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by Rohan Tissa Ranasinghe

Genetic analysis involves detection of nucleic acids in a sequence-specific manner.
Typically, oligonucleotide probes labelled with fluorescent dyes are used to facilitate
detection of their complementary sequences. The development of two fluorescent
probe formats, each employing DNA-imtercalators as fluorescence quenchers is
described. The first, in which the intercalator 9-amino-6-chloro-2-methoxyacridine
is covalently linked to the probe, adjacent to a 5’-fluorophore, increases its
fluorescence upon hybridisation to the target sequcnce, due to intcraction of the
quencher with the probe/target duplex. The hybridisation specificity of these probes
has been demonstrated, culminating in their use in real time PCR. The second
format, which involves binding of intercalators to the probe/target duplex from free
solution, leads to a decrease in fluorcscence upon hybridisation. A range of DNA-
binding ligands have been screened for use in this context, leading to the use of
ethidium bromide as an intercalating quencher in real time PCR.

Efficient hybridisation of labelled oligonucleotide probes to their complementary
sequences in PCR products is important for sensitive PCR-based genctic analysis.
This can be hindered by competition between the probe and one amplicon strand for
the target sequence. Several solutions to this problem are cvaluated. Among these,
the use of 2’-deoxyinosinc-5’-triphosphate (dITP) to produce amplicons with
reduced 7}, 1s outlined.

Synthetic oligonucleotide probes used for genetic analysis must be obtained in high
purity. Two hydrophobic tagging monomers for synthesis of the probes used in the
multiplex ligation dependent probc amplification (MLPA) assay have been
developed. Introduction of the tags at the 5’-end of synthetic oligonucleotides >100

nt in length facilitates their purification by RP HPLC.
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1. Introduction

1.1 Chemical and physical properties of nucleic acids

1.1.1 Composition and structure of nucleic acids

DNA and RNA are condensed polymers of monomeric units called nucleotides, the
phosphate ester of a nucleoside, which is the condensation product of a pentose
sugar with a nitrogenous base. The pentose sugar is either ribose (in RNA) or
deoxyribose (in DNA), and the nitrogenous bases found in nucleic acids are either
monocyclic pyrimidines (cytosine, thymine — found in DNA, and uracil — found in
RNA) or bicyclic purines (guanine and adenine) (Figures 1.1 and 1.2).

The secondary structure of DNA, as well as some of its properties, is derived from
the nature of these bases. Chargaff, using a very early UV spectrophotometer,
discovered from comparison of a wide variety of DNA sources that the base
composition could vary within the constraint that the number of adenines was
always equal to the number of thymines, and that the number of guanines was

always equal to the number of cytosines.'

0
HOSs o HO g  HO—P-O B
S OH \/_0_\/ OH \/_0>
OH 2 OH OH
2'deoxyribose 2'-deoxynucieoside 2'-deoxy-5'-nucleotide
RO B
0
, o
H 5 6 4 |
<N | N N 1 5 f\N 3 O:FID~O o B
8 \ H
N 4 N/J 2 6 \Nﬂ 2 © < 7
9 3 1 OR
purine pyrimidine oligodeoxynucleotide
(chain form)

Figure 1.1 Structural units found in nucleic acids. B = a heterocyclic nucleobase (A,

G, CorT), and R = the rest of the chain.
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Figure 1.2 Structures of nucleosides found in DNA and RNA.

The relevance of Chargaff’s rules was fully uncovered when Watson and Crick

elucidated the secondary structure of DNA in 1953 (Figure 1.3). Coupling these

rules with, amongst other data, X-ray diffraction patterns,” they used models to

postulate structures, and eventually arrived at a structure which satistied all the

physical observations which had been made about DNA.

Figure 1.3 Two views of the double helix — one derived from molecular modelling

technology (left)? and that published by Watson and Crick in 1953 (right)."



The structure is an antiparallel double helix with the hydrophilic, anionic phosphate
groups at the edge (allowing them to be solvated by water). and the bases packed in
the central core separated by 3.4 A (forming the base pairs implied by Chargaff’s
work), stabilising the structure by both hydrophobic and m-stacking interactions. The
specificity of these base pairs is brought about by the orientation of the hydrogen
bonds that form between bases. All the Watson-Crick base pairs (Figure 1.4) have
the same overall shape (i.e. they are pseudosymmetric) and can form with no

disruption to the double helix.

H
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;/"]T N=HeoN AN 7“
= o
L%
H H
N N=H"Q _ Q=N
N(\g A : \; Nr Y & Skl \>
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0 N-HwO
H

Figure 1.4 DNA base pairs.

The Watson-Crick model for the secondary structure of DNA was attractive since it
immediately suggested a mechanism for its replication. Since the two intertwined
strands are complementary, it was speculated that one single strand may act as a
template for some cellular apparatus to assemble its complement.’

Confirmation of this theory has been provided by the work of Kornberg,® who
showed that replication (or polymerisation) of DNA is catalysed in cells by a group
of enzymes called polymerases, by the mechanism first postulated by Watson and

Crick.’

1.1.2 Intercalation

In 1961, Lerman described the interaction of planar, protonated acridine compounds

with DNA.* Reduction of the sedimentation constant and enhanced viscosily of the



duplex indicated that these compounds caused a lengthening and stiffening of the
DNA helix. This behaviour was accounted for in a model with the acridines
sandwiched between adjacent base pairs, which he described as intercalation (Figure
1.5). The intercalation process draws adjacent base pairs apart from their usual 3.4 A
spacing to 6.8 A.? and unwinds the helix.'” When a singly charged cationic drug is
intercalated, distortion of the helix is offset by the 20-35 kJ.mol™ gain in enthalpy
from increased m-m stacking, and the release of bound cations from the duplex.Il
which results in an increase in 7., (the temperature at which the duplex is half-
dissociated)."? In general, planar intercalators show a binding preference for G-C
base pairs, which is explained by the greater polarisibility of the G-C base pair

compared to A-T."

e i o) (e Sl \
< = \
Vi j ) )
r— /
Pz o /
- '{ e /
N ) ~ I
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NAL __* o o P \)
B-DNA, native form B-DNA with bound

intercalator

Figure 1.5 Model for DNA duplex containing intercalated drug molecules."

Many families of intercalators are known (Figure 1.6). Classical tricyclic acridines
and phenanthridiniums, such as ethidium and propidium, intercalate according to
Lerman’s model, but other classes are known, where intercalation is accompanied by
groove binding.

One such class of compounds is the anthracyclines, including daunomycin,
adriamycin and nogalamycin, which contain planar aromatic rings and sugars
bearing hydrogen bonding residues (Figure 1.6). Intercalation of daunomycin
involves intercalation of the B and C rings and protrusion of the D ring into the

major groove. The A ring and the amino sugar bind to the minor groove, with the A



ring hydroxyl group hydrogen bonding to the N3 and 2-amino groups of G. The
groove binding provides extra stabilisation of the complex by hydrogen bonding and
exclusion of water and imparts sequence-specificity to the interaction — daunomycin
preferentially binds CpG sites."” Nogalamycin has two sugars - the amino sugar
mounted on ring D binds to the major groove, hydrogen bonding to G-C base pairs,
and the nogalose sugar attached to ring A binds to the minor groove. Nogalamycin is
termed a threading intercalator because the two sugars interact with grooves on

opposite sides of the intercalated aromatic system.'®
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Figure 1.6 Common DNA intercalators.

Actinomycin D and 7-aminoactinomycin D, intercalators containing a phenoxazine
heterocycle and two cyclic peptide arms (Figure 1.6), are unusual in that they are
uncharged and bind GpC, rather than the usual Py-Pu steps.'” The thermodynamics
of intercalation involve an enthalpy change of between 0 and +8 kJ.mol™, which is
accompanied by a negative change in entropy, in contrast to the usual gain in
enthalpy and loss of entropy.'® The two peptide arms bind to the minor groove, with
the threonine residues hydrogen bonding to the N3 and 2-amino groups of Gs in
opposite strands, accounting for the observed selectivity for GpC sites.'”

Intercalators have found applications in medicine and biotechnology due to their



interactions with dsDNA. As inhibitors of DNA synthesis. they are frequently used
as antibiotics and as anticancer drugs. Fluorescent intercalators are used extensively
in nucleic acid staining,” and their stabilising effect on nucleic acid structures has
led to the use of intercalator-oligonucleotide conjugates in duplex,”' and triplex

.o»
formation.

1.2 Factors to be considered in genetic analysis
1.2.1 Importance of detecting nucleic acids

An organism’s genome (the sum of its genetic information) encodes its inherited
characteristics. This is because it is translated by the cellular apparatus to express the
proteins, (e.g. enzymes), which mediate all cellular processes. The mechanism by
which this occurs can be described crudely as: “DNA makes RNA makes proteins.”
The sequence of the protein is determined by the sequence of the DNA. This is what
Crick referred to as “the central dogma of molecular biology”. The detailed

processes by which this occurs can be found in many textbooks.™

1950s: @NA — RNA — Protein

Editing
Conformational isormers
Histc_me . Micro RNAs Glycosylation
modifications Splicing i
2000s: DNA _——> RNA roteins Phosphorylation
Altemative splicing )
Other Methyiation
epigenetic Other catalytic Acetylation
factors regulatory RNAs

Other

Figure 1.7 Representations of Crick’s central dogma (top) and current models for

protein synthesis in vivo (bottom).**

The view of central dogma is now more complex and no longer unidirectional
(Figure 1.7).** First, the discovery of reverse transcription made it clear that RNA
and DNA are interconvertible in the genetic code. Then post-translational
modifications (glycosylations, methylations etc.) showed that single genes were not

wholly responsible for the chemical structure of functional proteins. The results of



the human genome project and other work have shown that single genes
(alternatively termed “transcription units™) often encode more than one protein by
alternative splicing, showing the “one gene-one protein” principle of the central
dogma to not be true.”” This explains, in part, how perhaps as few as 30,000 genes
could encode the estimated >1,000,000 proteins.26

Nevertheless, genetic analysis, the sequence-specific detection of nucleic acid
sequences is an important tool in modern science. The detection of species-specific
genes in host tissues can show the presence of pathogens or viral genes embedded in
the host’s genome. Infectious diseases such as HIV.*" Chlamydia trachomatis® and
hepatitis C*’ can be diagnosed in this way, and bioterrorism agents can be detected
in sterile body fluids.*

Genes are first transcribed to messenger RNA (mRNA) then translated into proteins.
Semi-quantitative detection of mRNAs can therefore show which genes are being
expressed, and at what levels. This can provide information about key processes that
are occurring in an organism at any one time.” " ** For example, increased expression
of estrogen receptor oo (ERa) is found in human breast carcinomas.>

Mutations to an organism’s genome can lead to genetic diseases. Large genomic
duplications and deletions (in the kilobase order) are the recognised cause of o-
thalassaemia,” Duchenne and Becker muscular dystrophies® and in familial breast
cancer.”® In contrast, point mutations in an organism’s genome can lead to
Huntingdon’s disease,”’ cystic fibrosis,”® sickle cell anaemia™ and B—thalassemiaw
and can be diagnosed by DNA-based technologies.

Single nucleotide polymorphisms (SNPs) that have not been linked to disease
phenotypes are currently the subject of significant research efforts.*' SNPs represent
the largest source of genetic variation between individuals. The preliminary results
of the human genome project indicate there are approximately 2.1 million SNPs.?
While most SNPs may not directly confer disease, it is thought that they may be
important in the complex genotype-phenotype interactions that are likely to

2 their

determine whether an individual suffers from a polygenic disease.’
susceptibility to various diseases,”” and the efficacy of their response to drug
treatments.** Useful information can be extracted from the non-coding regions of the
genome, too. Analysis of short tandem repeats (sequences 2-5 nt in length, which are

repeated many times in a head to tail fashion) can be used to uniquely identify



individuals.” This technique is widely used in paternity testing®® and crime scene
q g

. . . 47
Imvestigations.

1.2.2 Labelling and amplification of nucleic acids

1.2.2.1 Fluorescent labelling

The heterocyclic bases in nucleic acids absorb UV-light, with the absorption
maximum of mixed sequence nucleic acids lying at ~260 nm. However, the
extinction coefficients of the nucleobases are not large, and many other compounds
absorb at this wavelength, so the UV-absorption of the nucleobases is insufficiently
sensitive for detection of cellular DNA. As a result, an easily detectable label is
required for nucleic acid detection. Although radiolabelling of nucleic acids has
been extensively used, fluorescent labels are now preferred, since they are easier to
handle, have longer shelf lives and, with suitable instrumentation, are more
sensitive. Fluorescence is the name given to the property of some atoms or
molecules, which absorb a photon of light of one wavelength (excitation
wavelength, Aex) and emit after some period (the fluorescent lifetime, 1) at another,

higher, wavelength (emission wavelength, A.y), a photon of lower energy (Figure

1.8).%8

Intemal
conversion
F* (102 s)
(excited 12 T V Vibrational levels
electronic state) ¢

Absorption

L _g
(10-153) Emission (107 s)

>

F 2 J

I . 1 g - Vibrational levels
(electronic ! T 7

ground state)

Figure 1.8 A Jablonski Energy Level diagram, depicting Fluorescence.

The molecule accepts a photon at its excitation wavelength, promoting it from the

ground state (Sg) to the first excited singlet state (S;). After intersystem crossing



within the excited state (dissipating energy), relaxation to the ground state occurs,

with emission of a photon of a specific wavelength (Aem).

Name Chemical structure Aex Aem €
TAMRA 540 564 103,000
ROX 570 590 113,000
JOE 520 548 71,000
FAM 492 515 81,000

TET 521 536 ---

HEX 535 556 --

HOO Cl (6-isomer)
Cy3 §® 550 570 150,000
OR RO
Lm0
® 650 670 250,000
Cy5s
OR RO

Table 1.1 Fluorescent dyes commonly used in oligonucleotide labelling. Excitation and emission
maxima (A, A.y) are reported in nm, while extinction coefficients (€) are reported in mol.dm’.cm™.

Values are for the un-conjugated (free) dyes.*

Since the electronic structures of molecules vary depending on their constituent



groups and elements, the specific wavelengths of excitation and emission can be
tuned by synthetic derivatisation of dyes. The difference between the excitation and
emission wavelengths of a fluorophore is called the Stokes shift, and this varies
between dyes. Many fluorescent dyes are commonly used to label oligonucleotides

(Table 1.1).

1.2.2.2 Fluorescence quenching

Although fluorescent intercalators are often used in free solution to stain nucleic
acids,” fluorescently-labelled oligonucleotide probes usually require the use of a
quencher in addition to the label. Hybridisation of the probe causes a change in
quenching of the fluorophore, indicating the presence of its complementary nucleic
acid sequence. Typically, quenching of the label occurs in one of three ways:

1) Collisional (or Dexter) fluorescence quenching (Figure 1.9A).>° An extremely
short-range interaction involving spatial overlap of excited fluorophore and
quencher molecular orbitals. The efficiency of energy transfer decays as a function
of e™ (where R is the distance between fluorophore and quencher). This mechanism
prevails in applications where a fluorophore and quencher are in close proximity e.g.
Methyl Red quenching FAM in Molecular Beacons (Figure 1.23).”"

i1) Fluorescence Resonance Energy Transfer (FRET, or Forster) quenching (Figure
1.9B).” Energy is transferred from an excited fluorescent donor to a quencher non-
radiatively, via a dipole-dipole interaction. The acceptor dye can then emit a photon
at its characteristic emission wavelength. The phenomenon is slightly longer-ranging
than Dexter quenching, decaying with R, and is the mechanism of quenching of the
5’-FAM by the 3°-TAMRA in TaqMan® probes (Figure 1.21).* The Férster and
Dexter mechanisms are known as dynamic quenching because energy transfer
occurs from an excited fluorophore.

ii1) Static quenching. The fluorophore and quencher form a non-fluorescent ground
state complex, usually a m-stacked dimer, which has unique electronic properties
distinct from the individual dyes. leading to a shifted UV spectrum. This occurs in
unstructured probes labelled with Cy5 and BHQ-1 S

Quenching by electron transfer is possible, but causes rapid photobleaching and is

not commonly used in oligonucleotide probes.
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1.2.2.3 The Polymerase Chain Reaction

In addition to fluorescent labelling, it is usually necessary to amplify nucleic acids
extracted from biological samples in order to facilitate detection. The most
commonly used method to achieve this is the polymerase chain reaction. or PCR

(Figure 1.11).
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Figure 1.11 A schematic representation of the polymerase chain reaction.

PCR was first described by Saiki ef al.”™ > It is a very simple method for replicating
many copies of a specific section of DNA. The procedure employs two synthetic
oligonucleotides called primers, which flank the section of DNA to be amplified,
each primer being complementary to one strand of the target dSDNA. The first stage
in the cycle involves heating to 95 °C. to denature all DNA. The reaction mixture is
then cooled rapidly to a lower temperature in order to allow the primers to anneal to
their targets. This temperature is determined by the 7,,s of the primer-target hybrids.
In addition to this, the primers are present in large excess ensuring that primer-target

hybrids are favoured over re-formation of target duplexes. The temperature is then
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elevated to circa 72 °C, near to the optimal for activity of a thermostable polymerase
(often extracted from Thermus Aquaticus), which then extends both primers in the 5’
to 37 direction, copying each strand once to give two-fold amplification (Figure
1.11).

Since each primer extended by this process contains a binding site for the opposite
primer, when the cycle is repeated, four copies of the target can be produced, i.c. a
chain reaction is occurring.

This cycle is repeated many times to produce 2" copies, where n is the number of
cycles. A rudimentary thermal cycler can perform 25 cycles in 1 hour, producing 2%’
(~33.5 million) copies of the target. The product of a PCR is called an amplicon, and
most genetic analysis technologies rely upon specific detection of one such target.
An elegant adaptation of the polymerase chain reaction, useful in genetic analysis,
was described by Newton ef al. in 19897 The amplification refractory mutation
system (ARMS), or allele-specific PCR, harnesses the selectivity of the polymerase
enzyme to effect allelic discrimination (Figure 1.12). One of the primers is designed
to be complementary (at its 3'- end) to one allele of the mutation site of interest (an
allele- specific primer). If the nucleotide at the 3'-end of the primer is
complementary to the template PCR proceeds. However, if the base at the 3'-end of
the primer is not complementary to the template, it is not extended by the
polymerase, and PCR does not proceed. A variety of mutation types (including point
mutations) can be analysed with this technique, by detection of the presence or

absence of a PCR product.
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Figure 1.12 The ARMS PCR method.



1.3 Modern techniques for genetic analysis
1.3.1 Sequencing

Sequencing is used to determine the sequences of nucleic acids of unknown

composition.
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Figure 1.13 Dye-terminator Sanger dideoxy sequencing.

Sanger (or dideoxy) sequencing involves production of a number of labelled DNA
fragments which are complementary to the sequence of interest, but which vary in
length, i.e. each fragment is a fraction of the total sequence. These fragments each
differ in length by one nucleotide, the smallest fragment being one nucleotide longer
than the primer, and the longest being the length of the entire sequence.”

The fragments are resolved by gel or capillary electrophoresis, and from this the
sequence can be deduced. A new strand is synthesised with a polymerase, using the
original strand as a template. In addition to the dNTPs this requircs, ddNTPs
(dideoxynucleoside triphosphates) are introduced. Since ddNTPs contain no 3°-
hydroxyl group, the chain can be extended no further after their incorporation - they
are “chain terminators”. There are two popular methods of Sanger sequencing. In
dye-terminator sequencing, four ddNTPs are added, each bearing a different
fluorophore, allowing the terminal nucleotide of each fragment to be identified
(Figure 1.13).°° Energy transfer dyes have been developed in order to maximise the
signal obtained from different dyes with single excitation source equipment.”’ In
dye-primer sequencing, the PCR-primer is fluorescently-labelled.®’ This method
requires four separate sequencing reactions (one with each ddNTP) to be performed
before electrophoresis.

However, resolution by electrophoresis is inherently undesirable, adding another

step to the protocol, and also representing a possible source of cross-contamination.
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With draft versions of many genomic sequences now available, the sequencing of
DNA is becoming less important in the detection of known mutations. Ideally, the
information obtained from sequencing can be used to design probes which can
detect DNA in a sequence specific manner, but without the need for sequencing.
thus creating a more efficient, higher throughput, and therefore more cost effective
assay. The ideal system dispenses with the tedious and time-consuming steps of
sample purification and separation after the allele discrimination reaction. This
allows minimal sample handling, reducing sources of contamination, with potential

for automation.




1.3.2 Real Time PCR

In 1996, a new technique for detecting nucleic acids was described.®* Real time. or
kinetic, PCR is a method in which the accumulation of amplicon is monitored
throughout the PCR, rather than at the end. This allows detection in a “closed-tube’
format, where no post-amplification manipulation is required, removing the risk of
cross contamination between amplified samples. A fluorescent signal whose strength
is proportionate to the amount of PCR product present is measured in each cycle to

give an amplification curve (Figure 1.14).
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Figure 1.14 Real time PCR traces obtained by varying the number of copies of
template, showing the effect on threshold cycle number (Cy), (top) and the
relationship between threshold cycle number (Cyt) and the log of template copy

number (bottom).
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Real time PCR represented a major advance in quantification of DNA, allowing a
wide range (about eight orders of magnitude) ot concentrations to be assayed with
high accuracy. The quantity of template present is determined by the cycle, Cy, in
which the amplification signal crosses a pre-determined threshold (Figure 1.14). The
fewer copies of template present, the later the threshold is crossed. A plot of Cy
versus log (copy number) gives a straight line from which the number of copies
present in unknown samples can be determined. Quantification of RNA is also
possible by reverse transcription-PCR (RT-PCR), where RNA is first transcribed to
cDNA, which can be used as the template in PCR.® This method is particularly
important as it allows quantification of mRNAs, allowing measurement of
expression levels and viral loads by quantification of viral RNAS!?

Real time PCR can be used for genotyping — wild type, heterozygous and mutant

genotypes can give different amplification curves il suitable allele-specific probes or

primers are used (Figure 1.15). Real time PCR 1is useful for genotyping SNPs in this
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Figure 1.15 Amplification curves from genotypically different samples.

The ability of real time PCR to detect DNA makes it amenable to applications in

6 67, 68

parasitology,” oncology,’® and food technology. Although these applications

only require the presence or absence of specific sequences to be established, and
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could be accomplished by endpoint detection, the speed and convenience of real
time PCR makes it a commonly used technique.

In addition to amplification curves, fluorescence melting curves, acquired at the end
of the PCR, can establish the identity of species that are generating the signal. This
is particularly useful when the amplification curve is ambiguous. When labelled
probes are used, fully complementary sequences can be discriminated tfrom those
containing single mismatches by 7, measurement, useful for SNP genotyping. 1
PCR is not optimal a signal can result from mispriming or primer-dimer extension
products, and the presence of these can be revealed by amplicon melting when non

strand-specific methods are used.
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The development of real time PCR has been made possible largely by the
introduction of two real time thermal cyclers with on-line fluorescence monitoring:
in 1997 the ABI 7700, a conventional blockcycler, and not long after, the Roche
LightCycler, a carousel instrument that uses glass capillaries as reaction vessels.
Although the sample capacity of the LightCycler (32 capillaries) is less than that of
the 7700 (96 wells), the more efficient heat transter through the thin capillary walls
allows the use of rapid cycling conditions. A PCR of 40 cycles can be completed in
15-20 min, compensating for the lower sample capacity. The number of machines on
the market has increased, with models from BioRad (iCycler), MJ Research (DNA
Engine Opticon Continuous Fluorescence Detection System), Stratagene (Mx400).
ThermoHybaid (Chimaera Quantitative Detection System), Corbett Research
(Rotor-Gene 3000) and Cepheid (SmartCycler) broadening the price range at which
real time thermal cyclers are available, and offering different features and interfaces.
In 2002, sales of thermal cyclers in the United States and Europe were worth $430
million.**

Apart from suitable thermal cyclers, the other technology required for applications
of real time PCR are suitable fluorescence-based detection methods. The problem of
how to detect nucleic acids by accumulation of a fluorescent signal can conceptually
be tackled in an immense variety of ways. This has led to a proliferation of DNA
diagnostic methodologies, which are described below, concentrating on those most

commonly used and those relevant to the work described in later chapters.
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1.3.2.1 Fluorescent intercalator binding
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Figure 1.17 Signal generation by binding of fluorescent intercalator to amplicon.

Perhaps the simplest way to generate a signal upon production of PCR product is by
the inclusion of a fluorescent intercalator in the reaction mixture.”” Intercalators such
as SYBR Green 1,70 ethidium bromide”" and YO-PRO-1"* bind to dsDNA with a
dramatic increase in quantum yield, allowing them to be used as a detector for
accumulation of amplicon during PCR (Figure 1.17). SYBR Green [ is the most
commonly used dye in real time PCR, because of its minimal binding to dsDNA,
high quantum yield and the similarity of its spectral properties to FAM, convenient
for real time thermocyclers which are set up to excite fluorescein. This approach has
been used for quantification with high sensitivity.”” While this method is the
cheapest and simplest signalling chemistry available, it does have major
disadvantages. As the intercalators bind indiscriminately to any dsDNA, the
amplicon can be of any sequence, meaning that the assay is liable to score false
positives for samples where primer-dimers or mispriming sites have been amplified.
Also, there is no facility for allelic discrimination unless ARMS primers arc used.

Fluorescence-based melting profile analysis (fluorescence melting) of the whole
amplicon is a possibility though, which can demonstrate the presence of non-specific
products, which generally have a lower 7}, than the correct amplicon.74 Others have
suggested that the amplicon T3, can also be used to genotype variations such as small

: : : 5,
insertions, deletions and even SNPps.” 70

Short amplicons are required to enhance
sensitivity to these small variations in sequence. This is likely to be of limited
reliability and applicability, as amplicon Ty, will depend not only on DNA sequence,
length and G/C content, which are constant, but amplicon concentration and

buffering conditions, which may vary from sample to sample.”” A more general
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approach has been described based on the use of GC-tailed allele-specific primers to

exaggerate the difference in amplicon 7}, between genotypes (Figure 1.18).”
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Figure 1.18 Tailed-primer approach to amplicon melting.

