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Large-scale genotyping programmes employ fluorescently-labelled nucleoside
triphosphates as a means to facilitate detection. A novel protocol for the solid-phase
synthesis of these compounds is described.

A series of nucleoside-5’-triphosphate analogues with structurally dissimilar linker
arms is outlined. A variety of dyes were introduced to the terminus of the linker arms
whilst attached to the solid support.

A series of PCR labelling experiments were performed to evaluate the incorporation
of the labelled nucleoside triphosphate analogues by DNA polymerase enzymes.
Good yields were obtained when replacing 40-90% of the unmodified dTTP with the
modified dUTP analogues.

A simple, novel real-time PCR based assay, which is amenable to high throughput
genotyping programmes is described. The assay requires a probe with a single
fluorescent dye, two primers and triphosphate analogues labelled with a quencher
molecule. Initially the system is fluorescent, however during PCR a decrease in
fluorescence will be observed as the probe hybridises to the target and the
fluorophore is quenched by the modified triphosphates incorporated into the nascent
strand.

The synthesis of a Peptide Nucleic Acid monomer and a Carbocyclic nucleoside is

outlined
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Chapter 1: Introduction

1.0 Introduction to Nucleic Acids and their Detection

1.1 Nucleic Acid Background

1.1.1 Primary Structure

The genes essential to all living organisms are comprised of DNA (deoxyribonucleic
acids) or in the case of some viruses, RNA (ribonucleic acids). These nucleic acids
are very long thread-like macromolecules made up of a linear array of either
ribonucleotides (RNA) or 2’°-deoxyribonucleotides (DNA). All nucleotides are
constructed from three components: a nitrogen heterocyclic base, a D-ribose sugar and
a phosphate residue (figure 1.1). The major bases are monocyclic pyrimidines,
thymine (T), cytosine (C) and uracil (U) (where uracil replaces thymine in RNA) and
bicyclic purines, adenine (A) and guanine (G). These are attached through either N1
(T/U or C) or N9 (A and G) of the base to the 1’-position of the sugar by a f3-
glycosidic linkage. Each nucleotide is linked to the next through the covalent linkage
of the phosphate groups, attached to the 5’-hydroxyl of one ribose to the 3’-hydroxyl
of the next. It is this 3°-5” phosphodiester bond which gives the polymer chain

direction and at physiological pH, each phosphate exists as an anion.

5end NH; 0
o=p-0" A HN
o NSOy AN v
_Kj NENe NN
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BNS NH NH
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Figure 1.1 - The primary structure of DNA, the heterocyclic bases and a 2’-

deoxynucleotide
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1.1.2 Secondary Structure

In 1953, James Watson and Francis Crick elucidated the three-dimensional structure
of DNA', known as the “double helix” and suggested structures for the two sets of
base pairs. This research was based on the earlier x-ray diffraction data of Rosalind
Franklin®’ and Maurice Wilkins*® and information contained in Chargaff’s rules.
Chargaff ® postulated that the ratio of adenine to thymine and guanine to cytosine was
always unity and the number of purine bases was always equal to the number of
pyrimidine bases. This gave rise to the classic Watson-Crick A-T, G-C hydrogen
bonded base pairs. Therefore the sequence of one strand of DNA directly defines the

sequence of another.

Watson and Crick described the secondary structure of DNA as two separate
antiparalle] chains of DNA coiled around an axis. This coiling produces a double
helix that is right handed with the hydrophilic sugar-phosphate chain forming the
external backbone and the hydrophobic heterocyclic bases stacking above one another
to form the core of the helix. This «-helical conformation gives rise to a major and a
minor groove. The two strands of the helix are held together by the hydrogen bonding
of the individual base pairs and extra stability imparted on the duplex by #- and

other interactions between the stacked bases.
1.1.3 The Genetic Code

The mechanism through which the genetic information stored in DNA is relayed
through RNA to a protein is termed the ‘Central Dogma of Molecular Biology’
(figure 1.2). The linear sequence of nucleotides in a gene specifies the sequence of
amino acids in the resultant protein. This correspondence between the nucleotide
sequence and the sequence of amino acids in a protein is termed the “genetic code”. It
is a triplet code in which three nucleotides (a codon) encode one amino acid. The
genetic code is degenerate since eighteen out of the twenty amino acids are specified

by more than one codon. This situation arises because there are sixty-four none
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overlapping codons which comprise the genetic code, sixty-one coding for amino

acids and three for stop codons.

Replication GN A

Transcription

mRNA
Translation

Protein

Figure 1.2 - The central dogma of Molecular Biology.

In order for the genetic code to be deciphered, double stranded DNA is transcribed
into single stranded mRNA. The information carried by the mRNA is then used as a
template during protein synthesis. The mechanism of protein synthesis, termed
translation is a complex, three stage process, necessitating the co-ordinated interplay

of mRNA, tRNA and ribosomes’.

1.2 Detecting DNA

In order for DNA to be employed diagnostically, the nucleic acid sequence of the
gene associated with a particular disease must be known. Secondly, a method for
identifying the presence or absence of this nucleic acid sequence in an individual
must be established. Nucleic acid hybridisation is the most powerful method for
revealing and quantifying specific DNA or RNA and indeed this association of
complementary strands has been widely exploited in the understanding of gene
structure and function®. Used in conjunction with appropriate probe technology,

nucleic acid hybridisation has emerged as the primary tool for applications in genetic
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research, biomedical research and clinical diagnostics™'". A probe is a short piece of

DNA or RNA that is labelled to allow its detection subsequent to hybridisation.

1.2.1 DNA Diagnostics

Rapid developments in DNA technology, in particular the Polymerase Chain
Reaction (section 1.4.3) have opened up the possibility of rapid, accurate, sensitive
and economical diagnostic tests. They are theoretically capable of detecting a single
organism in a clinical specimen and in practice are capable of sensitivities

approaching that level' /#1141,

Single nucleotide substitution, insertion or deletion mutations are permanent,
heritable alterations in the base sequence of DNA. They arise either through
spontaneous errors in DNA replication, meiotic recombination or as a consequence of
the damaging effects of physical or chemical agents on the DNA. Such mutations are
responsible for gene variants associated with genetic disease e.g. cystic fibrosis,
sickle cell anaemia'® and Alzheimer’s disease'’. These defects can be screened for
directly or by probing for linked genetic markers coinherited with the mutant gene'®.
Analysis is important for pre-natal diagnosis, and for genetic counselling of affected
families. Additionally, genetic information can be used to identify the likelihood of

susceptibility of an individual to exogenous risks such as environmental factors or

diet.

DNA probes are also used to clinically diagnose infectious diseases e.g. tuberculosis,
measles, rubella, HIV'® and hepatitis A,B and C, by allowing the detection of
pathogenic organisms. Selection of a particular DNA sequence allows tailoring of a
test to a particular disease i.e. HIV screening of donated blood samples.

The sensitivity and accuracy of forensic analyses have also greatly improved as a
consequence of developments in gene probe technology. The identification of

individuals at the DNA level is more accurate than traditional identification by blood
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types, finger prints or physical characteristics. DNA can be extracted from the body
fluids of an individual and used in paternity testing or criminal investigations where
the highly variable microsatellite sequences of the human genome act as a ‘barcode’”

of an individual.

1.2.2 Classical Methods of DNA Detection — Radioactive labelling

In early work, DNA probes were labelled radioactively and this was achieved by the
enzymatic incorporation of radioactively labelled nucleoside triphosphates®?2. These
enzymatic methods namely nick translation®, random priming“’ > and PCR*
(section 1.4.2) produce DNA or RNA molecules which are labelled uniformly or at
the 3” end. DNA is labelled at the 5° end by means of bacteriophage T4
polynucleotide kinase which transfers the y-phosphate of [y-"> P] ATP onto the 5°
termini of DNA*"%%,

The most common isotopes used are 2’1, **P, **S and H. **P and *S are generally
introduced into the phosphate ester or thioester respectively, of the nucleoside
triphosphate, whereas other isotopes are more often introduced into the purine or
pyrimidine bases®"??. The choice of labelling strategy is determined by the nature of
the probe (DNA/RNA, ds/ss) and the choice of the isotope depends mainly on the

sensitivity, stability and resolution required.

Isotope >p RS ] °H

Half-life 14.3 days 87.4 days 60 days 12.43 years

Achievable |2 pg target cm™ ] 200 pg target cm™ | 100 pg target cm™| 3000 pg target cm™
sensitivity

Figure 1.3 - The half-lives and achievable sensitivity of commonly employed

isotopes™ using nick translation.
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An early example of the use of a radiolabelled DNA probe was described by Southern
in 1975, This technigue known as Southern Blotting, allows the mapping of DNA
fragments relative to restriction endonuclease sites. DNA is cut up into fragments by
restriction enzymes; the restriction fragments are then separated, according to their
size by agarose gel electrophoresis. The fragments are transferred to a nylon
membrane and a **P labelled probe, complementary to the target DNA is introduced;
after hybridisation and extensive washing, the bands complementary to the probe can

be visualised by autoradiography.

