq polymerase (1 unit), 5 x Gotaq buffer and SYBR Green (0.6 pLL,
3.75 x) were added to samples containing 10 pmol of two primers (P6, P7), 50 pg of
template (T8), 5 nmol in total of modified dUTP/dTTP in addition to 5 nmol each of
dATP, dCTP and dGTP. The final reaction volume was 20 pL with 1 x reaction buffer.

KOD polymerase (0.25 unit) was also used by adding additional 1 mM MgCl> solution.

For plasmid template T11, KOD polymerase (0.5 unit), 10 x KOD polymerase buffer 1
(pH 8.0), 25 mM MgCl> (0.8 pL) and SYBR Green (0.6 pL, 3.75 x) were added to

samples containing 10 pmol of two primers (P9, P10), 300 pg of plasmid template (T11),
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10 nmol in total of modified dUTP/dTTP in addition to 10 nmol each of dATP, dCTP and

dGTP. The final reaction volume was 20 pL with 1 x reaction buffer and 1 mM MgCl..

Amplification was performed on a BIO-RAD CFX96 real-time PCR instrument using the
following procedure: an initial denaturing at 95 °C for 2 min, followed by 25 cycles of
denaturing at 95 °C for 30 s, annealing at 51 °C (T8) or 54 °C (T11) for 30 s, and
elongating at 72 °C for 30 s. Further extension was carried out at 72 °C for 5 min. This
was followed by melting temperature measurements involving heating the reaction
mixture to 95 °C for 30 s, cooling to 30 °C, then increasing the temperature to 95 °C at a
rate of 1 or 0.5 °C/s and holding (monitored) at each temperature for 5 s. Samples were
analysed by 1.5% or 2% agarose gel electrophoresis with ethidium bromide (200 ng/mL)

at constant voltage (126 V) in 1 x TBE buffer.

When the same PCR amplifications were repeated 5 to 10 times, errors of melting
temperatures were calculated using the confidence intervals derived from Student’s t

distribution with 95% confidence. In graphs these errors are represented by error bars.

Sequencing of template T11 PCR Products

PCR amplifications (4 x each) using AHP dUTP and T11 were carried out as previously
described and purified by agarose gel electrophoresis. Products were extracted using
Qiagen gel extraction kit according to the manufacturer’s instructions. The solution of
AHP-modified PCR amplicons were obtained and quantified using a NanoDrop 2000 UV
spectrometer. Additionally, second-round PCR reactions were carried out using 10 nmol
of unmodified triphosphates (dNTPs), 1 unit of Gotaq polymerase and 10 ng of the
AHP-modified PCR amplicons as templates. The products were purified using agarose

gel electrophoresis (1.5%), followed by extraction using Qiagen gel extraction kit. The
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AHP-modified PCR amplicons and second-round PCR amplicons were then sent to

Beckman Coulter Genomics Inc. for Sanger sequencing.

Fluorescent labelling of modified PCR products

Evaluation of reaction buffer system

AHP-modified PCR amplicons (4 x) were purified by Qiagen agarose gel purification Kit.
Agqueous solution (50 pL) was obtained and topped up to 80 pL using deionised water.
10 pL of this solution was aliquoted into 6 individual vials and then labelled with
Cy3-BCN (4 nmol) in Gotaq buffer or KOD + MgCl> buffer (final solution is 1 x).
Reactions were left at RT for 10, 30 and 60 min, then analysed by 1.5% agarose gel

containing ethidium bromide.

Fluorescent labelling of PCR amplicons

For cyclooctyne-modified PCR amplicons (T8), the labelling reactions with Cy3-azide
(16 nmol) were performed using the same protocol for labelling of primer extension
products. For TCO- or AHP-modified or unmodified PCR amplicons (T11), products
were extracted from agarose gel using Qiagen gel extraction kit and quantified using a
NanoDrop 2000 UV spectrometer. 1.2 pg of each amplicons were diluted with Gotaq
green buffer solution (60 pL, 1 x) and labelled with 10 nmol of functionalised
fluorophores at RT for 30 min. Samples were then analysed by 1.5% agarose gel

electrophoresis at constant voltage (126 V) in 1 x TBE buffer.

Labelled AHP-modified products were extracted from the agarose gel using Qiagen gel
extraction kit and aqueous solutions (50 uL) were obtained. The extracted solutions were
diluted with deionised water (150 puL, for Cy3 and Cy5 labelling) or 100 mM TEAB

buffer (150 uL, pH 8.0, for FAM labelling) and analysed by Perkin EImer Luminescence
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Spectrometer LS50B. Solutions were then lyophilised and analysed by agarose gel
electrophoresis. Gels were imaged first and then stained with ethidium bromide solution

(1 pg/mL) for 20 min to enable the unlabelled DNA to be visualised.

7.6 Synthesis of fluorescent single-stranded probes

A-exonuclease digestion protocol

PCR was carried out with one unmodified primer and one phosphorylated primer using
different ratios of AHP dUTP to dTTP. In the asymmetric PCR, the ratio of unmodified
primer to phosphorylated-primer was 10:1. The PCR/APCR protocol was the same as
described in the PCR protocol, except the PCR cycles were increased to 30. The reaction
mixtures were washed with phenol/chloroform/isoamyl alcohol (25:24:1, saturated with
Tris-HCI) and precipitated with ethanol to remove the DNA polymerase. The DNA
precipitates were re-dissolved in 1 x A-exonuclease buffer (20 uL) containing 5 units (T8
products) or 10 units (T11 products) of A-exonuclease and SYBR green (0.6 uL, 3.75 x).
The reactions were heated at 37 °C for 2 h in a BIORAD CFX96 real-time PCR equipment
and followed by melting temperature measurement to check the presence/absence of
remaining duplex products. If there is un-digested duplexes remaining, an extra 5 units of
L-exonuclease was added and heated at 37 °C for 1 h. When the digestion was complete,
the solutions (10 uL) were mixed with the complementary strand and melting temperature
experiments were carried out. The single-stranded and re-annealed samples were
analysed by 1.5% or 2% agarose gel with ethidium bromide (200 ng/mL) or SYBR gold

(0.5 x) at constant voltage (126 V) in 1 x TBE buffer.
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Fluorescent labelling of sSDNA from A-exonuclease digestion

AHP-modified and unmodified single-stranded products were prepared using above
digestion method. Viva spin columns (3000, Sartorius Stedim Biotech) were used to
remove extra triphosphates and other small molecules from the ssDNA solutions.
Centrifugation (15, 000 x g) was repeated three times and the solution was quantified
using a NanoDrop 2000 UV spectrometer. 1.46 ug of T8 single-stranded products or 2.54
pg of T11 single-stranded products were mixed with 1 x Gotaq green buffer (20 pL) with
10 nmol functionalised fluorophores and left at 55 °C for 1 h. When the reaction was
complete, ethanol precipitation was used to remove excess free dye, then the precipitates
were re-dissolved in 1 x Gotaq green buffer (10 uL). Half of the solution (5 pL) was
mixed with the complementary strand and melting temperature experiments were carried
out in a BIO-RAD CFX96 real-time PCR equipment. Samples were analysed by 1.5% or
2% agarose gel electrophoresis at constant voltage (126 V) in 1 x TBE buffer. Template
T8 products were also analysed by 12% native PAGE at constant voltage (120 V) in 1 x
TBE buffer for 15 h. Gels were imaged first, then stained with ethidium bromide (1 pg/mL)

or SYBR Gold (1 x) solution for 20 min to enable the unlabelled DNA to be visualised.

Fluorescent dual-labelling of sSDNA on streptavidin beads

PCR was carried out with one unmodified primer and one biotinylated primer using
different ratios of AHP dUTP to dTTP. Dynabeads™ M-280 Streptavidin (10 mg/mL,
Thermo Fisher Scientific) was washed three times with 2 x TE buffer (10 mM Tris-HClI,
1 mM EDTA, 2 M NaCl, pH 7.5). AHP-modified products from two PCR reactions
(40 pL, T8 products) were mixed with Dynabeads (40 uL, 0.1 mg) in 2 x TE buffer and
gently rotated at RT for 30 min. The supernatant was removed and the beads were washed

three times with 2 x TE buffer. The beads were re-suspended in 20 mM NaOH (40 uL)
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and rotated at RT for 30 min. The supernatant was collected in 40 mM HCI (30 pL) with
100 x TE buffer (1 pL). The beads were washed three times with 2 x TE buffer and
re-suspended in 1 x Gotaq green buffer (10 pL) with 5 nmol of each BCN-fluorophore
combination. The labelling reactions were heated at 55 °C for 1 h. When the reaction was
complete, 70% ethanol was used to wash the beads three times. The beads were
re-suspended in formamide (40 pL) and heated at 65 °C for 5 min in a heating block. The
formamide solutions were analysed by 8% denaturing PAGE or collected and lyophilised.
The residues were re-dissolved in 1 x Gotaq green buffer (15 pL). Half of the solution
(7.5 pL) was mixed with the complementary strand (T8, 1.2 eq) and melting temperature
experiments were carried out in a BIORAD CFX96 real-time PCR equipment. The
labelled ssSDNA and re-annealed samples were analysed by 12% native PAGE. Gels were
imaged before staining at different channels according to the dye used (Table 7.2) and

followed by staining with 1 x SYBR Gold.

Table 7.2. Gel imaging parameters for dual-labelling system

Light Filter
Stained gel Transilluminator (302 nm)  EtBr/UV (572 — 625 nm)
FAM Channel Epi-blue (455 — 487 nm) Short wavelength (516 — 599 nm)
Cy3 (Rhodamine) Channel  Epi-green (520 — 550 nm)  Long wavelength (611 — 641 nm)
Cy5 Channel Epi-red (615 — 650 nm) FRLP (670 — 780 nm)

7.7 Reverse transcription

In a 20 pL reaction (1 x buffer), reverse transcriptase (M-MuLV (RNase H’) 100 units,
or AMV 5 units) and 10 x buffer were added to samples containing 66 pmol of primer
(P3), 132 pmol of RNA template (T4 or T5), 3.2 nmol in total of modified dUTP/dTTP
in addition to 3.2 nmol each of dATP, dCTP and dGTP. 1 x dithiothreitol (DTT, supplied
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with the enzyme) was added to the M-MuLV reactions, while 20 units of RNase inhibitor
were added to the AMV reactions. The reaction mixtures were left at 42 °C for 1 or 15 h.
When the reactions were complete, formamide (20 puL) was added and samples were
analysed by 20% denaturing PAGE at a constant power of 20 W. For the mass
spectrometry analysis, two same reactions were carried out, followed by ethanol
precipitation. The precipitates were dissolved in deionised water (15 pL) and analysed by
HPLC-MS. M-MuLV reverse transcriptase (RNase H’), AMV reverse transcriptase and

RNase inhibitor were purchased from New England Biolabs.

7.8 Cell biology

Cell cultures

A549 cells were cultivated at 37 °C/5% CO: in Dulbecco's modified Eagle's medium

containing 10% fetal bovine serum.

Metabolic labelling

Cells were seeded in 24-well plates containing glass coverslips (VWR; thickness 1.5,
diameter 13 mm) with 5,000 cells per well and incubated for 24 h. The supernatant was
removed, and fresh media containing variable concentrations of each nucleoside (diluted
from 1,000 x stock solutions in DMSO) were added. After incubating for another 24 h,
the cells were fixed in paraformaldehyde (3.7%) at RT for 15 min, and washed with 1 x
phosphate buffered saline (PBS, containing 3% bovine serum albumin (BSA)) once,
followed by addition of 0.5% Triton® X-100 in PBS (0.5 mL) to each well and incubation

at RT for 20 min.
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Cell labelling using CUAAC

Fixed cells were labelled with freshly prepared labelling mixture (200 pL, 10 uM
AlexaFluor-594-alkyne or Cy3-azide, 1 mM CuSOas, 2 mM THPTA, and 10 mM sodium

ascorbate in 1 x PBS) at RT for 1 h in the dark.

Cell labelling using SPAAC

Fixed cells were labelled with freshly prepared labelling mixture (200 pL, 10 pM

AlexaFluor-594-BCN, Cy3-BCN or Cy3-tetrazine in 1 x PBS) at RT for 1 h in the dark.