1.3.2.2 Primer-probes

Just as fluorescent intercalators can be used to generate a signal with accumulation
of PCR product, so can labelled primers, called primer-probes. They are labelled so
that extension of the primer leads to enhanced fluorescence.

An early example of this methodology was Sunrise primers, later called Amplifluor
primers.”” The Amplifluor primer is designed so it can form a stable hairpin-loop, at
each end of which a fluorophore and quencher are attached. Extension of the
Amplifluor primer leads to production of one strand of the amplicon. When this
strand is copied. the polymerase ‘reads-through’ the hairpin loop, leading to the
other strand of the amplicon being complementary o the whole of the labelled
strand. When the two hybridise, the hairpin loop structure is abolished, leading to
separation of fluorophore and quencher, and the release of a fluorescent signal.
Later, the assay was refined by the use of tailed unlabelled primers, containing a
universal sequence, the ‘A sequence’.80 If PCR occurs, this universal sequence is
incorporated into the amplicon. The universal sequence is complementary to the
primer portion of the Amplifluor primer, which will bind to the amplicon, be
extended, copied and generate fluorescence (Figure 1.19). The primer-probe used is
called the Amplifluor UniPrimer I, as the same labelled primer can be used in any

PCR, as long as the tailed sequence is incorporated into the locus-specific primers.
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This has obvious advantages in lowering the cost of the assay. Allele-specific

(ARMS) primers can be used to distinguish point mutations.
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Figure 1.19 Mode of action of Amplifluor UniPrimers.*

Later still, it was found that primers with blunt-ended hairpin-loop structures and a
dye attached at the C5 position of thymidine could enhance their fluorescence upon
incorporation into PCR products (Figure 1.20A.). The design rules, established in a
biophysical study, are that the terminal base pair of the hairpin-loop must be CG or
GC and that the T bearing the fluorophore must be 2 or 3 nucleotides from the 3°-
end.®' The application of these hairpin primers to real-time quantitation and end-

point SNP detection has been demonstrated.™
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Cyclicons,*? 5°-5” linked pseudocyclic oligonucleotides bearing a fluorophore and
quencher (Figure 1.20B), and double-stranded primers, with dye-labelled primers
and quenchers attached to either a complementary oligonucleotide (Figure 1.200)*
or PNA oligomer (Figure 1.20D).* can be used in similar assays.

While all primer-probes can generate false positives as a result of primer-dimer
formation and mispriming, the chance of this is reduced as all the primer-probes
have secondary structure, making them natural hot-start primers. Unlabelled primers
with hairpin-loop® and duplex®’ structures have already been shown to enhance the
specificity of PCR. In any case, PCR must be optimised for all real time assays,
because if reagents and primers are used up in synthesising spurious amplicons then
loss of sensitivity and false negatives can be observed. The UniPrimer strategy loses
this natural hot-start specificity, but is attractive, as only one labelled
oligonucleotide has to be synthesised for any number of loci. This approach could be

applied to any primer-probe format.
1.3.2.3 Signal generation by probe cleavage

Primer-probes can generate a signal upon incorporation into PCR products, but are
vulnerable to the production of spurious amplicons resulting from primer-dimers or
mispriming. Probes that become fluorescent during the PCR due to hybridisation
with the polymorphic site are potentially more specific. Cleavage of the probe was
one of the first methods presented to generate a fluorescent signal — the probe is
quenched prior to hybridisation, but hybridisation leads to enzymatic cleavage of the
probe, whereupon fluorescence is released.

The TagMan® assay exploits the 5-nuclease activity of polymerase enzymes.*® The
TagMan® probe is an oligonucleotide, labelled at either end with dyes,™ which is
complementary to some region of the section of DNA flanked by the primers. As the
primer is extended by the polymerase, replication is obstructed by the TagMan™
probe. In this conformation the fluorophore is quenched, via FRET to an acceptor
dye at the other of the oligonucleotide. The polymerase exploits its inherent 5™ to 3°
exonuclease activity at the point where replication is obstructed and hydrolytically
cleaves the probe. Since the donor and acceptor dyes are no longer in the same

molecule, the interfluorophore distance is now dramatically increased, and FRET is

23



essentially eliminated (Figure 1.21). This leads to an accumulation of the fluorescent
signal observed from the donor over the cycles of the PCR, until digestion reaches a
plateau.g() TagMan® has been used extensively as a tool in genetic analysis, detecting

coall - 9 . 2 9 bl o Q
the Hepatitis C virus,” Salmonella in raw meat’ and cancer susceptibility in
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Figure 1.21 A schematic representation of the TagMan® assay.*

While the TaqMan® technology 1s well established, several improvements to the
technique have been presented. Terbium chelates can be used as the reporter, leading
to an increase in sensitivity. Low background fluorescence from these lumincscent
labels can be achieved by internal quenching by the probe,” or by the use of a
complementary oligonucleotide bearing a quencher.” An intramolccular version of
the TagMan” has been described (Figure | .21/\.),95 as has the use of a minor groove
binder (MGB) attached to the 3’-end of the TagMan probe®.’® The incorporation of
the groove binder significantly increases the T, of the TagqMan”-MGB probe/target
duplex so that shorter probes can be used. TagMan“-MGB probes are so
commercially important that Applied Biosystems recently introduced “Assays-On-

Demand’ — pre-formulated kits containing probes and primers for >146.000 SNPs.”?
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A universal probe based on an expanded genetic information system (AEGIS) has
been described recently. This uses the unnatural nucleosides isoC (iC) and i1soG
(iG),” and the double-flap gap (DFG) nucleolytic activity of Tag polymerase. One
normal primer, and one tailed primer, containing consecutive iC and iG residues
between the allele-specific primer and the universal tail, are used. During extension
of the standard primer, one nucleotide is inserted opposite iG of the tailed primer
then replication stops at iC. This creates a duplex with a 5’-single stranded overhang
and a 3’-flap (single unpaired base). Hybridisation of the universal fluorescently
labelled probe to the 5’-overhang gives the double-flap gap structure. This is
recognised by the polymerase and is cleaved, increasing fluorescence of the cleaved
fluorophore (Figure 1.22B).”® While the universal probe is not extended and is
therefore not a primer-probe, the assay is still sensitive to mispriming and primer-
dimer formation, as production of any amplicon will lead to the cleavage of the

probe. As with Amplitfluor UniPrimers, though, the requirement for only a small
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number of fluorescently labelled probes to be synthesised for a large number of loci
is appealing.

A major disadvantage with probes cleaved upon hybridisation is that the probe is
necessarily destroyed to generate a signal, so no further information (e.g. 73, data)

can be obtained post-PCR.
1.3.2.4 Competitive hybridisation probes

Competitive hybridisation requires two dyes, one a fluorophore and the other a
fluorescence quencher, which are held in close proximity by the formation of a
duplex. The duplex may be inter- or intramolecular. PCR is used to amplify a
fragment of DNA to be interrogated. A region of the amplicon is complementary to
the dye-labelled probe, which 1s designed to preferentially bind to the amplicon
rather than reform the quenched species. Upon hybridisation to the amplicon, the
fluorophore and quencher become distal, and a fluorescent signal is obtained. When
the probe oligonucleotide is not cleaved, competitive hybridisation offers the
advantage that fluorescence melting curves can be obtained at the end of the PCR.

Molecular Beacons are one example of competitive hybridisation probes. They are
designed so that at the temperature where fluorescence is measured (~60 °C), they
form a stable hairpin loop. The probe is therefore designed so that at either end there
1s a small region of DNA (~5-12 base pairs), which is self-complementary, and thus
forms a double stranded stem. The fluorophore and quencher are covalently attached
to either end of the stem. When the stem is formed, two dyes are held close together

and fluorescence quenching occurs.
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Figure 1.23 The mechanism of action of a Molecular Beacon.'"



When a suitable amount of amplicon is present, the probe sequence may anneal to
the target, in preference to formation of the hairpin loop. To aid this, the probe
sequence is much longer than the stem (~25-30 nt), so that formation of the
beacon/target hybrid is thermodynamically favoured over the reformation of the
hairpin loop. Since in this open conformation the fluorophore and quencher do not
lie in close proximity to one another, an increase in emission from the fluorophore
occurs - indicating that the target DNA sequence is present in the amplicon (Figure
1.23). Molecular Beacons have found application in many nucleic acid detection

assays — DNA in genotyping of human alleles'"

02

and drug resistance in

. 1 103
Mycobacterium Tuberculosis, '

104

and RNA in detection of splice variants,
quantitation of viral loads

YIOD

and detection of Potato leafroll virus and Potato virus

This assay suffers from its bimolecular nature (due to difficulties in ensuring
formation of probe-target hybrids), as reformation of the stem is an intramolecular
process, and thus is kinetically and entropically favoured over the intermolecular
formation of the probe/target hybrid.'” Since the fluorophore and quencher remain
in the same molecule, residual quenching in the open form is also observed. Various
modifications have been made to Molecular Beacons to improve their sensitivity.
Molecular Beacons constructed from PNA, a nucleic acid with an uncharged peptide
backbone that has a greater affinity for DNA than DNA or RNA, have been used to
enhance hybridisation.'”” Shared stem Molecular Beacons, where one half of the
stem hybridises to the target, have been used to improve hybridisation and disfavour

108

stem reformation (Figure 1.24A.),™ and to make energy transfer Molecular

Beacons, where a donor and acceptor beacon hybridise adjacent to each other

(Figure 1.24B.).'%
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A Scorpion is the name given to a detection system that combines a probe sequence
and a primer in a single oligonucleotide.llo Scorpions are not considered (o be
primer-probes due to the inclusion of a PCR stopper, which avoids copying of the
stem upon extension of the reverse primer. This results in specific probing of the
amplicon, as distinct from primer-probes, where accumulation of signal is non

strand-specific.
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by Taq polymerase_ a i) Heating \\ S
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Fluorophore = PCR Primer
Quencher £ Target DNA
—— Probe sequence ~~nn PCR stopper

Amplicon

Figure 1.25 Generation of a fluorescent signal from one Scorpions Primer.'"

The Scorpion incorporates a stem-loop section, as in the Molecular Beacon. When
the Scorpion primer element i1s extended, the result is a strand of DNA, a section of
which is complementary to the probe sequence. This sequence is longer than that of

the stem and hence its binding is favoured over reformation of the stem, so the
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Scorpion undergoes a conformational reorganisation, whereupon fluorescence is
released (Figure 1.25).

Since the probe and target sequences are now in the same molecule, issues regarding
unimolecular vs. bimolecular kinetics are relieved. This results in the Scorpions
Primer having advantages over other assays. The speed of the unimolecular probing
event enables rapid signal appearance and high signal to noise ratios, because probe-
target binding is kinetically favoured over duplex reannealing and stem reformation,
and the assay does not rely on an enzymatic cleavage for signal generation. ARMS

can be used to effect allelic discrimination.,l 12

but the polymorphic sequence can also
be located in the probe sequence, enabling thermodynamic discrimination, as in
Molecular Beacons.'"' The disadvantages associated with Scorpions are that the
probes are long and complex (~65 nt), and rely on secondary structure for their
operation. Both of these factors introduce complications into the design and
synthesis of Scorpions. Despite these, Scorpions have been used to clfect
quantitation of HIV-1 DNA/RNA,'" and mRNAs linked to breast cancer'' and

muscular dystrophy. 103
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Figure 1.26 The Duplex Scorpion (A).I H “Yin-Yang’ (B)* and Duplex Probe e

formats.

To overcome some of the difficulties associated with Scorpions, Duplex Scorpions

have been developed, where the stem consists of the probe element and a separate
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oligonucleotide, complementary to the probe, to which a quencher is attached. Upon
extension, the probe binds to its complement in the amplicon. as before, but now this
event has only to compete with the reformation of an intermolecular stem. Since the
quencher oligonucleotide is expelled into solution, residual quenching is minimised,
leading to a greater signal (Figure 1.26A). This advance greatly simplifies Scorpion
synthesis - the probe requires the incorporation of just one dye, and the total length
of the oligonucleotide to be synthesised is reduced to 35-50 nt.'"?

Subsequent to the development of Duplex Scorpions, related detection systems *Yin-

"8 and Duplex probes have been reported. “Yin-Yang’ probes differ from

Yang
Duplex Scorpions only in that the tailed primer has been eliminated, so hybridisation
is an intermolecular process. The quencher oligonucleotide is shorter than the dye-
labelled probing strand, so hybridisation can occur spontaneously, facilitating its use
in isothermal amplification protocols. Duplex probes are similar to ‘Yin-Yang’
probes, except that the two probing oligonucleotides are of similar length and the
cycling conditions are designed to promote exonucleolytic cleavage of the probe.''®

Competitive hybridisation is therefore a powerful technique, less susceptible to
spurious amplicons than primer-probes and not requiring enzymatic cleavage for
signal generation. However, purification of oligonucleotides with secondary
structure (as in Molecular Beacons and Scorpions) is difficult, although ‘two-oligo’
versions of these have been described which alleviate this problem. Sensitivity can
be limited by the nature of competitive hybridisation, as binding to the target is
disfavoured by the presence of a complementary sequence elsewhere in the system.
This has a hidden benefit though - specificity of hybridisation by hairpin

oligonucleotides is enhanced over their linear counterparts,''’ and this is likely to

also be the case for duplex structures.

30



1.3.2.5 Linear probes that fluoresce upon hybridisation

While primer-probes, cleaved oligonucleotides and competitive hybridisation probes
have been used extensively in real time PCR, linear probes that fluoresce upon
hybridisation have potential advantages over all of these techniques. Non-
competitive hybridisation offers the potential for shorter and more specific
oligonucleotides to be used, and non-destructive signal generation allows extra
information to be obtained from post-PCR melting curves. A PCR stopper, such as
phosphate or octanediol, is required at the 3’-end to prevent priming by the probe
and possible accumulation of non-specific signal.

Labelling of a linear oligonucleotide with a single fluorophore is a conceptually
attractive approach, since the probe can be synthesised and purified cheaply and
easily. Fluorescence polarisation increases upon hybridisation due to the hybridised
high molecular weight species having restricted molecular motion, and this
phenomenon has been used for genotyping.118 This technique requires more
sophisticated equipment, which is not as widely available as thermocyclers that
measure fluorescence intensity. However, the intensity change upon hybridisation is
unpredictable, with varying degrees of quenching or fluorescence enhancement
observed, depending on sequence and dye-incorporation chemistry. HyBeacons
(Figure 1.27A)'"° exploit modes of dye-incorporation that reliably lead to
fluorescence enhancement on hybridisation. Fluorescein is positioned in the major or
minor groove by conjugation to either the base'"” or 2’—position120 of uridine
analogues. HyBeacons have been used to detect and discriminate polymorphic
targets amplified directly from saliva.'*'

Fluorescence quenching by nucleobases is a known phenomenon, with Guanine
particularly effective due to its good electron-donating properties.'"” Two
fluorescent probing technologies use this to achicve reliable quenching or
dequenching upon hybridisation. Fluorescein quenching can be achieved by
positioning two contiguous Cs next to the fluorophore in the probe. Hybridisation
leads to fluorescein being in close proximity to two guanines, leading to a decrease
in fluorescence (Figure 1.27B.). This methodology has been used in real time PCR
to detect and discriminate polymorphic amplicons by both Cy and melting curve
(Tw) analysis.'” Target sequences with one G in the 5’-overhang position also

allowed detectable quenching, enabling this method to be applicable to almost all
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sequences. Inversion of the real time fluorescence trace is necessary for calculation
of Cy, but this is a simple operation. Dequenching can also be accomplished, by
placing two Gs next to the fluorophore in the probe. Internal quenching is relieved
upon hybridisation, leading to signal generation (Figure 1.27C). Melting curve
analysis was used to score a number of SNPs.'** The requirement for two contiguous
Gs in the probe is likely to limit the sequences for which this method can be used,
though as with the fluorescein-quenching technique, the oligonucleotides are

relatively cheap and easy to synthesise, requiring only widely available reagents.
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Figure 1.27 Mode of action of HyBeacons (A),""" '* fluorescein quenching probes

(B)'* and dequenching probes (C)."**

FRET can be used to excite a linear probe labelled with a single dyc. The donor dye
must be brought close enough to the acceptor upon hybridisation to initiate encrgy
transfer.'”’

An assay of this type using two labelled oligonucleotides called hybridisation probes
has been developed. One probe is labelled with a fluorescent dye at its 37-cnd (the
donor dye), and the other is labelled with an acceptor dye at its 5’-end. The
oligonucleotides are designed so that they hybridise to the amplified DNA fragment

in a head to tail arrangement, and thus the dyes are conveniently placed for FRET to
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occur (Figure 1.28). The fluorophores can be organic dyes such as fluorescein and

127,128

LC Red 640,'% but the use of luminescent Europium or Terbium'*’ chelates as

LRET (luminescence resonance energy transfer) donors has also been described.
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Figure 1.28 Mode of action of hybridisation probes.

The donor can be free in solution, but intercalate into the duplex formed by
hybridisation ot the probe to its target, causing FRET to occur, and an increase in
fluorescence from the reporter, such as in ResonSense” " or iFRET"' (Figure
1.29A). This has the advantage that just one labelled probe has to be synthesised. An
intramolecular version of ResonSense”, Angler®, has also been reported (IFigure

1350,
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Figure 1.29 ResonSense® iFRET (A)"' PriProEt (B)"** and Angler® (C)"°

formats.

Similarly, if one primer is labelled with a donor fluorophore, an acceptor-labelled

probe can be excited by hybridisation to the labelled strand of the amplicon. This
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approach is used in PriProEt probes (Figure 1.29C), which have been used to detect
the Foot and Mouth disease virus.">

More elaborate chemistry can also provide probes whose secondary structure does
not change upon hybridisation, but whose tluorescence is enhanced. Intercalators
often display enhanced fluorescence quantum yields upon binding to dsDNA, and

many probes contain tethered intercalators in order to harness this effect.'"*® This

strategy 1s introduced more thoroughly in Section 2.1. Fluorescent nucleobase

MD MDI)

analogues methoxybenzodeazaadenine (7 A) and methoxybenzodeazainosine (
become more brightly fluorescent when base paired in a duplex with T or C, but not
when mispaired. These analogues have been incorporated into oligonucleotides and
can be used to detect synthetic oligonucleotides."’ Hairpin polyamides are a class of
ligands that can bind to the minor groove of DNA duplexes in a sequence specific
manner.*® When labelled with TAMRA, the fluorescence of hairpin polyamides
increase significantly when binding to a duplex containing their target sequence
present in synthetic oligonucleotides. 139 Such probes are truly non-competitive, since
disruption of the target duplex is not required for binding. Though the application of
these assays requiring more complex probe synthesis are currently limited, they may

prove more important as key reagents become more widely available.

1.3.3 Other methods for genetic analysis

1.3.3.1 DNA Microarrays

DNA microarrays are assemblies of oligonucleotides immobilised on a solid
support. Each oligonucleotide is complementary to a DNA sequence of interest, e.g.
a gene or splice variant. Hybridisation of a fluorescently labelled PCR product to the
tethered probe indicates the presence of the sequence in the amplification mixture.
Microarrays are used primarily in gene expression analysis. Since Schena ef al'"*
described the use of a 45-member complementary DNA microarray to monitor gene
expression in Arabidopsis thaliana in 1995, several companies have immobilised
probes for each of the 30,000-40.000 genes in the human genome onto single
chips.'"!

More recently, microarrays have been used for SNP genotyping applications.

Hybridisation of allele-specific immobilised oligonucleotide probes to labelled PCR-
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products has been used to this end, but stringent hybridisation conditions are
required, and since not all matched and singly mismatched probe-target duplexes
can be designed with the same 7.,s, the scope for multiplexing is limited in this
approach. Rather, extension of tethered allele-specific primers with fluorescent

dNTPs is used to generate the signal."** '

1.3.3.2 Ligation

DNA ligases catalyse the formation of a phosphodiester bond between the 5°-
phosphate and 3’-hydroxyl groups of two adjacently hybridised oligonucleotides.
The requirement for the two base pairs either side of the reaction site to be tully
matched makes ligation a good candidate as an allelic discrimination reaction. This

144 o, - .
I'he invention

led to the development of the oligonucleotide ligation assay (OLA).
of the ligase chain reaction (LCR) facilitated its use, either as the solc means of
amplification,"® or in conjunction with PCR.'*¢

Ligation of a labelled primer to an immobilised one'*' or ELISA-based methods""
were initially used to assay the progress of the reaction, but as with real time PCR,
homogenous methods where the reaction gives rise to a change in [luorescence
signal are preferred. The most common method involves the use of two fluorescently
labelled primers, one bearing a donor, the other a quencher. Ligation yields a

product that can be excited at the donor’s A, leading to emission by the acceptor

via FRET (Figure 1.30A)."*"
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Figure 1.30 FRET-based detection of ligation reactions
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The ligation primers can be a 5’-phosphorylated oligonucleotide and an unmodified
oligodeoxynucleotide (in which case the reaction is catalysed by a ligase) or a
nucleophilic 3’-thiophosphorylated oligonucleotide and a 5’-iodinated electrophilic
oligonucleotide, which ligate spontaneously upon hybridisation. This is called
‘chemical ligation” or ‘autoligation’ (Figure 1.30B). The autoligation has been found
to have similar fidelity to the enzymatic reaction.”' Sando and Kool have described
an elegant adaptation of the autoligation, in which the quencher is expelled as the
leaving group in the reaction, leading to a ~100-fold increase in fluorescence of the

reporter (quenched autoligation, Figure 131}

Chemical ligations have the
advantage that the template can be DNA or RNA, whereas enzymatic ligations only
proceed with a DNA template. However, chemical ligations are slower than their

enzymatic counterparts.
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Figure 1.31 Quenched autoligation.'”

Although in most genetic analysis methods post-discrimination electrophoretic
resolution is deemed to be undesirable due to increased time and labour costs. these
can be offset if the method is highly multiplexed, allowing for many alleles to be
genotyped from one electropherogram. These factors were taken into account in the
design of MLPA (multiplex ligation-dependent probe ampliﬁcation).m Two MLLPA
probes are required for each allele: A ‘short’ synthetic oligonucleotide 40-50 nt in

length comprising a universal primer sequence (~20 nt) and a hybridising sequence
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(20-30 nt), and a “long” phosphorylated cloned oligonucleotide (80-420 nt long)
containing a universal primer sequence (~35 nt), a “stuffer’ sequence (20-370 nt) and
a hybridising sequence (~25-45 nt). If the two hybridising sequences are ligated. two
universal primers initiate PCR. The length ot the stutfer sequence determines the
electrophoretic mobility of the amplicons, which enables resolution by
electrophoresis (Figure 1.32). Probe sets of up to 79 members have been used in this
technique, allowing for highly multiplexed genotyping.'™* Trisomy mutations can be
easily detected by the variation in peak height corresponding to their specific
amplicon, and SNPs have been genotyped by the selectivity of the ligation reaction
and the resulting varying amplicon length.'™ The AF508 deletion mutation in the
ABCCT7 gene was also detected by separating PCR products differing by just 3bp in
length via high resolution capillary electrophoresis, suggesting scope for greater

multiplexing. MLPA is most frequently used to determine gene dosage'™ or to

156-

detect large genomic deletions and duplications or rearrangements, **"** but has also

. . 156
been used for expression analysis.'”
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Ligation can be made to circularise an oligonucleotide in which the two primers are
separated by a linker, called a padlock probe (Figure 1.33)." The selectivity of the
ligation reaction imparts the discrimination properties required for SNP genotyping.
Hybridisation of padlock probes can be detected in a number of ways. It denaturing
gel electrophoresis is used, the presence of the circularised probe is shown by its
characteristic low mobility. The circularised padlock probes are insensitive to
digestion by alkaline phosphatase or exonuclease VII, meaning that only ligated
probes will retain their radiolabel. Under non-denaturing conditions, hybridisation to
plasmid DNA containing the polymorphic site can be detected by migration of the
labelled probe with the plasmid on an agarose gel, or retention of the label on a
nylon membrane despite stringent washing. This has enabled padlock probes to be
used in SNP genotyping.'(" In this form the method suffers from its requirement for
radiolabelling and a post-ligation detection step. The ligation reaction only allows
for modest amplification and lacks the sensitivity required for some applications.
These issues have been addressed by coupling the ligation to an isothermal rolling

-

circle amplification (RCA) step, which is discussed in 1.3.3.3.
TN
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Figure 1.33 Circularisation of padlock probes by ligation.

1.3.3.3 Isothermal amplification

The signal obtained from padlock probes can be amplified by the use of rolling
circle amplification, a type of DNA synthesis catalysed by strand displacing
polymerases. The strand displacement obviates the need for thermal cycling. A
circular DNA template is repeatedly copied to form a concatamer of its complement.
The reaction therefore requires the padlock probe to be circularised before RCA can
commence, so allelic discrimination results from the specificity of ligation. T'he use

of two primers, the first complementary to the circularised padlock probe and the
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second complementary to the RCA product are used. This gives rise to a

hyperbranched cascade rolling circle amplification (H-CRCA) (Figure

1.34). The

linear products can be detected as a characteristic ladder of bands separated by x

nucleotides (where x is the length of the original padlock probe) by electrophoresis.

or if the second primer is a primer-probe (e.g. an Amplifluor primer, Figure 1

endpoint fluorescence can be used.
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The Invader® assay uses the flap endonuclease activity of thermostable Cleavase®

enzymes isolated from archaebacteria to perform allelic discrimination and generate

1.162

a signa If the base pair at the flap junction is matched, the flap is cleaved. A

fluorescent signal can be generated if the released flap hybridises to a FRET cassette

163

forming a flap, which is then cleaved to release the fluorophore (Figure 1.35).
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Figure 1.35 Invader” assay with fluorescence detection.'®?