An extension of the technique of Southern Blotting which allows the quantification of
the amount of DNA or RNA in a sample, is known as dot blotting. In this technique
the labelled probe is hybridised to the target nucleic acid on the membrane as a dot.
After careful washing, the intensity of the probe remaining on the membrane is
measured and the reading directly corresponds to the amount of target sequence
present in the sample.
Radiolabelling still remains one of the most sensitive methods of nucleic acid
visualisation, achieving detection levels of down to 1.6 amol in hybridisation
assays” . However despite the ease of incorporation of radiolabels there are numerous
disadvantages associated with this technique:

1) hazardous handling: regulated by government and can be limited

1) short half life of commonly used isotopes therefore short shelf life of probe

iil) expensive

iv) limited signal emissions preventing high detection

v) waste disposal issues
This has led to an increasing resistance to the use of radiolabelling which has resulted

in the development of a wide variety of alternative methods.
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1.2.3 Non - Isotopic Labelling of Nucleic Acids

Non-isotopic labelling involves the detection of either a colorimetric®>*,

chemiluminescent™, bioluminescent®® or fluorescent’® >’

signal. The signal is
generated from the addition of the corresponding reporter group or label to the
oligonucleotide probe. This provides the opportunity for multiple label incorporation
per oligonucleotide®® and also permits the simultaneous detection of several DNA
targets within one experiment'’. As a consequence of the progress made in non-
isotopic labelling, significant developments in automated DNA sequence analysis
have been made. Prober ef al*® used a different coloured fluorophore on each of the
four dideoxynucleoside terminators thus allowing a whole sequencing reaction to be

performed on a single lane of a polyacrylamide gel (section 1.5.3).

A label is a molecule capable of emitting a signal when attached to a protein, a
nucleic acid or another molecule. Essentially it is comprised of three groups:
(1) the signal generating group (label)

(i)  the reactive group (anchor)

(i)  a spacer moiety

As highlighted in the schematic (figure 1 4).

4

<=

TN
Label Spacer Reactive Group

Figure 1.4: The three components of a label
1.2.3.1 Requirements for a suitable label®
In order for a compound to be suitable as a label for a DNA probe, it must satisfy the

following criteria:

(1) coupling to the DNA probe must be simple and convenient
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(ii)  the signal generating properties of the compound should not be altered on
attachment of the DNA probe

(iii)  attachment of the compound should not affect the hybridisation properties of
the oligonucleotide

(iv)  detectable at low concentrations using simple instrumentation

(v)  produce a hybridisation signal which is easily distinguishable from that of an
unreacted signal.

(vi)  allow simultaneous detection of several labels in one experiment

(vil) allow multiple addition of the compound to a single probe

(viii) stable to long term storage

(ix)  easily disposed of
1.2.3.2 The Signal Generating Group™

The signal generating group or label must exhibit a sufficient quantum yield in
aqueous solutions and must be stable to the hybridisation conditions employed.
Additionally, it must be readily functionalised to incorporate the reactive group and to
allow its physical properties to be modified for example, increase solubility in
aqueous solutions or change emission characteristics such as wavelength and decay
time. Such variability is a prerequisite for broad application of the label. Generally,
the signal generating group is either a fluorescent dye for direct labelling (section

1.3.2) or an enzyme or hapten such as biotin for indirect labelling (section 1.3.1).
1.2.3.3 The Reactive Group™

The reactive or anchor group facilitates the covalent bonding of the label to the

substance to be labelled, for example the oligonucleotide probe. There are several

methods available for the covalent labelling of nucleic acids:

(1) Reaction with a free amino group on an oligonucleotide with N-
hydroxysuccinimide esters, isothiocyanates or activated carboxyl groups of

luminescent dyes to produce stable amide or thiourea bonds. The luminescent
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@iD)

(iii)

(iv)

V)

dye can react with an intrinsic amino group of the heterocyclic bases or with
an amino group which has been derivitised onto the 5° or 3° end of the
oligonucleotide. This coupling reaction proceeds under mild conditions in
aqueous solution (figure 1.5 entry 1,2) 4145

Alternatively the oligonucleotide can be synthesised with a free thiol at either
the 3” or 5” terminus. This can react (Michael addition) with a a,B-unsaturated
ketone attached to the luminescent dye. (figure 1.5 entry 3)*

Also the luminescent label may be functionalised with an azido group which
upon activation can react with various functionalities within the
oligonucleotide. As implied this results in non-specific labelling of the

oligonucleotide™”*®,

The luminescent label may be derivitised as a phosphoramidite which can be
incorporated into the oligonucleotide during solid phase oligonucleotide
synthesis. This method allows the oligonucleotide to be labelled internally or
at the 3’ or 5” termini (figure 1.5 entry 4)*>** %

Similar to method (i), the activated carboxyl group of the luminescent dye
may react with functionality present on a nucleoside triphosphate. These
labelled triphosphates are then incorporated into the oligonucleotide by

enzymatic methods™ (section 1.4.2).
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Figure 1.5 - Important methods of labelling oligonucleotides.

Non-covalent labelling of oligonucleotides is a less versatile technique than covalent
labelling and as such is a less popular method. The intercalation of ethidium bromide

in ds DNA is one example of non-covalent labelling.

1.2.3.4 The Spacer™

Usually simple aromatic or aliphatic molecules are employed to separate the signal
generating group from the substance to be labelled. This spacer unit is added to

minimise any undesirable steric interactions between the label and the probe,

10
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preserving the hybridisation properties of the probe. In addition the spacer unit must
not interfere with the luminescent properties of the label. However, by careful choice
of the spacer molecule, the hydrophobic or hydrophilic nature of the probe together

with its flexibility may be changed.

1.3 Labelling Strategies

1.3.3 Indirect Labelling

Indirect labelling is a non-isotopic method of labelling and detecting DNA. In its
most simple case, indirect labelling involves the covalent attachment of a small
molecule onto a nucleic acid probe which is then detectable by a highly specific
binding protein. The simplest practical example involves the incorporation of a
hapten onto the probe which then forms a tightly binding, specific interaction with an
antibody. This antibody is either covalently linked to a luminescent molecule or
conjugated to an enzyme (horseradish peroxidase, alkaline phosphotase or 3-p-
galactosidase) which is capable of generating a signal (section 1.3.2.3). Since a
detectable label has subsequently been introduced, the presence of the probe can be
identified (figure 1.6 (1)). In a more complex, yet sensitive system, the primary
antibody which binds to the probe is unlabelled. This is then recognised by a second,
labelled antibody thus allowing the system to be detected. Signal amplification can
occur as numerous secondary antibodies may bind to the primary antibody. This

results in the production of multiple signals per probe.

11
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{
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¢ o AN
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0] « Label (ii) 0
# . 2" Antibod
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Probe Probe
Target Target
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i
~ A
”,‘
B= Biotin e
N Probe &) Probe
-
-
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‘} !\ d,
x@‘\

Figure 1.6 - Indirect labelling strategies.

The same concept can be realised using the most widely studied combination of
biotin and avidin (or streptavidin)’*. Biotin is introduced onto a nucleic acid probe by
either chemical® or enzymatic®* methods. It has a high binding affinity and specificity
with the glycoprotein avidin or the non-glycosylated equivalent streptavidin which
are again labelled with a luminescent group or enzyme (figure 1.6 (iii)). This
interaction is stable over a range of pH and temperature conditions® and is exploited
in the visualisation of nucleic acids. Signal amplification arises as avidin and
streptavidin contain four biotin binding sites only one of which is occupied by biotin
attached to the probe. Therefore multiple attachment of labelled biotin molecules
would result in multiple signals per probe (figure 1.6 (iv)).

A drawback of using biotin as a label in nucleic acid hybridisation studies is that
biotin is present at high levels in certain tissues, leading to high background signals.
With such biological samples, an attractive alternative to biotin is the alkaloid
digoxigenin®® which can be detected using high affinity anti-digoxigenin antibodies
% Another indirect detection system is the 2,4-Dinitrophenyl group (DNP) used with
anti-DNP antibodies®”>>®. This system benefits from the relatively small and

chemically unreactive nature of the DNP group together with low background signals

12
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since DNP is not a naturally occurring molecule. Other haptens used include N-
acetoxy-N-2-acetylaminofluorene (AAAF) and its 7-iodo derivative (AAIF)> .

o)

O
OH

S o
NO, o CH;, 7
X o A M |
o REROS
H H o on  HNO e
NO, ﬁ/\( RO =N
S OR H HoN

DNP biotin digoxigenin AAIF coupled to guanosine

R = oligonucleotide attachment

Figure 1.7 — Indirectly detectable primary labels.

1.3.4 Direct Labelling

In contrast to indirect labelling, direct labelling involves the covalent attachment of
the label immediately to the nucleic acid probe (figure 1.8). Rapid and direct
detection®' occurs due to the specific molecular recognition of the probe annealing to
its complementary target sequence. For this reason, the label must be stable to these
hybridisation conditions and must not interfere with the hybridisation process. The
nucleic acid probe can either be a cloned cDNA or genomic fragment, or a synthetic
DNA oligonucleotide of defined sequence and length. The isolation and
characterisation of cDNA probes is often time consuming and their use often depends
upon practical considerations such as their availability and sequence homology to the
target of interest™. Therefore, synthetic DNA probes are increasingly becoming one
of the most used methods for analysing gene structure. Synthetic probes are
advantageous as they can be easily prepared in large quantities and the probe length
can be used to control the melting temperature of the probe-target duplex. Alteration
of the hybridisation temperature can be used to favour formation of the desired
duplex over mismatch hybrids, and can allow the assay to proceed at lower

temperatures and with shorter annealing times.
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Figure 1.8 - Principle of Direct labelling.