The labelling solution was then removed and the cells were washed with 1 x PBS (3%
BSA) three times. The coverslips were fixed on slides using hard set™ mounting media
with DAPI from VECTASHIELD and then visualised on a Zeiss confocal microscope
(LSM780, 63x/1.4 Plan-Apochromat (oil) objective, laser 405 for DAPI, laser 543 for

Cy3, laser 594 for AlexaFluor-594).
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8.2 Representative mass spectrometry analyses

cyclooctyne-modified primer extension products

BCN-1 dU template T1 product from Klenow polymerase

Intens. -MS, 6.6-6.6min, Deconvoluted (MaxEnt)

250 Tl: CAGTCACTGTACTGCCGACACACATAACC 10203.1812
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150
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BCN-I1I dU template T1 product from Gotaq polymerase

Intens. -MS, 8.2-8.4min, Deconvoluted (MaxEnt)
T1: CAGTCACTGTACTGCCGACACACATAACC 10933.8033
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DIBO dU template T1 product from Gotaqg polymerase

Intens.ﬁ -MS, 8.3-8.4min, Deconvoluted (MaxEnt)
Tl: CAGTCACTGTACTGCCGACACACATAACC 10412.5416
600 GTCAGTGACATGACGGCTGTGTGTATTGG-FAM
Full length product
/ / Calc. 10412
400+
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78641524 2211969 9068 7025 9925 3306
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BCN-I dU template T2 product from KOD polymerase
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Intens. -MS, 9.5-9.7min, Deconvoluted (MaxEnt)
T2: CAGTCACAAAACTGCCGACACACATAACC 10844.4881
100+ GTCAGTG GACGGCTGTGTGTATTGG-FAM
Full length product
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80 h
60+
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BCN-I1 dU template T2 product from KOD polymerase
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DIBO dU template T2 product from Klenow polymerase

Intens. | -MS, 15.0-15.1min, Deconvoluted (MaxEnt)
T2: CAGTCACAAAACTGCCGACACACATAACC 10937.2167
CAG GACGGCTGTGTGTATTGG-FAM
150- F-G
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8.3 Representative mass spectrometry analyses

trans-cyclooctene-modified primer extension products

TCO-S dU template T4 product from M-MuLV (RNase H") reverse transcriptase

Intens. | -MS, 4.7-4.7min, Deconvoluted (MaxEnt)

1 4: CAGUCACUGUACUGCCGACACACAUAACC 10129.3481

] CAGTGACATGACGGCTGTGTGTATTGG-FAM Full length product
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o ] »
7000 7500 8000 8500 9000 9500 10000 10500 11000 11500 miz

TCO-L dU template T4 product from M-MuLV (RNase H°) reverse transcriptase

Intens. ] -MS, 5.7-5.8min, Deconvoluted (MaxEnt)
4000 T4: CAGUCACUGUACUGCCGACACACAUAACC 10872.1609
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TCO-S dU template T2 product from KOD polymerase

Intens. ] -MS, 6.0-6.2min, Deconvoluted (MaxEnt)
23 CAGTCACAAAACTGCCGACACACATAACC 10700.8806
CAGTG GACGGCTGTGTGTATTGG-FAM Full length product
1500+ Calc. 10700
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01— — ; ; b~y B L . ottt
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TCO-L dU template T2 product from Gotaq polymerase

\niens.: -MS, 7.7-7.8min, Deconvoluted (MaxEnt)
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8.4 Representative mass spectrometry results for azide-modified

primer extension products

AM dU template T1 product from Klenow polymerase

Intens. ] -MS, 5.1-5.2min, Deconvoluted (MaxEnt)
] T1l: CAGTCACTGTACTGCCGACACACATARACC
6000 9680.3101
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AHP dU template T1 product from Klenow polymerase

Intens, -MS, 5.6-5.7min, Deconvoluted (MaxEnt)
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AM dU template T2 product from Klenow polymerase

Intens.
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8.5 Melting temperature measurements

8.5.1 Melting temperatures of TCO-modified primer extension products
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Figure 8.1. Melting curves and derivatives of TCO-modified primer extension products from Gotaq
polymerase, template T1 (A) and T2 (B). dTTP, product from dTTP; dNTP, product from dNTPs; P,
product from TCO dUTP; F, product from TCO dUTP + dATP + dCTP + dGTP; M, product from
dTTP and TCO dUTP + dATP + dCTP + dGTP.
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8.5.2 Melting temperatures of azide-modified primer extension products
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Figure 8.2. Melting curves and derivatives of azide-modified primer extension products from Gotag
polymerase, template T1 (A) and T2 (B). dTTP, product from dTTP; dNTP, product from dNTPs; P,
product from azide dUTP; F, product from azide dUTP + dATP + dCTP + dGTP; M, product from
dTTP and azide dUTP + dATP + dCTP + dGTP.
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8.6 Michaelis-Menten kinetics

8.6.1 Initial reaction rate (vo) fitting results of DIBO dUTP using Gotaq polymerase

DIBO dUTP
25 y=0.1378x+ 0.8136 v=0.1111x +0.1934
R2=09723 R2=0.9839

L

20 4

y = 0.0669x + 0.2454
15 R2=0.9944

y=0.0398x - 0.0639

10 - R2=0.9977

Product (pmol)

y=0.0167x + 0.0067
R2=10.9934

0 50 100 150 200 250
Time (s)

¢24uM m49uM A97uM E194uM 389 uM

Figure 8.3. Single nucleotide incorporation initial reaction rate (vo) for different concentrations of
DIBO dUTP using Gotaq polymerase.

8.6.2 Michaelis-Menten kinetics using KOD polymerase

dTTP AHP dUTP
0257 024
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Figure 8.4. Michaelis-Menten kinetics for dTTP (A) and AHP dUTP (B) single nucleotide

incorporation using KOD polymerase.
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8.7 Sequencing results of the second-round unmodified PCR products

The yellow and grey regions are the two primer regions. PO, amplicon from unmodified
template; PH1, amplicon from 25% AHP-modified template; PH1, amplicon from 50%
AHP-modified template; PH1, amplicon from 75% AHP-modified template; PH1,

amplicon from 100% AHP-modified template; template, the original template T11.

Template starts: ACTGCAATACGAATAATGGCTACAATTTTTTCAAAAATCTCGTCCGATATTGCATTT

10 20 30 40 50

PO _primer 10 GAGAAGTTTT CAGGATCAAT GTCATCTGCA GGACGTATAC GAGGAACGCT
PH1 primer 10 GAGAAGTTTT CAGGATCAAT GTCATCTGCA GGACGTATAC GAGGAACGCT
PH2 primer 10 GAGAAGTTTT CAGGATCAAT GTCATCTGCA GGACGTATAC GAGGAACGCT
PH3 primer 10 GAGAAGTTTT CAGGATCAAT GTCATCTGCA GGACGTATAC GAGGAACGCT
PH4 primer 10 GAGAAGTTTT CAGGATCAAT GTCATCTGCA GGACGTATAC GAGGAACGCT
Template GAGAAGTTTT CAGGATCAAT GTCATCTGCA GGACGTATAC GAGGAACGCT
60 70 80 90 100

PO primer 10 TATAGTATGA GGGCCTACAC CCATAGCAGC TTCCAAGTGT TCAGCATGCA
PH1 primer 10 TATAGTATGA GGGCCTACAC CCATAGCAGC TTCCAAGTGT TCAGCATGCA
PH2 primer 10 TATAGTATGA GGGCCTACAC CCATAGCAGC TTCCAAGTGT TCAGCATGCA
PH3 primer 10 TATAGTATGA GGGCCTACAC CCATAGCAGC TTCCAAGTGT TCAGCATGCA
PH4 primer 10 TATAGTATGA GGGCCTACAC CCATAGCAGC TTCCAAGTGT TCAGCATGCA
Template TATAGTATGA GGGCCTACAC CCATAGCAGC TTCCAAGTGT TCAGCATGCA
110 120 130 140 150

PO _primer 10 TTAGAAGTCC AACAAAGTCA TATTTGTACA TATTTAGTCC AAACAAAACC
PH1 primer 10 TTAGAAGTCC AACAAAGTCA TATTTGTACA TATTTAGTCC AAACAAAACC
PH2 primer 10 TTAGAAGTCC AACAAAGTCA TATTTGTACA TATTTAGTCC AAACAAAACC
PH3 primer 10 TTAGAAGTCC AACAAAGTCA TATTTGTACA TATTTAGTCC AAACAAAACC
PH4 primer 10 TTAGAAGTCC AACAAAGTCA TATTTGTACA TATTTAGTCC AAACAAAACC
Template TTAGAAGTCC AACAAAGTCA TATTTGTACA TATTTAGTCC AAACAAAACC
160 170 180 190 200

PO _primer 10 CCAATACCTA CATCATCAAT ACCACCTTCC ATAGCACGAT CCATTGCTTC
PH1 primer 10 CCAATACCTA CATCATCAAT ACCACCTTCC ATAGCACGAT CCATTGCTTC
PH2 primer 10 CCAATACCTA CATCATCAAT ACCACCTTCC ATAGCACGAT CCATTGCTTC
PH3 primer 10 CCAATACCTA CATCATCAAT ACCACCTTCC ATAGCACGAT CCATTGCTTC
PH4 primer 10 CCAATACCTA CATCATCAAT ACCACCTTCC ATAGCACGAT CCATTGCTTC
Template CCAATACCTA CATCATCAAT ACCACCTTCC ATAGCACGAT CCATTGCTTC
210 220 230 240 250

PO primer 10 TGTATGATAG GCATAATCAT GTTTTGGACC TGTAGGATGA AGTTCCTCGT
PH1 primer 10 TGTATGATAG GCATAATCAT GTTTTGGACC TGTAGGATGA AGTTCCTCGT
PH2 primer 10 TGTATGATAG GCATAATCAT GTTTTGGACC TGTAGGATGA AGTTCCTCGT
PH3 primer 10 TGTATGATAG GCATAATCAT GTTTTGGACC TGTAGGATGA AGTTCCTCGT
PH4 primer 10 TGTATGATAG GCATAATCAT GTTTTGGACC TGTAGGATGA AGTTCCTCGT
Template TGTATGATAG GCATAATCAT GTTTTGGACC TGTAGGATGA AGTTCCTCGT
260 270 280 290 300

PO_primer 10 AACTTTTTTT GTTATAGGTT TCTTGGAAAA GTATATATGT TCCAATACCA
PH1 primer 10 AACTTTTTTT GTTATAGGTT TCTTGGAAAA GTATATATGT TCCAATACCA
PH2 primer 10 AACTTTTTTT GTTATAGGTT TCTTGGAAAA GTATATATGT TCCAATACCA
PH3 primer 10 AACTTTTTTT GTTATAGGTT TCTTGGAAAA GTATATATGT TCCAATACCA
PH4 primer 10 AACTTTTTTT GTTATAGGTT TCTTGGAAAA GTATATATGT TCCAATACCA
Template AACTTTTTTT GTTATAGGTT TCTTGGAAAA GTATATATGT TCCAATACCA
310 320 330 340 350

PO _primer 10 GCATCCTTTA ATTTCTTGTA GTTTTCTACA GTAGTAGCTG CAATATTTAC
PH1 primer 10 GCATCCTTTA ATTTCTTGTA GTTTTCTACA GTAGTAGCTG CAATATTTAC
PH2 primer 10 GCATCCTTTA ATTTCTTGTA GTTTTCTACA GTAGTAGCTG CAATATTTAC
PH3 primer 10 GCATCCTTTA ATTTCTTGTA GTTTTCTACA GTAGTAGCTG CAATATTTAC
PH4 primer 10 GCATCCTTTA ATTTCTTGTA GTTTTCTACA GTAGTAGCTG CAATATTTAC
Template GCATCCTTTA ATTTCTTGTA GTTTTCTACA GTAGTAGCTG CAATATTTAC
360 370 380 390 400
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PO primer 10
PH1 primer 10
PH2 primer 10
PH3 primer 10
PH4 primer 10
Template

PO _primer 10
PH1 primer 10
PH2 primer 10
PH3 primer 10
PH4 primer 10
Template

PO _primer 10
PH1 primer 10
PH2 primer 10
PH3 primer 10
PH4 primer 10
Template

ATTTACACGT
ATTTACACGT
ATTTACACGT
ATTTACACGT
ATTTACACGT
ATTTACACGT
410
TGATACAGTC
TGATACAGTC
TGATACAGTC
TGATACAGTC
TGATACAGTC
TGATACAGTC
456
GCCTCA
GCCTCA
GCCTCA
GCCTCA
GCCTCA