Conclusions and project aims

[t is clear that methods for sequence-specific detection of nucleic acid sequences
(genetic analysis) are of great importance in medicine and biotechnology. Many
such detection platforms using fluorescently-labelled oligonucleotides have been
presented, falling into the two broad categories of homogeneous and heterogencous
assays. The work presented in the following chapters concentrates on homogenecous
methods, which have the potential to provide the analyst with more information e.g.
template copy number can be obtained from real-time PCR, and {luorescence
melting curves can clarify genotyping if analysis of real-time traces is ambiguous.

Although many homogeneous techniques are available for genotyping, at the
commencement of this project, a satisfactory approach based on the use of a single
stranded probe, whose fluorescence is altered by hybridisation, but which is not
enzymatically cleaved during the genetic analysis reaction (e.g. PCR) had not been
described. This type of probe should present simple binding kinetics, and, since it is
not destroyed, allow collection of fluorescence melting data after PCR. The initial
aim of this project was to develop a novel fluorescence signalling methodology,

which facilitated the design of probes meeting these criteria. Two such methods,
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based on fluorescence quenching by DNA-intercalators, are presented in Chapters 2
and 3.

Homogeneous genetic analysis techniques typically rely on the formation of a
duplex between a specific oligonucleotide probe and its complementary sequence in
a PCR product. Despite this, little attention had been paid to this fundamental
process. The efficiency of probe hybridisation to amplicons is studied in Chapter 4,
and methods to enhance it are evaluated.

Synthetic oligonucleotides of defined sequence are used in all genetic analysis
technologies. The recently developed MLPA assay requires the use of long (>100
nt) oligonucleotide probes. These are difficult to obtain from automated DNA
synthesis, since failure sequences are difficult to remove by reversed-phase HPLC
(RP HPLC). Two novel hydrophobic phosphoramidite monomers were synthesised
in order to facilitate purification by RP HPLC. Their use in the synthesis of long

oligonucleotides is evaluated in Chapter 5.
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2. DNA Intercalators as fluorescence quenchers in genetic analysis — covalent

approach

2.1 Intercalators as labels in genetic analysis

Intercalators possess extended aromatic heterocyclic or carbocyclic rings and can be
attractive labels in fluorescence assays, often being fluorophores or possessing
strong chromophores. In addition to this, the intercalation process enhances the
quantum yield of certain fluorescent intercalators, by perturbation of their electronic
structure. This property has been exploited in light-up probes, PNA oligomers

functionalised with the asymmetric cyanine dye, thiazole orange (Figure 2.1).13 tee.
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Figure 2.1 Chemical structure of light-up probes. B denotes nucleobases and R 1s H,
lysinyl amide, or lys-lysinyl amide. X denotes the linker, which is either
(CH,)sNHCO(CH,)s, or (CH;), where y is 5 or 10. The linker is attached either to

the quinoline or benzothiazole nitrogen of thiazole orange.

Thiazole orange in free solution binds to calf thymus DNA with an enhancement of

quantum yield from 2 x 10® to 0.11, a 550-fold increase.'®® To minimise

electrostatic interaction of the cationic dye with the phosphates of oligonucleotides
the probe is assembled from PNA, leading to an increase of quantum yield by 2.2-
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6.0-fold upon hybridisation. ™ Light-up probes have been used to detect PCR

products from the human B-actin gene and the invA4 gene of Salmonella."’
Yamana and co-workers have described a series of intercalator-labelled

134,135, 169-173 -
5 10 The fluorophores

oligonucleotides to detect DNA and RNA sequences.
pyrene and anthracene were attached the 2°- oxygen of RNA probes by a methylene
bridge (Figures 2.2A and 2.2B). Quenching of pyrene fluorescence by the
nucleobases is relieved upon formation of an RNA/RNA duplex, leading to an

increase in quantum yield of 14-33.9-fold.'" Importantly, the phenomenon does not
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occur on hybridisation of an RNA probe to DNA sequences, or the hybridisation of a
DNA probe to DNA or RNA sequences. This means that probes labelled in this way
cannot be used in PCR-based genetic analysis techniques. Anthracene-labelled
oligodeoxynucleotides also showed an increase in fluorescence upon duplex

formation with RNA but not DNA.'"
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Figure 2.2 Intercalator-labelled probes described by Yamana er al.'>* 19171174
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Bis-pyrene modified oligonucleotides labelled at the 5’-terminus (Figure 2.2C) do
show enhanced fluorescence upon hybridisation to the complementary DNA
sequence. The authors attributed this to excimer formation upon duplex formation,
which is interrupted by one or both pyrene residues interacting with nucleobases 1n
the single strand.'*

Intercalators can also be used in combination with conventional fluorophores.
Shinozuka ef al post-synthetically modified DNA probes with an acridine-

. . . 175
fluorescein pair, as shown in Scheme 2.1."7
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Scheme 2.1 Labelling strategy employed by Shinozuka ef al.'”
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The acridine is a donor in a FRET system, exciting the reporter, fluorescein. Upon
hybridisation, the acridine becomes less efficient in energy transfer and the

fluorescence of fluorescein is reduced (Figure 2.3).
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C: Hybridisalion of Probe to Target bttt bbbk
L JJ_J]

-

Hybridised Probe: intercalation of acridine

Unhybridised Probe: FRET from the
acngine gives rise 1o emission by FAM inhibits energy transfer - no FAM signal
seen
] DNA Bases Acridine
Fluorophore LLL Target DNA

Figure 2.3 Mode of action of the acridine-containing probe described by Shinozuka

et al.'”®

Recently, Yamane has described MagiProbe,'’® a probe similar to that described in
this work, employing pyrene rather than an acridine as a quencher. Interaction
between fluorescein and pyrene gives rise to quenching of fluorescein in the single

strand, which is removed upon hybridisation by intercalation of the quencher (Figure
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Figure 2.4 Mode of action (A), and chemical structure (1) ol’MagiI’robe.m’
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2.2 Physical properties of the fluorophore-intercalator probes

2.2.1 Design of the novel probe

The system chosen for study employs an oligonucleotide probe labelled with a
fluorophore and an intercalator. The unhybridised linear probe is expected to be non-
fluorescent due to energy transfer between the fluorophore and the 9-amino-6-
chloro-2-methoxyacridine quencher. However, formation of a probe/target hybrid
should allow the acridine moiety to interact with the double stranded DNA, and no
longer act as an efficient quencher. A fluorescent signal should therefore be

generated (Figure 2.5).
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Prabe in "Dark” State. Stacking interactions Hybridised Probe. Intercalation of acrdine
in the single strand allow quenching between base pairs releases fluorescence
of fluorophore by acndine
| DNA Bases Acridine
Fluorophore LLL  Taget DNA

Figure 2.5 Proposed mode of action of dual-labelled probes.

The probe is synthesised with a fluorophore (fluorescein) and an intercalator (9-
amino-6-chloro-2-methoxyacridine'”’) at the 5’-end (Figure 2.6). The advantages of
the method lie in its simplicity: the probes arc relatively short and inexpensive to
synthesise (commercially available phosphoramidite monomers arc used). and the
intercalator inherently stabilises probe/target hybrids. The probes were 2'-()-methyl
oligonucleotides (RNA). RNA-like oligonucleotides are not substrates for hydrolysis
by Tug polymerase, and the probes were composed of RNA to avoid a TagMan-like

cleavage in the PCR.'"®
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Oligonucleotide sequence
{2'-O-methyl ribonuclectide)

Figure 2.6 Chemical structure of dual-labelled probes bearing a fluorophore and an

intercalator. B=A, G, CorT.

2.2.2 Probe fluorescence enhancement upon hybridisation

In order to investigate the properties of the dual-labelled oligonucleotides, {our
probes (FA12-18) and a synthetic target oligonucleotide (ST1303) were prepared
(Table 2.1). When the synthetic target was added to a solution containing the probe
in a suitable hybridisation buffer, and the probes excited at 495 nm, (near to the
absorption maximum for the fluorescein moiety), the fluorescence emission at 520
nm (due to fluorescein) increased, by up to 5.8-fold relative to the unhybridised

(quenched) fluorescence (Figure 2.7).
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Figure 2.7 Simple hybridisation of probe FAI12 to its single stranded synthetic
complement, ST1303. A. Emission spectra obtained from excitation at 384nm in the
absence of synthetic target (blue line), and after addition of 50 cquivalents of the
synthetic target (red line). B. Emission spectra obtained from excitation at 495nm in
the absence of target (blue line), and after addition of 50 equivalents of the synthetic

target (red line).
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Labelled Probe Probe Sequence (57 to 37)

FAL2 FAM-ACD-AAACTTGGATCC-OCT

FA14 FAM-ACD-AAAAACTTGGATCC-OCT

FAl6 FAM-ACD-GAAAAAACTTGGATCC-OCT
FA18 FAM-ACD-TAGAAAAAACTTGGATCC-OCT
ST1303 GGGATCCAAGTTTTTTCTAAATGTTCC

Table 2.1 Oligonucleotide sequences of probes with varying lengths. FAM -~ fluorescein, ACD — 9-

aming-6-chloro-2-methoxyacridine, OCT = octanediol.

Maximum Fluorescence

Labelled  Probe length I:xcﬂaﬂon Abstorpmﬂ enhancement upon
) L= wavelength wavelength I
Probe used (nucleotides) = . = hybridisation
{nm} monitored {nm} - -
‘( F trybridised’ F unhvbﬂduwdj

FAl2 12 384 520 6.4
FALZ 12 495 520 5.8
FAl4 14 384 320 49
FAl4 14 495 520 4.5
FALG 16 384 520 3.1
FAl6 16 485 520 2.8
FAILS L8 384 524 2.8
FAIR 18 495 524 39

Table 2.2 Fluorescence enhancements of probes upon hybridisation.

This 1s likely due to interaction of the acridine moiety with the probeftarget duplex.
reducing quenching (Figure 2.5). The effect was the same when the probes were
excited by a light source of 384 nm (to excite the acridine moicty), analogous 1o the
experiment for the probe described by Shinozuka ef af.,'” where a decrease in
fluorescein emission was seen upon hybridisation. This suggests that the change in
fluorescence seen here is not due to FRET from the acridine moiety, rather weak
excitation of fluorescein itself. The probes present different stacking environments at

the 57-end, demonstrating that the observed phenomenon is not sequence dependent.
2.2.3 Optimisation of the fluorescence enhancement upon hybridisation
The ideal probe would emit a high fluorescence signal when hybridised, and no

background signal arising from unhybridised probe. The 22mer oligonucieotide

probes (PO-P11) were designed on the N1303K ABCC7 locus.'” to hybridise to the



27mer N1303K ABCC7 wild type gene sequence complement (ST1303). Mutations
to the ABCC7 gene can result in the Cystic Fibrosis phenotype, and the N1303K
mutation was chosen because it is a point mutation,'™ presenting a good test of
discriminating properties of the novel probes. The probes were designed with
varying distances between the fluorophore/acridine pair, as this distance may affect
the magnitude of fluorescence signal:noise ratio (the ratio of fluorescence intensity

of the hybridised probe/target duplex to the unhybridised single-stranded acridine

probe).
Oligonucleotide  Sequence (5’ to 37) Description
ST1303 GGGATCCAAGTTTTTTCTAAATGTTCC Target
PO FAM-ACD-ATTTAGAAAAAACTTGGATCCC 0 base separation probe
Pl FAM-A-ACD-TTTAGAAAAAACTTGGATCCC 1 base separation probe
P2 FAM-AT-ACD-TTAGAAAAAACTTGGATCCC 2 base separation probe
P4 FAM-ATTT-ACD-AGAAAAAACTTGGATCCC 4 base separation probe
P6 FAM-ATTTAG-ACD-AAAAAACTTGGATCCC 6 base separation probe
P9 FAM-ATTTAGAAA-ACD-AAACTTGGATCCC 9 base separation probe
P11 FAM-ATTTAGAAAAA-ACD-ACTTGGATCCC 11 base separation probe

Table 2.3 Sequences of oligonucleotides used in the optimisation study. FAM = fluorescein, ACD -

9-amino-6-chloro-2-methoxyacridine.

Figure 2.8 shows the fluorescence intensity of each of the single-stranded acridine
probes at identical concentrations in the absence of target. There is a direct
correlation between the distance of the acridine quencher from the fluorophore and
the amount of fluorescence background observed in the single strand (Figure 2.8).
The efficiency of quenching is greatest when the acridine is placed adjacent to the
fluorophore. It is important that the fluorescence signal in the unhybridised state is
minimised to allow the maximum ratio of probe fluorescence in the ‘light’ state 1o

the probe in its ‘dark’ state.
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Figure 2.8 Fluorescence intensity of the single-stranded acridine probes at identical

concentrations in the absence of target.

To each probe was added a five-fold excess of the complement and the fluorescence
spectra recorded. All of the probes showed enhanced tluorescence in the presence ot
target (Figure 2.9). The most significant increase in fluorescence (over three-fold)
was observed when the intercalator was placed directly adjacent to the 5'-

fluorophore (P0).

Figure 2.9 Fluorescence increase upon hybridisation for oligonucleotides with

varying fluorophore-quencher separation.

2.2.4 Mode of action studies by UV/visible spectroscopy

UV spectroscopy allows study of the behaviour of aromatic compounds upon
hybridisation. The nucleobases show a 20-30% decrease in UV absorptivity at 260

nm, or hypochromicity, upon formation of a duplex from single strands. "™
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Interaction of the conjugated dyes with the m-systems of nucleobases leads to shifts
in absorption maxima and changes in the extinction coetficient ot the dyes

interacting with DNA. The oligonucleotides in Table 2.4 were used in the study.

Labelled probe Description Sequence (5’ to 3°)

Al Acridine only probe ATT-ACD-TAGAAAAAAC

Fl FAM only probe FAM-ATTTAGAAAAAACTTGGATCCC
FAl4 FAM-Acridine probe | FAM-ACD-AAAAACTTGGATCC-OCT
FAl6 FAM-Acridine probe 2 FAM-ACD-GAAAAAACTTGGATCC-OCT
ST1303 Synthetic target TAGGGATCCAAGTTTTTTCTAAAT

UpPl12 Unlabelled probe ([2mer) AAACTTGGATCC

UP14 Unlabelled probe (14mer) AAAAACTTGGATCC

UpPl6 Unlabelled probe (16mer) GAAAAAACTTGGATCC

UPI18 Unlabelled probe (18mer)  TAGAAAAAACTTGGATCC

Table 2.4 Oligonucieotides used in UV/visible study of dye behaviour. FAM = fluorescein, ACD =

9-amino-6-chloro-2-methoxyacridine, OCT = octanediol.

The results of the experiments are shown in Table 2.5. Intercalation ot the acridine
in Al causes a decrease in its absorption at both Ay of 11-13 %, consistent with
increased m-stacking with the nucleobases. The FAM-only labelled oligonucleotide
(F1) shows a similar drop in UV/visible absorbance upon hybridisation. The dual-
labelled probes (FA14 and FA16) show a strikingly decreased extinction coefficient
compared with the F1, 33-41 % lower in the single stranded form, indicating

stacking with the acridine moiety.

Labelled Dye % 2
max. No targe! max, Targe 8 O targe 8 arge 8 ar; 'c/ 8 o tarpe
probe studied No target L Target No target target target No target
428 428 8,450 7,510 0.89
Al Acridine
452 452 8,590 7,510 0.87
Fl FAM 495 495 73,200 65,300 0.89
FAT4 FAM 506 502 49,700 38,300 0.77
FA16 FAM 506 500 66,600 44,000 0.66

Table 2.5 UV/visible spectroscopy results. Absorption maxima (Ay.,) are reported in nm, while

extinction coefficients (g) are reported in mol™.dm’.cm™
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Despite the increase in fluorescence (Table 2.2), the UV/visible absorbance for FAM
in the dual-labelled probes (FA14 and FA16) falls on hybridisation. There is
therefore still a strong interaction, presumably with the acridine moiety, which
lowers €. This indicates that the mode of action is not simply due to an increase in
separation between fluorophore and quencher. It could be that there is a change in
relative orientation between the acridine and FAM, which still involves m-stacking,
but allows less efficient quenching of the excited fluorophore.

UV melting allows comparison of the 7}, dual-labelied probe/target hybrid to that of
an analogous unlabelled probe/target hybrid. The results are shown in Table 2.6. The
labelled probe/target hybrids exhibited higher melting temperatures than the
analogous unlabelled probe/target hybrids, supporting the proposal that the acridine

moiety interacts with the duplex upon hybridisation.

Analogous ~ Complement ) Tn of unlabelled
Labelled T of labelled probe with AT,
unlabelled probe with target
probe target (°C) O
probe °C)
FA12 UP12 ST1303 51.7 49.4 23
FA14 UP14 ST1303 54.0 523 1.7
FA16 UP16 ST1303 58.7 56.2 2.5
FA18 UPI18 ST1303 584 57.6 0.8

Table 2.6 T,, results of UV melting experiments. Data were collected from monitoring UV-
absorbance at 260 nm from each probe (1 uM) and ST1303 (1.3 uM) in a hybridisation buffer (100
mM Sodium Phosphate, | mM EDTA, 0.1 M NaCl, pH 7.0).

2.3 Application of fluorophore-intercalator probes to mutation detection

2.3.1 Fluorescence melting to demonstrate mismatch discrimination

To demonstrate the ability of the probes to discriminate between matched targets,
and targets containing a single mismatch, each probe was melted with one synthetic
target (ST1303, or MM1-3), whilst monitoring fluorescent emission in Channel 1 of
the LightCycler (Aohs = 520 nm). In samples containing the synthetic targets, the
fluorescence intensity decreased upon melting of the probe/target hybrid (Figure
2.10). The first derivatives of the melting curves were taken, allowing calculation of

the 7, of probe/target hybrids present in each tube (Table 2.7). Analysis of this data
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shows considerable discrimination between matched and mismatched probe/target

hybrids, with the 7i,s diftering by up to 22 °C.

5 ===FA12 alone
® “FA12 + 10 eq. ST1303 (Matched
2 4 Target)
§ A FA12 + 10eq.MM1 (C:C mismatch)
o=
S3 3 \ “FA12 + 10eq.MM2 (C:T mismatch)
w e \
T &, \ ~==FA12 + 10eq. MM3 (C:A mismatch)
20 \
5
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Figure 2.10 Melting curves obtained from melting the probe FA12 with synthetic
targets. Data were collected in Channel 1 (Ays = 520 nm) of the LightCycler, from a
solution of probe (0.5 uM) and the complement (0.5 uM) in a PCR buffer (20 mM
(NH4)2SOy4, 75 mM tris-HCI, 0.1 % tween, 4 mM MgCl,, 250 rlg.pL'l BSA, pH 8.0).

Probe  length Description of
Probe Complement T (C9 AT, (°C)

(nucleotides) complement
FAI12 12 ST1303 Matched 55.0% -
FA12 12 MM | C:C mismatch 329 =221
FAI2 12 MM?2 C:T mismatch 35.0 -19.4
FAI2 12 MM3 C:A mismatch 36.1 -18.9
FA14 14 ST1303 Matched 56.8* -
FA14 14 MM | C:C mismatch 38.5 -18.3
FA14 14 MM?2 C:T mismatch 40.6 -16.2
FAl4 14 MM3 C:A mismatch 40.9 -15.9
FAl6 16 ST1303 Matched 60.6* -
FAl6 16 MM C:C mismatch 40.0 -14.5
FA16 16 MM?2 C:T mismatch 42.6 -18.0
FAT6 16 MM3 C:A mismatch 43.0 -17.6
FAI1S8 18 STI1303 Matched 59.4%* -
FA18 18 MM C:C mismaltch 43.1 -16.3
FA18 18 MM?2 C:T mismatch 44,7 -14.7
FA18 18 MM3 C:A mismatch 455 -13.9

Table 2.7 T, results of fluorescent melting cxperiments. Data were collected in Channel | (A, = 520
nm) of the LightCycler, from a solution of probe (0.5 uM) and the complement (0.5 pM) in a PCR
buffer (20 mM (NH;),SO,, 75 mM tris-HCI, 0.1 % tween, 4 mM MgCl,, 250 ng.uLl.”’ BSA, pH 8.0).
*Tws differ from those obtained by UV-melting (Table 2.6) as buffer composition and

oligonucleotide concentrations were changed.



Oligonucleotide Sequence (5° to 3’

MM GGGATCCAACTTTTTITCTAAATGTTCC
MM?2 GGGATCCAATTTTTTTCTAAATGTTCC
MM3 GGGATCCAAATTTTTTCTAAATGTTCC

Table 2.8 Sequences of mismatched complements used in fluorescence melting experiments.

An advantage of this type of probe is that its linear nature renders interpretation of
melting curves simple. A single transition is seen, which due to the discrimination of
mismatches can be used to call genotypes if the real time trace is ambiguous. The
potential for genotyping from melting curves also means that cheaper equipment can
be used, e.g. a rudimentary thermal cycler with no fluorescence capabilities and a
fluorimeter. Probes with secondary structure, such as Molecular Beacons, give
complicated melting profiles with multiple transitions, which can be difficult to

interpret (Figure 2.11).

Oligonucleotide  Description Sequence (5° to 37)
Molecular FAM-CCCGCGCGG-AACATTTAGAAAAAACTTGGA
blbial Beacon TCCCGCGCGGG-MR
ST1303 Target GGGATCCAAGTTTTTTCTAAATGTTCC
Table 2.9 Oligonucleotides used to obtain Molecular Beacon melting profiles. FAM = fluorescein,

MR = Methyl Red dR.
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Figure 2.11 Fluorescence melting curves obtained for a Molecular Beacon in the

presence and absence of target.
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2.3.2 Real time PCR detection with the dual-labelled probes

The initial Tag polymerase PCR assay with the probe FA12 and primers FP1303 and
RP1303 produced a single amplicon with 7y, ~ 80 °C (deduced from reactions
monitored with SYBR Green - data not shown), presumably corresponding to the
103 bp amplicon expected. Samples without any template DNA (negative controls)
gave a PCR product with T, ~75 °C, due to formation of primer-dimer species.
Attempts to detect the correct amplicon with the 12mer probe (FA12) were
successful, but signal:noise ratio and heterozygote/homozygote sample
discrimination were poor (Figure 2.12). To test whether this was due to a TagMan-
like cleavage of the probe, a 5'-3' exonuclease deficient enzyme was used, and

similar results obtained (data not shown), eliminating this possibility.

Oligonucleotide  Description Sequence (5° to 37)
FP1303 Forward primer TTTCTTGATCACTCCACTGTTC
RP1303 Reverse primer CATACTTTCTTCTTCTTTTCTTT

Table 2.10 Sequences of primers used to amplify N1303K locus.
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Figure 2.12 Real Time PCR with FA12. wt = wild type, het. = heterozygous, -ve -

negative control.

Addition of the single stranded synthetic target (ST1303) to the reaction mixture at
the end of the PCR yielded melting curves with a strong change in fluorescence,
whereas addition of excess probe at the end of a PCR reaction performed without the
probe gave rise to melting curves with weak changes in fluorescence (Figure 2.13).
This demonstrates that the probe is intact at the end of PCR, and suggests that it
does not compete well for the target strand of the double stranded PCR product, only

producing a strong signal in the presence of excess single stranded target. This was
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also supported by results from experiments where the time for which samples were
held at denaturing (95 °C) and annealing (44 °C) temperatures prior to the post-PCR
melting experiment were varied (Figure 2.13). Increasing the time at which the
samples were held at these temperatures increased the change in tluorescence upon
melting, indicating a greater population of bound probes. This suggests that the

hybridisation problem is due to kinetic as well as thermodynamic factors.
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Figure 2.13 Melting curves obtained upon addition of excess probe or single
stranded target to reaction mixture after PCR (left) and post-PCR melting with

varying times for annealing (30 °C) and denaturing (95 °C) (right). wt = wild type.

Attempts to overcome these problems by simply increasing the time samples were
held at annealing, extension and denaturing temperature in the PCR cycle, and
changing to the 14mer probe (FA14) failed, due to production of mispriming
products (Figure 2.14).
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Figure 2.14 Mispriming caused by long cycle PCR. wt = wild type, -ve = negative

control.
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This problem was eliminated by use of a *step-down’ PCR experiment with the same
long annealing time, where in the first five cycles the annealing temperature was 55
°C, (compared to 44 °C in ‘standard” PCR reactions), and then reduced in the next
10 cycles to the standard annealing temperature. The effect of this is to create more
stringent annealing conditions in the earlier cycles, preventing annealing of primers
to alternative positions in the template, giving mispriming, or to each other, forming
primer-dimers. An excess of the desired amplicon is formed in these early cycles, so
that when the annealing temperature is reduced later, the primers bind preferentially
in their ‘correct’ positions. This assay produced a single PCR product, which the
14mer probe (FA14) was able to detect in real time (Figure 2.15). Negative controls

in this assay also gave no primer-dimer extension product.

BS 79
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Figure 2.15 Real time PCR (left) and post-PCR SYBR Green melting curves (right)

obtained with a ‘step-down’ cycle. wt = wild type, -ve = negative control.

Despite the successful detection of PCR product with the ‘step-down’ PCR cycle,
the primers were redesigned in order to minimise primer-dimer formation and
mispriming, producing a 72 bp amplicon. With these primers, detection of amplicon
was possible under fast cycling conditions, allowing genotypic discrimination of
human samples. Importantly, the intact probe could be used to obtain a melting
curve at the end of PCR (Figure 2.16). This is not possible with probes that are

cleaved upon hybridisation, such as TaqMan(‘ﬁ) probes.

Oligonucleotide  Description Sequence (57 to 37)
RFP1303 Forward primer ATTTCTTGATCACTCCACTGTT
RRP1303 Reverse primer CTTTTTTGCTATAGAAAGTATTTA

Table 2.11 Redesigned primers used to amplify N1303K locus.
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Figure 2.16 Real time PCR (left) and post-PCR melting curves (right) obtained with
redesigned PCR primers RIFP1303 and RRP1303. wt = wild type, het =

heterozygous, -ve = negative control.