There are various frequently used direct reporter groups such as fluorescent dyes or
enzymes and the choice of a particular label to use for a gene probe is generally

dependent on the sensitivity of detection required.

1.3.4.1 Radioactive Labels

For many applications radioactive labels are often employed as they offer the twin
advantages of excellent sensitivity and compatibility with many labelling technigues.
Especially high signal sensitivities are observed when the nucleic acid probe is

multiply labelled. However, there are inherent disadvantages of radioisotope labelling

(section 1.2.2).
1.3.4.2 Chemiluminescent Labels

Chemiluminescence is the emission of light by a substance as a result of a chemical
reaction. More specifically, the enthalpy of the chemical reaction promotes an
electron to a vibronically excited state. On decay of the electron from this excited
state, a photon of light is emitted. Chemiluminescent molecules have been used to
detect nucleic acids and offer the advantage of short exposure times, good sensitivity
and resolution and the convenience of an X-ray film copy of the results. Practical
examples of classics of chemiluminescent molecules employed in diagnostics include
cyclic arylhydrazides, acridinium derivatives, stable dioxetanes and oxalic acid
derivatives. Typical examples from each class are luminol used with horseradish

peroxidase®, lucigenin used with hydrogen peroxide and base®, thermolysis of
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adamantylideneadamantane-1,2-dioxetane® and oxalyl chloride used with hydrogen

peroxide and a fluorescent dye® respectively.

NOg
i OO
NH g
NH X
NH2 O i}.l o
NO5
Luminol Lucigenin
o-0
O
O-N
™
o]
3 ¢]

A thermochemiluminescent dioxetane label

Figure 1.9 - Chemiluminescent molecules™.
1.3.4.3 Enzyme Labels

The use of enzymes as labels presented the first alternative to radioactive labelling67’
68 Enzymes are covalently attached to nucleic acids and because enzymes produce
multiple signal-generating species, an effective signal amplification mechanism is
incorporated from the outset. The enzymes can be detected by the turnover of a

substrate to produce colour or light (figure 1.10).

Colour or light

Hybridised Probe  meemeses

Target DNA

Figure 1.10 - Enzyme labelling and detection.
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The three most important enzymes that are used as labels for DNA probes are
horseradish peroxidase (HRP) (40kD), alkaline phosphotase (AP) (approx. 100kD)
and B-p-galactosidase (GAL) (approx. 500kD). Alkaline phosphotase is used with
either nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) or p-
nitrophenyl phosphate to produce a coloured precipitate or solution respectively®.
Horseradish peroxidase is typically used with diaminobenzidine (DAB) in the
presence of hydrogen peroxide*®, whereas B-p-galactosidase prefers 4-
methylumberlliferyl compounds as substrates™. These enzymes have proven to be
highly sensitive labels allowing rapid visualisation with low background signals.
However, it is important that the activity of the enzyme is monitored to ensure that

the conditions employed during hybridisation do not denature the enzyme.

1.3.4.4 Lanthanide Labels.

Time-resolved fluorometry with lanthanides, such as europium, as a label is a
theoretically more sensitive labelling and detection method for DNA probes than
radioisotopes®. Lanthanides can be bound to organic molecules by mediation of
EDTA derivatives. These chelates are highly fluorescent with large Stokes shifts and
exceptionally long lifetimes and this is the basis for time-resolved fluorometry”*"".
Time-resolved fluorometry has been applied to the detection of hybridised DNA%.
The method is based on the introduction of antigenic groups (i.e. AAIF) onto the
DNA probe. After hybridisation with the target, visualisation occurs indirectly using a
second antibody labelled with Europium (Eu) (figure 1.11). This type of
immunochemical detection method is quantitative and the sensitivity is ten-fold

compared to the corresponding enzymatic detection method.
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Figure 1.11 - Quantification of DNA hybrids by time-resolved fluorometry

Hybridised Probe
Target DNA

Cytosine triphosphate has also been labelled with an europium carbonate chelate’”.
This process causes multiple labelling of the DNA, which can affect the efficiency of
hybridisation by significantly altering the melting temperature of the probe-target
duplex. It has been reported that the optimum system contains four to eight europium
chelates per hundred bases. In principle the measurement of Eu-fluorescence is
extremely sensitive detecting 10”°M solutions of Eu’?. In practice, however, the

sensitivity is dependent on signal to noise ratios.

1.3.4.5 Fluorescent Labels

Fluorescent labels have been used extensively for a wide range of applications in
biology, biomedicine and analytical methods”. Fluorescent molecules absorb light of
a specific wavelength and emit light of lower energy and longer wavelength. Nucleic
acids have been labelled using direct and indirect strategies with a variety of different
fluorescent molecules. Direct labelling with fluorescent dyes eliminates the additional
steps required for antibody conjugation and, in principle, fluorescent measurements of
the highest sensitivity are possible. However, in practice, the sensitivity can be
limited by background fluorescence, light scattering and quenching effects™. In
addition to these limitations, the potential sensitivity can be further compromised
since there is no scope for signal amplification. There is a substantial range of
commercially available fluorescent dyes and the excitation and emission wavelengths

of a selection of dyes are represented in figure 1.12.
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Dye Excitation Wavelength /  Emission Wavelength / nm
nm
FAM 500 525
TET 525 550
HEX 540 565
TAMRA 555 580
ROX 585 610
BODIPY FLC3 502 510
BODIPY FL-X 503 510
BODIPY TR-X C3 587 816
Cy2 489 506
Cy3 550 570
Cy3.5 581 596
Cy5 649 670
Cyb.5 8675 694
Cy7 743 767
R6G 535 555
Texas red 584 603

Figure 1.12 - Excitation and emission maxima of a selection of fluorescent dyes.

7 .
1747 and its

The most popular fluorescent dyes include 6-carboxyfluorescein (FAM)
tetra and hexachlorinated analogues (TET and HEX). This is due to their high
absorption and emission wavelengths. The use of fluorescein and its derivatives in
various nucleic acid hybridisation and DNA sequencing applications has been
extensively reviewed**°. However there are several disadvantages associated with
the use of fluorescein derivatives. The broad nature of their emission peaks
complicates the simultaneous detection of multiple sequences, they are sensitive to
pH’® and susceptible to photobleaching. The rhodamine dyes, carboxy-x-rhodamine
(ROX)"” and tetramethylrhodamine (TAMRA)® (figure 1.13) have reduced some of
these disadvantages for example the fluoresence emission of rhodamine dyes is not
strongly pH dependent. However the rhodamine dyes and the fluorescein based dyes
are affected by autofluorescence of biological tissue yielding a low signal to noise
ratio. The problems associated with the conventional fluorescent dyes have led to the

development of alternatives such as the CyDyes™ and the BODIPY ™ spectral range

dyes”.
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R = Qligonucleotide attachment point

Figure 1.13 - The conventional fluorescent dyes
Cyanine Dyes (CyDyesTM)

These dyes were introduced by Amersham Life Science™ and have the general
structure shown in figure 1.14. They emit in the far red region of the visible spectrum,
have high extinction coefficients, high quantum yields and excellent photostability
making them ideal for use as fluorescent probes. The spectral properties (excitation
and emission maxima 500-750nm) are selected by the appropriate choice of
heterocyclic nuclei (X and Y) and the length of the polymethine chain (n). The groups
Ri-Ry are variable, providing the desired functionality, charge, reactivity and
solubility and it is the addition of these groups that contribute to the high quantum
yield. Cyanine Dyes®"-*>## are commercially available, pH insensitive and have
85,89

proved to be popular for detecting proteins™ ", antibodies and nucleic acids,

especially for in situ hybridisation applications (section 1.5.1).

Rs X
\C[ MY
N N R4

R’! R’g

R;-R, = variable substituent
n=123....
Xand Y =S, O, NR, C(CHy),

Figure 1.14 - Generic structure of a cyanine dye.

19



Chapter 1; Introduction

BODIPY ™ Dyes

These dyes have been patented by Molecular Probes Inc. and have the general
structure shown in Figure 1.15. Again the groups R; and R, are variable to either
increase or decrease the solubility of the dye, or the level of conjugation®” within the
dye; this alters the spectral characteristics of the dye. Hence the BODIPY dyes are
highly versatile and can potentially span the visible spectrum. The improved spectral
characteristics and sensitivity have been exploited in DNA sequencing applications™

and have found to be more economical.

R4
Ry Ry ™

s N‘B’N = Rs

RQF F

R, R, = variable substituent
R, = linker

Figure 1.15 - Generic structure of a BODIPY dye.
However, some BODIPY dyes show instability under the conditions of PCR cycling.