CTAATTGCTC
CTAATTGCTC
CTAATTGCTC
CTAATTGCTC
CTAATTGCTC
CTAATTGCTC

420
AAGAATATAT
AAGAATATAT
AAGAATATAT
AAGAATATAT
AAGAATATAT
AAGAATATAT

GCCTCTAAAGCCAAAC

247

CATTTTTATG
CATTTTTATG
CATTTTTATG
CATTTTTATG
CATTTTTATG
CATTTTTATG

430
TCAATAGGAT
TCAATAGGAT
TCAATAGGAT
TCAATAGGAT
TCAATAGGAT
TCAATAGGAT

TTTTATGCTG
TTTTATGCTG
TTTTATGCTG
TTTTATGCTG
TTTTATGCTG
TTTTATGCTG

440
TGTTTACAGG
TGTTTACAGG
TGTTTACAGG
TGTTTACAGG
TGTTTACAGG
TGTTTACAGG

TATATGGTTT
TATATGGTTT
TATATGGTTT
TATATGGTTT
TATATGGTTT
TATATGGTTT

450
GTCTTCTCCA
GTCTTCTCCA
GTCTTCTCCA
GTCTTCTCCA
GTCTTCTCCA
GTCTTCTCCA
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8.8 Agarose gel analysis of A-exonuclease digestion and re-annealing of

AHP-modified ssDNA

A B
PCR Single strand Re-annealing (T8) or MN
1, W,
L 1 2 3 4 5 1525 35 4s 55 d pd 3d 4d sd 5 % 7
D Complementary
100 bp . strand T8
— T+primer
! NONONY
AHP (%) 0 25 50 75 100 O 25 50 75 100) 0O 25 50 75 100 *
T (%) 100 75 S50 25 0 [100 75 50 25 0 [100 75 SO0 25 0O W\N
Excess primer
Complementary - - T8

Figure 8.5. A. A-exonuclease digestion of PCR amplicons (81 bp, primer P6 and P7,) with different
percentages of AHP dU modifications and re-annealing of the AHP dU single strands (ST) with
template T8. Lane L, 25 bp ladder; lane 1/1%/1¢, unmodified product; lanes 2/2%/29 to 5/5%/59, 25% to
100% AHP-modified products. D = duplex products; T + primer = excess primer annealed to template
T8; T = template T8. (2% agarose gel containing SYBR Gold) B. Scheme for re-annealing between
the AHP-modified single strand (ST, with excess primer) and template T8.

8.9 Agarose gel analysis of FAM-BCN labelled AHP-modified ssDNA

A B
Single strand FAM-BCN labelled Re-annealing APCR
s ZALANINS L 1 2 3 4 5 6 1f 2f 3f 4f 50 d 2d 3d 4d 5d ja 35
o % =
-
(O~ 600 bp -
FAM-BCN 500 bp - =
—
Compl y AHP (%) 0 25 50 75 100| 0 [ 0 25 50 75 100] 0 25 50 75 100| 0 100
strand C13 T (%) 100 75 50 25 0 [100[100 75 50 25 0 [100 75 50 25 0 [100 ©
W Product SP C13 SP Sp AP1
FAM-BCN - - + -
Complementary - - C13 -

Figure 8.6. FAM-BCN fluorescent labelling of AHP-modified single strands (SP) and re-annealing
with complementary strand C13. A. Scheme for labelling and re-annealing. B. Agarose gel analysis.
Lane L, 100 bp ladder; lanes 1/1719/12 and 6, unmodified products; lanes 2/2%/29 to 5/5759/52, 25% to
100% AHP-modified products. (1.5% agarose gel containing ethidium bromide)
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8.10 Native PAGE analysis of dual labelled AHP-modified ssDNA (T8)

on the streptavidin magnetic beads

8.10.1 Dual labelling of 50% AHP-modified sSDNA using FAM-BCN and Cy3-BCN

A C Dual labelled Re-annealing

Slrcma\/idin‘W L 123 4 561 2 3 45 6T
beads = Y 4, A, i o A B

]

¢
FAM-BCN I@- lDual labelling

and cleavage

Cy3-BCN \Q-(« FAM channel
Biolin.W
Complementary D
strand T8 e et G —
Cy3 channel

DB

B
E

(o]

Qo

=1

g ~

2 X Stained
[T

E

w1

k- S AHP (%) 0 50 0 50

& T (%) 100 50 100 50

FAM-BCN (%) 100|100 90 80 70 0 |100|100 90 80 70 0O
Lanes in Figure C and D Cy3-BCN(%) | 0 | 0 10 20 30 100{ 0 | 0 10 20 30 100| -
FAM mCy3 T8 - -

Figure 8.7. Dual labelling of 50% AHP-modified single strands from streptavidin magnetic separation
with different combinations of FAM-BCN (100% to 0%) and Cy3-BCN (0% to 100%). A. Scheme
for dual labelling and re-annealing. B. Relative fluorescence intensity for re-annealed duplex products
in FAM and Cy3 channels (lanes 1" to 6" in Figure C and D). Native PAGE analysis visualised before
staining by FAM channel (C), Cy3 channel (D) and after staining with SYBR Gold (E). Lane L, 25
bp ladder; lane 1/1%, unmodified product, negative control; lanes 2/2" to 6/6", 50% AHP-modified
products; lane T, complementary T8. (12% native PAGE)
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8.10.2 Dual labelling of 100% AHP-modified ssDNA using FAM-BCN and Cy3-BCN

A C Dual labelled Re-annealing

Streptavidin MAN o o . . .
beads | A A 1 2 3 45 6 123 45 6T

FAM-BCN IO— Dual labelling L.
Cy3-BCN |O—(r and cleavage

Biotin W

[Complcmcntary

FAM channel

strand T8 D

DB ‘ N/ N\ 4 Cy3 channel

B
3 E
g~
=
g .
g = Stained
=G
232
=
K AHP(%) | 0 100 0 100
T(%)  |100 0 100 0
Lanes in Figure C and D FAM-BCN (%)[100]100 90 80 70 0 [100[{100 9 80 70 o
FAM =Cy3 Cy3BCN(%) | 0 |0 10 20 30 100[0 [0 10 20 30 100] -
T8 - +

Figure 8.8. Dual labelling of 100% AHP-modified single strands from streptavidin magnetic
separation with different combinations of FAM-BCN (100% to 0%) and Cy3-BCN (0% to 100%). A.
Scheme for dual labelling and re-annealing. B. Relative fluorescence intensity for re-annealed duplex
products in FAM and Cy3 channels (lanes 1" to 6" in Figure C and D). Native PAGE analysis
visualised before staining by FAM channel (C), Cy3 channel (D) and after staining with SYBR Gold
(E). Lane 1/1%, unmodified product, negative control; lanes 2/2" to 6/6", 50% AHP-modified products;
lane T, complementary T8. (12% native PAGE)
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8.10.3 Dual labelling of 50% AHP-modified sSDNA using FAM-BCN and Cy5-BCN

A C Dual labelled Re-annealing
Suspaviin @@ SNININS —
beads Al Al 1 2 3 4 56 1'23 4 56T
FAM-BCN I > lDuullubclling -
Cy5-BCN [ ) 9 and cleavage
Y : FAM channel

Biotin ._/W

l Complementary

strand T8 D - . " -

DB '—W Cy5 channel

B
120

o

o

2 10 E

§§ 80

g2 60 Stained

=2

o5 40

b=

|- 20

G 5 ,

e e AHP(%) | 0 50 0 50
S NS T(%) |100 50 100 50
F RIS

FAM-BCN (%) | 70 [100| 90 | 80 | 70 | 0 | 100|100 90 | 80 | 70 | 0
Cy5-BCN (%) [ 30| 0 [ 10|20 |30 |100] O | O | 10|20 |30 |100| -
T8 - +

Lanes in Figure C and D
FAM mCy5

Figure 8.9. Dual labelling of 50% AHP-modified single strands from streptavidin magnetic separation
with different combinations of FAM-BCN (100% to 0%) and Cy5-BCN (0% to 100%). A. Scheme
for dual labelling and re-annealing. B. Relative fluorescence intensity for re-annealed duplex products
in FAM and Cy5 channels (lanes 1" to 6" in Figure C and D). Native PAGE analysis visualised before
staining by FAM channel (C), Cy5 channel (D) and after staining with SYBR Gold (E). Lane 1/17,
unmodified product, negative control; lanes 2/2* to 6/6%, 50% AHP-modified products; lane T,
complementary T8. (12% native PAGE)
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8.10.4 Dual labelling of 100% AHP-modified ssDNA using FAM-BCN and Cy5-BCN

A C Dual labelled Re-annealing
Streptavidi * * * * * *
bcﬁ“‘”“ﬁ—W/ L1 2 34561 23 45¢6T
® 4
FAM-BCN !@ Dual labelling -
V5 and cleavage B
CyS-BON 'O-Q L] FAM channel
Biotin .W
Complementary
lstrand T8 D R—
DB Cy3 channel
B
9 E
Q
&
Q
g & Stained
= 'z
‘a’ -
° AHP (% 0 100 0 100
& Q" bﬁ: b(:; b\’bf b&g b&'g o( 2
%
P QQ? P K T (%) 100 0 100 0
Lanes in Figure C and D FAM-BCN (%) | 70 |100 90 80 70 0 [ 70 [100 90 80 70 ©
FAM mCy5 Cy5-BCN (%) (30 0 10 20 30 100{30| 0 10 20 30 100| -
T8 - +

Figure 8.10. Dual labelling of 100% AHP-modified single strands from streptavidin magnetic
separation with different combinations of FAM-BCN (100% to 0%) and Cy5-BCN (0% to 100%). A.
Scheme for dual labelling and re-annealing. B. Relative fluorescence intensity for re-annealed duplex
products in FAM and Cy5 channels (lanes 1" to 6" in Figure C and D). Native PAGE analysis
visualised before staining by FAM channel (C), Cy5 channel (D) and after staining with SYBR Gold
(E). Lane L, 25 bp ladder; lane 1/1", unmodified product, negative control; lanes 2/2" to 6/6%, 50%
AHP-modified products; lane T, complementary T8. (12% native PAGE)
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8.10.5 Dual labelling of 100% AHP-modified ssDNA using Cy3-BCN and Cy5-BCN

A C Dual labelled Re-annealing

Strcplavidin@W bk ak gk b h gk
beads Yo A L1 234567 1'2 3456 7T

% (4

K4
cy3BeN (-0
Cy5-BCN \O—o

sioin e/ NININS

Complementary
l strand T8 D

Cy3 channel

Dual labelling
and cleavage

CyS5 channel

DB

=

Stained

Relative fluorescence
intensity (%)

AHP(%) | 0 100 0 100
T (%) 100 0 100 0

Cy5-BCN (%) | 40 [100 80 60 40 20 0 [40[100 80 60 40 20 o0

Cy3-BCN (%) | 60 [ 0 20 40 60 80 100{60| 0 20 40 60 80 100| -
8 - +

=)

Lanes in Figure C and D
uCy3 mCy5

Figure 8.11. Dual labelling of 100% AHP-modified single strands from streptavidin magnetic
separation with different combinations of Cy5-BCN (100% to 0%) and Cy3-BCN (0% to 100%). A.
Scheme for dual labelling and re-annealing. B. Relative fluorescence intensity for re-annealed duplex
products in Cy3 and Cy5 channels (lanes 1 to 7" in Figure C and D). Native PAGE analysis visualised
before staining by Cy3 channel (C), Cy5 channel (D) and after staining with SYBR Gold (E). Lane L,
25 bp ladder; lane 1/1%, unmodified product, negative control; lanes 2/2" to 7/7*, 50% AHP-modified
products; lane T, complementary T8. (12% native PAGE)
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The amino group of 5-aminopropargyl-2’-deoxyuridine-5'-triphosphate was labelled with dibenzocyc-
looctyne (DIBO) and two derivatives of bicyclo [6.1.0] non-4-yne (BCN) with short and long linkers to
produce three different cycloalkyne-modified deoxyuridine triphosphates. BCN was successfully incorpo-
rated into DNA at multiple sites by enzyme-mediated primer extension and the polymerase chain
reaction (PCR). Efficient fluorescent labelling of the BCN-DNA and DIBO-DNA with Cy3-azide was

Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Chemically modified DNA is used extensively in biology, diag-
nostics, and nanotechnology. Recently the field of nucleic acid
chemistry underwent a revolution when click chemistry' and in
particular the Cu' catalyzed [3+2] azide-alkyne cycloaddition
reaction (CuAAC reaction)* was discovered. This reaction has
the considerable advantage in the context of nucleic acids that
the reacting alkyne and azide groups are stable in aqueous buffer
and do not cross-react with other functional groups. The CuAAC
reaction has been utilized extensively* as a method of joining
together single strands of DNA,” cross-linking complementary
strands,® cyclizing single and double strands,”’ labelling oligonu-
cleotides with reporter groups,®'° immobilizing DNA on sur-
faces,'! constructing nanowires from DNA templates,'? building
DNA nanostructures,'® producing analogues of DNA with modified
nucleobases'*'> and backbones,'®?! synthesizing chemically
modified RNA constructs,”>?*> monitoring DNA synthesis in vivo®*
and creating chemically modified PCR templates.®%>%°

However, despite the spectacular success of the CuAAC reaction
in the nucleic acid field, Cu' has one particular limitation. It is
cytotoxic, and is therefore not compatible with in vivo applications
of nucleic acids, or for use in experiments that involve living

* Corresponding author. Tel.: +44 (0)0865 275413.
E-mail address: tom.brown@chem.ox.ac.uk (T. Brown).

http://dx.doi.org/10.1016/j.bmc.2014.05.050
0968-0896/Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.

cells.?’~3° Unfortunately the uncatalyzed copper-free DNA-tem-
plated AAC Huisgen reaction is very slow’! unless highly activated
terminal alkynes are used, but these are unstable in aqueous media
so they cannot be used in biology. For carbohydrates and other bio-
molecules the issue of biocompatibility has been elegantly solved
by the development of the ring strain-promoted azide-alkyne
[3+2] cycloaddition reaction (SPAAC) (Fig. 1A).2?73> This involves
the uncatalyzed reaction between an azide and a strained alkyne,
normally a cyclooctyne derivative, and is promoted by distortion
of the sp-orbitals of the alkyne. Reaction to form a triazole (sp?
hybridization) allows release of energy accompanied by the forma-
tion of a stable product. Analogues of cyclooctyne have been
synthesized which are modified to increase reactivity,>>*> and
the SPAAC reaction using these has recently been adopted for
nucleic acids, both in oligonucleotide labelling*>” and copper-free
DNA strand ligation.®® Phosphoramidite monomers have been
synthesized for internal®® and terminal labelling®® of DNA with
cyclooctynes such as DIBO (dibenzocyclooctyne, Fig. 1B).?%° For
applications in which diastereoisomers of the product of the SPAAC
reaction might be undesirable, achiral bicycle [6.1.0] nonyne (BCN,
Fig. 1C)*'*? has been employed.**** Due to its symmetry, BCN
produces only enantiomeric products.

Enzymatic incorporation of terminal alkyne and azide modifica-
tions into DNA by polymerase enzymes is an efficient and widely
employed method of DNA labelling.'*?>%°=% Clearly it would be
desirable if this methodology could be used to incorporate reactive
cyclooctyne derivatives for applications such as the synthesis of


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2014.05.050&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2014.05.050
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http://dx.doi.org/10.1016/j.bmc.2014.05.050
http://www.sciencedirect.com/science/journal/09680896
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Figure 1. (A) Oligonucleotide ligation and labelling by the ring-strain promoted alkyne-azide cycloaddition reaction (SPAAC). (B) DIBO, (C) BCN.

fluorescent probes. Here we report the synthesis of three new DIBO
and BCN-modified deoxyuridine triphosphates. We describe their
incorporation into DNA by enzymatic primer extension and poly-
merase chain reactions, and demonstrate efficient fluorescent
labelling of the BCN and DIBO-modified DNA with Cy3 hexylazide
via the SPAAC reaction (Fig. 2).

2. Results and discussion

2.1. Preparation of cycloalkyne modified deoxyuridine
triphosphates

Deoxyuridine triphosphate is the simplest of the natural dNTPs
to modify chemically. The C5-position of uracil is remote from the
H-bonding residues that are involved in Watson-Crick base-
pairing, and functional groups attached at this site protrude into
space in the major groove of the DNA duplex, without disruption
of the normal B-conformation. Hence 5-modified dUTPs (dMTPs)
are likely to be compatible with enzymatic incorporation by DNA
polymerases, provided that the modification does not inhibit poly-
merase binding.**->! The aminopropargyl linkage is a particularly
useful functionality because the ethynyl moiety is known to be
compatible with DNA polymerases, and the primary amine is a
suitable attachment point for carboxylic acid derivatives of repor-
ter groups, thereby enabling the synthesis of various functionalized
dMTPs from a common intermediate.*®°>°3 In fact aminopropargyl
dUTP is an interesting dMTP in its own right, as it has a short linker
in the position normally occupied by the methyl group of dTTP, so
it is likely to be a good substrate for various DNA polymerase
enzymes.”* We chose to synthesize three different cyclooctyne
dUTP derivatives; a DIBO derivative which has a short linker
between the cyclooctyne and the uracil base, and two different
BCN dUTP derivatives with short and long linkers (BCN-I and
BCN-II, Scheme 1). We expected that the presence of the bulky
DIBO ring might lead to less efficient incorporation by DNA poly-
merases than BCN, and that placing the BCN ring further from
the uracil base and away from the enzyme active site would lead
to more efficient enzymatic incorporation. In order to synthesize

S
dCTP
BCNor DIBO@ deTP N
amTe Lalld Primer extension
>
Polymerse
= =
Cy3-azide

Figure 2. Enzyme-mediated primer extension reaction using DIBO and BCN-
modified triphosphates followed by labelling with Cy3-azide.

these cyclooctyne deoxyuridine triphosphates we first required
the common intermediate, aminopropargyl dUTP. The Sonogashira
reaction was used to attach aminoprop-2-yne to 5-iododeoxyuri-
dine®>° which was then converted to its 5'-triphosphate by the
Yoshikawa procedure.”® Phosphorus oxychloride (POCl;) in
trimethylphosphate was employed to generate the 5’-dichloro-
phosphate, and the reaction mixture was treated with a tetrabutyl-
ammonium salt of pyrophosphate to produce the required
triphosphate. In order to minimize the production of 3’,5'-diphos-
phate by-products, the reaction was conducted at —15°C.
5-Aminopropargyl-dUTP was then labelled with the active esters
of DIBO, BCN-I and BCN-II to yield three activated cyclooctyne-
modified triphosphates (AMTPs) (Scheme 1).

2.2. Primer extension reactions and PCR

Primer extension is a biochemical approach to the synthesis of
chemically modified DNA of defined sequence and substitution
pattern. Primer extension reactions utilizing amino, DIBO, BCN-I
and BCN-II dMTPs were carried out with family A (Klenow large
fragment) and family B polymerases (Therminator II, Gotaq and
KOD). The sequences of primers and templates are shown in
Table 1. The 5’-end of the primer was labelled with 6-carboxyfluo-
rescein (FAM) for ease of visualization on analytical polyacryl-
amide gels. Two templates were used with different numbers
and arrangements of adenine bases after the starting point of linear
copying. Template (T1) begins with one A, and contains just three
adenines for replication while the ‘highly demanding’ template
(T2) starts with four consecutive adenines (A) and contains six ade-
nine bases to be replicated. In each case the primer must be
extended by 11 bases for complete replication to give a 29-mer
product. Alternatively the primer can be extended using only the
modified triphosphate to give shorter products, a 19-mer with
template T1 and a 22-mer with template T2. The four natural
dNTPs (dATP, dCTP, dGTP, dTTP) were used in control experiments.

Polyacrylamide gel electrophoresis (PAGE) and mass spectrom-
etry confirmed that KOD, Therminator II, Gotaq and Klenow large
fragment polymerases successfully incorporated all four dMTPs
into the template T1 (Fig. 3 and SI). All the copies of the templates
containing dMTPs (Fig. 3A, lanes 1 and 2) exhibited lower electro-
phoretic mobility compared to the natural counterparts (Fig. 3A,
lanes 4 and 5). This is due to the extra bulk of the modified uracil
bases, particularly in the case of BCN-II dMTP with a long linker
which showed a large difference in mobility compared to the nat-
ural counterparts. The polymerases incorporated one or two addi-
tional nucleotides at the 3’-end of the linear copy of the template
when using only dTTP or dMTPs (Fig. 3, lane 4 and SI). When mod-
ified dNTPs are incorporated into DNA enzymatically the modified
dNTP is usually doped with its natural counterpart to avoid prema-
ture termination of replication. We therefore explored the effect of
mixing the individual dMTPs with dTTP (Fig. 3A, lane 3) and found
that the modified triphosphates were all able to compete effec-
tively, producing fully extended primers with a mixture of dTTP
and dMTP opposite to the dA sites in the template. This is evident
from the multiple or broader bands of the fully extended mixed
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Scheme 1. Labelling of aminopropargyl-dUTP with DIBO, BCN-I and BCN-II active esters to produce 5-cyclooctyne-modified dUTPs. Reagents: DMF and triethylammonium

bicarbonate buffer, 4 h, 55 °C.

Table 1
Oligonucleotide sequences used in primer extension, reverse transcription and PCR
Code Sequences (5'-3') Mass Mass
calcd found
T1 CAGTCACTGTACTGCCGACACACATAACC (DNA template) 8776 8775
T2 CAGTCACAAAACTGCCGACACACATAACC (DNA template) 8778 8777
P3 FAM-GGTTATGTGTGTCGGCAG (primer) 6138 6138
T4 CAGUCACUGUACUGCCGACACACAUAACC (RNA template) 9169 9169
P5 GCATTCGAGCAACGTAAG (PCR primer) 6548 6548
P6 GGTTATGTGTGTCGGCAG (PCR primer) 7040 7040

T7 FAM-GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGAGATTGTGTGCTGGCGATCTTACGTTGCTCGAATGC (PCR

template)

FAM is 6-carboxyfluorescein. The RNA template has the equivalent sequence to the DNA template T1. The bold A (A/T for PCR) shows the site to incorporate the modified

triphosphates.

A

dNTP Amino BCN-I DIBO BCN-II

N4 5123123123123

Tl: CAGTCACTGTACTGCCGACACACATAACC

B
BCN-I Full BCN-II Full DIBO Full

10.202 10.934 10.412

10.0 104 10.8 11.2 10.3 10.6

Mass/kD

GACGGCTGTGTGTATTGG-FAM

Figure 3. Primer extension reactions using Klenow polymerase (1 unit) with P3 (66 pmol) and T1 (132 pmol). 3.2 nmol of dMTPs or dNTPs for each triphosphate were used
unless otherwise stated. (A) Lane N, P3 +T1 without triphosphates; lane 1, dMTP; lane 2, dMTP + dATP + dCTP + dGTP; lane 3, dMTP (2.1 nmol) + dTTP (1.1 nmol) +

dATP + dCTP + dGTP; lane 4, dTTP; lane 5, dTTP + dATP + dCTP + dGTP (20% PAGE gel).

(B) Mass spectra of fully extended primers: BCN-I Full is produced from BCN-I

dMTP + dATP + dCTP + dGTP (calcd 10202, found 10202); BCN-II Full is produced from BCN-II dMTP + dATP + dCTP + dGTP (calcd 10934, found 10934); DIBO Full is produced

from DIBO dMTP + dATP + dCTP + dGTP (calcd mass 10412, found 10412).

products of dMTP with dTTP, dATP, dCTP, dGTP (Fig. 3A, lane 3)
compared to the control dNTP (lane 5).