2.4 Modification of probe design

2.4.1 Alternative quenchers for use in this system

While the probes assembled from commercially available monomers could be used
satisfactorily in real time PCR, the signal:noise ratio obtained was less than that
from other formats previously studied within the group e.g. TagMan® and

: 111
Scorpions."!

Modification of the chemical nature of the fluorophore/quencher pair
could produce a greater signal change upon hybridisation. Given that the
LightCycler LED can only excite at 495 nm, limiting the choice of fluorophore for
this particular application, the method may best be improved by utilising a more
suitable quencher for FAM. The absorption maximum for the commercially
available acridine moiety lies at 452 nm, making it a less than ideal quencher for
FAM, whose emission maximum is 520 nm. It has previously been found that use of
quenchers with appropriate absorption spectra can improve the signal:noise ratio
obtained from other genetic analysis platforms.'** '%*

A chromophore with the optimal properties required for this application therefore
has its absorption maximum at 520 nm, and is a known DNA intercalator. The most
suitable available compound found was acridine orange (Figure 2.17), whose
absorption maximum is 490 nm.

Derivatisation from the 9- position of the acridine ring was the strategy chosen for

attachment of the acridine orange moiety to oligonucleotides. However, fluorescence

spectra obtained from the acridine orange derivatised oligonucleotide revealed that
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the fluorescence properties of the acridine orange moiety had been altered — A was
shifted to 429 nm, and A¢y to 515 nm.

Comparison of the fluorescence spectra of acridine orange with its N9- and S9-
derivatives (Figure 2.17) shows the shifting absorption maxima are the result of the
electronic influence of the 9-substituent. The S9-substituted 9-(methylsulfanyl)-
acridine orange has an ideal absorption spectrum for quenching of fluorescein.
However, the aromatic thioether is unlikely to be stable to oligonucleotide
deprotection conditions (e.g. ammonia). This approach was therefore not explored

further.
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Figure 2.17 Fluorescence properties of acridine orange and two of its derivatives.

Whilst modification of the chromophore of the quenching moiety proved an
unsuccessful method for improving the signal:noise obtained from the probes, the
alternative strategy of attaching the same heterocycle to a different backbone could
improve performance. The commercially available acridine-labelling monomer has a
chiral centre, but is synthesised as a racemate. Others have found that incorporation
of functional molecules into DNA by means of different enantiomers of chiral
backbones can have significant effects on the properties of the resultant
oligonucleotides. Asanuma ef al have found that a D-threoninol-mounted cis-
azobenzene stabilised duplex formation more than did one attached to L-

threoninol.'**

It has also been found that acridine-oligodeoxynucleotide conjugates
where the acridine was attached to L-threoninol via a spacer were 2.5 times more
effective at activating the phosphodiester backbone of a complementary RNA
towards metal catalysed strand scission than the D-threoninol-tethered acridine.'®
This occurred despite there being little difference between the 7.,s of the

heteroduplexes, and was attributed to a subtle change in the orientation of the
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acridine. Since. as suggested by UV-spectroscopy, the dequenching effect observed
upon hybridisation for the dual-labelled probes described here is due to a change in
relative orientation between the fluorophore/acridine pair upon hybridisation, it is
reasonable to believe that two enantiomers of the acridine-bearing moiety might
behave differently.

The length of linkage between the acridine and the backbone was also varied.
Although it has previously been found that a linker of 8 atoms between the
heterocyclic ring and the chiral carbon of an L-threoninol was necessary to allow
optimal interaction of an acridine with an artificial abasic site.'® a linker of 1 atom
was selected for study. The -“three quarter intercalation™ model proposed to
accompany hybridisation is stereochemically different than intercalation at an
artificial abasic site so there is no reason to assume the same backbone is appropriate
for the two applications. Also, since the acridine is at the 5’-end of the probe, it has
more translational/rotational freedom. Use of a shorter linker could Ilimit
translations/rotations of the acridine when interacting with duplex DNA, minimising
quenching in the ‘open’ form. It may also accentuate any difterence in properties
between the two enantiomers, making it clear which to use if further optimisation
were necessary. For these reasons, the backbone shown in Figure 2.18 was selected

for incorporation of the acridine.

Original backbone for incorporation of acridine Proposed backbone for incorporation of acridine

Chiral centre, mixture of diastereoisomers
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Figure 2.18 Backbones for incorporation of acridine chromophore into

oligonucleotides.

Initially, the L-enantiomer of threoninol was used. Attachment of the acridine

moiety to L-threoninol by SyAr substitution, followed by tritylation and
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phosphitylation of the resultant diol 2 provided the phosphoramidite monomer 4. For
unknown reasons, compound 4 could not be used in automated DNA synthesis.
Coupling efficiency, even with extended times of up to 30 minutes, was less than
5%. While the proximity of the bulky acridine tricycle to the phosphoramidite might
reduce coupling efficiency, complete failure would not be expected. Attempts to
couple the phosphoramidite 4 to alcohols in solution yielded only its H-phosphonate
derivative, suggesting the presence of water. Rigorous drying could not overcome

this problem, so this strategy was also abandoned.
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Scheme 2.2 Synthesis of alternative acridine-labelling monomer.

2.5 Conclusions

A novel dual-labelled probe has been designed and shown to increase its
tluorescence upon hybridisation.'*’ UV-spectroscopy suggests the effect is due to a
‘three quarter intercalation’ interaction between the quencher and the probe/target
duplex, disrupting the fluorophore/quencher interaction. The format has been
validated in real time PCR, and can discriminate between homozygote and
heterozygote genotypes (Figure 2.16). The linear nature of the probe leads to it
having advantages over existing genetic analysis techniques. Firstly, the lack of

secondary structure allows the use of shorter probes with enhanced mismatch
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discrimination. Secondly, since the probe is inert to PCR conditions it can be used to
record a melting curve at the end of PCR (Figure 2.16). which is not possible with
probes that are cleaved throughout the course of PCR, such as TagMan® probes. The
melting profiles obtained display a single transition and are easily interpreted
(Figure 2.10). This makes the use of melting curves to discriminate mismatches
more effective than with Molecular Beacons, whose melting are complicated and
contain multiple transitions (Figure 2.11).

However, the signal change obtained from hybridisation of these probes has been
found to be smaller than that obtained for TagMan® or Scorpions. This is perhaps
not surprising. In TagMan®, the fluorophore and quencher are separated into
different molecules by the probe being cleaved, and in Scorpions, they are separated
by >30 nucleotides when the hairpin loop does not form. The solution to this
problem may be found by chemically modifying the probe, specifically the
quenching moiety. Initial attempts to do this described here have been unsuccessful
for specific chemical reasons. Modification of the chromophore to reduce
background signal gave rise to a new heterocycle with unsuitable spectral properties
(Figure 2.17), and modification of the backbone to which the quencher was attached
in order to produce a greater signal upon hybridisation gave a phosphoramidite
which could not be used in automated DNA synthesis. In all likelihood, a
combination of both these complementary strategies would be necessary to produce
the desired effect. Due to the time that would be required to undertake a thorough
study of potential modifications to both chromophore and backbone, this approach
was not pursued, but could be the subject of future work. A modification of the
assay, where the quencher is not conjugated to the probe, was preferred. This is
described in Chapter 3.

In addition to the reduced signal generated by this particular probe. the results so far
indicate that a severe general limitation of hybridisation as a method for detecting
nucleic acid sequences is the tendency of short probe sequences to be displaced by
the longer competing strands generated by the PCR. This phenomenon, and potential

solutions to it, is the subject of Chapter 4.
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3. DNA |Intercalators as fluorescence quenchers in genetic analysis —

noncovalent approach

3.1 Use of intercalators free in solution to quench singly-labelled probes upon

hybridisation

Given that the approach of incorporating of the quenching and signalling moieties
covalently into a single probe molecule led to a relatively small signal change upon
hybridisation, it was postulated that a method whereby a greater change in the
separation of the fluorophore and quencher is caused by probe binding may improve
signal:noise ratios. The proposed method of detection of probe hybridisation
involved quenching of a single fluorescent label by an intercalator free in solution
(Figure 3.1). The converse approach, use of the intercalator SYBR Green I as a
FRET donor for a labelled probes is used in ResonSense”, Angler” and iFRET

platforms (Section 1.3.2.5)."%% 1!

Although the proposed method would lead to a
decrease in fluorescence on hybridisation and therefore require inversion of the real

time curve, this is a simple operation that is used in other methods.'>

0 0
N
") Hybridisation of | DNA Bases
:J probe to target Fluorophore
| L7TTTTTTTTTTTTT K s
Lt R U Intercalator
; LLL Targel DNA
Free intercalators do not intercalators bind to duplex;
quench the probe probe quenched

Figure 3.1 The use of an intercalator free in solution to effect quenching of a singly

labelled probe upon hybridisation.

The signal change that can be obtained depends upon the efficiency of the
intercalator as a fluorescence quencher and the selectivity of the intercalator for
dsDNA over ssDNA, so that fluorescence of the single stranded (unquenched) probe
1s maximal compared to the hybridised (quenched) probe. If there is significant
binding to unhybridised probe, there will be a loss of sensitivity. These properties
will depend upon the nature of the intercalator as well as the sequence of interest.

The idealised intercalating quencher binds dsDNA selectively and in sequence-
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independent manner at low ligand concentration, effectively extinguishing

fluorescence as it does so.

3.1.1 Assay for screening of intercalators as quenchers

In order to identify suitable DNA-binding agents for use in this context, eleven
intercalators and one minor groove binder were screened against four short
oligonucleotides of varying sequence. To make use of the high throughput possible
on the LightCycler, the fluorescence melting technique was chosen to study drug-
DNA interactions. Melting curves were obtained for both the duplex and the single

stranded oligonucleotide at each drug concentration (Figure 3.2).
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Figure 3.2 Fluorescence melting screening assay for intercalators.

To correct for small variations in labelled oligonucleotide concentration resulting
from pipetting errors, the observed intensities (Fys ops) in the double stranded dataset
were first normalised to the fluorescence of the probe when complete denaturation
had taken place, at 95°C (Fg 9soc). Normalised values (Fg) were calculated from

observed values (Fgs obs) by the following formula:

Fys = (Fas obs/Fuas 95°) Fss 050
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This results in melting curves, with and without complement, which meet at 95 °C

(Figure 3.3).
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Figure 3.3 Uncorrected (left) and normalised (right) fluorescence melting curves.

Data were collected in Channel 1 (Aqs = 520 nm) of the LightCycler, from a
solution of probe (0.5 uM) in the presence and absence complement (0.5 uM) in a
buffer (10 mM tris-HCI, 50 mM NaCl, 1.5 mM MgCl,, 250 ng.pL'I BSA, pH 8.0)

containing SptM mitoxantrone.

Corrected fluorescence intensities were used to calculate the signal:noise ratio,
which is the ratio of Fy to Fgs at a given temperature. The efficacy of a drug in the
quenching assay is proportional to this value. Melting curves were collected at six
drug concentrations, allowing the “signal:noise curves” of the type in Figure 3.4 to

be plotted for each sequence.

5 10 uM
45 5 uM
4
35 —25uM
g 3 1 uM
L 95 m
w < 0.5 uM
w 2
15 0.25 uM
0 =
0.5
0

30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature (°C)

Figure 3.4 “Signal:inoise curve” for a single drug (mitoxantrone) at six

concentrations against a single sequence (165R/160R).

DNA-binding agents often display sequence selectivity. The sequences were
designed to contain known binding sites for DNA-binding agents: CpG steps for the

anthracyclines, GpC for the actinomycins and AATT for minor groove binders.
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Inclusion of the GpC/CpG steps in the model sequence 1s reasonable, since the
probability of either site appearing in the 20 nucleotides surrounding a polymorphic
site 1s 71% assuming an equal mixture of nucleotides. The chance of the AATT
motif appearing is very small (7% assuming an equal distribution of nucleotides).
but was included in order to study the properties of minor groove binders. Sequences
were ‘scrambled’ to allow quenching as a function of distance between drug and
fluorophore to be studied. This is essential because if the presence of a particular
dinucleotide is required in the probe for quenching to occur, it is important that the
site does not have to occur close to the fluorophore, or the number of sequences that
can be probed will be diminished. If, for example, a CpG site must occur within 6

nucleotides of the fluorophore, the chance of it occurring is only 28 %.

Oligonucleotide  Sequence (5°-3") Description

163R FAM-ACGCAATTGGT FAM-labelled probe
I58R ACCAATTGCGT Complement to 163R
164R FAM-AGCGAATTGGT FAM-labelled probe
159R ACCAATTCGCT Complement to 163R
165R FAM-AATTGCGTCAG FAM-labelled probe
160R CTGACGCAATT Complement to 163R
172R FAM-CGCATCGCAATT FAM-labelled probe
173R AATTGCGATGCG Complement to 163R

Table. Sequences of oligonucleotides used in the intercalator screening assay.
3.1.2 Intercalators studied

3.1.2.1 Mitoxantrone and the anthracyclines

H

O OH o
oH 0 AN Non )J\
seser

O‘O MO O OH D

OH O HN o~ ~_OH e
H Me NH,

OH

Mitoxantrone Daunomyctn Nogalamyein

Figure 3.5 Chemical structures of mitoxantrone and the anthracycline antibiotics

daunomycin and nogalamycin.
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The intercalators mitoxantrone, daunomycin and nogalamycin, whose chromophores
are all based upon substituted anthraquinones were all found to be suitable
compounds, giving higher fluorescence of the fluorescently-labelled
oligonucleotides when single stranded. Nogalamycin, which has an amino-sugar that

188 . . .
and daunomycin, which has an amino-sugar

binds to the major groove of dsDNA,
that protrudes into the minor groove,'” gave better results than mitoxantrone. giving
higher signal:noise ratios (Figures 3.6-3.8). Daunomycin was most effective at 5 pM
for all sequences, mitoxantrone showed best signal:noise ratios at 5 or 10 pM
depending on sequence, and the optimal concentration for nogalamycin was always

10 uM. These results do not indicate tighter binding of DNA by daunomycin, but a

combination of binding, quenching and selectivity for duplexes over single strands.
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Figure 3.6 Signal:noise curves for mitoxantrone.
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Figure 3.7 Signal:noise curves for daunomycin.
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Figure 3.8 Signal:noise curves for nogalamycin.

The anthracyclines daunomycin and nogalamycin, are known to intercalate

specifically at CpG sites in double stranded DNA, while mitoxantrone shares this

189

preference but exhibits less stringent selectivity. © A plot of maximal fluorescence
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quenching at 10 pM drug concentration against number of nucleotides to the nearest
CpG site reveals that while fluorescence quenching by nogalamycin falls off as the
distance between the fluorophore and CpG site increases, daunomycin and
mitoxantrone quenching is maintained over a longer distance. This is probably due
to the spectroscopic properties of daunomycin (Ama = 495, 530 nm),l% where FRET
(a long range interaction compared to contact quenching) is likely to be the
quenching mechanism, due to its higher absorption maximum compared with
nogalamycin (Amax = 480 nm).'()I Mitoxantrone, whose binding site is not clearly
defined, might be expected to quench each sequence equally well, which is the case.
Despite the drop in quenching with fluorophore-binding site separation observed for
nogalamycin, the signal:noise ratio obtained remains high, indicating a decrease in

quenching in the single stranded form.
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Figure 3.9 Variation of fluorescence quenching with distance between [luorophore
and the nearest CpG site (left), and relationship between signal:noise ratio and

distance of CpG site from the fluorophore (right).
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3.1.2.2 Ethidium Bromide

The fluorescent phenanthridinium dye ethidium bromide (Figure 3.10) is a
sequence-indiscriminate intercalator frequently used in the staining of nucleic acids
(e = 518 nm, Agm = 603 nm).20 As expected from its properties, ethidium bromide
quenched all the fluorescently-labelled sequences when hybridised, and showed

little binding to single stranded probes, giving good signal:noise ratios (Figure 3.11).
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Figure 3.11 Signal:noise curves obtained for ethidium bromide.

Melting in the presence of ethidium bromide also gave a profile in Channel 2 of the
LightCycler (Aops = 650nm) due to fluorescence enhancement of ethidium when
intercalated into DNA (Figure 3.12). This property could be used for monitoring

PCR in Channel 2, when Channel | is being used to perform mutation analysis. This
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is analogous to the use of SYBR Gold to monitor progress of PCR in Channel 1 as
well as a FRET donor to acceptor-labelled probes in ResonSense® and iFRET."" '
Experiments with unlabelled duplexes (data not shown) indicated that ethidium

bromide was excited by the LightCycler LED and not just FRET from the labelled

probe.
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Figure 3.12 Melting curves obtained for duplex 163/158 in Channel 2 due to

ethidium bromide fluorescence at four concentrations of intercalator.

3.1.2.3 The actinomycins

Actinomycin D (ACTD) and 7-aminoactinomycin (7-AACTD) are intercalators
containing a phenoxazine heterocycle and two cyclic peptide arms (Figure 3.13)
bind GpC, rather than the usual Py-Pu steps.'” The two peptide arms bind to the

minor groove, with the threonine residues hydrogen bonding to the N3 and 2-amino

groups of Gs in opposite strands.

Actinomycin D 7-Aminoactinomycin D

Figure 3.13 Chemical structures of actinomycin D and 7-aminoactinomycin D).
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Both compounds showed significant signal:noise ratios with only one scquence.

164/159 (Figures 3.14 and 3.15). The reason for the poor performance with the other

sequences was binding to the single stranded probes, which was clearly apparent

from melting curves obtained for the probe in the absence of complement (Figure

&5
3.16).
; 163/158 7-AACTD — 10 pM
5 uM
it 5
i — 1 uM
¢ —0.5 uM
w
K 0.25 M
u
L ea—
0.5
30 35 40 45 50 55 60 65 70 75 80 85 90 95
Temperature (°C)
2o 165/160 7-AACTD =10 pM
=5 uM
—25 uM
1 oM
0.5 uM
—0.25 uM

30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature (°C)

25 164/159 7-AACTD

30 35 40 45 50 55 60 65 70 75

Temperature (°C)

2 1721173 7-AACTD

0.8

— 10 uM
5 uM
—2.5 M
| uM
——0.5 pM
028 yM

80 85 90 95

— 10 pM
— 5 pM
25 uM
1 M
0.5 pM
0.25 pM

30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature (°C)

Figure 3.14 Signal:noise curves obtained for actinomycin D.
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Figure 3.15 Signal:noise curves obtained for 7-aminoactinomyvein D,
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Figure 3.16 The effect of ACTD and 7-AACTD addition on the melting behaviour
of single stranded probe 163R.

Binding of actinomycins to single stranded nucleic acids has been prcviously
reported, and is likely to contribute to their inhibition of HIV-1 reverse
transcriptase.m2 While some interactions of these drugs with apparently single
stranded structures may result from the formation of metastable intramolecular

e 193, 194
hairpin loops,

or short intermolecular duplexes, there is evidence for a hemi-
intercalative model involving hydrogen bonding of the threonine residues to the 2-
amino group of G and stacking of the phenoxazine ring with the H-bonded G and an
adjacent base.'” The formation of this structure not only requires the presence of G,
but 1s also governed by complex and not yet fully understood sequence

196, 197
dependence.'”®

Whilst establishing these rules is well beyond the scope of this
study, it is interesting to note that 164R (the sequence with minimal single stranded
binding) differs from 163R (the sequence which displayed the most single stranded
binding) only in that the nucleotides 2-4 are GCG rather than CGC.

The quenching efficiencies observed in duplexes for the non-fluorescent ACTD
(Amax = 442 nm)20 and the fluorescent 7-AACTD (Aex = 546 nm, A = 647 nm)zo are
largely as expected from their spectroscopic and binding properties. In general 7-
AACTD is the more effective quencher as a result of its greater spectral overlap with
FAM (Aem = 520 nm), and the quenching efficiency generally falls oft with the
distance between the GpC binding site and the fluorophore (Figure 3.17). Sequence
172R, which has two GpC sites (1 bp and 6bp from the 5’-dye), shows anomalous

behaviour, with ACTD being the more effective quencher. This is likely due to the

two actinomycins (usually considered to have the same sequence specificity)
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occupying different binding sites: ACTD 1 bp from FAM, and 7-AACTD 6 bp

away.
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Figure 3.17 Quenching of the FAM-labelled duplexes by ACTD and 7-AACTD.

3.1.2.4 Hoechst 33258

Hoechst 33258 is a fluorescent (Aex = 352 nm, Aem = 467 nm)zo benzimidazole minor
groove binder used in nucleic acid staining, which binds to A/T rich sequences, and
specifically the AATTN motif.'”® Although this sequence is unlikely to occur in a
20mer probe sequence, tailing the sequence to an allele-specitic primer-probe would
allow it to be incorporated into the amplicon, as with the universal primer sequence

80

used in the Amplitfluor UniPrimer format,”™ or the GC-tailed primers used (o

exaggerate T,, differences between PCR products.78 The possible advantages of
using a minor groove binder with high sequence-specificity are that selectivity for
dsDNA over ssDNA should be high, and that few drug molecules should be bound

to each amplicon, minimising the interterence to the PCR.

H HN\é 7 N
N

ol

Figure 3.18 Chemical Structure of Hoechst 33258.
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The lack of spectral overlap between Hoechst 33258 and FAM means there is no
possibility of FRET quenching. Only Dexter quenching or static quenching are
plausible. Since these are the shortest range quenching effects, it is likely that the
fluorophore-binding site distance will have a large bearing on the quenching
efficiency. This is clearly the case — only when the AATTN motif is directly
adjacent to the fluorophore (in duplex 165R/160R) is significant quenching (I'igure
3.19), and hence good signal:noise ratios (Figure 3.20) observed. Given these
results, it scems likely that static quenching, requiring formation of a m-stacked
fluorophore-quencher complex is the likely mode of action, since even Dexter
quenching would not be expected to drop off so dramatically with fluorophore-
binding site separation.
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Figure 3.19 Fluorescence quenching of labelled duplexes by Hoechst 33258.
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Figure 3.20 Signal:noise curves obtained for Hoechst 33258.
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3.1.2.5 Coralyne Chloride

Coralyne chloride (Figure 3.21) is a member of the berberine class of alkaloids

known to have antitumour activity'” as a result of its topoisomerase inhibitory

201

properties.”” It can intercalate into double®" and triple helices.”" Binding to ssDNA

has been observed, but only to poly (dA).2"
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Figure 3.21 Chemical structure of coralyne chloride.
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Figure 3.22 Signal:noise curves obtained for coralyne chloride.

The signal:noise curves for each sequence have a maximum >1, indicating greater
quenching of the duplex than of the single stranded oligonucleotide, but the
signal:noise ratios are smaller than those seen with other compounds (Figure 3.22).
This is unsurprising since its absorption spectrum (Anax = 334 nm, 440 nm) is not

optimal for quenching of FAM.
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3.1.2.6 Other compounds tested

In addition to the established DNA-binding agents. some less well-known
chromophores were screened for selective quenching of dsDNA (Figure 3.23).
Acridine orange (Aex = 497 nm, Ay = 525 nm), despite its use for in vivo staining of
nucleic acids did not quench sufficiently, and as a result of its spectral similarity to
FAM, increased the background tluorescence. For this reason, its 9-
(methylsulfanyl)- derivative (Agy = 490-520 nm, Aem = 555 nm), described in Section
2.4.1, was screened. Although the compound did bind to dsDNA, quenching was
weak (probably due to weak binding), leading to low signal:noise ratios (Figure

3.24).
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Figure 3.24 Signal:noise curves obtained for Acridine orange and 9-

(methylsulfanyl)-acridine orange (AO-SMe).

Disperse blue 1 (Agax = 595 nm, 660 nm). a fluorescence quencher previously
conjugated to labelled oligonucleotide probes,'™ did not bind dsDNA to any
significant degree, so quenching was not observed (Figure 3.25). The antitumour
compound NU:UB 31.2% whose binding to nucleic acids has not previously been

studied, showed significant quenching of single stranded DNA, which led to poor
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observed signal:noise ratios (Figure 3.25). As with the actinomycins, the apparent

binding to single stranded DNA may be signiticant to its mode of action.
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Figure 3.25 Signal:noise curves for disperse blue 1 (lett) and NU:UB 31 (right).

3.1.3 Identification of compounds for further study

As outlined in 3.1, the compounds selected from the screening assay are those that
exhibit the highest signal:noise ratios across the range of sequences. The four
suitable compounds identified are therefore mitoxantrone, daunomycin,
nogalamycin and ethidium bromide (Figure 3.26). Since the substituted
anthraquinones have very similar properties, the most promising of these is
daunomycin, which displays highest signal:noise ratios at 5 uM, compared to 10 uM
tor the other two. Intercalators that can be used at lower concentration are preferred
because they are less likely to interfere with DNA polymerisation. Ethidium
bromide has another useful property in addition to its quenching — it can be used to
monitor the accumulation of PCR product in Channel 2 of the LightCycler. Also, the
FRET mode of quenching, which is the longest ranging of quenching interactions, is
likely to be most effective when the target is not a short duplex but a long PCR
product.  Furthermore, its sequence-independent binding means that no
complications are introduced into primer and probe design. Ethidium bromide is
therefore the best candidate for an intercalating quencher identified from the

screening assay.
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Figure 3.26 Maximum signal:noise ratios for the DNA-binding compounds studied

observed at 30 °C. Values are reported at the optimal drug concentration.
3.2 Initial real time PCR with labelled probes and primer-probes

Primer-probe and hybridisation probe approaches (Figure 3.27) were both used to
evaluate the efficacy of the intercalating quencher ethidium bromide. An
exonuclease deficient polymerase was used to avoid cleavage of the probe. The
W1282X locus of the ABCC7 gene was chosen for study. Primer and TagMan"

probe sequences for this locus have been previously published.'"'

gt Extension of primers by PCR
formation of double stranded amphicon T T T
A HH T

T

RIS

Fluorophore  ~ Reverse Pnmer

1 DNA Bases ~ Forward Primer
Intercalator  au Target DNA

.
Nl Binding of hybndisation probe to amplicon
Intercalator binding to duplex quenches
fluorescence
0 T 00V T N

Figure 3.27 Primer-probe (A) and bimolecular hybridisation probe (B) approaches

to real time PCR detection.
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Oligonucleotide  Sequence (5°-37) Description

FP1282 GATGGTGTGTCTTGGGATTCA Forward primer
RPi282 TGGCTAAGTCCTTTTGCTCAC Reverse primer
PRP1282 FAM-CTTTCCTCCACTGTTGC Primer-probe
HP1282 FAM-CTTTCCTCCACTGTTGC-p Hybridisation probe

Table 3.2 Primer and probe sequences. FAM = fluorescein; p = Phosphate (PCR stopper).