Fluorescence Resonance Energy Transfer (FRET) Dyes

FRET requires the use of two dyes in conjunction: a donor and an acceptor. Dipole-
dipole resonance between the dyes results in the transfer of excitation energy from
one dye (donor) to the other (acceptor) and this leads to an overall improvement in
the magnitude of the fluorescent signal emitted. Fluorescein and rhodamine dye
derivatives are commonly used as donor and acceptor dyes respectively® . The use of
FRET dyes™* or ‘big dyes’ in DNA sequencing applications has led to improved
results when compared to conventional dyes. In addition, FRET is an extremely

powerful tool for probing nucleic acid structure’” and hybridistaion™.

However a major drawback of fluorescent dyes is their low fluorescence at high

temperatures (> 50°C).
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1.4 Label Incorporation

The methods available for the covalent labelling of nucleic acids has been

summarised in section 1.2.3.3 however this will now be discussed in more detail.

1.4.1 Chemical Methods

Advances in solid phase synthesis techniques have resulted in the routine production
of relatively large quantities (10-100nmol) of oligonucleotides that may possess a
variety of modifications at the heterocyclic base, sugar or phosphate groupgs. The
synthesis of labelled oligonucleotides by solid phase methods is advantageous as it
enables the incorporation of a defined number of reporter groups at specific sites on
the oligonucleotide. The label may be incorporated internally or at either the 5° or 3’

end of the oligonucleotide (figure 1.16)

o

end

Figure 1.16 - Sites of label incorporation in an oligonucleotide.
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However the main disadvantage associated with solid phase synthesis of labelled
oligonucleotides is the lability of certain reporter groups to the conditions used during
oligonucleotide synthesis and deprotection. In addition the poor solubility of some
reporter groups in the solvents used during oligonucleotide synthesis can be
problematic. In such cases, the reporter groups are often incorporated after

oligonucleotide synthesis.

1.4.1.1 Post-synthetic labelling

Post-synthetic derivatisation is the only method available for the modification of
oligonucleotides that have been isolated from natural sources or have been
synthesised enzymatically®®. In this strategy, the reporter groups are coupled via the
incorporation of a protected nucleophilic functionality during oligonucleotide
synthesis. The nucleophile is generally introduced onto the oligonucleotide through a
linker or spacer group (section 1.2.3.4). The linker serves to increase the accessibility
of the nucleophile, and to increase the distance between the oligonucleotide and the

reporter group’ thus alleviating any potential steric problems.

A wide range of commercially available phosphoramidites are employed in this
strategy but generally nucleosidic phosphoramidites, with nucleophile-linker
modifications on the base are employed. These types of phosphoramidites cause
minimal disruption to duplex formation and have the advantage of allowing multiple
sites for label attachment™®. Most commonly, the nucleophile attached to the linker is

either an amine or a thiol.

Amino Functionalised Oligonucleotides

Initially, the most popular functionality used in post-synthetic labelling strategies was
the primary amine. Labelling methods were originally developed from protein
labelling protocols, which involved reaction at lysine residues. This allowed a

versatile and efficient protecting group strategy to be employed. Use of the base labile
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trifluoroacetyl®, phthalimide®” or Fmoc protecting groups allows the amino
functionality to be unmasked during oligonucleotide deprotection. The amino group
can then be reacted with reactive functional groups such as N-hydroxysuccinimide
esters, or carboxylic acids used in conjunction with a carbodiimide coupling
reagent’. This strategy has been employed to synthesise a cytidine phosphoramidite
possessing a protected amino-alkyl linker at N4%* % (figure 1.17 (1)). The resulting
amino modified oligonucleotide was then labelled with biotin, a range of fluorescent

dyes or by incorporation of a europium chelate.

More commonly, linkers are introduced at the C5 position of 2°-deoxyuridine as this
site is not involved in hydrogen bonding in duplex DNA and therefore has least effect
on hybridisation. There have been many 2’-deoxyuridine analogues synthesised
containing a protected amino-alkyl linker”’, some of which are commercially
available (figure 1.17 (i1)). These have been used to functionalise the resulting
oligonucleotides which are then labelled with fluorescent dyes® and employed in

DNA-enzyme interaction studies.

Amino-alkynyl linkers are also commonly used, for example Haralambidis'*

synthesised a 2°-deoxyuridine phosphoramidite (figure 1.17 (iii)) possessing a
protected aminopropargy! linker at the CS position. Again this was exercised in the

synthesis of an amino-modified oligonucleotide that was labelled with the fluorescent

dye fluorescein.

Both amino-alkyl and amino-alkynyl linkers have also been introduced at the N6
position of adenine and the N2 position of guanine'®'. However standard labelling
protocols frequently employ modified pyrimindines. The use of labelled purines is

less common as they are chemically less accessible.
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Figure 1.17: Amino modified phosphoramidites.

Thiol Modified Oligonucleotides

Thiols are more reactive than primary amines. However, an extra deprotection step is
often required and the unmasked thiols are susceptible to oxidation to the disulfide. In
a similar strategy to that employed for amino modified oligonucleotides, generally
thiol modified pyrimidine phosphoramidites are used for oligonucleotide synthesis.
The reporter groups are then incorporated into the oligonucleotides via derivatives
bearing thiol-reactive functionalities such as maleimides, or bromo-, or iodo-
acetamides. An example of a thiol modified phosphoramidite is 5-thiocyanato-2’-
deoxyuridine phosphoramidite (figure 1.18). This was synthesised by Bradley and
Hanna'% and utilised in oligonucleotide synthesis. Treatment of the resulting
oligonucleotide with dithiothreitol (DTT) yielded the unmasked thiol, which was then

reacted with 5-iodoacetamidofluorescein.
0

HN SCN
PR i

O N

Figure 1.18 - Thiol modified phosphoramidite.
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1.4.1.2 End Labelling

Oligonucleotides can be chemically modified with a hapten or fluorescent dye at the
5” or 3’-end in a two step procedure. In the first step, the oligonucleotide is
synthesised with a functional group at either the 3” or 5’-end. This functional group
must be inherently more reactive towards labelling reagents than the other reactive
groups (phosphates, exocyclic amino groups) normally present in oligonucleotides.
Generally, this functional group is a primary amine or thiol group that is introduced
during oligonucleotide synthesis via an appropriately protected phosphoramidite. A
variety of functionalised controlled pore glass (CPG) resins are commercially
available for the introduction of an amine or thiol to the 3’-end of the
oligonucleotide'®'. Non-nucleosidic phosphoramidites such as the commercially

1% (figure 1.19), are commonly employed for 5°-

available 5’-amino modifiers
modifications of oligonucleotides. In the second step, the reporter group is covalently

attached to the oligonucleotide using a suitable derivatised label (section 1.4.1.1).

/L NJ\
i
TEANH Y No Po >N

n=0-10

Figure 1.19 - Commercially available oligonucleotide 5° end modifiers.

Using this procedure Lenvenson and Chang'® labelled oligonucleotides at the 5’-end
with horseradish peroxidase (HRP). The method entailed the used of the hetero-
bifunctional crosslinking reagent mal-sac-HNSA (maleimido-6-amino caproyl ester
of 1-hydroxy-2-nitrobenzene-4-sulfonic acid sodium salt), which was used to
introduce maleimidyl moieties to HRP. These could then be reacted with the thiol

derivatised oligonucleotide (figure 1.20).
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Nucleic acid probes synthesised in this manner can be obtained in large quantities
(100nmol per reaction); they have a high degree of specificity and good sensitivity.
Another useful feature of 5” end-labelled oligonucleotides is that the 3’-end 1s
available to act as a primer for DNA synthesis reactions'®. Therefore, extension
reactions such as PCR (section 1.4.3) can be conducted with labelled primers,

allowing the non-radioactive detection of the reaction products.

1.4.1.3 Direct incorporation of a label

The direct incorporation of a label during oligonucleotide synthesis obviates the need
for post-synthetic labelling and subsequent purification steps. In general, the addition
of the label proceeds more efficiently than by post synthetic methods™, through the

coupling of a labelled phosphoramidite monomer during oligonucleotide synthesis.
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Various different reporter groups, in particular fluorescent dyes have been

incorporated in this manner.

Most commonly the synthesis of the labelled phosphoramidite monomer, involves the
introduction of a linker onto the heterocyclic base of the nucleoside in a similar
fashion to that described in section 1.4.1. Likewise attachment of the label proceeds
via reaction of a NHS ester or maleimide derivatised label. Nucleoside
phosphoramidites possessing base modifications have been utilised in the
incorporation of fluoresceinyl'® labels either internally or at the 5°end. Non-
nucleosidic functionalised CPG resins possessing a fluorescent label are
commercially available'® for 3°-end labelling of an oligonucleotide. Alternatively, a
functionalised CPG resin derivatised with a fluoresceinated nucleoside analogue'’
may be used. Biotin labelled phosphoramidites have also been adopted to label
oligonucleotides at the 5’-end and these have then been used in the affinity

purification of PCR products®.