Next template T2 with four consecutive adenines was used to
evaluate the incorporation of the various dMTPs in a highly
demanding case. Encouragingly dMTP containing short chain

BCN-I was successfully incorporated by KOD, Therminator II and
Klenow polymerases (Fig. 4). The dMTP containing long chain
BCN-II gave fully and partially extended products, whereas the
more bulky DIBO did not produce a fully extended product with
any of the polymerases used (see SI). It is noteworthy that the most
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A B C
12 3 1 2 BCN-I Full
10.844
Primer — &
10.7 11.0
Mass/kD

T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

Figure 4. Primer extension reactions with P3 (66 pmol), T2 (132 pmol), BCN-I
dMTP (3.2 nmol for each triphosphate). (A) Lane 1, BCN-I dMTP using Klenow
polymerase (2 units); lane 2, dMTP + dATP + dCTP + dGTP using Klenow polymerase
(2 units); lane 3, dMTP + dATP + dCTP + dGTP using Therminator II polymerase
(1 unit). (20% PAGE gel) (B) Reactions using KOD polymerase (2 units, 0.4 mM
MgCl,). Lane 1, BCN-I dMTP; lane 2, BCN-I dMTP + dATP + dCTP + dGTP. (20% PAGE
gel) (C) Mass spectrum of fully extended primer (BCN-I Full) from B-lane 2 (calcd
mass 10845, found 10844).

suitable cyclooctyne dUTP in this study is the one with the smallest
mass attached to the 5-position of the uracil base (BCN-I), even
though this has a much shorter linker than BCN-IIL.

2.3. Fluorescent labelling

Cy3 is commonly used in the synthesis of fluorescent DNA
probes.”” In this context it has a number of favourable properties
which make it suitable for the multiple labelling of DNA strands.
It is very bright, sterically undemanding and not excessively
hydrophobic. After primer extension with template T1 and ethanol
precipitation to remove unincorporated triphosphates, the BCN-I

4387

A B C
1 2 3 4 1 2

P 1 2

T2: CAGT

ACAAAACTGCCGACAC AACC

GACGGCTGTGTGTATTGG-FAM

Figure 6. Cy3-azide labelling of primer extension products from P3, T2 and BCN-I
dMTP + dATP + dCTP + dGTP using KOD polymerase (1 unit, 1.0 mM MgCl,). (A)
Lane P, P3+T2; lane 1, dTTP; lane 2, lane 1 with Cy3 azide; lane 3,
dATP + dCTP + dGTP + dTTP; lane 4, lane 3 with Cy3-azide. (B) Lane 1, BCN-I
dMTP + dATP + dCTP + dGTP(non-labelled); lane 2, lane 1 labelled with Cy3-azide.
Pictures were taken using transilluminator light and UV filter. (C) Picture of gel B
was taken using a digital camera. (20% PAGE gel).

and DIBO-functionalized linear extension products were labelled
efficiently with Cy3 hexylazide via the SPAAC reaction (Figs. 5
and 6) (see SI for the structure and synthesis of the Cy3 hexylaz-
ide). Natural dTTP and dNTP were used as negative controls. The
labelled products exhibited high fluorescence and much lower
electrophoretic mobility than the unlabelled controls. This con-
firms that the BCN and DIBO moieties are stable to the conditions
of their incorporation and labelling.

Efficient incorporation of cyclooctynes into DNA during PCR
amplification and subsequent fluorescence labelling by the SPAAC

C
P1 2 3 4 0
~—— DIBO Labelled
—— BCN-I Labelled
300
S
5
E
100
U' T T 1
T1: CAGTCACTGTACTGCCGACACACATAACC 2o o o L
GACGGCTGTGTGTATTGG-FAM Wavelength (nm)
D
BCN-I NL BCN-I L DIBO NL DIBO L
6.661 7.130 6.732

7.200

m "

B
7.0 7.3
Mass/kD

st
6.5 6.7

6.5 6.8

Figure 5. Cy3-azide labelling of primer extension products from P3, T1 and dMTPs using Gotaq polymerase (1 unit). Lane P, P3; lane 1, BCN-I dMTP (non-labelled); lane 2,
BCN-I dMTP labelled with Cy3-azide; lane 3, DIBO dMTP (non-labelled); lane 4, DIBO dMTP labelled with Cy3-azide. (20% PAGE gel) (A) Picture was taken using
transilluminator light and UV filter. (B) Picture was taken using normal digital camera. (C) Fluorescent spectra of lane 2 (BCN-I labelled) and lane 4 (DIBO labelled) products
(Excited at 540 nm on PE LS50B fluorimeter). (D) Mass spectra of one base extended primers, non-labelled product (NL) and Cy3-azide labelled product (L). BCN-I NL (lane 1 in
PAGE): calcd 6657 [M], found 6661 [M] and 6683 [M+Na]; BCN-I L (lane 2 in PAGE): calc. 7125, found 7130; DIBO NL (lane 3 in PAGE), calc. 6727 [M], found 6732 [M] and

6754 [M+Na]; DIBO L (lane 4 in PAGE), calc.7195, found 7200.
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100 bp
50bp >

PCR T7: FAM-GGTTATGTGTGTCGGCAG
TATTGTCAGTGTGAATTCCAGAGTGTGAGA
TTGTGTGCTGGCGATCTTACGTTGCTCGAAT
GC

Figure 7. Cy3-azide labelling of polymerase chain reaction product from P5, P6, T7
and BCN-1 dMTP with dTTP + dATP + dGTP + dCTP using KOD polymerase (0.5 unit,
1.0 mM MgCl,). Unless otherwise stated 4 nmol of each triphosphate was used.
Lane L, 50 bp ladder; lane 1, dTTP + dATP + dGTP + dCTP (non-labelled); lane 2, lane
1 with Cy3 azide; lane 3, BCN-I dMTP (2nmol)+dTTP (2nmol)+-
dATP + dGTP + dCTP (non-labelled); lane 4, lane 3 labelled with Cy3-azide; lane 5,
BCN-I dMTP (1 nmol) + dTTP (3 nmol) + dATP + dGTP + dCTP (non-labelled); lane 6,
lane 5 labelled with Cy3-azide. (A) Gel after staining with ethidium bromide. (B) Gel
before staining. (2% agarose gel).

A B
dNTP BCN-I DIBO BCN-II
123

P N 4 51 23 1 23

RNA T4: CAGUCACUGUACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

Figure 8. Reverse transcription reactions with P3 (66 pmol), RNA template T4
(132 pmol), dMTPs or dNTPs (3.2 nmol for each triphosphate unless otherwise
stated) using M-MuLV (RNase H~) reverse transcriptase (100 units). (A) The
reaction time was 4h. Lane P, P3+T4 without triphosphate; lane N,
dATP + dCTP + dGTP; lane 1, dMTP; lane 2, dMTP + dATP + dCTP + dGTP; lane 3,
dMTP (1.6 nmol) + dTTP (1.6 nmol) + dATP + dCTP + dGTP; lane 4, dTTP; lane 5,
dATP + dCTP + dGTP + dTTP. (B) The reaction time was 1 h. Lane 1, dMTP; lane 2,
dMTP + dATP + dCTP + dGTP; lane 3, dMTP (2.1 nmol) + dTTP (1.1 nmol)+ -
dATP + dCTP + dGTP. (20% PAGE gel).

reaction would enable the synthesis of long fluorescent probes in
practical quantities. To this end PCR was carried out with BCN-I
dMTP using KOD polymerase and 81-mer DNA template T7. The
modified triphosphate was successfully incorporated when it was
mixed with the four natural triphosphates, using a 1:3 ratio of
dMTP to dTTP. Labelling of the PCR product created from this mix-
ture with Cy3 hexylazide gave a fluorescent band (Fig. 7.B, lane 6).
As expected, subsequent staining with ethidium bromide revealed
slower migration of this band compared with the unlabelled
amplicon (Fig. 7A, lanes 5 and 6).

2.4. Reverse transcription

Reverse transcriptase (RT) enzymes can be used to copy DNA
and RNA templates in order to prepare chemically modified com-
plementary DNA (cDNA). This methodology can efficiently produce
functionalized complementary DNA (cDNA) from RNA that has
been isolated from natural sources. In the current work we chose
to evaluate the cyclooctyne-modified dMTPs with Moloney Murine
Leukemia Virus reverse transcriptase (M-MuLV RT, RNase H™)
which conveniently lacks the catalytic activity necessary to cleave
RNA strands. RNA template T4 of the equivalent sequence to the
previously used DNA template with dispersed adenines was
employed. BCN-II dMTP was incorporated efficiently within 1h
while BCN-I dMTP needed 4 h. Even with this extended period
the DIBO reaction was incomplete (Fig. 8, lane 1). The above
reverse transcription reactions would clearly benefit from further
optimization of the reaction conditions.

3. Conclusions

The strain-promoted alkyne-azide cycloaddition reaction is a
valuable tool for DNA labelling, and in this context the efficient
incorporation of reactive cyclooctyne derivatives into DNA by
enzymatic methods is an important objective. To this end we have
synthesized one DIBO and two BCN dUTP analogues from a com-
mon aminopropargyl dUTP intermediate and incorporated them
into DNA by linear extension using two different templates and a
variety of DNA polymerases. All three cyclooctynes (DIBO, BCN-I
and BCN-II) were incorporated successfully against template with
dispersed adenine bases, whereas BCN was the most successful
dMTP when using a template with four consecutive adenines.
Labelling of the modified extension products with Cy3 hexylazide
via the copper-free SPAAC click reaction demonstrated the efficient
incorporation and stability of these modified triphosphates to the
enzymatic reaction conditions. The acceptance of cyclooctyne-
modified triphosphates as substrates for various DNA polymerases
in linear extension and PCR is encouraging in the context of future
in vitro and in vivo applications.

4. Experimental section

4.1. General method for oligonucleotide synthesis and
purification

Standard DNA phosphoramidites, solid supports, and additional
reagents were purchased from Link Technologies and Applied Bio-
systems Ltd. All oligonucleotides were synthesized on an Applied
Biosystems 394 automated DNA/RNA synthesizer using a standard
1.0 pmol scale phosphoramidite cycle of acid-catalyzed detrityla-
tion, coupling, capping, and iodine oxidation. Stepwise coupling
efficiencies and overall yields were determined by the automated
trityl cation conductivity monitoring facility and in all cases were
>98.0%. All B-cyanoethyl phosphoramidite monomers were dis-
solved in anhydrous acetonitrile to a concentration of 0.1 M imme-
diately prior to use. The coupling time for normal A, G, C, and T
monomers was 40 s. Cleavage of oligonucleotides from the solid
support and deprotection was achieved by exposure to concen-
trated aqueous ammonia solution for 60 min at room temperature
followed by heating in a sealed tube for 5 h at 55 °C.

The building blocks for the RNA analogues were prepared using
2'-TBS protected RNA phosphoramidite monomers with t-butyl-
phenoxyacetyl protection of the A, G and C nucleobases and unpro-
tected U (Sigma-Aldrich). A solution of 0.3 M benzylthiotetrazole
in acetonitrile (Link Technologies) was used as the coupling agent,
t-butylphenoxyacetic anhydride was employed as the capping



X. Ren et al./Bioorg. Med. Chem. 22 (2014) 4384-4390 4389

agent and 0.1 M iodine as the oxidizing agent (Sigma-Aldrich). All
RNA phosphoramidite monomers were dissolved in anhydrous
acetonitrile to a concentration of 0.1 M immediately prior to use,
and the coupling time for all monomers was 10 min. Stepwise cou-
pling efficiencies were determined by automated trityl cation con-
ductivity monitoring and in all cases were >96%. Cleavage of
oligonucleotides from the solid support and deprotection were
achieved by exposure to concentrated aqueous ammonia/ethanol
(3/1 v/v) for 2 h at room temperature followed by heating in a
sealed tube for 45 min at 55 °C. After cleavage from the solid sup-
port and deprotection of the nucleobases and phosphotriesters,
RNA oligonucleotides were concentrated to a small volume in
vacuo, transferred to 15 mL plastic tubes and freeze dried. The res-
idues were dissolved in DMSO (300 pL) and triethylamine trihy-
drofluoride (300 pL) was added after which the reaction mixtures
were kept at 65 °C for 2.5 h. Sodium acetate (3 M, 50 pL) and buta-
nol (3 mL) were added with vortexing and the samples were kept
at —80°C for 30 min then centrifuged at 4 °C at 13,000 rpm for
10 min. The supernatant was decanted and the precipitate was
washed twice with ethanol (0.75 mL) then dried under vacuum.