The progress of PCR in the presence of ethidium bromide was confirmed by SYBR
Green monitored PCRs (data not shown). The bimolecular probe could not be used
to generate a fluorescent signal. This is probably due to poor probe hybridisation,
intercalator binding elsewhere in the amplicon, or both.

However, the primer-probe approach was successful (Figure 3.28). A large drop in
fluorescence occurs as PCR product accumulates, due to ethidium binding to the
labelled amplicon. The inverted trace resembles those usually obtained from real
time PCR experiments. Unfortunately, since these experiments were performed on a
Rotorgene instrument rather than the LightCycler, ethidium bromide fluorescence

could not be monitored.

50 0.08
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Figure 3.28 Uncorrected (left) and inverted (right) real time PCR traces obtained

using primer-probe PRP1282 and ethidium bromide.
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3.3 Extension of the screening assay to study drug-DNA binding —establishing

stoichiometry and dissociation constant from fluorescence quenching titration

Studying drug-DNA interactions provides insight into their biological function. Two
important parameters are the binding stoichiometry and equilibrium dissociation
constant (Ky) of a drug to particular sequences. Both values can be determined from
an appropriate saturation binding curve. Typically. fluorescence or absorbance

293 Fluorescence has the advantage

changes of the ligand are used to monitor binding.
of greater sensitivity, but can only be used if the ligand is a tluorophore. However,
such measurements are not ideal, as the target nucleic acid concentration is usually
varied as high concentrations of ligand can lead to high background fluorescence. A
ligand-ethidium bromide competition method is also frequently used.'”® Drug
binding displaces ethidium bromide, causing attenuation of ethidium fluorescence.
A non-competitive fluorescence method applicable to non-fluorescent ligands has
not yet been described. Fluorescence quenching of labelled nucleic acids, as used in
Section 3.1.2 to screen DNA-binding compounds as fluorescence quenchers, has the
potential to be adapted to provide such a method. The degree of quenching of the
FAM-labelled duplex can be used to evaluate how much ligand is bound. The ligand
chosen for study was the minor groove binder Hoechst 33258, whose binding

d.'% 2% The ligand was titrated into a 0.1 pM

properties have been well-establishe
solution of duplex 165R/160R in a suitable hybridisation buffer. The curve obtained
(Figure 3.29) could be used to evaluate binding stoichiometry. Solving the
simultaneous equations of the two linear parts of the curve yields the expected value
for Bmax (total number of binding sites) of 0.091 uM, or 0.91 binding sites per
duplex. With the binding stoichiometry in hand, the concentration of bound ligand at

a given concentration could be calculated from:

[D]b - ((FO'F)/(FO‘Fb)) Bmax
Where [D]p, = concentration of drug-DNA complex, Fy = fluorescence observed in

the absence of ligand, /" = observed fluorescence, F}, = fluorescence of ligand-satu

rated duplex and Bp,, = total number of binding sites.
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Figure 3.29 Fluorescence quenching titration (left) and saturation binding curve

(right) obtained from fluorescein quenching by Hoechst 33258.

Plotting [D], vs. total concentration of added drug [D] gives a saturation binding
curve (Figure 3.29), which can be used to determine the equilibrium dissociation

constant, Kq:

Kq=[D][NAJ/[D]p

Where [D] = total concentration of added drug, [NA] = total concentration of nucleic

acid and [D], = concentration of drug-DNA complex.

Non-linear curve fitting, rather than Scatchard analysis, was found to be the most
reliable method of calculating Ky. A value of 2.01 nM was obtained, closc to those

obtained for short duplexes containing similar A/T tracts from FHoechst 33258

206 198

fluorescence titration (3.12 nM)~" and ethidium bromide competition (11.4 nM).

3.4 Conclusions

A versatile screening methodology based on fluorescence melting has been
developed and used to evaluate twelve DNA-binding compounds for use in a new
genetic analysis technique. The screening method allowed study of selectivity of
binding agents for dsDNA over ssDNA. efficiency of quenching and sequence
dependence of quenching. The screening program identified four good candidates
for use in the proposed genetic analysis technique: mitoxantrone, daunomycin,

nogalamycin and ethidium bromide.
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The use of ethidium bromide in the primer-probe variant of the intercalating
quencher assay was demonstrated, giving good signal:noise ratios in real time PCR.
This primer-probe method has advantages over others that have been previously
described (Section 1.3.2.2). The method requires no secondary structure to be
incorporated into the primer-probe and uses only one fluorescent label. These two
factors simplify oligonucleotide synthesis and purification. Amplifluor primers,”
hairpin primers®” and Cyclicons® all have secondary structure and both Cyclicons
and Amplifluor primers are labelled with a fluorophore and a quencher. Cyclicons
introduce a further complication to oligonucleotide synthesis, which must be
reversed partway through probe construction. Although double-stranded primers**
and self-reporting PNA/DNA dimers® are linear probes modified with a single
fluorophore, a separate quencher oligonucleotide or PNA oligomer must be used,
raising the cost. In contrast, ethidium bromide can be obtained cheaply and in large
quantities - 1 g costs ~£12. Based on 20 pL reaction volumes and 10 pM ethidium
concentration, the cost of ethidium i1s ~£0.001 per assay. Given that the primer-probe
is not modified at or near its 3’-end, ARMS primer-probes should be able to effect
allelic discrimination, but this should be demonstrated in future work.

Of course, not all DNA-binding agents have been tested, and morc could be
screened in the future. The screening assay provides some basic principles about
which ligands are likely to be suitable quenchers. Firstly, quenchers with Aga>500
nm, as expected, appear to be the compounds that most effectively quench
fluorescein. So, more ligands containing substituted anthraquinone chromophores
(which generally have Ama>500 nm), such as adriamycin, could be tested. Secondly,
the results obtained suggest that tailing any primer-probe sequence with AATT at its
5’-end should provide a PCR product that would be quenched by the minor groove
binder Hoechst 33258. This approach was not pursued because Hoechst 33258 was
not a particularly good quencher (<60 %. even with the optimal sequence, Figure
3.19). Although this may be improved by ensuring the dye is nearer to the groove
binder (perhaps by appending it to to the nucleobase of T.27 or a shorter linker),
there are many other A/T specific minor groove binders, such as berenil.*™® DAPI
and SN 6999,209 that could be tested.

The hybridisation probe (Figure 3.27B) approach failed, possibly as a result of poor

binding of the probe. If this is the case, methods to circumvent this problem are



presented in Chapter 4. However, the possibility that the lack of signal is a result of
ethidium binding to the amplicon rather than the probe-target duplex cannot be ruled
out. If this is the cause of the problem, it may be overcome by optimising the
ethidium bromide concentration in real time PCRs.

The use of the fluorescence quenching titration to study dissociation constants and
binding stoichiometry appears to provide reliable data and could be used to gain
information about less well-studied drug-DNA interactions. such as the binding of
the actinomycins to ssDNA, or the binding properties of NU:UB 31.

In principle, since 7,,s are obtained, fluorescence melting could also be used to
provide thermodynamic information about drug-DNA interactions. UV-melting with
van’t Hoff analysis is often used to do this, but fluorescence melting can be more
sensitive and provide higher throughput. This has been demonstrated in
thermodynamic studies of triplexes.”'’ Another possible advantage of fluorescence
melting in studying the thermodynamics of drug-DNA interactions is that binding to
1-2 bases in ssDNA (as seen with the binding of actinomycins to ssDNA) gives a
clear melting transition (Figure 3.16), which is unlikely to be seen in UV-melting

experiments.
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4. Problems with detecting PCR products with oligonucleotide probes and

possible solutions

4.1 Competition for the target sequence in PCR products between its

complementary amplicon strand and an oligonucleotide probe

As alluded to in Section 2.3.2, one factor in the relatively low signal obtained from
the dual-labelled probes in real time PCR is the tendency of the short probe
sequences (12 nt) to be displaced by the longer competing strand generated by the
PCR (103 nt) (Figure 4.1). Although the short oligonucleotide probe may have a
kinetic advantage over the competing strand of the amplicon, the competing strand
forms 103 base pairs with the target compared with 12 base pairs for the probe, so is
thermodynamically favoured. The equilibrium position in Figure 4.1 is therefore

well to the right.

12 Base pairs 103 Base pairs
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Figure 4.1 Displacement of fluorescent probe by the competing strand of the

amplicon.

Fluorescence melting was used to demonstrate this phenomenon. The separate
strands of the N1303K PCR product were produced by solid-phase oligonucleotide
synthesis. It is clear that as the concentration of the competing strand is increased,
the signal obtained from both the dual-labelled probe (FA12) and the Molecular
Beacon (MB1303) is reduced (Figure 4.2). Since the signal is a result of probe
hybridisation, the cause must be reduced binding of probe due to competition with

the added strand.
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Oligonucleotide  Description Sequence (5°-37)

FAM-CCCGCGCGG-AACATTTAGAAAAAACTTGGA
TCCCGCGCGGG-MR

MBI1303 Molecular Beacon

Fluorophore-
FAI12 FAM-ACD-AAACTTGGATCC-OCT
Intercalator probe

TTCTTGATCACTCCACTGTTCATAGGGATCCAAG
Target strand of
T1303 TTTTTTCTAAATGTTCCAGAAAAAATAAATACTTY

amplicon
P CTATAGCAAAAAAGAAAAGAAGAAGAAAGTATG

CATACTTTCTTCTTCTTTTCTTTTTTGCTATAGAAA
Competing strand ]
C1303 GTATTTATITITICTGGAACATTTAGAAAAAACTT

of amplicon
GGATCCCTATGAACAGTGGAGTGATCAAG AAA

Table 4.1 Sequences of NI1303K oligonucleotides used to demonstrate hybridisation competition by
the other strand of amplicon. FAM = fluorescein, ACD = 9-amino-6-chloro-2-methoxyacridine, MR
= Methyl Red dR, OCT = octanediol. FA12 is composed of 2°-O-methyl ribonucleotides. Molecular

Beacon stem sequence is underlined.

~——MB1303, 0 0eq C1303

10 ———FA12,0eq. C1303 10 ~———MB1303, 0.16q. C1303
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= 9 FA12,0.2eq. C1303 = e MB1303. 0.3eq C1303
o FA12,0.3eq C1303 ] 8 ——MB1303, 0.4eq C1303
c ——FA12,0.4eq. C1303 = ——MB 1303, 0.5eq C1303
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Figure 4.2 Fluorescence melting curves showing displacement of fluorophore-
intercalator probe (left) and Molecular Beacon (right) by the competing strand of

amplicon. One cquivalent of target strand T1303 was included in each mixture.
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4.2 Solutions to probe displacement by competing strand

The strand displacement problem demonstrated in Section 4.1 is likely to be a
general limitation in the detection of PCR products by short oligonucleotide probes.
If solutions to it could be found, the signal obtained from many genetic analysis
methodologies could be enhanced, leading to either more sensitive or more cost-
effective assays, requiring lower concentrations of fluorescently-labelled probes.
One solution may lie in using probes that have a higher affinity for their target
sequence, shifting the equilibrium in Figure 4.1 to the left. The use of longer
oligonucleotides as probes presents problems. Most importantly, the sensitivity of
probes to mismatches reduces with probe length, making genotyping more difficult
with longer probes. Also, the potential for undesirable probe secondary structure is
increased, as is the risk of partial complementary with either the primer sequences or
other genomic sequences. For these reasons, the use of longer probes is not a viable
solution.

However, if the T, of the probe-target duplex can be increased without increasing its
length, then the problem could be overcome. Chemical modification of the probe is
the most obvious way to achieve this. The use of modified nucleotides in the probe,
such as substitutions of diaminopurine’’’ and/or propyne dU’'” for dA and T

213
or locked

residues respectively, or by the use of peptide nucleic acid (PNA)
nucleic acid (LNA)*" backbone modifications should enhance probe affinities
without the need for longer probes.

Chemical modifications of oligonucleotide probes were not explored here, but
several modifications of the real time PCR designed to overcome the probe

displacement problem were investigated.
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4.2.1 Primer-probe approach

Primer-probes are commonly used in genetic analysis (Section 1.3.2.2). This
approach obviates the need for a separate hybridisation probe, since the primer is
used to generate a fluorescent signal. A primer-probe version of the fluorophore-
intercalator probe (Figure 4.3) described in Chapter 2 was designed and used in a
real time PCR assay. The ARMS primer was designed to facilitate genotyping of the
N1303K locus (Table 4.2) of the ABCC7 gene.'*

ST TRTATAET] Extension of primers by PCR;

formation of double stranded amplicon
- i P e = "||?I“llll3'¥'1":ﬂ}1”lH|1\|]|H||HHHHHnmnulnunuy
HYIIIIlIlif' Ly IHHHHI‘IHHIIIIIllllllluuullllull‘ll
1 DNA Bases - Forward Primer
Fluorophore ~ Reverse Primer
Intercalator i Target DNA

Figure 4.3 Expected mode of action of dual-labelled primer-probes

Oligonucleotide  Description Sequence (5°-3")
PRP1303 Primer-probe FAM-ACD-ACTGTTCATAGGGATCCAAG
FP1303 Forward primer ATTTCTTGATCACTCCACTGTT

Table 4.2 Oligonucleotides used in primer-probe amplification of the NI303K locus. FAM -

fluorescein, ACD = 9-amino-6-chloro-2-methoxyacridine.

o 19 — WEE ¢ —— Pnmer-prcbe (-ve)
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@ 18 I e 3 0013 Pnmer-probe (het)
c
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£ 151 oS S 0005
2 e o
? % 0003
@ 14 o -
] S 0001 i,
= 13.4 - Z -0.001 - W
i w .001
12 | i " i . " T 0003 - 5 . i i
20 30 40 50 60 70 20 30 40 50 60 70
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Figure 4.4 Uncorrected (left), and normalised and inverted (right) real time PCR
traces obtained with allele-specific primer-probe PRP1303. wt = wild type, het. =

heterozygous, -ve = negative control.
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Although the primer-probe was expected to increase its fluorescence upon extension
and hybridisation to the complementary strand of the amplicon (as the hybridisation
probes had done, Table 2.2), real time PCR with the primer-probes led to a decrcase
in fluorescence with accumulation ot PCR product (Figure 4.4). Nevertheless, the
real time data could be normalised and inverted to produce a trace that displaycd
allelic discrimination between wild type and heterozygote genomic DNA samples.

Closer inspection of the duplexes formed by the primer-probe and the hybridisation
probe allows the difference in properties to be rationalised. The hybridisation probe
binds to the central region of the amplicon, leading to an overhang on either side of
the probe, allowing “three-quarter intercalation’ of the acridine moiety. which in turn
leads to incrcased fluorescence from fluorescein. The extended primer-probe
hybridises to the unlabelled strand of the amplicon, forming a blunt-ended duplex.
The acridine moiety can only stack on the end of the terminal base pair, which
appears to lead to greater quenching of the fluorophore than in the single stranded
form. It should be noted that this mode of action has not been tested in other

stacking environments and therefore could be strongly sequence dependent.

4.2.2 Scorpien approach

As outlined in Chapter 1, adding a PCR stopper and primer sequence to a probe
leads to intramolecular probing of the amplicon, a strategy used in the Scorpion,'"

®130 : . wOS .
Y and intramolecular TagMan" = probe formats.

Duplex Scorpion,'"” Angler
Intramolecular probing should lead to enhanced probe hybridisation and therefore
performance, so this strategy was applied to the fluorophore-intercalator probe

format (Figure 4.5, Table 4.3).

Exlension of primer by PCR:
Intramolecular annealing of

e [RARARERNAN Lo probe sequence to amplicon O S
1 DNA Bases PCR Stopper
Fluorophore = PCR Primer
Intercalator == Probe Sequence

i Target DNA = Opposile PCR Primer

Figure 4.5 Fluorophore-intercalator Scorpion.
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Oligonucleotide  Description Sequence (5°-37)

S Fluorescein- FAM-ACD-GGAACATTTAGAAAAAACTTGGAT
FASIA0 acridine scorpion  CCC-HEG-TTTCTTGATCACTCCACTGTTC
FP1303 Forward primer ATTTCTTGATCACTCCACTGTT
Table 4.3 Oligonucieotides used in primer-probe amplification of the NI303K locus. FAM -
fluorescein, ACD = 9-amino-6-chloro-2-methoxyacridine. HEG = hexaethylene glycol (PCR
stopper).

Although the PCR product could be successfully detected, the amount of signal
generated was only similar to that obtained from the hybridisation probe, and
discrimination of heterozygote from wild type genomic DNA was not possible
(Figure 4.6). The reason for the low signal obtained may be that interaction of the
acridine with the nucleobases at the 5’-end of the probe presents a kinetic
impediment to hybridisation, which even intramolecular probing is unable to

overcome.
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Figure 4.6 Real time PCR trace obtained using the fluorescein-acridine scorpion as

the probe. wt = wild type, het. = heterozygous, -ve = negative control.

4.2.3 Asymmetric PCR

The competing strand is necessarily generated as a result of PCR — for a chain
reaction to occur, two primers must be used, and so two amplicon strands are
produced. Asymmetric PCR uses one primer in excess of the other, so that the initial

chain reaction is followed by a linear phase that leads to production of an excess of
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one of the amplicon strands.”'” The use of this method to produce an excess of target
strand has been reported to result in an increase in sensitivity for Molecular Beacons
in real time PCR, with a 50:1 ratio of target strand primer:competing strand primer
giving the best results.*'® However, this approach was not successful with the dual-
labelled probe FA12 and the standard primers FP1303 and RP1303 (Table 4.4) - the
greatest signal was obtained from a 1:1 ratio of the two primers, i.e. under standard
conditions (Figure 4.7). These conditions would have yielded the largest quantity

(albeit double stranded) of amplicon.

Oligonucleotide  Description Sequence (5°-37)
FP1303 Forward primer ATTTCTTGATCACTCCACTGTT
RP1303 Reverse primer CATACTTTCTTCTTCTTTTCTTT

Table 4.4 Sequences primers used for asymmetric PCR amplification of N1303K locus.

2 - =——0.5 uUMRP1303 (1:1 ratio)
0.1 UM RP1303 (5:1 ratio)
= A8 0.05 uM RP1303 (10:1 ratio)
E 0.01uM RP1303 (50:1 ratio)
€ 12 ——0.005uMRP1303 (100:1 ratio)
5 -0.001uM RP1303 (100:1 ratio)
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c
[o)]
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Figure 4.7 Real time asymmetric PCR traces detection of N1303K locus amplicons
with 0.5 uM dual-labelled probe IFA12, 5 uM of target strand primer FP1303 and
varying amounts of competing strand primer RP1303. Negative controls omitted for

clarity.

4.2.4 Incorporation of a destabilising nucleotide in PCR

Another possible solution to the hybridisation problem could be to reduce the
affinity of the two strands of the amplicon for one another. This would require use of

modified nucleotide triphosphates in the PCR, to sclectively reduce the affinity of

the competing strand for the target strand.
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Some work has been done in this arca by Thuong and Southern,zn‘ 218 who have
used N4-ethyl-2°-deoxycytidine (d*™C) to reduce the sequence-dependence of
duplex stability, the result of G:C base pairs forming three H-bonds and A:T base
pairs forming only two. However, they have had difficulties in incorporating the N-
4-ethyl-2"-cytidine triphosphate (d*™CTP) with thermostable Tag polymerase, a
requirement for the preparation of PCR products containing the modification.

Another possibility is to use deoxyinosine triphosphate (dITP) in the PCR in place
of dGTP. Inosine only forms two hydrogen bonds with cytosine, destabilising the

resulting duplex (Figure 4.8).
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Figure 4.8 Base pairs formed by guanine (left) and hypoxanthine, the nucleobase

component of inosine (right) with cytosine.

Since the probe sequence will be a synthetic oligonucleotide, it will contain the
natural base (G), and should form more stable duplexes than the competing strand of
the amplicon. Incorporation of dITP by DNA polymerases has long been
established,® and partial replacement of dGTP by dITP has been used extensively to
produce PCR products with reduced secondary structure for DNA scqucncing.zw'zzi

It 1s also possible that primers could continue to bind to the template strands when

their concentration is further depleted, allowing more PCR product to be synthesised

before the reaction plateaus.

4.2.4.1 Investigation of the effect of complete inosine substitution on

fluorescence melting of a single stranded probe with synthetic amplicons

The potential benefits of inosine incorporation in real time PCR were demonstrated
by fluorescence melting (Figure 4.9). The sequence chosen for study was the human

MTHFR (Methylene Tetrahydrofolate Reductase) locus. Sequences of functional



02 as well as TagMan® probes and Scorpions,''" for this locus

Molecular Bealcons,I
have been reported. This locus was chosen because the probe sequences contain a
high proportion of G residues, and thus would potentially hybridise preferentially
against an inosine-containing competing strand. The TagMan® probe, TQM (Table
4.5), which shows a modest fluorescence enhancement upon duplex formation, was

used to monitor probe hybridisation.

Oligonucleotide  Description Sequence (5°-3")

TQM TaqMan&Tprobe FAM-TGCGGGAGCCGATTT-TAMRA

CTGACCTGAAGCACTTGAAGGAGAAGGTGTCTGC
Competing strand GGGAGCCGATTTCATCATCACGCAGCTTTTCTTTG

MG of amplicon AGGCTGACACATTCTTCCGCTTTGTGAAGGCATG
CACCGACAT
ATGTCGGTGCATGCCTTCACAAAGCGGAAGAATG

Target strand of TGTCAGCCTCAAAGAAAAGCTGCGTGATGATGAA

MG amplicon ATCGGCTCCCGCAGACACCTTCTCCTTCAAGTGCT

TCAGGTCAG

Competing strand CTIACCTIAAICACTTIAAHAIAAIITITCTICIIAICCIA
CMI of amplicon TTCATCATCACICAICTTTTCTTTIANCTIACACATTC
(I- substituted) TTCCICTTTITIAAIICATICACCIACAT

Target strand of ATITCHTICATICCTTCACAAAICHAAIAATITITCAIC
T™MI amplicon CTCAAAIAAAAICTICITIATIATIAAATCHCTCCCICA
(I- substituted) IACACCTTCTCCTTCAAITICTTCANTCAI

Table 4.5 Sequences of MTHFR oligonucleotides used for fluorescence melting. FAM = fluorescein,

TAMRA = tetramethyirhodamine, | = 2’-deoxyinosine.

It 1s immediately apparent that hybridisation to the single stranded I-containing
target strand (TMI) results in an approximately 67 % greater fluorescence increase
than hybridisation to the G-containing target strand (TMG). This is a result of
fluorescence quenching by guanine, a well-known phenomenon.'**

As with similar experiments performed with fluorophore-intercalator probes (Figure

4.2), increasing the concentration of the competing strand reduces the initial

fluorescence, by causing less probe to be hybridised. Assuming 100% hybridisation
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with the target strand alone, the amount of hybridised probe in the presence of one
equivalent of each amplicon strand (the result of a symmetric PCR) at 30 °C can be

estimated from:

[Plo = (Fa-Fp)/(Fr-Fp)

Where [P], = proportion of bound probe at 30 °C; F4 = Fluorescence observed at 30
°C in the presence of a 1:1 mixture of amplicon strands; F} = Fluorescence of probe
alone at 30 °C and Fy = Fluorescence of probe in the presence of 1 equivalent of

target strand at 30 °C.

This is 32% with the G-containing amplicons, and 43% with the l-containing
amplicons. The combination of the increased proportion of hybridised probe, and the
reduction of quenching by the PCR product means that the fluorescence increase
(F'a-Fp) 1s approximately doubled when hybridising the probe to a 1:1 mixture of -
substituted target and competing strands. It was therefore concluded that this

approach warranted further study.

(i — TQM, 0 eq. CMG — TQM, 0 eq CMI
o — TQM, 0.2 eq. CMG = TQM, 0.2 eq CMI
L TOM. 0.4 eq. CMG T8 TQM, D4 eq CMI
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Figure 4.9 Fluorescence melting curves obtained for TagMan® probe (TQM) in the
presence of G- (left graph) or I-containing (right graph) synthetic amplicon strands
(TMG/CMG or TMI/CMI). One equivalent of the appropriate target strand is

included in all cases except for the melting of the TagMan® probe alone.



4.2.4.2 Optimisation of PCR conditions for incorporation of dITP

If a destabilising nucleoside is to be incorporated in real time PCR assays, it is
important to completely replace the natural ANTP in the reaction mixture. Not only
will this produce the largest destabilising eftect, but it will also ensure homogeneity
of the PCR product, which is essential if genotyping relies on thermodynamic
differentiation of mutant and wild type sequences (e.g. by selective probe
hybridisation or melting curve analysis). Although dITP incorporation is used in
DNA sequencing, partial replacement of dGTP is used. This is acceptable because
the reaction relies on enzymatic selection to elucidate the sequence.

The use of dITP in PCR has been the subject of some interest in the literature. It has
been reported that the introduction of dITP in PCR leads to decreased PCR
efficiency and increased misincorporation, leading to frequent chain terminations.**”
Deoxyinosine triphosphate has also been used in PCR to induce random
mutagenesis in the presence of a limiting concentration of one of the natural
dNTPs,”” but partial replacement of dGTP by dITP has been used to produce
mutation-free PCR products with reduced secondary structure for sequencing.223‘ 224
The only description of a non-mutagenic PCR with dITP totally replacing dGTP

225 1t was therefore

reported a 15% yield compared to when dGTP was used.
important to establish conditions under which dITP could selectively replace dGTP
in the PCR mixture and lead to a high yield of PCR product.