1.4.2 Enzymatic Methods

The enzyme-mediated incorporation of labels into DNA is based on the enzyme-
catalysed incorporation of modified 2°-deoxynucleoside-5’-triphosphates (dNTPs)*
into ss or ds DNA and synthetic oligonucleotides™. The modified triphosphates are
either radiolabelled, or labelled with fluorescent dyes or haptens such as biotin or
digoxigenin. With non-isotopic labelling, the reporter group is generally attached to
the heterocyclic base of the nucleotide in a strategy similar to that described for
nucleoside phosphoramidites (section 1.4.1.3). These reporter groups are relatively
large and often possess a number of potentially reactive functionalities. The addition
of these sterically bulky groups onto a ANTP can limit the utility of the nucleotide as

an enzyme substrate. Therefore in some cases, for example when using an enzyme as

¢ Specific NTPs are referred to using the letters for each base (i.e. dATP). Modified dNTPs are
referred to using the nomenclature ‘reporter group’-‘linker length’-dNTP (i.e. biotin-4-dUTP).
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a label, enzymatic methods for label incorporation are not suitable. However
enzymatic incorporation produces probes of the highest sensitivity'®® and so by
including the naturally occurring dNTP in the labelling reaction, reasonable product
yields™® may be obtained when using non-isotopic labels. There is often a fine balance
between product yield and labelling density and this is determined by the ratio of
modified to unmodified (naturally occurring) nucleoside present in the labelling

reaction' %,

A variety of approaches are possible for the enzymatic incorporation of reporter
groups into DNA. The choice of approach is dependent on the type of labelling

required: internal labelling or end-labelling.

1.4.2.1 Internal Labelling

Internal or uniform labelling of DNA probes can be obtained by either random
priming, nick translation or PCR (section 1.4.3) or by reverse-transcription from an

RNA template (c-DNA synthesis).

Random Priming®

Random priming synthesis produces uniformly labelled DNA of high specific
activity. The procedure initially developed by Feinberg and Vogelstein®® uses random
short oligonucleotide sequences, typically hexamers, as primers in a polymerisation
reaction which is catalysed by E.coli DNA polymerase I (figure 1.21). With this
straightforward method, superior levels of label incorporation are observed,
generating DNA probes of extremely high specific activity from small amounts of

template DNA.
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Figure 1.21 - DNA labelling by random priming.

The technique has been used to synthesise DNA labelled with biotin’, digoxigenin'®’
and fluorescein® via the incorporation of the respective modified dUTP analogue.
There is also evidence to suggest that this technique is more tolerant to bulky ANTP
analogues than other techniques. Waggoner et al** successfully synthesised a DNA
probe in good yield with a high labelling density using only the modified dCTP
analogue (no naturally occurring dCTP) in the random priming reaction mixture.

Such an approach was not possible with this dCTP analogue in other labelling

techniques.

Nick Translation®

Traditionally, Nick Translation has been the most frequently employed technique to
uniformly label dsDNA?> as it is rapid, straightforward and relatively inexpensive.
The DNA template is nicked at a series of positions along the strand, usually by the
nuclease enzyme DNase 1. This is then incubated with E.coli DNA polymerase I and
a mixture of labelled and unlabelled dNTPs. Beginning at a nicked site, the 5° to 3’
exonuclease activity of the enzyme removes nucleotides from the 5° phosphoryl

terminus whilst synchronously the 5’ to 3’ polymerase activity of the enzyme
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introduces new nucleotides at the 3” hydroxyl terminus. The net effect is the
replacement of unlabelled nucleotides. Since DNase I cuts the DNA template

randomly, nicks are introduced into both strands, resulting in uniform labelling of the

DNA (figure 1.22).

ds DNA template
3 5
l DNase |
5 3
nicked DNA
3 5
---------- Newly synthesised strand
JDM Pol.l and dNTP’s D DNAPoLY

L © von
P I

3. oL :

Figure 1.22 - DNA labelling by Nick Translation.

The specific activity of the nick-translated DNA is proportional to the amount of
nucleotides replaced by labelled nucleotides. This is controlled by optimising the
concentration of DNase I and the reaction time. In general, short incubation times or
low concentrations of DNase I result in insufficient label incorporation. In practice,
conditions are chosen that result in 30% to 60% incorporation of the modified
nucleoside. This technique initially used by Langer et al*, is frequently used to
prepare sequence-specific probes for a wide variety of hybridisation techniques.
Weigant et al''° utilised fluorescein, tetramethylrhodamine and coumarin labelled
dUTP analogues in the synthesis of the oligonucleotide probes employed in
fluorescence in situ hybridisation (section 1.5.1). Cyanine dyes have also been
introduced into DNA in this manner, using Cy3-dUTP and Cy5-dUTP, by Waggoner

et al’®.
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1.4.2.2 Enzymic-End Labelling

The 5” end of DNA is labelled using the enzyme T4 polynucleotide kinase to catalyse
the transfer of the terminal y-phosphate of ATP to the 5° hydroxyl termini of DNA,
RNA and oligonucleotides. There are two different reactions employed to achieve the
5’-end labelling of DNA. In the forward reaction, the DNA is firstly
dephosphorylated with a phosphatase enzyme (usually bacterial or calf-intestinal
phosphatase). The T4 polynucleotide kinase then transfers the [y-""P] of ATP to this
dephosphorylated 5° terminus. The second reaction, termed the exchange reaction, is
carried out in the presence of excess ADP. This causes the polynucleotide kinase to
transfer the terminal 5° phosphate from phosphorylated DNA to ADP. The DNA is
then re-phosphorylated by the transfer of the [y-">P] of ATP by the polynucleotide
kinase enzyme. The exchange reaction is less efficient than the forward reaction and
is therefore less commonly used. Oligonucleotides that are unphosphorylated at the

5’-end can be labelled by this method.

There are three different enzymes used for the 3’-end labelling of DNA: terminal
deoxynucleotidyl transferase, E.coli DNA polymerase I and T4 DNA polymerase.
The choice of enzyme employed is dependent on the nature of the DNA to be
labelled. Terminal deoxynucleotidyl transferase and T4 DNA polymerase react
preferentially at the 3° hydroxyl termini and therefore require a 3° overhang or 5°
recessed end of the DNA. Whereas E.coli DNA polymerase I reacts at the 5°-

phosphoryl termini and therefore requires a 5° overhang or 3’ recessed end.

Terminal deoxynucleotidyl transferase

This enzyme provides a unique method for labelling the 3’-end of DNA. Terminal
deoxynucleotidyl transferase catalyses the non-template directed repetitive addition of
deoxynucleotides to the 3’-hydroxyl termini of the DNA, preferably ss DNA or short
oligonucleotides, accompanied by the release of inorganic phosphate''". In this way a
short ‘tail” of modified nucleotides can be attached to the strand to create a labelled

le?.

probe. The action of the enzyme was first exploited by Moyzis ef al"*“ who
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incorporated biotin-11-dCTP into DNA. The enzyme can also incorporate one single
label by using a modified ddNTP such as a digoxigenin-labelled ddUTP which was

employed by Kessler er al*® for labelling DNA for use in hybridisation experiments.

E.coli DNA polymerase I
The Klenow fragment of £.coli DNA polymerase is the enzyme used in this method.

This enzyme fragment possesses the 5° to 3” polymerase and the 3’ to 5” exonuclease
proof reading activity of the holoenzyme but lacks the 5° to 3’ exonuclease activity.
The DNA to be labelled is partially digested by the appropriate restriction enzyme,
producing recessed 3’-ends. The recessed ends are then filled in by the Klenow
fragment by catalysing the incorporation of labelled dNTPs. This procedure is
commonly employed for synthesising labelled DNA fragments for use as size
markers during gel electrophoresis. Langer, Waldrop and Ward™ used this method to

label DNA with biotin by the incorporation of bio-4-dUTP.

T4 DNA polymerase

The T4 DNA polymerase enzyme is a product of bacteriophage T4. This method of
label incorporation utilises both the 5° to 3” polymerase and 3’ to 5° exonuclease
activity of the enzyme. Incubation of the DNA with T4 DNA polymerase in the
absence of ANTPs degrades the 3’-ends of the DNA by the 3’ to 5 exonuclease
activity of the enzyme. Introduction of the dNTPs at this stage results in extension
from the 3’-end by the polymerase activity of the enzyme. Hence, both 3°-ends of a
linear duplex DNA molecule can be selectively and extensively labelled using
modified dNTPs (figure 1.23). Indeed, dUTP analogues have been successfully
incorporated by T4 DNA polymerase54.
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Figure 1.23 - Synthesis of labelled DNA by T4 DNA polymerase.

Subsequent digestion of the labelled DNA produced, with an appropriate restriction

enzyme, allows the selective removal of the label from one of the 3’-ends.