The fully deprotected oligonucleotides (DNA or RNA) were puri-
fied by reversed-phase HPLC on a Gilson system using a Luna 10 p
C8 100 A pore Phenomenex 10 x 250 mm column with a gradient
of acetonitrile in ammonium acetate, in case of DNA, (0% to 50%
buffer B over 20 min, flow rate 4 mL/min), (buffer A: 0.1 M ammo-
nium acetate, pH 7.0, buffer B: 0.1 M ammonium acetate, pH 7.0,
with 50% acetonitrile). Elution was monitored by UV absorption
at 295 nm. After HPLC purification, oligonucleotides were desalted
using NAP-10 columns (GE Healthcare). For HPLC purification of
RNA, triethylammonium bicarbonate buffer was used (buffer A:
0.1 M triethylammonium bicarbonate, pH 7.5, buffer B: 0.1 M tri-
ethylammonium bicarbonate, pH 7.5, with 50% acetonitrile). The
fractions from HPLC were evaporated without need for additional
desalting.

All oligonucleotides were characterized by negative-mode elec-
trospray HPLC-mass spectrometry, using a Brueker Daltronics
micro-TOF mass spectrometer and an Acquity UPLC system with
a BEH C18 1.7 pm column (Waters). A gradient of acetonitrile in
triethylammonium acetate (TEAA) and hexafluoroisopropanol
(HFIP) was employed, increasing from 5% to 40% buffer B over
14 min, with a flow rate of 0.1 mL/min (buffer A: 10 mM TEAA,
100 mM HFIP in H,O; buffer B: 20 mM TEAA in CH3CN). Raw data
were processed and deconvoluted using the Data Analysis function
of the Bruker Daltronics Compass™ 1.3 software package.

4.2. Primer extension experiments

In a 20 pL reaction, 66 pmol of FAM labelled DNA primer (P3),
132 pmol of template (T1 or T2) and 3.2 nmol of each dMTP or
dNTP were mixed with the polymerase enzyme (1 or 2 units, see
figure legends) and 1x buffer (supplied with the enzymes). In
the case of KOD polymerase, 0.4 or 1 mM MgCl, was added sepa-
rately to the reaction buffer. The reaction mixtures were heated
for 1 or 1.5 h (KOD, Therminator Il and GoTaq were at 72 °C while
Klenow was at 37 °C) and 20 pL formamide was added before anal-
ysis by 20% denaturing polyacrylamide gel electrophoresis under a
constant 20 W. For the mass spectrometry analysis, 40 pLL reactions
were carried out, desalted on a NAP-10 column and concentrated
by freeze-drying. KOD was purchased from Merck Millipore, Ther-
minator II and Klenow large fragment from New England Bio and
Gotaq from Promega.

4.3. Polymerase chain reaction

Samples containing 10 pmol of two primers (P5, P6), 50 pg of
template (T7) and 4 nmol dMTP or dNTP in total were added

followed by polymerase, 10X KOD polymerase buffer (pH =8)
and 25 mM MgCl,. The final reaction volume was 20 pL with 1x
reaction buffer and 1 mM MgCl,. Amplification was performed
using the following procedure: an initial denaturing at 95 °C for
1 min, followed by 25 cycles of denaturing at 95 °C for 15 s, primer
annealing at 54 °C for 20 s, and extension at 72 °C for 30 s, then fur-
ther extension at 72 °C for 5 min. The samples were analyzed by 2%
agarose gel electrophoresis in 1x TBE buffer (126 V).

4.4. Reverse transcription

Samples containing 66 pmol of FAM labelled DNA primer (P3),
132 pmol of RNA template (T4) and 3.2 nmol dMTP or dNTP were
mixed with M-MuLV (RNase H™) reverse transcriptase (100 units),
5x buffer and 1x dithiothretitol (DTT, supplied with the enzyme).
The final reaction volume was 20 pL. The reaction mixtures were
heated at 42 °C for 1 h or 4 h, 20 pL of formamide was added and
samples were analyzed by 20% denaturing polyacrylamide gel elec-
trophoresis under constant 20 W.

4.5. Fluorescent labelling

Primer extension reactions or PCR (2 x 20 uL+ 10 pL water)
were prepared as explained above in Section 4.2 or 4.3 using
BCN-1 dMTP, DIBO dMTP or dNTP negative control. DNA was pre-
cipitated by mixing with 5 pL 3 M sodium acetate (pH 5.3) fol-
lowed by 150 pL ethanol and was then left on dry ice for 10 min
and at —20 °C for 20 min. This was followed by centrifugation at
4 °C for 30 min (13,000 rpm). The precipitate was re-dissolved in
40 pL 1x Gotaq Green buffer and 20 puL was reacted with 1.6 pL
Cy3 hexylazide (10 mM DMSO solution) for 1 h. for primer exten-
sions, 20 pL of formamide was added to the labelled DNA and
the unlabelled primer extension reactions (20 pL) followed by
analysis on a 20% PAGE gel at 20 W. for PCR, after the labelling
reactions, a second ethanol precipitation was carried out using
2 puL of 3 M sodium acetate (pH 5.3) and 60 L of ethanol. The sam-
ples were analyzed by 2% agarose gel electrophoresis in 1x TBE
buffer (126 V) For mass spectrometry and fluorescent spectra anal-
ysis, 40 pL of non-labelled and labelled reactions were carried out
as above followed by desalting on NAP-10 columns.
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Azide and trans-cyclooctene dUTPs: incorporation
into DNA probes and fluorescent click-labellingf
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5-Azidomethyl dUTP and two 5-trans-cyclooctene dUTPs with different linkers between the TCO and the
uracil base have been incorporated into DNA by primer extension, reverse-transcription and PCR amplifi-

cation. For azidomethyl dUTP the PCR reaction was successful even when the modified dUTP was not

supplemented with dTTP. In one case 335 azidomethyl dU residues were incorporated into the 523 base
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Introduction

Nascent DNA synthesis can be monitored in proliferating cells
by fluorescence. Cells are incubated with the thymidine ana-
logue 5-ethynyl-2'-deoxyuridine which is converted to its tri-
phosphate by cellular enzymes and incorporated into genomic
DNA by endogenous polymerases. Subsequent cell-fixation and
derivatisation of the alkyne-modified DNA with a fluorescent
azide (e.g. TAMRA azide) via the CuAAC reaction™ produces
labelled DNA (Fig. 1A) which can be visualised by fluorescent
cell imaging.® The same approach has been adapted to detect
RNA synthesis in cells by incorporating the ribonucleoside
5-ethynyluridine into newly transcribed RNA.* The methodology
is compatible with fixed cells, but the toxicity of copper pre-
cludes its use on live cells. Recently it has been shown that the
need for toxic metal ion catalysis is negated if an azide-
modified nucleoside is incorporated into genomic DNA and a
cyclooctyne derivative of the dye® (such as bicyclo [6.1.0] non-
4-yne (BCN)),® is used in the fluorescent labelling step
(Fig. 1B).” Relief of ring strain by a change of hybridisation
from sp to sp> drives a fast chemical reaction between the
cyclooctyne attached to the dye and the azide-modified DNA.
This reaction, known as the strain-promoted alkyne-azide
cycloaddition (SPAAC) reaction,”® has also been used to label
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pair amplicon using this methodology. 5-Azidomethyl dUTP was found to be a better substrate for DNA
polymerases than the trans-cyclooctene dUTPs. However, the inverse electron demand Diels—Alder reac-
tion between cyclooctene DNA and a tetrazine Cy3-dye was more efficient than the strain-promoted
reaction between azide DNA and a bicyclo [6.1.0] non-4-yne Cy3 dye.

A
o 9
HN)E/ HN/?Jj/(/\”\Ir‘l‘
-
o cu(l) Py

+ Ns
RO QD — o
0] -
1 o: o = fluorescent dye
OR OR R = DNA strand

5-ethynyl dU

o]
L
i N Q
Q B Q H
o N/\o /g\
HN N H HN N
o)\);]A *@ o)\)r;]AN:N
ROL ROL

OR OR

5-azidomethyl dU
(AM dU)

B

Fig. 1 Fluorescent DNA labelling in cells: (A) 5-ethynyl dU and a fluor-
escent azide (CUAAC); (B) 5-azidomethyl dU and a BCN-labelled fluoro-
phore (SPAAC).

synthetic oligonucleotides.” Unlike bulky dye-labelled nucleo-
sides, ethynyl dU and azidomethyl dU are sufficiently similar
to their natural congener (thymidine) to be converted to their
triphosphates by endogenous enzymes within cells. This intra-
cellular conversion of nucleoside to dNTP is essential; unlike
free nucleosides, dNTPs cannot be used in cell-labelling experi-
ments as they do not pass through the cell membrane.

In addition to cell imaging, there are many applications
that require labelled DNA, for which click chemistry is particu-
larly useful.'® A popular approach is to incorporate functional
groups such as alkynes into the DNA during PCR amplifica-
tion, primer extension or nick translation via a modified
dNTP, and to subsequently label the modified DNA with an
azide derivative of a reporter group such as a fluorescent
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dye."'™"* Similarly, azides can be incorporated into DNA or
RNA for fluorophore attachment via CuAAC, SPAAC or Staudin-
ger reactions.">'® Such two-step labelling processes are
necessary because direct enzyme-mediated incorporation of
fluorophore-labelled dNTPs during PCR is inefficient due to
the bulky nature of fluorescent dyes. In contrast, dNTPs that
are modified by addition of sterically undemanding groups
such as terminal alkynes are incorporated much more
efficiently.

Crystal structures of the thermostable DNA polymerase
KlenTaq with alkyne-modified substrate dNTPs in its active
site illustrate the plasticity of the enzyme and the presence of
flexible regions of the dNTP binding pocket. Due to these
factors alkyne modifications at the C5 atom of dU cause only
minor disruption to the ternary complex of the enzyme."**?

We are interested in synthesising fluorescent DNA for a
variety of biological applications including those described
above, and are investigating the incorporation of modified
dNTPs into DNA by primer extension, reverse transcription
and PCR, and determining the efficiency of subsequent label-
ling using various click reactions. Here we present studies on
azidomethyl dUTP (AM dUTP) and two trans-cyclooctene (TCO)
modified dUTP analogues with different linkers between the
TCO moiety and the nucleobase.

Experimental

Primer extension experiments

In a 20 pL reaction, 66 pmol of FAM labelled DNA primer (P4),
132 pmol of template (T1, T2 or T3 in Table 1) and 3.2 nmol of
each modified dUTP or unmodified dNTP were mixed with the
polymerase enzyme (1 unit for GoTaq and Klenow, 0.5 unit for
KOD) and 1x buffer (supplied with the enzymes). In the case of
KOD polymerase, 1 mM MgCl, was added separately to the
reaction mixture. The reaction mixtures were heated for 1.5 h
(KOD and GoTaq at 60 °C, Klenow at 37 °C) and 20 pL form-
amide was added before analysis by 20% denaturing polyacryl-
amide gel electrophoresis (PAGE) at a constant 20 W of power

View Article Online
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in 1x TBE buffer. For the mass spectrometry analysis, two 20
KL reactions were carried out, followed by ethanol precipi-
tation. DNA was precipitated by mixing with 4 pl of 3 M
sodium acetate (pH 5.3) followed by 120 ul ethanol. The
mixture was then left on dry ice for 10 min and at —20 °C for
further 20 min. This was followed by centrifugation at 4 °C for
30 min (13 000 rpm). The precipitate was dissolved in 15 pL of
water and analyzed on a Bruker microTOF mass spectrometer
(ES™ mode). KOD DNA polymerase was purchased from Merck
Millipore, Klenow large fragment from New England Biolabs
and GoTaq from Promega.

Reverse transcription

Samples containing 66 pmol of FAM labelled DNA primer (P4),
132 pmol of RNA template (T5 and T6 in Table 1) and
3.2 nmol modified dUTP or unmodified dNTP were mixed
with reverse transcriptase (M-MuLV RT (RNase H™) 100 units,
or AMV RT 5 units) and 1x buffer. 1x dithiothreitol (DTT, sup-
plied with the enzyme) was added to the M-MuLV reaction,
while 20 units of RNase inhibitor were added to AMV reac-
tions. The final reaction volume was 20 pL. The reaction mix-
tures were heated at 42 °C for 16 h. 20 pL of formamide was
added and samples were analyzed by 20% denaturing PAGE at
a constant 20 W of power. For the mass spectrometry analysis,
two 20 pL reactions were carried out, followed by ethanol
precipitation. The DNA precipitate was dissolved in 15 pL
of water and analyzed by mass spectrometry. M-MuLV RT
(RNase H™), AMV RT and RNase inhibitor were purchased
from New England Biolabs.