Initial attempts to amplify a 112bp region of the MTHIR gene with the reported

" under standard conditions with dITP failed to give any

primer pair (Table 4.6)
product detectable on agarose gel (data not shown). Reasoning that inosine-
containing PCR product would form a hybrid with the primers with lower affinity,
and therefore lower 7, than the guanosine-containing product, the annealing
temperature was reduced by 10 °C (from 55 °C to 45 °C). This gave weak PCR
products when dITP replaced dGTP in the reaction mixture, as visualised on agarose
gel (data not shown). The electrophoretic mobility of these products was unchanged

relative to the products obtained with dGTP, implying that only full-length

amplicons had been produced.
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Oligonucleotide  Description Sequence (5°-37)

FPM Forward primer CTGACCTGAAGCACTTGAAGG
RPM Reverse primer ATGTCGGTGCATGCCTTCAC

Table 4.6 Sequences of primers used for PCR amplification of MTHFR locus.

45 ==CATG with 1.5mM
CATG with 2mM
CATG with 2 5mM

==CATG with 3mm

—CATG with 3.5mM

—CATG with 4dmM

CATI with 1 5mM

CATI with 2mM

CATI with 2 5mM

CATI with 3mM

CATI with 3.5miM

CATI with 4mM

Fluorescence Intesity (Channel 1)
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Figure 4.10 SYBR Green fluorescence melting curves (left) and agarose gel
electrophoresis (right) of PCR products obtained with 2.5 U Tuag polymerase at
varying MgCl, concentrations. Lanc 1. Molecular weight markers; 2. dGTP, 1.5 mM
MgCly; 3. dGTP, 2.0 mM MgCl,; 4. dGTP, 2.5 mM MgCly; 5. dGTP. 3.0 mM
MgCly; 6. dGTP, 3.5 mM MgCly; 7. dGTP, 4.0 mM MgCly; 8. dI'TP, 1.5 mM
MgCly; 9. dITP, 2.0 mM MgCly; 10. dITP, 2.5 mM MgCly; 11. dI1P, 3.0 mM
MgCly; 12. dITP, 3.5 mM MgCly; 13, dITP, 4.0 mM MgCl,; 14. Molecular weight

markers.

I‘urther encouraging the PCR by addition of another equivalent of IotStarTaq
polymerase gave much stronger bands for I-containing amplicons on the agarose gel,
although still weaker than G-containing products (Figure 4.11). Again the
clectrophoretic mobility of the products obtained with dITP were identical to those
obtained with dGTP, suggesting full-length products had been obtained in both
cases. Post-PCR melting curves obtained by addition of SYBR Green to an aliquot
of the reaction mixtures showed one distinct melting transition for each product,
with 7, ~60 °C for I-containing PCR amplicons and ~80 °C for G-containing
products (Figure 4.11). This, in conjunction with the electrophoresis results shows

that dI'TP has been selectively incorporated in place of dGTP, yiclding a single
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product with greatly reduced melting temperature (A7, ~ 20 °C). A high rate of
misincorporation of dITP. and opposite to I-residues in the template would be
expected to produce a diverse mixture of PCR products, with different 7,,s. This
would lead to a broad melting transition corresponding to melting ot many different
species. These were not seen, only sharp transitions, presumably corresponding to
melting of single products. Shortened products. corresponding to terminations as
reported by Innis er al.**? were not seen on the agarose gel.
Further optimisation of dITP incorporation was attempted by varying the
magnesium chloride concentration from 3.0-7.5 mM. Divalent cations such as Mg®'
are known to significantly stabilise duplexes by relieving electrostatic repulsion of
the polyanionic backbone of DNA, as well as being essential for polymcrasc
activity. It might be expected that increasing MgCl, concentration could increasc the
Tw of primer-template hybrids and allow increased accumulation of PCR product,
just as reducing the annealing temperature had. However, visual comparison of the
intensity of bands on the agarose gel (IFigure 4.11) and of thc¢ SYBR Green
fluorcscence intensity at 40 °C (Figure 4.11) suggest that the amount of PCR
product obtained is more or less independent of MgCl, concentration, except that at
high concentrations (>7.0 mM) the efficiency 1s significantly reduced.
—3.0mM
—3.25mM
3.5mM
3.75mM
4.0mM
4.25mM
4.5mM
4.75mM
5.0mM
—5.25mM
5.5mM
—5.75mM
—6.0mM
6.25mM
—6.5mM
—6.75mM
—7.0mM

7.25mM
—7.5mM

Fluorescence (Channel 1)

0 - e
40 45 50 55 60 65 70 75 80 85 90 95

Temperature (°C)
Figure 4.11 SYBR Green fluorescence melting curves (left) and agarose gel
electrophoresis (right) of PCR products obtained with dITP at varying MgCl,
concentrations. Lanc 1. Molecular weight markers; 2. 3.0 mM MgCl,: 3. 3.25 mM;
4. 3.5 mM; 5. 3.75 mM; 6. 4.0 mM; 7. 425 mM; 8. 4.5 mM; 9. 475 mM; 10. 5.0
mM; 11. 525 mM; 12. 5.5 mM; 13. 5.75 mM; 14. 6.0 mM; 15. 6.25 mM; 16. 6.5
mM; 17. 6.75 mM; 18. 7.0 mM; 19. 7.25 mM; 20. 7.5 mM.
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However, whilst incorporation at low annealing temperaturec was working relatively
efficiently. reducing the annealing temperature increases the probability of
mispriming and primer-dimer formation in a real genetic analysis assay, both of
which give rise to spurious amplicons which cannot be probed with a specific
oligonucleotide probe, reducing signal. As a result, it i1s desirable to use the normal
annealing temperature in such assays. This was achieved by tailing G-rich “clamps’

to the 5’-terminus of each primer (Figure 4.12, Table 4.7).

IIRENE TN L L O T T T IO LT
Forward prmer binds to natural template (high 7,5) Forward pnmer exiended by polymerase,
dITP incorporated
g —— e
A T T T O T T T = — LLITIILIE
Reverse primer extended by polymerase. diTP Reverse prmer binds to miodified template
incorporated and clamip (blue) copied (low T

inUARRURA NN

Forward prmer binds to modified template. clamp
hybridises to copied 1ail (tmgh T,,)

Figure 4.12 Mode of action ol ‘clamped” PCR primers.

Using the clamped PCR primers, it was possible 1o obtain high levels of PCR
product at the normal annealing temperature, 55 °C. In fact, the intensity of the
bands on agarose gel (Figure 4.13), and the fluorescence of SYBR Green at 40 °C
(Figure 4.13) were roughly equivalent to that with dGTP, indicating th¢ PCR had
proceeded with the similar efficiency. The relative [Tuorescence of SYBR Green and
cthidium bromide interacting with G- or I-containing duplexes are not known, so no
absolute quantification can be made on the basis of either the gel or the melting
curves. Importantly, the 77, of the whole amplicon was not significantly increased by

the presence of the tail.

Oligonucleotide  Description Sequence (5°-37)
CFPM Forward primer GGAGCTGACCTGAAGCACTTGAAGG
CRPM Reverse primer GAGGAGATGTCGGTGCATGCCTTCAC

Table 4.7 Sequences of clamped primers used for PCR amplilication of MTHFR locus. The tailed G-

rich ‘clamp sequences’ are underlined.
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Figure 4.13 SYBR Green [ fluorescence melting curves (left) and agarose gel
electrophoresis (right) of PCR products obtained with clamped primers. Lane 1.

Molecular weight markers; 2. dGTP reaction; 3. dITP reaction.

The Tis of the 123 bp PCR products were also of interest. In addition to generating
low T, amplicons in real time PCR, it would also simplify the design of highly
multiplexed methods (such as microarrays) if their stability were dependent on
length alone. The T7;, of the I-containing amplicon is almost identical to that
estimated by substituting A/T for G/C, i.e. the I:C base pair is very close in stability
to the A:T base pair. As the 7}, of I-containing amplicon is close to that of the

amplicon composed entirely of A/T nucleotides, its 71, is dependent only on length.

dNTP used Estimated 7, (°C) Observed T, (°C)
dGTP 7irs 77
dITp 62 60

Table 4.7 Estimated and observed 7;,s of PCR products obtained with clamped primers. Estimated
T,.s are the result of nearest neighbour’ calculations made using the parameters of Breslauer ef al.**®
with the modifications described by Sugimoto e al.**’ Calculations were made by the program
available online at hitp:/www.basic.nwu.edu biotools/oligocale.itm using estimated concentrations
of 0.4 uM for each amplicon strand (this assumes 80 % primer conversion) and 20 mM for Na' ions.
Ts of l-containing amplicons were calculated by substituting A for G and T for C in the primer

extension sequences.
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4.2.4.3 dITP incorporation in real time PCR

Having developed strategies for efficient incorporation of dITP in place of dG'1P in
PCR to give low T, amplicons, the potential for signal enhancement in real time
PCR assays was investigated. The first assay investigated was the TagMan® assay.
The TagMan®™ probe for the MTHFR locus, TQM (Table 4.5) was used with the
PCR primers FPM and RPM (Table 4.6). Initial real time SYBR Green traces
(Figure 4.14) indicate that the yield of PCR product was reduced by approximately
50 % when dI'TP was used in place of dGTP under these conditions. SYBR Green
melting curves (data not shown) again indicated that the resultant amplicon had a

reduced T\, compared to the G-containing product (58 °C as opposed to 80 °C).

70 “dITP SYBR 1x Taq
dITP SYBR 2x Taq

60 | ==——=dGTP SYBR 1x Tag

===dGTP SYBR 2x Taq_~

50

40

30

20

Fluorescence (F1)

10

0 20 40 60 80 100

Cycle number

Figure 4.14 SYBR Green traces obtained for the TagMan PCR with 0.5 U (1x) and
1 U (2x) Taq polymerase.

Despite this, almost no signal was obtained in the corresponding TagMan” assay
(Figure 4.15). This is likely due to the TagMan"™ probe/dITP-containing amplicon
being a less efficient substrate for the 5°-3° exonucleolysis catalysed by Tag
polymerase. This is not unusual: modified oligonucleotide/RNA duplexes are
{requently not substrates for RNaseH. When the concentration of Tug polymerase
was doubled, although no increase in quantity of PCR product obtained was seen
(Figure 4.14), TagMan” signal generation occurred, giving 63% of the fluorescence
obtained when dGTP was used (Figure 4.15). In these assays, doubling the amount
of Tag polymerase had not increased the amount of PCR product obtained with dI'TP

significantly. Previously, in simple PCRs where SYBR Green and oligonucleotide
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probes had been omitted, doubling the concentration of Tag polymerase had given
higher amounts of PCR product than seen here. This may be due to some inhibition

of the dITP PCR by the presence of TagMan® probes and/or SYBR Green.

£ ———dITP 1x Taq
dITP 2x Taq ,_.p-—““"""“"_‘:
—~ 20 ====dGTP 1x Taq - —
El:—, ====dGTP 2x Taq / i =
@ - e '
9 15 ..»""ff e
8 “#"’,:-.
8 10 Vo
o {
3
[/ 5 &/
/
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0 20 40 60 80 100

Cycle number
Figure 4.15. Real time PCR traces for TagMan” assays in the presence of 0.5 U (1x)

and 1 U (2x) Taq polymerase.

In order to further encourage the PCR and the TagMan® cleavage, SU ol 7ug
polymerase, ten times the standard amount, were used. Although the amount of PCR
product obtained was unchanged (SYBR Green traces not shown), the signal
obtained from the TagMan" assay was increased again, to similar levels obtained in
the dGTP reactions with 0.5 U or 1 U of Tug polymerase and to 84% ol that
obtained in the corresponding dGTP reaction, despite producing ~40% (estimated
from SYBR Green fluorescence) of the amount of PCR product (Figure 4.16). This
indicates that the probe is indeed betler able to hybnidise to the I-containing
amplicon.
30

*dGTP (+ve)
25 =——d|TP (+ve)

10 A

Fluorescence (F1)

0 20 40 60 80
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Figure 4.16 Real time TagMan PCR traces obtained with 5 U Tug polymerase.
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The use of dITP in real time PCR was also investigated in the context of a Molecular

Beacon assay, which had previously been described for the MTHER locus.™"

Oligonucleotide  Description Sequence (5°-3°

MBM Molecular Beacon FAM-GCGAGTGCGGGAGCCGATTTCTCGC-MR

Table 4.7 Sequence of MTHFR Molecular Beacon. FAM = fluorescein, MR = Methyl Red dR.

Molecular Beacon stem sequence is underlined.

The SYBR Green traces (data not shown) showed a similar amount of PCR product
was obtained for dGTP and dITP reactions as in the TagMan® assay. with the
expected decreased Ty, for [-containing amplicons compared to G-containing oncs.
However, the Molecular Beacon assay with dITP failed to give any signal (I'igure
4.17), although the assay with dGTP was successful. This is presumably due to the
stem-loop (closed) structure being thermodynamically favoured over the open
conformation. This is likely because, although the probe sequence is G-rich, it must
form three C:I base pairs with the [-containing target strand, which may lead to a

less favourable AH for the opening process.
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Figure 4.17 Real time Molecular Beacon PCRs with 0.5 U (1x) and 1 U (2x) Tag

polymerase.
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4.3 Conclusions

A general limitation to genetic analysis has been demonstrated and several possible
solutions to it investigated. The tendency of Molecular Beacons, fluorescein-acridine
probes and TagMan® probes to be out-competed for their target strand of the
amplicon by the other strand produced by PCR was demonstrated by fluorescence
melting (Figure 4.2).

Three previously described methods were used in an attempt to increase the signal
obtained from fluorescein-acridine probes. The first, using a fluorophore-intercalator
labelled primer-probe did allow successful amplicon detection in real time PCR, but
the subtle difference in the fluorophore/intercalator environment led to a
fluorescence decrease on hybridisation (Figure 4.4). In any case, the primer-probe
approach is not really a solution to the hybridisation problem, but a method that
avoids hybridisation. The disadvantages associated with primer-probes outlined in
Section 1.3.2.2, i.e. that they are liable to score false positives if mispriming or
primer-dimer formation occurs are inherent to the method.

Attaching one of the primer sequences to the fluorophore-acridine probe via a PCR
stopper, thus causing unimolecular probing to occur, was unsuccessful. The amount
of signal obtained and the discrimination properties of the ‘fluorescein-acridine
Scorpion’ were poorer than those observed for the bimolecular probe (Figure 4.6).
The reasons for this are unclear. Greater binding of the probe to a mismatched target
might be expected since the probing is intra- rather than intermolecular. However,
this has not been observed in previous studies of Scorpions, which generally display
excellent discrimination of mismatches.'" '® The use of an ARMS primer
conjugated to a fluorophore-intercalator probe could facilitate allelic discrimination.
The lack of signal increase suggests that there is a kinetic impediment to
hybridisation resulting from the intercalator interacting with nucleobases at the 5°-
end of the probe, in addition to the short nature of the probe meaning that
hybridisation is accompanied by a small gain in enthalpy relative to formation of the
amplicon duplex.

Asymmetric PCR was used in an attempt to produce a surplus of the target strand.
This gave a smaller signal increase than the symmetric PCR, which is most likely
due to asymmetric PCR yielding a lower concentration of target strand (Figure 4.7).

The use of the limiting (competing strand) primer at very low concentration will also
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reduce its Ty, and could lead to an inefficient exponential phase. Very recently, a
modification to asymmetric PCR, Linear-After-The-Exponential PCR (LATE-PCR)
has been described, which applies design criteria to the limiting primer sequence that
ensure a high yield of amplicon from the exponential phase.””® The length and
sequence of the limiting primer is adjusted so its Ty, 1s greater than or equal to the T,
of the excess (target strand) primer once the relative concentrations have been taken
into account. The method has been validated in Molecular Beacon assays (leading to
an increase in signal change of 80-250 %) and is likely to be applicable to the
covalent and non-covalent fluorophore-intercalator probes described here.

A novel approach to facilitate probe binding, based on the incorporation of a
destabilising base into PCR amplicons was studied. Proof of principle was obtained
from fluorescent melting, which showed that a ~100 % increase in signal strength
would result from replacement of all guanosine residues in the PCR product by
inosine (Figure 4.9). The increase in fluorescence is due to a combination of reduced
quenching by the nucleobases in the amplicon, and increased levels of probe
hybridisation. Incorporation of dITP in PCR was found to be efficient under
conditions of reduced annealing temperature and higher concentration of Tag
polymerase (Figure 4.10). Alternatively, ‘clamped’ primers with G-rich tails could
be used at the normal annealing temperature (Figure 4.13). In general, though, less
PCR product was obtained with dITP than with dGTP. Using other polymerases that
accept modified dNTPs more readily could perhaps increase the yield of I-
substituted amplicons.

Application of this methodology to TagMan® or Molecular Beacon assays did not
improve their performance, for specific reasons related to their mode of action.
TagMan® relies on exonucleolytic cleavage of the probe, which is less efficient if
the probe-target duplex contains modified nucleotides (Figures 4.15 and 4.16).
Molecular Beacons have a hairpin loop structure that must be carefully designed to
allow efficient hybridisation and discrimination. The stem sequence must not be too
stable or hybridisation to the target sequence will be impaired, and must not be too
unstable, or background fluorescence will be high and mismatch discrimination
poor. Molecular Beacons designed to hybridise to normal, G-containing amplicons
probably have to be redesigned with lower 7, stems to probe l-containing PCR

products. This could be investigated further.




Perhaps what the results in this Chapter reinforce most of all though, is the need for
single stranded probes. The fluorescein-acridine probes described here (although
functional) display surprisingly poor hybridisation properties, given that they
contain an intercalator that should stabilise probe/target duplexes, and were not
studied in [-substituted real time PCR because it seemed unlikely that they could be
a viable alternative to other available technologies. Other linear probes that fluoresce
upon hybridisation such as the non-covalent fluorophore-intercalator probes
(Chapter 3) or others described in the literature (Section 1.3.2.5) could be tested in
conjunction with I-substituted PCR. Truly non-competitive hybridisation probes,
which do not require disruption of the amplicon duplex for binding, such as those
based on hairpin polyamides™ or triplex-forming oligonucleotides could be the best

way of obtaining the greatest possible signal.
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5. Synthesis of long oligonucleotides with hydrophobic tags for use in genetic

analysis
5.1 The synthesis of long oligonucleotides
5.1.1 Oligonucleotide probes used in MLPA

The ligation-based MLPA assay (multiplex ligation-dependent probe amplification,
Section 1.3.3.2) is a very useful tool in genetic analysis.'> In the two years since its
first appearance in the literature, 22 further papers have been published describing
its use in determining gene dosage.'” SNP genotyping.'’ 3 large genomic

58.230 . .23
138. 239 and gene regulation analysis.”!

deletions,"”” genomic rearrangements
The technique relies on the use of two probe oligonucleotides (Figure 5.1), which
are ligated together, then amplified by PCR (Figure 1.32). The PCR products are
separated by gel or capillary electrophoresis. The varying length of the ‘stuffer
sequence’ allows identification of the original probe from the electrophoretic
mobility of the PCR product. In this way, multiplexing of up to 79 probe sets has
been achieved.”* Modern electrophoresis instruments allow detection of different
dyes in separate channels, and two-colour MLPA has already been described.”*

Two (or more) colour detection allows for greater multiplexing without increasing

the range of probe lengths.

Short MLPA probe: Long MLPA probe: 5'-phosphorylated
Synthetic oligonucleotide oligonucleotide derived from plasmid
40-49nt 80-420nt

5 3 5 PO,% 3
Universal  Hybridising Hybridising "stuffer” Universal
primer sequence sequence sequence primer
sequence  (21-30nt) (25-43nt) (19-370nt) sequence
(19nt) (36nt)

Figure 5.1 Representation of the two probe oligonucleotides used in MLPA.
The long phosphorylated probe is produced by laborious cloning methods. In the

original paper by Schouten er al,'”* it was stated that “chemically synthesised

oligonucleotides of this length (80-440 nt) are not commercially available in the
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quality needed for MLPA.” Subsequently, smaller probe sets have been composed of
synthetic oligonucleotides,232 but highly multiplexed assays use plasmid-derived
probes.

Oligonucleotides of up to 150 nt can be produced by automated solid-phase
oligonucleotide synthesis. Assuming the universal primer sequence and the
hybridising sequence comprise 50 nt of each ligated probe, this leaves 100 nt for the
longest stuffer sequence. If a stuffer sequence is included in both ligation probes, the
total stuffer sequence length can therefore be varied between 0 and 200 nt. With an
electrophoretic resolution of 2 nt available, a 100 member probe set is therefore

available, per colour.
5.1.2 Available methods for synthesis of long oligonucleotides

Although automated DNA synthesis can be used to produce oligomers of >100 nt.
separation of the full-length product from truncated failure sequences is problematic.
Since oligonucleotides are usually purified by reversed-phase HPLC (RP HPLC).**
introduction of a hydrophobic group in the last step of DNA synthesis ensures full-
length sequences are more effectively retained on the HPLC column than failure
sequences, allowing them to be obtained in high purity. Typically, the 4.4’-
dimethoxytrityl (DMT) protecting group of the last nucleotide is left on after
oligonucleotide synthesis, providing a hydrophobic handle for purification that is

later removed by acid treatment, yielding oligonucleotides unmodified at the 5°-

terminus (the ‘trityl-on” method, Scheme 5.1).
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Scheme 5.1 The ‘trityl-on’strategy for oligonucleotide synthesis.

Unfortunately, the DMT group traditionally used in DNA synthesis®® is

insufficiently hydrophobic to allow effective separation of products >50 nt in length.

106




As a result, modified protecting groups that are more lipohilic have been developed.
Initially, Goertz and Seliger introduced longer alkyloxy- groups at the 4 and 4°
positions of the trityl group,”> but these required deprotection with strong acid.
Later, extended aromatic carbocycles were introduced in place of the phenyl ring of
DMT. Fourrey ef al.,”*® and Ramage and Wahl,”" subtituted pyrenyl (7) and 17-
tetrabenzo[a,c,g i]fluorenylmethyl (8) groups for the phenyl ring. facilitating greater
separation by RP HPLC.

5.1.4 Available methods for the synthesis of 5’-phosphorylated oligonucleotides

Several monomers for incorporating a 5°-phosphate into synthetic oligonucleotides
have been presented (Figure 5.2). As with unmodified oligonucleotides, it is difficult
to separate failure sequences from the full-length, phosphorylated product for
sequences longer than 50 nt. It is therefore desirable to incorporate a transient
hydrophobic tag to facilitate purification by RP HPLC, which is later removed and a
phosphate generated.

Of the previously described phosphate synthons, sulfonylethyl derivative 9,5 and
the bis-cyanoethoxy- functionalised monomer, 10,”° generate phosphate in the
initial deprotection. and the (p-nitrophenyl)ethyl phosphoramidite 11**° is only
moderately hydrophobic. The remaining monomers 12.**' 13** and 14** are of
similar lipophilicity. Of these, the acid labile DMTO- and TrtS- groups in 13 and 14
offer the mildest deprotection. Compounds 9 and 13 are used commercially for
phosphorylated oligonucleotide synthesis in the ‘trityl-off® and ‘trityl-on’ modes

respectively.

0 /LN/l\ /LN/'\ 0N

i ) ) “
DMTO/\/&SI)\/\O/P\O/\/CN NC\/\O/P\O/\/CN S O,P\O/\/CN
9 10 1
SR o» L
. ~ |
“N NN
onasi |‘:: N DMTO/Y\O’P\O/\/CN . N
I T Et0,C COsEt Trt \/\O'P\O/\/CN
12 13 14

Figure 5.2. Phosphoramidite monomers used for incorporation of a 5'-phosphate in

oligonucleotide synthesis.
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For synthesis of MLPA probes, >100mer oligonucleotides incorporating a 5’-
phosphate would have to be synthesised. To obtain pure products, the transient
protecting group must be very hydrophobic, deprotected under very mild conditions
and generate phosphate efficiently. Acidic deprotections are to be avoided if

possible, since there is a risk of depurination and strand scission.

5.2 Strategy for sythesis of long MLPA probes

The proposed method for oligonucleotide synthesis utilises a separate hydrophobic
tagging monomer for each MLPA probe. For the probe whose 3°-hydroxyl group is
to be ligated, a permanent lipophilic tail, based on hexadecanol, is incorporated at
the 5’-end. The hexadecyl group should provide a handle for RP HPLC, and ensure
the 5’-terminus is chemically and biologically inert, which could be important in
highly multiplexed assays. For 5’-phosphorylation, a modified version of Connolly’s
2-(triylthio)ethyl phosphoramidite monomer 14 is to be used. The more labile 4,4’-
dimethoxytrityl (DMT) group is used for thiol protection, in order to allow milder
deprotection conditions to be used. Instead of a 2-thioethanol backbone, 2.3-
dimercaptopropanol is used, providing a ‘dummy’ thiol to which a second
hydrophobic DMT group can be attached. The synthetic targets were therefore

phosphoramidite monomers 15 and 16.

PNPN A

| H

P CN NC P
/Qo’ S0 ~"0" 0 SDMT
K /\ﬁ/”\

SOMT
15 16

Figure 5.3. Hydrophobic tagging monomers for MLPA probe synthesis.