1.43 PCR

The Polymerase Chain Reaction (PCR) is an in vitro method of nucleic acid synthesis

by which a particular segment of DNA (the target) can be specifically replicated. The

113
ll

technique was first introduced by Saiki et al' "~ in 1985 and has become an essential

tool in molecular biology as an aid to cloning and gene analysis] 14 In order to
amplify a section of the target DNA during PCR, sequence information must be
known of the areas that flank the DNA fragment to be amplified. Two short
oligonucleotide primers, typically 18-30 nucleotides in length each of which is
complementary to one end of the target strand are prepared (usually synthetically).
These primers are designed to have similar G and C content so that they anneal to
their complementary sequences at similar temperatures. They are also designed to

anneal on opposite strands of the target sequence so that they will be extended
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towards each other by addition of nucleotides to their 3’-ends. The region of the
template bound by the primers is amplified by a series of cycles (figure 1.24). In the
first cycle, the duplex target is heated to 95°C to denature the strands. Subsequent
cooling to approximately 55°C allows the primers to anneal to the template strands.
The actual temperature depends on the primer lengths and sequences''*. The
temperature is then slightly elevated to the optimum temperature for activity of the
DNA polymerase enzyme, for example 72°C for the thermostable 7ag polymerase.
The DNA polymerase, in the presence of Mg ions, then extends the primers along
the length of the target by incorporating dNTPs to their 3° ends until the beginning of
the second cycle. This produces two new ds sections of DNA, which are denatured in
the second cycle by heating to 95°C. Each single strand then acts as a template for
primer annealing and extension. During the second cycle, polymerisation can only
occur as far as the end of the first primer. This affords newly synthesised molecules
of the correct length. During subsequent temperature cycles only products of the
correct length are amplified which soon outnumber the original target molecule and
increase two-fold with each cycle. Theoretically, after n cycles, one target sequence

would be amplified 2" times. In practice, generally 20-40 cycles are used.
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Figure 1.24 - The first three cycles of a PCR reaction' .

The initial PCR protocols'**'** used the Klenow fragment of the mesophilic DNA
polymerase I to catalyse polymerisation. This necessitated multiple additions of an
aliquot of the enzyme during each cycle of the PCR. Being labour intensive and
expensive limited the application of the technique. The discovery of thermostable
polymerases obtained from thermophilic organisms such as 7aqg DNA polymerase
isolated from Thermus aquaticus''®, greatly simplified the technique. The use of
thermostable polymerase facilitated automation of PCR through the use of thermal
cyclers. A wide variety of DNA polymerases are commercially available for use in
PCR'" which provide variation in properties such as processivity, replication fidelity
and associated activities. This has widened the potential of PCR which has found
wide spread use in many fields including forensic analysis''®, clinical diagnosis'"’,

oncology''® and various research areas'?’. Such popularity has led to significant
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modifications to the original protocol''*?*%. These included quantitative PCR'?,

reverse transcriptase PCR (RT PCR) '2*'* and label incorporation by PCR.
1.4.3.1 Label incorporation by PCR

Label incorporation during PCR provides an alternative to traditional methods for the
synthesis of labelled probes for use in hybridisation assays. Additionally, the
incorporation of labels into PCR products has facilitated the development of reverse
probe hybridisation assays'*(figure 1.25) and the direct detection of PCR products
without the need for probe hybridisation.

immobilised capture probe
......... nylon membrane
uniabelled probe
-—-> primer
Ssciiabei —

PCR product hybridised to fixed probe

Figure 1.25 - Reverse probe hybridisation assay

PCR products may be labelled during synthesis by either incorporation of labelled
dNTPs during the amplification reaction or by introduction of a label onto the PCR
primer. However, the addition of modified substrates into the PCR mixture can result

. . . . . e o 126
in decreased yields and a reduction in reaction specificity'>°.

Incorporation of labelled dNTPs

The principle of PCR labelling by the incorporation of modified dNTPs involves the
total or partial replacement of a naturally occurring dNTP with a labelled analogue
during PCR (figure 1.26). The use of modified dNTPs obviates the need to synthesise
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labelled primers and has the potential to produce PCR products with a greater
labelling density than when using modified primers. However, the synthesis of
labelled PCR products by this method often results in a greater reduction in PCR

efficiency' .

ds DNA template

l denaturation and annealing of unlabelled primers

1 PCR amplification in the presence of labelied dNTP's

A S
b b o

Figure 1.26 - Incorporation of labelled dNTPs during PCR amplification.

labelled PCR product

Woolford and Dale'?’ described a protocol for the synthesis of fluorescently labelled
PCR products, by performing the PCR reaction in the presence of a mixture of dTTP
and f1-12-dUTP. This enabled the direct detection of the PCR product by the use of a
UV transilluminator, without the need for ethidium bromide staining. This labelling
strategy has also been employed to incorporate thodamine® and cyanine'®® labelled
dUTP analogues. These labelled PCR products have been used for various research
and diagnostic purposes.

In some cases the labelling reaction may be performed without inclusion of the
natural ANTP in the reaction mixture. PCR products have successfully been labelled
with 5-BrdUTP'?® and subsequently detected using an anti-BrdU antibody conjugated
to peroxidase. This analogue which has a similar size to dTTP is incorporated by Taq

DNA polymerase as efficiently as the natural substrate.

An alternative strategy involves incorporation of a modified dNTP into a crude PCR

reaction after amplification'°. Incubation of the reaction mixture at room temperature
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for approximately 16 hours produced a labelled product. However inferior results

have been obtained using this strategy compared to incorporation of ANTP analogues

during PCR.

Labelling of PCR primers

The introduction of reporter groups into PCR products through the use of labelled
primers has the least detrimental effect on the efficiency of the PCR reaction'*®, PCR
primers can be labelled internally, at the 5°-end or more unusually at the 3’-end.
Internal labelling offers the potential of multiple label incorporation, however 5’-end

labelling is more convenient and is thought to have least effect on annealing of the

primers to the template® (figure 1.27).

ds DNA template

ldenaturation and annealing of labelled primers

hd ry

lPCR amplification in the presence of uniabelled dNTP's

&

Figure 1.27 - Labelling of PCR products through use of labelled primers.

labelled PCR product

Various different reporter groups have been introduced into the PCR primer internally

1'% incorporated various different

during solid phase synthesis. Ganesh et a
fluoresceinated 2’-deoxyuridine phosphoramidites into the primer to introduce 2,4 or
5 fluorescent labels into the PCR product. However, it was found that a maximum of
4 fluorescent labels, (2 per primer) could be introduced before non-specific
amplification occurred. PCR primers have also been labelled post-synthetically with
fluorescent dyes by reaction with the corresponding aryl azide derivative'>’. This

places the fluorescent label at random positions along the oligonucleotide primer.
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Both cyanine dyes® and biotin'>” have been used to label PCR products via 5’-end
labelled primers. Biotin-labelled primers have been employed in PCR reactions where
they have subsequently been used for affinity purification of the product’*’. Since this
application does not require multiple labelling, incorporation of a single label at the

5’-end is the most effective method to use.

1.5 Practical Applications of Fluorescent Probe Systems

1.5.1 Fluorescence /n Situ Hybridisation (FISH)

Fluorescence /n Situ Hybridisation is a microbial method that allows the detection of
whole-bacterial cells and the analysis of chromosomes via the labelling of specific
nucleic acids with fluorescently labelled oligonucleotide probes. Clinical and
fundamental research have both benefited from the application of FISH techniques,
which have become an indispensable cytogenetic tool. FISH is the most powerful
method for gene mapping and has significantly enhanced the field of cytogenetic
diagnosis'*’. The principle of the technique is simple and is based on the annealing of
a labelled probe to its complementary strand in fixed cells or tissues followed by
detection of the label. FISH is different to other probe systems as the target is
embedded in a complex matrix that can hinder probe access and destabilise the probe-
target hybrids formed. In addition, it is important that the target is accessible to the
probe and must be retained in situ, not degraded by nucleases. The labelled probe
(DNA or RNA) is usually prepared by either chemical synthesis, nick translation,
random priming or PCR (sections 1.4.1, 1.4.2 and 1.4.3). The length of the probe is
dependent on the particular application however the typical length is between 200bp
and 1kb. Shorter probes decrease the efficiency of detection of a hybridisation site
however longer probes increase non-specific background signals. High probe

concentrations decrease the signal : noise ratio.
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There are three different types of FISH probes routinely employed, each of which has

a different application.

1.5.1.1 Locus specific probes

Locus specific probes hybridise to a particular region of a chromosome. This type of
probe is used to determine the location of a gene on a chromosome when a small
portion of that particular gene has been isolated. A labelled probe is prepared from

the piece of the gene allowing the visualisation of the chromosome to which the probe

hybridises.
1.5.1.2 Alphoid or centromeric repeat probes

Alphoid or centromeric repeat probes are generated from repetitive sequences found
at the centromeres of chromosomes. These probes are ideal for the detection of
aneuploidy (abnormality of chromosome number) by FISH and probes exist for
almost all human chromosomes. They produce intense zones of fluorescence on the
chromosomal target region and provide an efficient method for detecting aneuploidies
because the signals can be easily evaluated by conventional microscopy. Alphoid

141

probes have been used successfully to detect aneuploidies in amniotic cell fluids

and specific tumours such as gliomas, medulloblastomas and carcinomas of the breast

and bladder'*" 4% %
1.5.1.3 Whole chromosome probes

Whole chromosome probes are collections of smaller probes, each of which
hybridises to a different sequence along the length of the same chromosome. Using
these libraries of probes, entire chromosomes may be ‘painted’ or stained generating
a spectral karyotype. Structural changes in defined chromosomes such as

microdeletions, inversions and translocations may be analysed by FISH using these

40



Chapter 1: Introduction

specific probes'*’. The applications of FISH using human chromosome-specific
libraries have significantly increased in recent years. This is due to the convenience,
efficiency and the growing availability of these ‘painting” probes. Chromosome
painting'*> *® by combinatorial or ratio labelling of specific probes has led to the
staining of each of the twenty four different human chromosomes with distinct

colours which can provide a general screening test for chromosome abnormalities.