Polymerase chain reaction

For template T9, samples containing 10 pmol of two primers
(P7, P8, Table 1), 50 pg of template (T9, Table 1) and 5 nmol
modified dUTP or unmodified dNTP in total were added fol-
lowed by GoTaq DNA polymerase (1 unit), 5x GoTaq buffer and
SYBR Green (0.6 pL, 3.75%). The final reaction volume was 20
KL with 1x reaction buffer. For plasmid template T12, Samples
containing 10 pmol of two primers (P10, P11, Table 1), 300 pg

Table 1 Oligonucleotide sequences used in primer extension, reverse transcription and PCR reactions®

Code  Sequences(5'-3')

T1 CAGTCACTGTACTGCCGACACACATAACC (DNA template)
T2 CAGTCACAAAACTGCCGACACACATAACC (DNA template)
T3 CTGTCACTGTGCTGCCGACACACATAACC (DNA template)
P4 FAM-GGTTATGTGTGTCGGCAG (primer)

T5 CAGUCACUGUACUGCCGACACACAUAACC (RNA template)
T6 CAGUCACAAAACUGCCGACACACAUAACC (RNA template)
p7 GCATTCGAGCAACGTAAG (PCR primer)

PS8 GGTTATGTGTGTCGGCAG (PCR primer)

T9 FAM-GGTTATGTGTGTCGGCAGTATTGTCAGTGTGAATTCCAGAGTGTGAGATTGTGTGCTGGCGATCTTACGTTGCTCGAATGC (PCR template)

P10 GTTTGGCTTTAGAGGCTGGAG (Plasmid primer)
P11 ACTGCAATACGAATAATGGCTAC (Plasmid primer)
T12 Template from plasmid HydGdCTD5 (sequence in ESI)

“FAM is 6-carboxamidohexylfluorescein. The RNA template has the equivalent sequence to the DNA template. The bold A (A and T for PCR
template) show the sites of incorporation of the modified triphosphates. All oligonucleotides were characterized by mass spectrometry.
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of plasmid template (HydGdCTD5, sequence in ESIf) and
10 nmol modified dUTP or unmodified dNTP in total were
added followed by KOD DNA polymerase (0.5 unit), 10x KOD
polymerase buffer (pH 8.0), 25 mM MgCl, and SYBR Green
(0.6 pL, 3.75%). The final reaction volume was 20 pL with 1x
reaction buffer and 2 mM MgCl,.

Amplification was performed on a real-time PCR instrument
(Bio-Rad CFX96) using the following procedure: an initial de-
naturing at 95 °C for 2 min, followed by 25 cycles of denaturing at
95 °C for 30 s, primer annealing at 54 °C for 30 s, and extension
at 72 °C for 30 s. Further extension was carried out at 72 °C for
5 min. This was followed by melting experiments involving
heating the amplification mixture to 95 °C for 30 s, cooling to
30 °C, then increasing the temperature at 1 or 0.5 °C per second
to 95 °C and holding at each temperature for 5 s. The samples
were analyzed by 1.5% or 2% agarose gel electrophoresis with
20 pL of ethidium bromide (1 mg ml™"). Gel was run at constant
voltage (126 V) in 1x TBE buffer.

Fluorescent labelling

Two 20 pL primer extension reactions were performed as
explained in the previous section using AM, TCO dUTPs, or
unmodified dNTP negative control. Ethanol precipitation of
the product was carried out after primer extension reaction.
The precipitate was re-dissolved in 40 puL of 1x GoTaq Green
buffer and 20 pL of the AM dUTP extension product was
reacted with 6.4 nmol Cy3-bicyclo [6.1.0] non-4-yne (Cy3-BCN).
Similarly 20 pL of TCO dUTP products were reacted with
6.4 nmol 6-methyl-tetrazine-sulfo-Cy3. When the reaction was
complete, another ethanol precipitation was performed. 20 pl
of formamide was added to the labelled and unlabelled primer
extension reactions followed by analysis on a 20% PAGE gel at
a constant 20 W of power. For the mass spectrometry analysis,
two 20 pL labelling reactions were carried out, followed by gel-
filtration on a NAP-10 column.

For PCR reactions, products were first extracted from
agarose gel using a Qiagen gel extraction kit according to the
manufacturer’s instructions. The solution was quantified
using a Nanodrop 1000 UV spectrometer. 460 ng of T9 pro-
ducts or 736 ng of T12 products were diluted to 40 pL 1x
GoTaq Green buffer solution. Next, 20 pL of each solution was
labelled with 10 nmol of 6-methyl-tetrazine-sulfo-Cy3 for
30 min. After the labelling reactions, ethanol precipitation was
applied to remove extra free dyes. Samples were analyzed by
1.5% or 2% agarose gel electrophoresis at constant voltage
(126 V) in 1x TBE buffer. The gel was photographed first, and
then stained with ethidium bromide solution (1 pug ml™) for
20 min to enable the unlabelled DNA to be visualized.

Results and discussion

Preparation of azide and trans-cyclooctene modified
triphosphates

Modified deoxynucleoside triphosphates were synthesized by
the Yoshikawa procedure.?® Phosphorus oxychloride (POCI;) in

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of (A) AM dUTP and (B) TCO-S dUTP and TCO-L
dUTP; (C) general reaction of cyclooctene with a tetrazine- derivatised
fluorescent dye; (D) Cy3 derivatives used in this study.

trimethylphosphate was employed to generate the 5'-dichloro-
phosphate derivative of the nucleoside, and the reaction mix-
tures were treated with tetrabutylammonium pyrophosphate to
produce the required triphosphates. The reactions were
carried out at —15 °C to minimize the production of by-pro-
ducts. 5-Azidomethyl dUTP (Scheme 1A) and 5-aminopropar-
gyl-dUTP'* were obtained by this method. 5-Aminopropargyl-
dUTP was labelled with the two active esters of trans-cyclo-
octene (structures in ESI Fig. S-11) to yield two TCO-modified
triphosphates with different length of linkage (Scheme 1B).

Primer extension reactions

The efficiency of incorporation of the azidomethyl and TCO
dUTPs in primer extension experiments was evaluated using
three different DNA templates (Table 1). Template T1 has
three adenine sites for incorporation of the modified dUTPs,
and these are well separated. The more challenging template
T2 carries six such sites, four of which are clustered together,
presenting a particularly difficult region for the polymerase
to incorporate unnatural dNTPs against. 6-Carboxyfluorescein
(FAM) was attached to the 5-end of the primer for ease of
visualization in gel electrophoresis analysis. Polyacrylamide
gel electrophoresis (PAGE) and mass spectrometry confirmed
that KOD and GoTaq thermostable polymerases and Klenow

Analyst, 2015, 140, 2671-2678 | 2673
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dNTP AM dNTP AM Full

9.556 9.800

—HL\%

94 98 9.6 10.0
T2: CAGTCACAAAACTGCCGACACACATAACC

GACGGCTGTGTGTATTGG-FAM  Mass/KD

Fig. 2 Successful primer extension using azidomethyl dUTP (AM dUTP)
with Klenow polymerase, primer P4 and template T2. 3.2 nmol of each
triphosphate was used unless otherwise stated. (A) Lane N, primer and
template with dATP, dCTP and dGTP but without dTTP; dNTP lanes,
unmodified triphosphate reactions; AM lanes, modified AM dUTP reac-
tions; Lane 1, dTTP or modified dUTP; Lane 2, dTTP or modified dUTP +
dATP + dCTP + dGTP; Lane 3, dTTP + modified dUTP (1.6 nmol of each)
+ dATP + dCTP + dGTP. (20% PAGE gel) (B) Mass spectra (MS) of fully
extended primers (lanes 2 from A), unmodified dNTP product (calc.
9553, found 9556); AM dUTP product (calc. 9799, found 9800).

large fragment DNA polymerase all successfully incorporated
azidomethyl dUTP (AM dUTP) into the templates T1 and T2
(Fig. 2 and ESI Fig. S-2 and S-3, Table S-1}). In some control
reactions in which dTTP or modified dUTP was absent, single
nucleotide extension products were observed due to nucleo-
tide misincorporation. The resultant 3'-mismatched complex
could not extend further and two closely running bands
were observed on PAGE gels (e.g. Fig. 2 lane N and Fig. 3
dNTP lane 1).

For the two trans-cyclooctene modified triphosphates
studied, TCO-S dUTP was consistently incorporated more
efficiently than TCO-L dUTP. Polyacrylamide gel electrophor-
esis and mass spectrometry confirmed that KOD, GoTaq and
Klenow large fragment polymerases successfully incorporated
TCO-S dUTP into the templates T1 and T2 (Fig. 3 and ESI
Fig. S-4, Table S-11). However, for template T2 the fully
extended products of TCO-L dUTP were only obtained using
GoTaq polymerase (ESI Fig. S-4, Table S-17), so the extended
ethylene glycol chain did not confer any advantages, in fact it
was detrimental. As anticipated, copies of the templates con-
taining TCO dUTPs exhibited lower electrophoretic mobility
compared to the natural counterparts (Fig. 3, lanes 1, 2). This
is due to the extra bulk of the modified uracil bases, particu-
larly TCO-L dUTP.

In some applications it is advantageous to control (i.e.
reduce) the density of reactive groups (and ultimately fluoro-
phores) introduced via the modified dUTP to avoid fluo-
rescence quenching in the labelled DNA. This can be done
using a mixture of the modified dUTP and dTTP in the same
extension reaction. This will only be successful if the modified
dUTP competes with dTTP for incorporation. To confirm this
is the case for the modified dUTPs we carried out linear
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A

dNTP TCO-S TCO-L

N 1 2 1 2 3 1 2 3

T1l: CAGTCACTGTACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

B

dNTP  TCO-S
N1 2 1 2 3

T2: CAGTCACAAAACTGCCGACACACATAACC
GACGGCTGTGTGTATTGG-FAM

Fig. 3 Successful primer extension using trans-cyclooctene dUTPs
with Klenow DNA polymerase. 3.2 nmol of each triphosphate was used
unless otherwise stated. (A) Reaction with primer P4 and template T1;
(B) reaction with primer P4 and template T2. Lane N, primer and tem-
plate without dNTPs; dNTP lanes, unmodified triphosphate reactions;
TCO-S and TCO-L lanes, modified TCO dUTP reactions; Lane 1, dTTP or
modified dUTP; Lane 2, dTTP or modified dUTP + dATP + dCTP + dGTP;
Lane 3, dTTP + modified dUTP (1.6 nmol of each) + dATP + dCTP +
dGTP. (20% PAGE gel).

copying to explore the consequences of mixing them with
dTTP in the presence of dATP, dCTP and dGTP (Fig. 2A and 3,
lane 3, ESI Fig. S-51). The modified triphosphates were all able
to compete with dTTP, producing fully extended primers with
mixtures of dTTP and modified triphosphate opposite to the
dA sites in the templates. This is evident from the multiple or
broad bands on the gels and from the mass spectra of the fully
extended products (ESI Fig. S-57).

Fluorescent labelling

The products of single nucleotide primer extension were
fluorescently labelled to determine the efficiency of single
terminal base labelling. The AM dUTP linear extension
product was labelled with Cy3-bicyclo [6.1.0] non-4-yne (Cy3-BCN)
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1 3 1

TCO-S
2 3 1 2 3 1

TCO-L
2 3

T1l: CAGTCACTGTACTGCCGACACACATAACC
TGACGGCTGTGTGTATTGG-FAM

Fig. 4 Efficient fluorescent labelling of single nucleotide primer exten-
sion products obtained from modified dUTPs only, GoTaq polymerase,
primer P4 and template T1. dTTP and AM dUTP products were labelled
with Cy3-BCN; TCO dUTPs products were labelled with 6-methyl-tetra-
zine-sulfo-Cy3. The bold 3'-T in the extended primer contains either
thymidine or the modified nucleotide. Lane 1, unlabelled products; Lane
2, 30 min labelling; Lane 3, 60 min labelling. (20% PAGE gel).

via the strain-promoted cycloaddition (SPAAC) reaction and
the trans-cyclooctene functionalized product was labelled with
6-methyl-tetrazine-sulfo-Cy3 via the inverse electron-demand
Diels-Alder (iEDDA) reaction (Scheme 1C and D). The latter
reaction went to completion within 30 min, whereas for AM
dUTP, some unlabelled starting material remained after 1 h
(Fig. 4). Primer extension reaction products obtained from
dTTP were employed as negative controls for the labelling reac-
tions and gel mobility studies. The labelled products, which
were characterized by mass spectrometry (Fig. 5), exhibited
much lower electrophoretic mobility than the unlabeled con-
trols (Fig. 4).