5.2.1 Synthesis of hydrophobic tagging monomers

2-Cyanoethyl-N N-diisopropyl-(hexadecyl) phosphoramidite, 15, was obtained
directly from phosphitylation of hexadecanol, 17. Synthesis of the bis-DMT
protected 19 required some optimisation. Attempted protection of the thiol groups of

2,3-dimercapto-1-propanol, 18, by treatment with two equivalents of 4,4°-
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dimethoxytrityl chloride in pyridine yielded a mixture of (- and S-protected
products, presumably to the reduced reactivity of the secondary thiol. Use of the
stronger base N,N-diisopropylethylamine to effect thiol deprotonation allowed
selective S-tritylation, affording 19 in 72 % yield. The structure of alcohol 19 could
be assigned unambiguously by examination of its BC NMR spectrum. The chemical
shifts of the tertiary sp’ carbons of the DMT groups were 65 and 66 ppm.
demonstrating that the adjacent heteroatom was sulfur, and not oxygen. The
chemical shift of this carbon when adjacent to oxygen is ~85 ppm. Phosphitylation
gave the phosphoramidite monomer 16 for use in automated DNA synthesis.

i
/\N/\

/@\ 2-Cyanoethyl- N )
; N, N-diisopropy! P P ~_=CN
15OH chlorophosphoramidite, '01\50 0
DCM, DIPEA, 69%
17 15
| 1
A
H q 2-Cyanoethyl- - N©o
DMT-CL, DIPEA N.Ndiisopropyl NG P
HO ™ sH oM. 755 HO™ ™" SDMT  Ghisrophosphoramidie, ~"™0 O/Y\SDMT
SH SDMT DCM, DIPEA, 69% SDMT
18 19 16

Scheme 5.2 Synthesis of hydrophobic tagging monomers 15 and 16.

5.2.2 Initial use of the bis-DMT monomer in oligonucleotide synthesis

With the bis-DMT protected monomer 16 in hand, an oligothymidine nucleotide was
synthesised with modification at the 5’-end, omitting a final detritylation step to
allow ‘trityl-on” HPLC purification. However, retention time on RP HPLC was
unexpectedly short, less than that for an authentic sample of unmodified T}, (Figure
5.4). This suggested S-detritylation had occurred during oligonucleotide synthesis,
leading to generation of phosphate in oligonucleotide deprotection. S-detritylation
during the iodine oxidation, followed by deprotonation in concentrated aqueous
ammonia would give the thiolate 21. This could then y-eliminate phosphorylated
oligonucleotide 22 as a leaving group to give the episulfide 23 (Scheme 5.3),
analogous to the mechanism established by Connolly.** Electrospray mass

spectrometry confirmed the identity of the oligonucleotide obtained (Table 5.1).
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Scheme 5.3 Generation of 5’-phosphate by bis-DMT dimercaptopropanol monomer

after detritylation in oligonucleotide synthesis.

PTiz Tro
10
" [
50+
|
|
;
’ e A T T
0.00 5.00 10.00 15.00 20.00 25.00

Figure 5.4 RP HPLC chromatogram of T, and phosphorylated 1> (co-injection).

X-axis: Time (minutes); Y-axis: Relative OD.

Oligonucleotide  Sequence (57-3) ESMS
Observed [:xpected
PTI2 p-TTTTTTTTTTTT 3668.0 3688.4

Table 5.1 Sequence and mass spectrometry data for 5’-phosphorylated oligothymidine; p -

phosphate.

This demonstrates that the monomer can be used to generate 5’-phosphorylated
oligonucleotides via ‘trityl-off”synthesis, the preferred method for short oligomers.
and that the DMT group is cleaved under milder conditions than the Trt group used
in the 2-(triylthio)ethyl phosphoramidite 14, which withstands standard oxidation
conditions. This introduces an extra level of wversatility over Connolly’s
phosphorylating reagent, which cannot be removed in automated DNA synthesis.

(even by the detritylation step), so cannot be used for “trityl-off” synthesis.



5.2.3 Short oligonucleotide synthesis with hydrophobic tagging monomers

The two hydrophobic tagging monomers 15 and 16, and the commercially used
chemical phosphorylation reagent II, 13, were evaluated in the synthesis of short
oligomers (Table 5.2). Deprotection of S-DMT groups during oxidation was avoided
by using the alternative oxidising reagent (1S)-(+)-(10-
camphorsulfonyloxaziridine)*** for the final oxidation step.

This allowed assessment of the relative lipophilicities of the three reagents. The
retention times decrease in the order 16 (bis-DMT dimercaptopropanol)>15
(hexadecanol)>13 (chemical phosphorylation reagent) (Figure 5.5 A, C and F, Table
5.2). As a result, the two new hydrophobic tagging monomers displayed the
maximal separation between the full-length, tagged oligonucleotide and failure
sequences.

Also of interest are the relative amounts of tagged and untagged sequences present
in the chromatograms. Unsurprisingly, since the hexadecyl- modification is
chemically inert, it is retained to the highest degree (Figure 5.5A). The bis-tritylated
BDT12 (Figure 5.5C) compares favourably to the mono-tritylated CP12 (Figure
5.5F) in this respect too. In general, S-DMT groups are more stable to acidic
conditions than their O- counterparts, so differing amounts of detritylation in the

work-up is the probable cause of this disparity.

Oligonucleotide  Sequence (5°-37) HPLC Retention time (minutes)
“Trityl-on’ Detritylated Phosphorylated
HTI2 H-TTTTTTTTTTTT 24.8 - -
BDTI12 BD-TTTTTTTTTTTT 25.5 3.1 12.5
CP12 CP-TTTTTTTTTTTT 22.5 n.d. 12.5

Table 5.2 Sequences and HPLC retention times of T,, oligonucleotides functionalised with
hydrophobic residues. H = Hexadecanol, BD = Bis-DMT dimercaptopropanol, CP = Chemical

Phosphorylation reagent [I.

Deprotection of the bis-DMT groups was accomplished under exceptionally mild
deprotection conditions. Heating in 2 M TEAA buffer (pH 6.5) at 55 °C overnight
was sufficient for complete S-detritylation (Figure 5.5D). This is in contrast to its
stability in work-up of the oligonucleotide. However, it is also true that though
deprotection conditions for chemical phosphorylation reagent II are more acidic, the
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low temperature (25 °C) and short time required mean that depurination and other
side reactions are fairly unlikely. The conditions for elimination in both cases are
mild and rapid.

Mass spectrometry confirmed the mechanisms of phosphate generation (Scheme
5.4). ESMS indicates that the result of the TEAA deprotection is the disulfide 25
(Table 5.3, Scheme 5.4), so the oxidative nature of the deprotection may explain the
weakly acidic conditions required. It should be noted that several disulfides with one
or two S-S bonds are possible, and these could not be distinguished by mass
spectrometry. These results confirm that both hydrophobic tags developed are
excellent handles for RP HPLC and produce oligonucleotides of the required

structure for use as MLPA probes.

Oligonucleotide MS Trityl-on MS detritylated MS Phosphorylated

Observed  Expected  Observed Expected  Observed Expected

HTI12 3894.0% 3893.8* - - - -
BDTI2 4380.0 43793 7543.0 7545.1 3668.0 3688.4
CP12 4171.0 4173.0 3870.0 3870.6 3668.4* 3689.4*

Table 5.3 Mass spectrometry data obtained for oligonucleotides in ‘trityl-on” study. Data were
obtained by either ESMS or MALDI-TOF MS. *Indicates MALDI-TOF data, where [M+H]' ions are

obtained. Expected masses are corrected to reflect this.
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Figure 5.5 RP HPLC traces of short oligonucleotides in ‘trityl-on’ study. X-axis:
Time (minutes); Y-axis: Relative OD. A. HTI2 (crude); B. HTI12 (after
purification); C. BDT12 (crude); D. BD12 (after purification and deprotection in 2
M TEAA, pH 6.5, 55 °C, 12 h.); E. BD12 (after purification, deprotection and
elimination in 15 mg.mL™ DTT in conc. NHj (aq.) for 1.5 h.; F. CPT12 (crude); G.
CPT12 (after detritylation in 4:1 AcOH:H,0, RT, 1 h., then elimination in 2:1 conc.
NHj; (ag.):H>O, 15 minutes).
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Scheme 5.4 Mechanisms of phosphate generation by bis-DMT dimercaptopropanol

monomer and chemical phosphorylation reagent Il suggested by mass spectrometry.
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5.2.4 Long oligonucleotide synthesis with the hydrophobic tagging monomers

Given the encouraging results obtained from the synthesis of short oligomers, the

hydrophobic tagging monomers were evaluated in the synthesis of two long

oligonucleotides, HLL1 (100 nt) and BDL2 (101 nt) (Table 5.4).

Oligonucleotide

Sequence (5°-37)

HPLC Retention time (minutes)

‘Trityl-on>  Detritylated

Phosphorylated

HL1

L2

BDL2

H-GAGTTGTTCCTACCCAT
GTGTGTTAGACTATCTCTC
GCGTCGTCGGTCAGTCTAG
TCGAGTTGTTCATACCCAT
TTGCAAGACTTGTGTTTAG
ACGTCCA

GATCTGTTGACAATTATCA
TCGGCTCGTATAATGTGTG
GAATTGGTCGACGATCTGT
TGACAATTAATCATCGGCT
CGTATAATGTATGGAATTG
GTCGAC

BD-GATCTGTTGACAATTA
TCATCGGCTCGTATAATGT
GTGGAATTGGTCGACGATC
TGTTGACAATTAATCATCG
GCTCGTATAATGTATGGAA
TTGGTCGAC

- 12.1

22.5 I1.9

11.9

Table 5.4 Sequences and HPLC retention times of long oligonucleotides functionalised with

hydrophobic residues. H = Hexadecanol, BD = bis-DMT dimercaptopropanol.

As expected, the retention times of tagged sequences HL1 and BDL2 were reduced

relative to HLT12 and BDTI2, reflecting the weaker influence of the lipophilic

moieties on the overall polarities of long oligonucleotides. However, both full-length

tagged sequences were well separated from truncated failure sequences, with the his-

DMT protected 16 again slightly more effective than the hexadecyl- tailed 15 (Table

5.4, Figure 5.6A and C). The relative ratio of tagged:untagged species in the HPLC
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chromatograms show that significant S-detritylation had occurred. Despite this, the
purified fraction could be subjected to detritylation and elimination to produce the
5’-phosphorylated sequence.

Since the hexadecyl- chain is not removed. RP HPLC could be used to evaluate the
purity of HL1 (Figure 5.6B). While the purity of HL1 was high, some untagged
sequences could be seen in the chromatogram. This is unlikely to be due to post-
purification loss of the tag, but is probably due to some co-elution with the tagged
sequence, due either to some partial sequence-complementarity or interaction
between failure sequences and the hexadecyl- chain of the tag (similar to the
interaction between oligonucleotides and the octyl- chain of the reverse phase

column).
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Figure 5.6 RP HPLC traces of long oligonucleotides in ‘trityl-on’ study. X-axis:
Time (minutes); Y-axis: Relative OD. A. HL1 (crude); B. HL1 (after purification);
C. BDL2 (crude); D. BDL2 (after purification and deprotection in 2 M TEAA, pH
6.5, 55 °C, 12 h.); E. BDL2 (after purification, deprotection and elimination in 15
mg.mL™" DTT in conc. NH; (aq.) for 1.5 h).
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As the phosphorylated BDL2 cannot be distinguished from the failure sequences by
HPLC, agarose gel electrophoresis was used to assay its purity. Although a small
amount of failure sequences can be seen (appearing as a slight streak above the
product band), it is much cleaner than L2, which has no hydrophobic handle for
purification (Figure 5.7). The presence of truncated sequences in the purified BDL2
may be due to a combination of some co-elution in “trityl-on” HPLC and some

incomplete capping, which would lead to truncated sequences incorporating the tag.

Figure 5.7 Agarose gel electrophoresis of synthetic 10Imers. Lane 1. Molecular

weight markers; 2. BDL2; 3. L.2.

5.3 Conclusions

Two hydrophobic tagging monomers have been developed for synthesis of MILPA
probes. The first, 15, can be synthesised by simple phosphitylation of commercially
available hexadecanol, and is used to permanently tag the 5’-terminus of the probe
whose 3’-OH is to be ligated. This method is less versatile than the traditional “trityl-
on’ method, which produces unmodified oligonucleotides, but is specifically tailored
to the synthesis of MLPA probes. The blocking of the 5’-end ensures it cannot
participate in any unwanted chemical or biological processes. The hydrophobicity of
the hexadecyl- chain was sutficient to allow separation of a full-length tagged
100mer from truncated failure sequences (Figure 5.6A).

5’-Phosphorylation of the other ligation probe was achieved by the use of the his-
DM protected monomer 16. This monomer is more versatile than the previously

described 2-(tritythio)ethyl phosphoramidite 14, as the protecting groups can be



removed either on the DNA synthesiser or atter HPLC purification. The presence of’
two hydrophobic trityl groups enhances its hydrophobicity relative to the
commercially available monomer 13 wused for ‘trityl-on™ synthesis of 5°-
phosphorylated oligonucleotides (Figure 5.5A and F). The detritylation step.
although time consuming, is exceptionally mild and minimises side reactions.
Again, the applicability of the monomer to long oligonucleotide synthesis was
demonstrated by the synthesis of a 101mer. The purity of the oligonucleotide was
high (Figure 5.7), but HPLC suggested significant S-detritylation had occurred.
presumably in the work-up steps between deprotection and purification (Figure
5.6A).

A modified procedure using the hexadecanol monomer 15, and commercially
available reverse 5°-3" amidites (bearing 4.4’-dimethoxytritylated 3 -hydroxyl
groups, and phosphitylated 5’-hydroxyl groups)** and the phosphate column 31
removes the need for protecting groups. and might be the best way to produce pure
5’-phosphorylated MLPA probes (Scheme 5.5). This method would have the
additional benefit that the 3’-terminus is blocked, so cannot participate in any

unwanted ligation reactions.

i. Detritylation of column
o) 0 iil. Coupling reverse amidites

Q : | & R i Oxidation of newly formed phosphite H \)OI\ o] O
e T~ 0DMT = Ox, N~ e P 8
E/\ 0 iv. Detritylation of reverse amidite T 07 ™u™ "0y O
v. Coupling of hexadecanol monomer o} 0
2 vi. Oxidation of newly phosphite ‘)
28 CN b1
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o OV :
CN

Cleavage and deprotection |
in conc. NH4 (aq ) ’
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Scheme 5.5 Proposed synthesis of 5°-phosphorylated oligonucleotides using reverse

5°-3" amidites and the hexadecanol monomer.
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6. Experimental

6.1 Preparation of Compounds

6.1.1 General methods

All reactions requiring anhydrous conditions were performed in dry glassware under
an atmosphere of argon. Pyridine, NV, N-diisopropylethylamine and dichloromethane
were distilled from calcium hydride. Methanol was distilled from magnesium and
iodine. Anhydrous N,N-dimethylformamide was purchased from Aldrich. Other
reagents were purchased from Aldrich, Lancaster, Cruachem, Avocado, Link
Technologies or Fluka. Column chromatography was carried out under pressure on
Fisher Scientific DAVISIL 60A (35-70 micron) silica. TLC analysis was performed
using Merck Kieselgel 60 Fa4 (0.22 mm thickness, aluminium backed). Compounds
were visualised by irradiation at 254 nm, staining with iodine:silica (1:1) or
phosphomolybdic acid: ethanol (1:10). Proton, carbon and phosphorus NMR spectra
were recorded at 300 or 400 MHz, 75.5 or 100 MHz and 121 MHz respectively.
Spectra were recorded on a Bruker DPX 400 or AC 300 spectrometer in deuterated
chloroform or dimethylsulfoxide and calibrated to the residual solvent peak. Low-
resolution mass spectra were recorded using electrospray lonisation on a Waters
ZMD quadrupole mass spectrometer or a Fisons VG platform instrument in
methanol or acetonitrile. High-resolution mass spectra were recorded on a Bruker
APEX III FT-ICR mass spectrometer in methanol or acetonitrile using an Apollo
clectrospray ionisation source. Infrared spectra were recorded on a BIORAD FT-IR
instrument using a Golden Gate adaptor and BIORAD WIN-IR software.
Absorptions are described as strong (s), medium (m), broad (br), or weak (w), and
are measured in units of cm™. Ultraviolet spectra were measured on a Perkin Elmer
UV/Vis Lambda 2 spectrometer. Melting points were recorded on a Gallenkamp

electrothermal melting point apparatus and are uncorrected.
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(2R,3R)-2-[(6-chloro-2-methoxy-9-acridinyl)amino|butane-1,3-diol (2)

OH OH

- Cl L-Threoninol, MeO Y
Phenol,
- . 120°C, 80% N cl
1 2

To compound 1 (3 g, 10.8 mmol) was added phenol (25 g) and L-threoninol (1.11 g,
10.8 mmol), and the mixture heated to 120 °C for 12 h. At this time, MeOH (20 mL)
and toluene (100 mL) were added and the mixture filtered while hot. This afforded a
yellow solid, which was recrystallised from MeOH/toluene to yield the title

compound as yellow crystals (2.99 g, 8.64 mmol, 80 %).

R¢(9:1 DCM:MeOH): 0.16

dn (300 MHz, DMSO): 8.84 (1H, d, J = 9.5 Hz, ArH), 8.26 (1H, d, J = 2.0 Hz,
ArH), 8.01 (1H, d, /= 2.0 Hz, ArH), 7.94 (1H, d, J = 9.5 Hz, ArH), 7.64 (1H, dd, J
=9.5, 2.0 Hz, ArH), 7.49 (1H, dd, /= 9.5, 2.0 Hz, ArH), 5.32 (1H br s, NH), 4.43
(1H, m, HOCH,CH(NHR)CH(CH;)OH), 4.07 (1H, apparent quintet, J = 6.5 Hz,
CH(CH3)OH), 3.89-3.96 (4H, m, OCHj, 1 x CH,OH), 3.80 (IH, dd, J = 11.5, 4.0
Hz, 1 x CH,OH), 1.09 (3H, d, /= 6.5 Hz, CH(CH3)OH)

S¢ (75.5 MHz, DMSO): 158.45, 155.41, 140.04, 138.50 (5 x ArC), 128.43, 126.97,
123.18, 120.78 (5 x ArCH), 117.60 (2 x ArC), 105.61 (1 x ArCH), 68.01
(HOCH,CH(NHR)CH(CH3)OH), 66.21 (CH(CH3)OH), 61.12 (CH,OH), 56.18
(OCH3), 20.79 (CH(CH;)OH)

Amax (MeOH): 427 nm (7,320 mol"l.dm3.0m’1)

Vmax (neat): 3380 (br), 3264 (br) 3104 (m), 3075 (m), 2943 (w), 1629 (s), 1581 (s),
1377 (m), 1272 (m), 1246 (s)

LRMS (ES™): m/z 347.2,349.2 (3:1) [M+H]"

M.Pt.: 199-203 °C

HRMS (ES+) m/z: C1gHyoCIN,O5 requires 347.1162, found 347.1147
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(2R,3R)-3-[(6-chloro-2-methoxy-9-acridinyl)amino]-4-[(4,4’-dimethoxytrityl)
oxy| butan-2-ol (3)

OH OH DMTO  OH

NH NH
MeO X DMT-CI, DMF MeO SN
| DBU, RT, 74% [
L
N” Cl N~ > ¢
2 3

To diol 2 (1.09 g, 3.15 mmol), dissolved in dry DMF (20 mL) was added DBU (0.66

pdl

mL, 4.41 mmol), and the mixture stirred for 15 minutes at room temperature under
an inert atmosphere. 4,4’-Dimethoxytrityl chloride (1.50 g, 4.43 mmol) was added,
and the mixture stirred for a further 3 h., after which TLC (9:1 DCM:MeOH)
showed consumption of starting material. The volatiles were removed in vacuo, the
residue redissolved in EtOAc (75 mL) and washed with water (2 x 100 mL) and sat.
KCI (3 x 100 mL). The organic extract was dried over anhydrous MgSQy, dried in
vacuo, and the residual yellow foam purified by flash column chromatography on
silica gel, eluting with DCM:MeOH (19:1) to yield the title compound as a yellow
foam (1.52 g, 2.34 mmol, 74 %).

Rr(9:1 DCM:MeOH): 0.48

Oy (300 MHz, DMSO): 8.48 (1H, d, J = 9.0 Hz, ArH), 7.96 (1H, d, J = 2.0 Hz,
ArH), 7.90 (1H, d, /= 9.0 Hz, ArH) 7.62 (1H, d, /= 2.5 Hz, ArH), 7.43 (1H, dd, J =
9.0, 2.5 Hz, ArH), 7.34 (IH, dd, J = 9.0, 2.0 Hz, ArH), 7.12-7.14 (3H, m, ArH),
6.99-7.03 (2H, m, ArH), 6.89-6.93 (4H, m, ArH), 6.70-6.73 (4H, m, ArH), 5.16 (1H,
d, J = 4.0 Hz, NH), 3.94-4.05 (2H, m, DMTOCH,CH(NHR)CH(CH;)OH,
CH(CH;)OH), 3.82 (3H, s, OCHjs), 3.70 (6H, s, 2 x OCHs), 3.30-3.33 (2H, m,
CH,ODMT), 1.00 (3H, d, J = 6.0 Hz, CH(CH)OH)

d¢ (75.5 MHz, DMSO): 157.76, 155.06, 151.05, 147.88, 146.35, 144.60, 135.32,
135.20, 133.18 (10 x ArC), 130.83, 129.38, 127.40, 127.28, 126.30, 126.06, 124.22,
123.04 (14 x ArCH), 118.13, 116.02 (2 x ArC), 112.75, 100.56 (5 x ArCH), 85.49
(OC(Ar)3), 66.72 (CH(CH;)OH), 65.12 (CH,ODMT), 64.95
(DMTOCH,CH(NHR)CH(CH3)OH), 55.33 (OCHj), 54.81 (2 x OCHj), 20.35
(CH(CH3)OH)




Vimax (n€at): 3381 (br), 2958 (w), 2934 (w), 2835 (w), 1631 (m), 1607 (m), 1508 (s),
1463 (s) 1365 (m), 1302 (m), 1233 (s)

Amax (MeOH): 423 nm (7,430 mol'l.dm3.cm’l)

LRMS (ES™): m/z 649.5, 651.5 (3:1) [M+H]"

HRMS (ES+) m/z: C39H33CIN,Os requires 649.2464, found 649.2457
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2-Cyanoethyl-V, N-diisopropyl-{(2R,3R)-3-[(6-chloro-2-methoxy-9-acridinyl)
amino]-4-[(4,4’-dimethoxytrityl)oxy|but-2-yl| phosphoramidite (4)

A

DMTO  OH pMTo o o >CN

= 2-Cyanoethyl- =
N, N-diisopropyl

NH
MeO chlorophosphoramidite MeO
~ ! ~
\©|\)\ DCM, DIPEA, RT, | O
e 0, o
NNl 74% N cl
4

To alcohol 3 (1.09 g, 1.68 mmol), dissolved in dry, degassed DCM (20 mL) was
added 2-cyanoethyl-N, N-diisopropyl chlorophosphoramidite (0.44 mL, 1.84 mmol)
and dry DIPEA (0.71 mL, 4.2 mmol). The reaction mixture was stirred for 2 h., at
which time TLC (9:1 DCM:MeOH) showed no further reaction. The reaction was
reduced to dryness in vacuo, and the residue partitioned between degassed EtOAc
(35 mL) and degassed sat. KCI (35 mL). The organic layer was recovered, dricd
over anhydrous MgSO4 and the solvent removed under reduced pressure. The
resultant yellow foam was purified by flash silica column chromatography, eluting
with NEt;:DCM:MeOH (1:94:5), filtered and evaporated to dryness to give a
mixture of diastereoisomers of the title compound as a yellow foam (1.46 g, 1.24

mmol, 74 %).

Sy (300 MHz, DMSO): 8.46 (1H, m, ArH), 7.99 (1H, d, J = 2.0 Hz, ArH), 7.92 (1H,
d, J=9.0 Hz, ArH), 7.57 (1H, m, ArH), 7.45 (1H, dd, J = 9.5, 2.5 Hz, ArH), 7.34
(IH, m, ArH), 7.07-7.18 (3H, m, ArH), 6.85-7.07 (6H, m, ArH), 6.67-6.78 (4H, m,
ArH), 4.07-4.30 (2H, m, DMTOCH,CH(NHR)CH(CH3)OH, CH(CH,)OP), 3.86
(3H, s, OCHs), 3.65-3.75 (8H, m, 2 x OCH;, NCCH,CH-O0P), 3.44-3.60 (4H, m,
CH-ODMT, NCH(CH3)»), 2.72 (2H, t, J = 6.0 Hz, NCCH.CH,OP), 1.20 (3H, d, J =
6.5 Hz, NCHCH3), 1.09 (3H, d, J = 6.5 Hz, NCHCH3), 1.07 (3H, d, J = 6.5 Hz,
NCHCH;), 1.00 (3H, d, J = 7.0 Hz, NCHCH;), 0.85 (3H, d, J = 6.5 Hz,
CH(CH;)OP)

Sp (121 MHz, CDCls): 148.50, 148.27

LRMS (ES"): m/z 849.6,851.6 (3:1) [M+H]"
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2-Cyanoethyl-V,V-diisopropyl-(hexadecyl) phosphoramidite (15)

2-Cyanoethyl- /LN

N, N-diisopropyl /é% b CN
/QOH chlorophosphoramidite, o o7
1 DCM, DIPEA, 69% 15
17 15

To hexadecanol, 17, (1.0 g, 4.12 mmol), dissolved in dry, degassed DCM (20 mL)
was added 2-cyanoethyl N, N-diisopropyl chlorophosphoramidite (1.04 mL, 4.33
mmol) and dry DIPEA (1.79 mL, 10.3 mmol). The reaction mixture was stirred for 4
h., at which time TLC (2:1 hexane:EtOAc) showed no further reaction. The reaction
was reduced to dryness in vacuo, and the residue partitioned between degassed
EtOAc (20 mL), and degassed sat. KCl (20 mL) The organic layer was recovered,
dried over anhydrous MgSO, and the solvent removed under reduced pressure. The
was purified by flash silica column chromatography, eluting with
NEt;:EtOAc:hexane (1:49:50), filtered and evaporated to dryness to give the title

compound as a clear oil (1.26 g, 2.84 mmol, 69 %).