1.5.2 DNA Chip Technology

DNA chip technology utilises high-density microscopic arrays of nucleic acids
immobilised on solid support for biochemical analysis. The technique originated from
the automation and miniaturisation of ‘dot-blotting’ (section 1.2.2) that showed how
nucleic acid hybridisation could be used on a large scale to exploit the data emerging
from genome programmes’*’. DNA microarrays are distinguished from dot blots by

the use of an impermeable, rigid substrate, such as glass, which has a number of

8 Glass is a durable

practical advantages over porous membranes and gel pads
material that sustains high temperatures and washes of high ionic strength and due to
its low intrinsic fluorescence, it does not significantly contribute to background noise.
In addition, the surface of glass is easily derivatised allowing the covalent attachment
of oligonucleotides. High density DNA probe arrays are prepared by combining the
techniques of photolithography and solid-phase DNA synthesis (figure 1.28)
Synthetic linkers modified with a photochemically removable protecting group are
attached to the glass support. Light is then directed through a photolithographic mask
to specific areas on the surface to produce localised photodeprotection. These sites
are then coupled with a series of protected deoxynucleosides. Next, light is directed to
a different region of the support by a new mask and the chemical cycle is repeated. In

this manner thousands of oligonucleotides can be fixed to a small grid producing a

high-density DNA probe array.
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Figure 1.28 - Preparation of a DNA probe chip’®’.

Such gene chips are extremely beneficial in the area of diagnosis. A genetic sample,
either DNA or RNA samples from biological sources are labelled with a fluorescent
dye during PCR amplification (section 1.4.3). Hybridisation of these targets to the
DNA microarray and subsequent detection can be used for DNA sequencing,
genotyping and polymorphism detection. Analysis of the CFTR gene was performed
by the preparation of a microplate loaded with 428 features to identify mutations in
exon 11 and a microarray containing 96,600 20mers was used to identify mutations

over the entire 3.45kb of exon 11'*°,

1.5.3 DNA Sequencing

The use of fluorescent dyes in automated DNA sequencing provides another
important application of enzymatic label incorporation (section 1.4.2). The Sanger''
method of DNA sequencing is the most commonly used method for DNA
sequencing, particularly in large scale genomic sequencing. It involves the template
directed linear primer extension with a DNA polymerase enzyme in the presence of a
mixture of deoxy and dideoxy nucleoside triphosphates. Termination of the primer

extension results whenever ddNTPs are incorporated due to the absence of a 3’
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hydroxyl group. Hence incubation with a mixture of dNTPs and ddNTPs results in a
series of truncated primer extension products corresponding to chain termination
occurring at each base. These products are then analysed by polyacrylamide gel

electrophoresis.

Parallel with label incorporation during PCR (section 1.4.3), fluorescent reporter
groups may be incorporated into the sequencing products via labelled primers, or via
labelled ANTPs during primer extension or labelled ddNTPs during chain termination.
The incorporation of labels into the sequencing products via a labelled ddNTP
terminator as demonstrated by Prober et al”® (figure 1.29) has a number of
advantageous over the other methods. The major advantage is convenience. Synthesis
of a labelled primer is not necessary hence fewer synthetic steps and reagents are
required. Also since a different dye can be used to distinguish each base terminator,
only one primer extension reaction is required and each sequencing reaction can be
performed on a single lane of a gel. To fully exploit this more convenient approach,
protocols have been established using a variety of dye labelled terminators and
polymerase enzymes that produce favourable results in sequencing reactions. Dye
terminators have been labelled with various different fluorescein and rhodamine'>*
derivatives and BODIPY'®® dyes. Energy-transfer dye terminators'>* >* have also
been developed which have been incorporated into sequencing products producing

improved results when compared with conventional dye terminators.
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Figure 1.29 - Examples of fluorescent base terminators

The use of modified deoxy and dideoxy-nucleoside triphosphates in automated DNA
sequencing has, in turn, led to developments in the number of polymerase enzymes
available for this, and other, applications. There are now a number of engineered
DNA polymerases used in sequencing protocols'’, such as Taq FS'>°, and the
thennosequenase . Use of these mutated polymerases has resulted in an improved

incorporation of dideoxynucleoside triphosphates.

Dye-labelled primer sequencing has benefited from the development of DNA
polymerases which do not discriminate between deoxy and dideoxynucleosides'’
Traditionally primers have been labelled at the 5’-end with fluorescent reporter
groups such as fluorescein’”, rhodamine'”®, BODIPY'*® and cyanine' dyes.
Fluorescent resonance energy transfer dyes (section 1.3.2.5) have also given
favourable results in sequencing experiments'® compared to primers containing a
single dye. DNA sequencing has also been performed using primers labelled at the 3°-
end. CPG resins derivatised with a protected fluorescent moiety have been employed
in the solid phase synthesis of 3’-end labelled primers. Alternatively primers may be
labelled internally during a primer extension reaction in the presence of a labelled

dNTP. The major disadvantage of the dye labelled primer method is the requirement



Chapter 1: Introduction

for four separate extension reactions and four dye-labelled primers for each

template’*?.

1.5.4 TaqmanTM Assay

The Tagman™ assay is extensively exploited for the detection of accumulation of
PCR specific products’>""'*2. It requires the synthesis of a linear oligonucleotide probe
which is labelled with a fluorogenic donor (5° FAM) and acceptor (internal or 3’
TAMRA) molecule. Irradiation of this intact probe stimulates emission of a photon
by the donor, which is quenched by the acceptor through the process of FRET
(section 1.3.2.5). Hence no fluorescence is observed. However, the probe can
hybridise to a complementary target and during the polymerisation stage of PCR, the
probe will be cleaved. Cleavage of the probe arises due to the inherent 5° to 3’
nucleolytic activity of Taq DNA polymerase. This cleavage causes separation of the
donor and acceptor molecules that results in an increase in fluorescence intensity due
to loss of quenching. Measurement of this increase in fluorescence intensity directly

indicates the generation of probe specific amplicons (figure 1.30).
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Figure 1.30 - The Tagman™™ assay
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The Tagman™™ assay has been successfully employed for the rapid and accurate

detection of the hepatitis C virus in patient samples'*® and the detection of salmonella

in food samples'**.

1.5.5 Molecular Beacons

Molecular Beacons are probes described by Tyagi and Kramer, for the detection of
specific nucleic acids in homogeneous solution'*. These probes fluoresce only upon
hybridisation to their complementary target producing sensitive, real-time signals that
are indicative of the degree of hybridisation of the probe to the target oligonucleotide.
The probe has a stem and loop structure (figure 1.31), which is the key feature of this
probe technology. The stem portion consists of two short oligodeoxynucleotide arms
either side of the loop, one of which is terminally labelled with a fluorophore, the
other with a quencher (ideally the quencher is non-fluorescent). Annealing of the
arms causes energy transfer from the fluorophore to the quencher with the energy
being dissipated as heat. Therefore, in this confirmation, the probe is non-fluorescent.
The loop portion consists of an oligodeoxynucleotide sequence that probes for its
complementary target oligonucleotide in solution. On hybridisation of the loop to its
target, a confirmation change occurs causing the stem arms to dissociate. Since the

fluorophore and quencher are no longer in close proximity, fluorescence is restored.
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Molecular beacon probe (non-fluorescent)
E Stem © quencher
O
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Figure 1.31: Principle of molecular beacons
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Molecular Beacons are designed such that the sequence of the oligodeoxynucleotide
arms are unrelated to the target sequence. The arms must be long enough to form a
stem (>4bp) upon annealing but not so long that dissociation is difficult (<12bp). It is
essential that hybridisation of the oligodeoxynucleotide arms produces a weaker

interaction than probe to target annealing.

PCR amplicon concentration is detected and quantified using molecular beacons by
measuring the intensity of fluorescence at the annealing stage in each cycle.
Molecular beacons are well equipped for this application since they exhibit fast
hybridisation kinetics, which allows for sealed tube experiments. The probes have the
ability to recognise single base mutations and exhibit allelic discrimination, allowing

the use of multicoloured probes in a single experiment.

In practice, molecular beacons have been employed in the detection of the single
point mutation of cytosine to thymidine in the methylenetetrahydrofolate reductase
(MTHFR) gene. This point mutation has been related to an increased risk of
cardiovascular disease and neural tube defects. Molecular beacons specific for the
wild type or mutant sequence demonstrated high levels of specificity for their

target'>®.