When the labelling reactions were carried out on fully
extended products (multiple labelling), the products contain-
ing the AM dU nucleotide exhibited much lower labelling
efficiency (ESI Fig. S-61). This is in accordance with the
known rate constants for the two reactions. The trans-cyclo-
octene-tetrazine is the fastest known bioorthogonal click reac-
tion with a second-order rate constant up to 22000 M~' s,
This is several orders of magnitude faster than the SPAAC
reaction (which in turn is much faster than the CuAAC reac-
tion).>" It is important to bear in mind that these reported
kinetic data were obtained from small molecule studies; in
the context of DNA labelling various factors such as steric
hindrance from the oligonucleotide chain, and clustering of
labelled dU residues (sequence context) influence reaction
rates. Moreover, when selecting click reactions on the basis of
reaction rates it should be stated that the CuAAC reaction
can be accelerated by addition of Cu(i)-binding ligands®
and the SPAAC reaction rate can be greatly increased by
the use of electron deficient aryl azides.”® It should also
be noted that some “click” reactions are not truly bioortho-
gonal, for example cyclooctynes can react with nucleophiles
such as thiols which are prevalent in cells, thereby sequester-
ing reactants.”

This journal is © The Royal Society of Chemistry 2015
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64 7.2 6.6 7.2 6.6 74 6.8 7.4
Mass/kD
TCO-L-NL TCO-L-L
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Fig. 5 Mass Spectrometry characterization of single fluorescently
labelled nucleotide primer extension products obtained from modified
dUTPs only, GoTaq polymerase, primer P4 and template T1. AM dUTP
products were labelled with Cy3-BCN; TCO dUTPs products were
labelled with 6-methyl-tetrazine-sulfo-Cy3. AM-NL (not labelled): calc.
6483, found 6483; AM-L (labelled with Cy3-BCN): calc. 7246, found
7246; TCO-S-NL: calc. 6633, found 6633; TCO-S-L: calc. 7513, found
7512; TCO-L-NL: calc. 6880, found 6882; TCO-L-L: calc. 7760, found
7759. (NL = not labelled, L = labelled).

Reverse transcription

It is important for biological imaging and diagnostic studies
to develop methods to produce fluorescently labelled cDNA
probes from RNA molecules of biological origin. To this end
our three modified dUTPs were tested for incorporation
against a synthetic RNA template employing Moloney Murine
Leukemia Virus reverse transcriptase (M-MuLV RT, RNase H")
and Avian Myeloblastosis Virus reverse transcriptase (AMV RT).
The two RNA templates T5 and T6 have the equivalent
sequence to the previously used DNA template. AM dUTP and
TCO-S dUTP were incorporated efficiently into both templates
to give fully extended products with both reverse transcriptase
enzymes (Fig. 6 and ESI Fig. S-7 to S-9, Table S-171). All modi-
fied dUTPs were incorporated more efficiently with M-MuLV
RT (RNase H™) than with AMV RT (ESI Fig. S-7, S-97).

Polymerase chain reaction

In the above linear copying studies we have demonstrated that
the AM and TCO dUTPs can be incorporated into DNA by
primer extension. The generation of PCR amplification products
that contain dNTP analogues is another important method to
prepare fluorescent probes. This requires the chemical modifi-
cations to be tolerated by DNA polymerases when they are in
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A B
dNTP AM dNTP TCO-S
N 1 21 2 3 N1 2 1 2 3

T6: CAGUCACAAAACUGCCGACACACAUAACC
GACGGCTGTGTGTATTGG-FAM

Fig. 6 Efficient reverse transcription reactions using M-MuLV (RNase
H™) reverse transcriptase with primer P4 and template T6. 3.2 nmol of
each triphosphate were used unless otherwise stated. (A) Reactions with
AM dUTP; (B) reactions with TCO-S dUTP. Lane N, primer and template
without dNTPs; dNTP lanes, unmodified triphosphate reactions; AM
lanes, modified AM dUTP reactions; TCO-S lanes, modified TCO-S dUTP
reactions; Lane 1, dTTP or modified dUTP; Lane 2, dTTP or modified
dUTP + dATP + dCTP + dGTP; Lane 3, dTTP + modified dUTP (1.6 nmol
of each) + dATP + dCTP + dGTP. (20% PAGE gel).

the template strand as well as when they are attached to dUTP
for incorporation into the template. We have investigated this
with our AM dUTP and TCO dUTP analogues. Initial PCR reac-
tions were carried out using 81-mer DNA template T9. In all
cases amplification was successful, even when using the modi-
fied triphosphate in combination with dATP, dCTP and dGTP
with no added dTTP (Fig. 7A, lane TA4 and Fig. 8A, lane TS4,
TL4). Melting experiments on the amplicons showed that the
AM and TCO-L modifications destabilize the DNA duplex in a
manner proportional to the number of modifications in the
PCR products, whereas TCO-S does not (Fig. 7B and 8B). Such
effects of modified nucleotides on duplex stability should be
evaluated and taken into account when designing PCR proto-
cols and cycles for incorporation of modified dNTPs.

>
=

dNTP AM 90

TO TA1 TA2TA3 TA4 & o Qg

75 I, o 71
30

TO TAITA2TA3TA4

Temperature (°C)
(=N}
L=

AM dUTP(%) 25% 50% 75% 100%

Fig. 7 (A) Efficient PCR amplification with different percentages of AM
dUTP relative to dTTP (5 nmol in total of AM dUTP/dTTP + 5 nmol each
of dATP + dCTP + dGTP) using GoTaq polymerase and template T9.
Lane TO, unmodified amplicon; lane TAL to TA4, 25% to 100% modified
AM dUTP relative to dTTP. (2% agarose gel) (B) Melting temperatures of
PCR amplicons.
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dNTP TCO-S TCO-L

L TO TSI TS2 TS3 TS4 TL1 TL2 TL3 TL4

100 bp—|
75bp —|

TCO dUTP(%) 25% 50% 75% 100% 25% 50% 75% 100%
B
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) 77 71 71 71 18 77
8 75 = = = 716 7 71
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TO TS1 TS2 TS3 TS4 TL1 TL2 TL3 TL4

Fig. 8 (A) Efficient PCR amplification with different percentages of TCO
dUTPs relative to dTTP (5 nmol in total of TCO dUTP/dTTP + 5 nmol
each of dATP + dCTP + dGTP) using GoTaq polymerase and template
T9. Lane L, 25 bp ladder; lane TO, unmodified amplicon; lane TS1/TL1 to
TS4/TL4, 25% to 100% modified TCO-S/TCO-L dUTP relative to dTTP.
(2% agarose gel) (B) Melting temperatures of PCR amplicons.

Encouraged by these results, PCR amplification of a more
demanding 523 bp region of a plasmid with a total of 335 thy-
midine sites was evaluated. Amplification was attempted with
AM dUTP along with dATP, dCTP and dGTP in the absence of
dTTP (Fig. 9). Although initial PCR with this template using
1 mM MgCl, was inefficient the problem was easily solved by
increasing the Mg>" ion concentration to achieve efficient
amplification. This requirement for higher Mg>" concentration
might be due to the positive effect of Mg*>* on the stability of
the duplex formed between the extended primer and the template.

The efficiency of PCR amplification of plasmid template
T12 was sensitive to TCO-S dUTP and more so to TCO-L dUTP.
We varied the percentage of dTTP and were able to obtain
reasonable yields of PCR amplicons with 50% TCO-S dUTP

A B
dNTP AM 90 - 84
o 80
> 77
L PO PAl PA2 PA3 PA4 S’i 5 T 74 4,
600 bp-s. g 60
500 bp_y, g 45
g
= 30

PO PAIPA2PA3PA4

AM dUTP(%)  25% 50% 75% 100%

Fig. 9 (A) Efficient PCR amplification with different percentages of AM
dUTP relative to dTTP (10 nmol in total of AM dUTP/dTTP + 10 nmol
each of dATP + dCTP + dGTP) using KOD polymerase and template T12
(plasmid template). Lane L, 100 bp ladder; lane PO, unmodified ampli-
con; lane PAl to PA4, 25% to 100% modified AM dUTP relative to dTTP.
(1.5% agarose gel) (B) Melting temperatures of PCR amplicons.
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Fig. 10 (A) Efficient PCR amplification with different percentages of
TCO dUTP relative to dTTP (10 nmol in total of TCO dUTP/dTTP +
10 nmol each of dATP + dCTP + dGTP) using KOD polymerase and tem-
plate T12 (plasmid template). Lane PO, unmodified amplicon; lane PS1 to
PS3, 25% to 75% modified TCO-S dUTP relative to dTTP; lane PL1 to PL2
25% to 50% modified TCO-L dUTP relative to dTTP. (1.5% agarose gel)
(B) Melting temperatures of PCR amplicons.

and 25% TCO-L dUTP (Fig. 10A, lane PS2 and PL1). As observed
with the previous shorter amplicon, DNA duplex stability was
affected less by TCO-S dUTP than by TCO-L dUTP. Although it
might be possible to optimize the PCR reaction for incorpor-
ation of higher percentages of TCO-L, the use of TCO-S is a
better option for introduction of ¢trans-cyclooctene into DNA.
Labelling the PCR products containing t¢rans-cyclooctene
dUTPs with 6-methyl-tetrazine-sulfo-Cy3 gave the expected
pink bands as shown in Fig. 11B for the 523 bp labelled

Labelled

dNTP TCO dNTP TCO

L PO PS1 PS2 PL1 PO PS1 PS2 PL1

600 bp-s.
500 bp->

B L PO PS1 PS2 PL1 PO PS1 PS2PL1

TCO dUTP(%)  25% 50% 25% 25% 50% 25%

Fig. 11 Fluorescent labelling of PCR products obtained from different
percentages of dTTP and TCO dUTPs (10 nmol in total of TCO dUTP/
dTTP + 10 nmol each of dATP + dCTP + dGTP) using KOD polymerase
and template T12 (plasmid template). Lane L, 100 bp ladder; lane PO,
unmodified amplicon; lane PS1 to PS2, 25% to 50% modified TCO-S
dUTP relative to dTTP; lane PL1, 25% modified TCO-L dUTP relative to
dTTP. Labels above gels in black are for products without 6-methyl-
tetrazine-sulfo-Cy3, while labels in bold red are for products that have
been reacted with 6-methyl-tetrazine-sulfo-Cy3. The PO red negative
control is positioned distant from the Cy3-labelled products to illustrate
that contamination with free dye is not a significant problem. (A) Fluo-
rescent gel was visualized by staining with ethidium bromide; (B) gel
picture was taken under normal light. (1.5% agarose gel).
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product. The labelled products migrated slower in a manner
proportionate to the percentage of modified dUTP used in the
PCR amplification (Fig. 11A and ESI Fig. S-147).

Conclusions

5-Azidomethyl dUTP and two trans-cyclooctene dUTPs have
been successfully incorporated into DNA by primer extension,
reverse-transcription and PCR amplification. PCR was success-
ful with AM dUTP even when the modified dUTP was not
supplemented with dTTP. In general AM dUTP is a better
substrate than the TCO dUTPs for the DNA polymerases used
in this study, and TCO-S dUTP with a short linker is incorpor-
ated by DNA polymerases more efficiently than the longer
version. The iEDDA click reaction between cyclooctene and
tetrazine is more efficient than the SPAAC reaction between
azide and BCN, as would be expected from its much faster
reported kinetics.>**?°

Very recently we have investigated the use of 5-azidomethyl
dU (AM dU) and TCO dU to label nascent genomic DNA in cell
culture with fluorescent cyclooctynes, and compared this
directly with ethynyl dU incorporation followed by labelling
with fluorescent azides. The ethynyl dU experiments yielded
excellent fluorescent images whereas the AM dU and TCO dU
studies gave disappointing results, with almost no detectable
fluorescence. There are several possible reasons for this and
further detailed studies are in progress.
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