1.5.6 Scorpion Primers

Scorpion primers technology combines a highly specific probing region with a primer
for a PCR reaction’. The probe region is chemically attached to the 5° end of one of
the PCR primers and is blocked against copying by a hexaethylene glycol spacer. The
primer binds to the target and is extended during polymerisation. This newly
synthesised strand contains a sequence complementary to the probe sequence. This
promotes annealing of the probing region to the newly synthesised strand resulting in

an increase in fluorescence intensity (figure 1.32).
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Figure 1.32 - Principle of a Scorpion detection assay

The assay is unimolecular and therefore kinetically and thermodynamically favoured

™ 131

. 139
over intermolecular assays such as Tagman and molecular beacons . The

unimolecular nature of the assay increases the efficiency of the probing process since
the probe is held in close proximity to its target, thereby reducing the time-scale of
hybridisation. Intermolecular systems are limited by the formation of alternative
intra-strand secondary structures and the competition of re-annealing complementary
PCR amplicons. Scorpions have shown high specificity in single tube genotyping
experiments of the two main variants of the hereditary Haemochromatasis gene:
C282Y, the major disease causing mutation and H63D, a prevalent polymorphism of

uncertain clinical relevance.
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2.0 Development of Novel Protocol for Synthesis of
Labelled Nucleoside Triphosphates

The previous chapter introduced the reagents, methods and strategies employed in the
design of systems used to probe genetic sequences. Large-scale genotyping
programmes employ fluorescently labelled nucleoside triphosphates as a means to
facilitate detection'>*. This chapter aims to record the work performed in the design

and synthesis of a novel protocol for the synthesis of these compounds.

2.1 Introduction

The aim of this project was to develop a general and high yielding route to
fluorescently labelled nucleoside-5-triphosphates as this is an as yet unsolved
problem'®. Traditional methods of synthesis of these phosphorylated nucleosides
involved transformation of mononucleotides to reactive intermediates such as
morpholidates'®®, imidazolites'*’or phosphoramidites'®® followed by displacement of
the leaving group by pyrophosphate. Ludwig and Eckstein'® demonstrated a new
method of synthesis of ANTP’s utilising salicylphosphochloridite and this method did
not require protection of the heterocyclic bases. However, there are several
disadvantages associated with the traditional solution phase synthesis of labelled
nucleoside triphosphates. Firstly, preparation of the triphosphate itself involves
combinations of ionic reagents and more lipophilic substrates making choice of an
appropriate reaction media difficult. Consequently purification procedures are
lengthy, the reactions are often low yielding and the nucleoside triphosphates are not
particularly robust'”’. Also, the method of triphosphate synthesis is substrate-

dependent, and only one fluorescent label may be incorporated per synthesis.
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2.2 Solid-Phase Approach

2.2.1 Introduction

The substantial increase in the amount of literature describing the use of polymeric
supports in organic synthesis over the past decade is a vivid demonstration of its
impact in the chemical community'’". The advantages gained by this methodology are
striking, with four main factors contributing to the popularity of the technique: -

i) Convenience — reactions can be accomplished in only three steps: addition of
reagents, filtering and washing the resin thus allowing many simple automated
procedures to be developed.

i) The elimination of purification steps en route — for each step of a multiple-
step synthesis, the only purification needed is a resin-washing step. Only the
final product of cleavage needs to be purified.

iii) High concentrations of reagents can be used- thus driving reactions to
completion.

iv) The straightforward nature of parallel solid-phase synthesis.

However, for a solid-phase synthesis to be practical, several important issues need to
be addressed, including the correct choice of solid support and the mode of

attachment and cleavage of the material from the resin matrix.
2.2.1.1 Triphosphate synthesis on solid-phase

The method of triphosphate synthesis described by Ludwig and Eckstein'®® was
further developed by Sproat et al'* who performed the procedure on solid-phase thus
eliminating the formation of major side products such as branched triphosphate and
tripolyphosphate. This method was adapted towards the synthesis of a 2°-O-methyl-
ribonucleoside 5’-triphosphate and its a-thio analogue. The nucleoside was attached
to an amino functionalised solid support (CPG) via a succinate linkage, which served

the dual purpose of anchor and protecting group. Again the method of Ludwig and
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Eckstein'® was employed by Engels et al'” for the synthesis of modified
triphosphates containing a 3’-amino group. These proved to be potent and base-
specific chain terminators in DNA-sequencing reactions with the fluorescent dye
being directly attached to the amino group. Furthermore, a rapid preparation of amino
nucleoside-5’triphosphates based on a solid-phase approach was reported by Cech et
al'™ in 1996. This synthetic method utilises polymer-bound triphenylphosphine for
the reduction of 2’ or 3’-azidonucleosides. The azido-nucleosides are fixed to the
polymer-support via a stable phosphinimine linkage thus allowing chemical
manipulations to be performed whilst the nucleoside is attached to the polymer
(Figure 2.1). This technique afforded triphosphates in overall yields of 70-75% and
represents an improvement both in time—efficiency and simplicity over the synthesis

previously described for these compounds.
o
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Reagents and conditions: i, dioxan, r.t., 2 hrs ii, salicyl phosphochloridite, dioxan, r.t. 25
mins iii, bis(tributylammonium) pyrophosphate, tributylamine, DMF, r.t. 30 mins iv, 2%
solution of iodine in pyridine-water (98/2 v/v), v, conc. ammonia, 50°C, 2 hrs, 70%

Figure 2.1 - Solid-phase synthesis of 3’amino-ddTTP by Cech et al'*".
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2.2.2 Resin Derivatisation

When selecting a resin for solid-phase organic synthesis and combinatorial chemistry,
it is important to consider the efficiency and kinetics of the intended reaction on the
resin support'®. In solid-phase organic synthesis, molecules are built up on the end of
a spacer group, which serves to attach the reactant molecule to the resin bead. The
stereotypical view of a resin bead is a rigid, non-solution like matrix in which organic
reagents have to overcome a steric barrier in order to diffuse into the resin bead. In
order to permit reactions, generally resins require swelling by the solvent and this is
highly solvent and temperature dependent. Despite swollen resins being heavily
solvated, reactions are undoubtedly affected by the proximity of the attached reactant
to the spacer and the polymer matrix. Controlled pore glass (CPG), as a solid support
does not require swelling and therefore has greater versatility in terms of use of
solvents. Polystyrene-based (PS) resins are highly hydrophobic, being made up of
mainly 1% DVB cross-linked polystyrene. For PS resin, the spacer separating the
reactant from the resin is usually short. Therefore reactions on PS resin tend to be
affected by the hydrophobic PS matrix. A major step forward in this context has been
the polystyrene-poly(ethylene glycol) (PEG) composite resin beads developed by
Bayer and Rapp'® which form the basis of the TentaGel® range of supports. The
architecture of TG resin is based on 1-2% cross-linked styrene-DVB resin backbone
that is grafted extensively with long PEG spacers (50-60 ethylene oxide units). The
PEG content is up to 70% of the resin weight. Therefore, the properties of the PEG
chains determine the mechanical, physicochemical behaviour of the resin. However,
such high levels of PEG which are needed to generate these advantageous properties,
unfortunately bring some limitations, for example, the composite can be very sticky
and difficult to dry'®. HypoGel®is a hydrophilic polystyrene gel-type resin that is
based on a 1% cross-linked polystyrene-D VB matrix grafted with long, flexible PEG
spacers, to form a high loaded hydrophilic resin. HG resins have swelling properties

between PS and TG resins' .
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The purpose of the initial experiments was to establish the most suitable resin for the
solid-phase synthesis of labelled triphosphates. Four reins were examined, each with
different properties: long chain aminoalkyl-controlled pore glass (LCAA-CPG, Link
Technologies), aminoalkylpolystyrene (Glen Research), Novasyn TentaGel amino
resin (NovaBiochem) and aminoHypoGel resin (Rapp Polymere).
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Reagents and conditions: i, succinic anhydride, DMAP, pyridine, r.t., 1 hr, loading =
68-1280 pumolg™, ii, compound [13], DIC, DMAP, 16 hrs, loading = 20-410 umolg™,
iii, pentachlorophenol, DIC, DMAP, pyridine, r.t., 16 hrs, piperidine, r.t., 15 mins, iv,
1M salicylphosphochloridite in dioxan, pyridine : DMF (1:3), r.t. 15 mins,

v, 0.5M bis-(tributylammonium)pyrophosphate in DMF, tributylamine, r.t., 20 mins,
vi, iodine : pyridine : water (3:1:1), r.t., 30 mins, vii, conc. ammonia r.t., 30mins,
7-73%.

Figure 2.2 — Generic scheme for resin derivatisation
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Each resin was derivatised with a succinyl linker as shown in figure 2.2. Firstly
succinic anhydride was coupled to the free amino groups on the resin using DMAP in
pyridine creating a stable amide bond between the linker and the resin. The loading of
the linker was determined by employing the ninhydrin assay'’®. This determined the
amount of unreacted amino groups remaining on the resin, which could then be
subtracted from the initial resin loading to determine the loading of the linker.
Condensation with nucleoside [13] using DIC and DMAP in pyridine provided
intermediate resin [S-8] that was capped with pentachlorophenol and piperidine. The
loading of the nucleoside was determined by acid-catalysed detritylation, followed by
quantitation of the DMT cation released, from the resin, at 495nm. Following
detritylation of the resin with either TCA : DCM (1:20) or hydrochloric acid : ethanol
(3:2), solid phase phosphorylation was achieved using a 1M solution of
salicylphosphochloridite in anhydrous dioxan for 15 minutes. Subsequent treatment
with a 0.5M solution of bis-(tributylammonium) pyrophosphate in anhydrous DMF
and tri-n-butylamine for 20 minutes; followed by oxidation with a solution of iodine :
water : pyridine in THF (3:1:1) for 30 minutes; provided the desired resin-bound
triphosphate [9-12]. This was confirmed by treating an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>