Su (400 MHz, CDCls): 3.78-3.90 (2H, m, NCCH,CH,0P), 3.53-3.68 (4H, m, 2 x
NCH(CHj),, POCH»(CH»)14sCHs), 2.64 (2H, t, J = 6.5 Hz, NCCH,CH,OP), 1.60
(2H, apparent quintet, J = 7.0 Hz, POCH,CH»(CH;);5CH3), 1.26-1.36 (26H, m,
POCH,CH,(CH,)3CH3), 1.19 (6H, d, J = 7.0 Hz, NCH(CH3),), 1.18 (6H, d, J = 7.0
Hz, NCH(CH;),), 0.88 (3H, t, /= 7.0 Hz, POCH»(CH;)4CHs)

Sp (121 MHz, CDCl5): 147.77

LRMS (ES™): m/z 443.6 [M+H]"

The phosphoramidite monomer was used to synthesise a test oligonucleotide of
sequence (IS TTTTTTTTTTT; MALDI-TOF MS (ES") m/z: Requires 3893.8,
found 3894.0.
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2,3-Bis-(4,4'-dimethoxytrityl)sulfanyl-1-propanol (19)

H DMT-CI, DIPEA A

HO™ > sH DCM, 72% HO™ ™ somT
SH SDMT
18 19

2,3-Dimercapto-1-propanol (1.0 g, 8.0 mmol), DIPEA (3.5 mL, 20 mmol) and 4,4’-
dimethoxytrityl chloride (5.18 g, 15.3 mmol) were dissolved in dry DCM (50 mL).
The mixture was stirred overnight (16 h.) at room temperature, after which time
TLC (2:1 hexane:EtOAc) showed consumption of starting material. The volatiles
were removed in vacuo, the residue redissolved in EtOAc (200 mL) and washed
with water (2 x 200 mL) and sat. KCI (3 x 200 mL). The organic extract was dried
over anhydrous MgSQy, dried in vacuo, and the residual pale yellow foam purified
by flash column chromatography on silica gel, eluting with hexane:EtOAc (3:1) to

yield the title compound as a white foam (4.20 g, 5.76 mmol, 72 %).

Ry (Hexane:EtOAc, 2:1): 0.27

Sy (300 MHz, DMSO): 7.10-7.30 (18H, m, ArH), 6.59-6.81 (8H, m, ArH), 4.69 (1 H,
br, exchanges with D,O, OH), 3.71 (12H, s, 4 x OCH3) 3.01-3.10 (2H, m, simplifics
with D,O, CH,OH), 2.05-2.32 (3H, m, OCH,(CHS)CH.S)

d¢ (75.5 MHz, DMSO): 157.65, 145.47, 145.29, 136.87, 136.71 (ArC) 130.37,
128.98, 128.90, 127.93, 126.54, 113.17 (ArCH), 66.10, 65.00 (SC(Ar);), 62.21
(CH,0), 55.09 (OCH3;), 46.02 (HOCH,(CHS)CH,S), 33.87 (CH»S)

Vimax (neat): 3512 (br), 3004 (w), 2932 (w), 2835 (w), 1734 (w), 1606 (m), 1504 (s),
1466 (m), 1443 (m), 1296 (m), 1246 (s)

LRMS (ES™): m/z 303.1 [DMT]", 751.5 [M+Na]"




2-Cyanoethyl V,N-diisopropyl [2,3-bis-(4,4'-dimethoxytrityl)sulfanylpropyl]
phosphoramidite (16)

NC

H 1.05 eq. 2-Cyanoethyl (I) H

N, N-diisopropyl )\
HO SDMT Po

SOMT chlorophosphoramidite, N 0O SDMT
DCM, 2.5 eq DIPEA, /K SDMT
36%

19 16

To alcohol 19 (1.0 g, 1.37 mmol) dissolved in dry, degassed DCM (15 mL) was
added 2-cyanoethyl-N, N-diisopropyl chlorophosphoramidite (0.34 mL, 1.44 mmol)
and dry DIPEA (0.59 mL, 3.43 mmol). The reaction mixture was stirred for 3 h., at
which time TLC (2:1 hexane:EtOAc) showed no further reaction. The reaction was
reduced to dryness in vacuo, and the residue partitioned between degassed EtOAc
(15 mL), and degassed sat. KCI (15 mL) The organic layer was recovered, dried
over anhydrous MgSO4 and the solvent removed under reduced pressure. The
resultant off-white foam was dissolved in dry, degassed DCM (5 mlL) and
precipitated by dropwise addition into degassed hexane (500 mL) at —78 °C. The
supernatant was discarded, and the residuc redissolved in dry, degassed DCM (5
mL), filtered and evaporated to dryness to give a mixture of diastercoisomers of the

title compound as a white foam (0.45 g, 0.49mmol, 36 %)

on (300 MHz, CDCls): 7.10-7.30 (18H, m, ArH), 6.59-6.81 (8H, m, ArH), 3.71
(12H, s, 4 x OCHj3) 3.42-3.75 (4H, m, POCH»(CHS)CH,S, NCCH,CH,0P), 3.19-
3.26 (2H, m, NCH(CHs),), 2.33-2.55 (5H, m, NCCH,CH»0, OCH,(CHS)CH,S),
1.16 (6H, d, /= 7.0 Hz, NCH(CHs).), 1.09 (3H, d, /= 7.0 Hz, NCH(CH3)CH3), 1.05
(3H, d, J=7.0 Hz, NCH(CH3)CHs)

3P NMR (CDCls) & 148.51, 148.18

LRMS (ES") m/z 951.6 [M+Na]’, 967.5 [M+K]"

The phosphoramidite monomer was used to synthesise a test oligonucleotide of

scquence (16)TTTTTTTTTTT; ESMS (ES") m/z: Requires 4379.3, found 4380.0.
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6.2 Oligonucleotide Synthesis and purification

6.2.1 Oligonucleotide synthesis and deprotection

All oligonucleotides were synthesised on either an Applied Biosystems ABI 394 or
Expedite automated DNA/RNA synthesiscr on the 0.2 ;1M scale using the standard
cycles of acid-catalysed detritylation, coupling, capping and iodine oxidation
procedures, using phosphoramidite monomers and other reagents purchased from
Applied  Biosystems, Cruachem or Link Technologies. (15)-(+)-(10-
camphorsulfonyloxaziridine) was purchased from Aldrich, and was used in place of
iodine oxidation for the final oxidation step in the synthesis of oligonucleotides
BDTI2 and BDL2.*** All B-cyanoethyl phosphoramidite monomers were dissolved
in anhydrous acetonitrile to a concentration of 0.1 M immediately prior to use.
Stepwise coupling efficiencies (where applicable) were determined by the trityl
cation conductivity monitoring facility, and were >95 %.

Oligonucleotides were deprotected in concentrated aqueous ammonia (55 °C, 5.5
h.), apart from oligonucleotides labelled with the acridinc-labelling monomer, 1-
(4.4’-dimethoxytrityloxy)-2-(N-acridinyl-4-aminobutyl)-propyl-3-O-(2-cyanocthyl)-
(N,N-diisopropyl) phosphoramidite, which were deprotected in 0.4 M mcthanolic
sodium hydroxide at room temperature for 17 h., neutralised with 2 M TEAA, (pH
6.0) and desalinated using a Sephadex® containing NAP-10 column (Pharmacia
Biotech) before purification. This protocol requires thc use of 5'-(4,4-
dimethoxytrityl)-N4-acetyl-2'-deoxycytidine-3'-(2-cyanocthyl-N, N-diisopropyl)
phosphoramidite (Ac-dC CE phosphoramidite).**® Unlabelled PCR primers werc
used without further purification.

Oligonucleotides containing chemical phosphorylation reagent 11, [3-(4,4'-
dimethoxytrityloxy)-2,2-dicarboxyethyl]  propyl-(2-cyanoethyl)-(N, N-diisopropyl)
phosphoramidite (Glen Research), were detritylated after HPLC purification in
AcOH:H,O (4:1, 25 °C, 1 h.), reduced to dryness, and redissolved in conc. NHj;
(aq.):H,0 (2:1, 25 °C, 15 minutes) to generate 5°-phosphate.**

Oligonucleotides containing the bis-DMT phosphorylation rcagent, 2-Cyanocthyl
N, N-diisopropyl  [2,3-bis-(4,4'-dimcthoxytrityl)sulfanylpropyl] ~ phosphoramidite,
were detritylated after HPLC purification in 2M TEAA (pH 6.5, 55 °C, 12 h.),
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desalinated using a Sephadex® containing NAP-10 column, reduced to dryness and
redissolved in a solution of DTT (15 mg.mL™") in conc. NHs (aq.), 25 °C, 1 h.) to

generate 5’-phosphate.
6.2.2 Purification of synthetic oligonucleotides

Deprotected oligonucleotides were purified by RP HPLC on a Gilson system at the
Oswel Laboratories or at the Department of Chemistry, using an ABI Aquapore
column (C8), 8 mm x 250 mm, pore size 300 A. The system was controlled by
Gilson 7.12 software. The following protocol was used except for ‘trityl-on’
oligonucleotides: Run time 30 minutes, flow rate 4 mL.minute™, binary system,
gradient: Time in minutes (% buffer B); 0 (0); 3 (0); 5 (20); 21 (100); 25 (100); 27
(0); 30 (0). Elution buffer A: 0.1 M NH4OAc, pH 7.0, buffer B: 0.1 M NH40Ac (35
% MeCN) pH 7.0.

For ‘trityl-on’ oligonucleotides a diffcrent protocol was used: Run time 35 minutes,
flow rate 3 mL.minute, binary system, gradient: Time in minutes (% buffer B); 0
(0); 2.5 (0); 20 (80); 21 (100); 30 (100); 32.5 (0); 35 (0). Elution buffer A: 0.1 M
NH4OAc, pH 7.0, buffer B: 0.1 M NH4;OAc (50 % McCN) pH 7.0.

Elution of oligonucleotides was monitored by UV absorption at 295 nm. Purificd
oligonucleotides were desalted using Sephadex® containing NAP-10 columns
(Pharmacia Biotech), and their optical densities recorded on a Lambda 15 UV/Vis
Spectrophotomer (Perkin Elmer). The optical densities rccorded were used to
calculate their concentrations. Electrophoresis of oligonucicotides BDL2 and L2 was
performed on a 4% agarosc gel (running buffer 0.5x TBE), which was stained with

ethidium bromide, and photographed under a UV-transilluminator.
6.2.3 Mass spectrometry of oligonucleotides

The molecular masses of oligonucleotides were determined by cither ESMS or
MALDI-TOF MS on a Fisons VG platform instrument or a ThermoBioAnalysis
Dynamo MALDI-TOF mass spectrometer.

For ESMS, oligonucleotides were prepared in HoO:MeCN (1:1) containing 0.01 %
tripropylamine. Data were collected in negative ion mode and deconvoluted using

the MaxEnt clectrospray function.




MALDI-TOF data were obtained in positive ion mode using delayed extraction and

an initial accelerating voltage of 20 kV. Spectra were recorded from a matrix

containing 4:1 HPA:PA in 1:1 acetonitrile:water in the presence of Dowex 50WX8-

200 ion exchange beads according to the method of Langley ef al.
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6.2.4 Sequences of synthetic oligonucleotides

Code Sequence (57 to 3°)

FA12 FAM-ACD-AAACTTGGATCC-OCT

FAL4 FAM-ACD-AAAAACTTGGATCC-OCT

FA16 FAM-ACD-GAAAAAACTTGGATCC-OCT
FA18 FAM-ACD-TAGAAAAAACTTGGATCC-OCT
ST1303 GGGATCCAAGTTTTTTCTAAATGTTCC

PO FAM-ACD-ATTTAGAAAAAACTTGGATCCC
Pl FAM-A-ACD-TTTAGAAAAAACTTGGATCCC
P2 FAM-AT-ACD-TTAGAAAAAACTTGGATCCC
P4 FAM-ATTT-ACD-AGAAAAAACTTGGATCCC
P6 FAM-ATTTAG-ACD-AAAAAACTTGGATCCC
P9 FAM-ATTTAGAAA-ACD-AAACTTGGATCCC
P11 FAM-ATTTAGAAAAA-ACD-ACTTGGATCCC
Al ATT-ACD-TAGAAAAAAC

Fl FAM-ATTTAGAAAAAACTTGGATCCC

FAl4 FAM-ACD-AAAAACTTGGATCC-OCT

FA16 FAM-ACD-GAAAAAACTTGGATCC-OCT
UPI12 AAACTTGGATCC

UP14 AAAAACTTGGATCC

UPle6 GAAAAAACTTGGATCC

UP18 TAGAAAAAACTTGGATCC

MMI GGGATCCAACTTTTTTCTAAATGTTCC

MM?2 GGGATCCAATTTTTTTCTAAATGTTCC

MM3 GGGATCCAAATTTTTTCTAAATGTTCC
MB1303 FAM-CCCGCGCGG-AACATTTAGAAAAAACTTGGA-TCCCGCGCGGG-MR
FP1303 TTTCTTGATCACTCCACTGTTC

RP1303 CATACTTTCTTCTTCTTTTCTTT

RFP1303 ATTTCTTGATCACTCCACTGTT

RRP1303 CTTTTTTGCTATAGAAAGTATTTA

163R FAM-ACGCAATTGGT

158R ACCAATTGCGT
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164R
159R
165R
160R
172R
173R
FP1282
RP1282
PRP1282
HP1282

T1303

C1303
PRP1303
FAS1303

TQM

CMG

™G

CMI

T™I

FPM
RPM
CFPM
CRPM
MBM
PTI2
HTI2
BDTI12
CP12

HL1

L2

FAM-AGCGAATTGGT

ACCAATTCGCT

FAM-AATTGCGTCAG

CTGACGCAATT

FAM-CGCATCGCAATT

AATTGCGATGCG

GATGGTGTGTCTTGGGATTCA

TGGCTAAGTCCTTTTGCTCAC

FAM-CTTTCCTCCACTGTTGC

FAM-CTTTCCTCCACTGTTGC-p
TTTCTTGATCACTCCACTGTTCATAGGGATCCAAGTTTTTTCTAAATGTTCCA
GAAAAAATAAATACTTTCTATAGCAAAAAAGAAAAGAAGAAGAAAGTATG
CATACTTTCTTCTTCTTTTCTTTTTTGCTATAGAAAGTATTTATTTTTTCTGGA
ACATTTAGAAAAAACTTGGATCCCTATGAACAGTGGAGTGATCAAG AAA
FAM-ACD-ACTGTTCATAGGGATCCAAG
FAM-ACD-GGAACATTTAGAAAAAACTTGGATCCC-HEG-
TTTCTTGATCACTCCACTGTTC

FAM-TGCGGGAGCCGATTT-TAMRA
CTGACCTGAAGCACTTGAAGGAGAAGGTGTCTGCGGGAGCCGATTTCATCAT
CACGCAGCTTTTCTTTGAGGCTGACACATTCTTCCGCTTTGTGAAGGCATGCA
CCGACAT
ATGTCGGTGCATGCCTTCACAAAGCGGAAGAATGTGTCAGCCTCAAAGAAA
AGCTGCGTGATGATGAAATCGGCTCCCGCAGACACCTTCTCCTTCAAGTGCT
TCAGGTCAG
CTIACCTIAAICACTTIAANIATAAIITITCTICIHIAICCIATTCATCATCACICAICTTT
TCTTTIAICTIACACATTCTTCCICTTTITIAALCATICACCIACAT
ATITCHTICATICCTTCACAAAICHAAIAATITITCAICCTCAAAIAAAAICTICITIA
TIATIAAATCIICTCCCICAIACACCTTCTCCTTCAAITICTTCALTCAI
CTGACCTGAAGCACTTGAAGG

ATGTCGGTGCATGCCTTCAC

GGAGCTGACCTGAAGCACTTGAAGG
GAGGAGATGTCGGTGCATGCCTTCAC
FAM-GCGAGTGCGGGAGCCGATTTCTCGC-MR

p-TTTTTTTTTTTT

H-TTTTTTTTTTTT

BD-TTTTTTTTTTTT

CP-TTTTTTTTTTTT
H-GAGTTGTTCCTACCCATGTGTGTTAGACTATCTCTCGCGTCGTCGGTCAGT
CTAGTCGAGTTGTTCATACCCATTTGCAAGACTTGTGTTTAGACGTCCA
GATCTGTTGACAATTATCATCGGCTCGTATAATGTGTGGAATTGGTCGACGA




TCTGTTGACAATTAATCATCGGCTCGTATAATGTATGGAATTGGTCGAC
BD-GATCTGTTGACAATTATCATCGGCTCGTATAATGTGTGGAATTGGTCGA
CGATCTGTTGACAATTAATCATCGGCTCGTATAATGTATGGAATTGGTCGAC

BDL2

Table 6.1 Sequences of synthetic oligonucleotides. FAM = fluorescein, ACD = 9-amino-6-chloro-2-
methoxyacridine, MR = Methyl Red dR, OCT = octanediol, TAMRA = tetramethylrhodamine,
HEG = hexaethylene glycol (PCR stopper), I = 2°-dcoxyinosine, p = phosphate H = Hexadecanot,
BD = Bis-DMT dimercaptopropanol, CP = Chemical Phosphorylation reagent 1I. FA12-18 and
UPI12-18 are composed of 2’-O-methyl ribonucleotides. Molecular Beacon stem sequences are

underlined. Chemical structures of non-standard monomers are given in the appendix.

6.3 Fluorimetry

6.3.1 Effect of hybridisation on fluorescence of fluorophore-intercalator probes

The fluorescence spectra were recorded using an LS 50B Luminescence
Spectrometer (Perkin Elmer). To 2.95 mL of filtered buffer (100 mM Sodium
Phosphate, | mM EDTA, 0.1 M NaCl, pH 7.0) was added the dual-labelled probe
(FA12-18, to a final concentration of 0.21 uM), and the emission spectra rccorded,
from fixed excitations at 384 nm and 495 nm. To the solution was then added the
synthetic target (ST1303, 50 eq., final concentration 10.5 uM), and the emission

spectra from fixed excitation at 384 nm and 495 nm re-recorded.

6.3.2 Fluorescence spectra of acridine orange derivatives

All compounds were provided by Dr. L.J. Brown. The fluorescence spectra were
recorded using an LS 50B Luminescence Spectrometer (Perkin Elmer). To 2.95 mL
of filtered buffer (100 mM Sodium Phosphate, | mM EDTA, 0.1 M NaCl, pH 7.0)
was added the dye (to a final concentration of 100 nM), and the excitation and

emission spectra recorded, across the 400-800 nm range.
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6.3.3 Fluorescence quenching titration of Hoechst 33258 with fluorecently-

labelled duplex

The fluorescence spectra were recorded using an LS 50B Luminescence
Spectrometer (Perkin Elmer). To 2.95 mL of filtered buffer (10 mM tris-HCI, 50
mM NaCl, 1.5 mM MgCl,, 250 ng.uL"' BSA, pH 8.0 at 25 °C) was added the
labelled duplex (00165R/00160R, 0.1 uM), and the emission at 520 nm recorded,
from fixed excitation at 495 nm. To the solution was then added Hoechst 33258
(0.01 uM aliquots to 0.2 uM, then 0.1 uM aliquots to 1 uM), and the emission
spectra from fixed excitation at 495 nm re-recorded after cach addition. Non-linear

curve fitting was carried out using the SigmaPlot 8.0 program (SPSS Inc.).

6.4 Fluorescence melting protocols

6.4.1 Mismatch discrimination by fluorophore-intercalator probes

The melting curves obtained on the LightCycler (Roche) were performed at the
laboratories of Oswel Research Products Ltd.,, Boldrewood, University of
Southampton. The probe (FA12-18, 0.5 uM) was added to a LightCycler capillary
containing a buffer solution (20 mM (NH4),SOq4, 75 mM tris-HCL, 0.1 % twcen, 4
mM MgCl,, 250 ng.pLL'l BSA, pH 8.0), and the complement (0.5 uM ST1303,
MM1-3 or water), final volume 10 pL. Each sample was subjccted to denaturation
(95 °C, 30 s.), cooled (to 25 °C, 0 s.), and then heated to 95 °C (heating ratc 10
°C.minute™"), whilst monitoring fluorescence in Channel 1 of the LightCycler (Aqps. ~

520 nm). Each solution was made up and run in triplicate, and the average reported.
6.4.2 Post-PCR melting curves

Melting curves recorded after each PCR were collected by heating to effect
denaturing (95 °C, 0-180 s.) cooled (to 30 °C, 0-180 s.), and then heated to 95 °C

(heating rate 10 °C.minute™), whilst monitoring fluorescence in Channel I of the

LightCycler (Aops, ~ 520 nm).
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For experiments where synthetic template (ST1303) or a further aliquot of probe
(FA14) were added to the amplified mixture, the appropriate oligonucleotide was
introduced after PCR, to a concentration of 0.5 uM. Each sample was then subjected
to denaturation (95 °C, 30 s.), cooled (to 25 °C, 0 s.), and heated to 95 °C (heating
rate 10 °C.minute™), whilst monitoring fluorescence in Channel 1 of the LightCycler

(Aobs. ~ 520 nm).

6.4.3 LightCycler study of DNA binding agents’ interactions with fluorescently

labelled oligonucleotides

Mitoxantrone, ethidium bromide, coralyne chloride, 7-aminoactinomycin D, acridine
orange and nogalamycin were purchased from Sigma/Aldrich and were of molecular
biology grade. Hoescht 33258, daunomycin and actinomycin D were kind gifts of
Prof. K. Fox (University of Southampton). 9-(methylsulfanyl)-acridine orange (AO-
SMe) was obtained from Dr. L.J. Brown (Oswel Research Products). Disperse Blue
1 was provided in pure form by Dr. J. P. May (University of Southampton). NU:UB
31 was a gift of Dr. David Mincher (Napier University). Stock solutions of DNA-
binding agents were prepared to a minimum concentration of 1 mM 1n water, DMSO
or MeOH, such that final assay conditions included no morc than 1 % organic
solvent.

The fluorescently-labelled oligonucleotides (00163R, 00164R, 00165R or 00172R,
0.5 uM) were added to a LightCycler capillary containing a buffer solution (10 mM
tris-HCI, 50 mM NaCl, 1.5 mM MgCl,, 250 ng.uL™' BSA, pH 8.0 at 25 °C), the
DNA-binding agent (0, 0.25, 0.5, 1, 2.5, 5 or 10, 25, 50 or 100 puM) and the
complement (0.5uM 00158R, 00159R, 00160R, 00173R or water), final volume 10
uL. Each tube was subjected to denaturation (95 °C, 30 s.), cooled (to 25 °C, 0 s.),
and then heated to 95 °C (heating rate 10 °C.minute’), whilst monitoring

fluorescence.
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6.4.4 Investigation of the hybridisation of probes to synthetic amplicons

The results were obtained using the LightCycler. Each LightCycler capillary
contained the probe (FA12, MBI1303 or TQM, 0.5 uM), the target strand of the
amplicon (T1303, TMG or TMI, 0.5 uM), the competing strand (C1303, CMG or
CM], 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45 or 5 uM), and a buffer solution
(20 mM (NH4),S0s, 75 mM tris-HCL, 0.1% tween, 4 mM MgCl,, 250 ng.uL'l BSA,
pH 8.0). Each sample was subjected to denaturation (95 °C, 30 s.), cooled (to 25 °C,
0 s.), and then heated to 95 °C (heating rate 10 °C.minute), whilst monitoring

fluorescence in Channel 1 of the LightCycler (Agps. ~ 520 nm).

6.4 UV-Spectroscopy

6.4.1 Mode of action studies of fluorophore-intercalator tabelled probes

UV/visible spectra were measured on a Perkin Elmer UV/Vis Lambda 2
spectrometer. To 1 mL of filtered buffer (100 mM Sodium Phosphate, | mM EDTA,
0.1 M NaCl, pH 7.0) was added the labelled oligonuclecotide (Al, F1, FA14 or
FA16, to a final concentration of 7.7 uM), and the absorption spectra recorded, from
230-595 nm. To the solution was then added the synthetic target (ST1303, 2 eq.,
final concentration 15.4 uM), and the absorption spectra from 230-595 nm re-

recorded.

6.4.2 UV Melting

Ultra-violet absorbance was measured on a Lambda 15 UV/VIS Spectrophotometer
(Perkin Elmer) at a wavelength of 260 nm (Ays). The melting curves were
established by heating from 15.0 °C to 80.0 °C, with a 1 °C.minute’ temperature
gradient. Melting temperature (7,) was then determined from the position of the
peak in the first derivative plot of the melting curve, generated using the PECSS 2
software (Perkin Elmer).

To | mL of filtered buffer (100 mM Sodium Phosphate, | mM EDTA, 0.1 M NaCl,
pH 7.0) was added the probe (FA12-18, 1.0 uM) and the synthetic target (ST1303,
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1.3 eq., 1.3 uM), and the sample heated, (75 °C, I minute) cooled (15 °C, 1 minute),
then the melting curve collected. The samples were run in triplicate, and the average

reported.

6.5 PCR reactions

Human genomic DNA samples were obtained from Roche or Coriell and were
stored in 1 % BSA at a concentration of 5 ng.pL.”'. Sequence data for all loci were
obtained from GenBank (Table 6.1). Primer sequences were designed close to the
mutation site using Oligonucleotide 4.0 software (National Biosciences Inc.).
Primers and probes were checked for secondary structure using the DNA mfold

program (hup:” wwiw.ibe.wustl.edu ~zuker), using the thermodynamic parameters of

; BioTag Polymerase, exo- 7Taqg Polymerase and HotStarTaq

Santalucia.”
polymerases were purchascd from BioLine, DNAmp and Qiagen Ltd. respectively,
and were used with the manufacturers’ buffers (1x concentration). All dNTPs were
obtained from Roche. SYBR Green was obtained from Eurogentec. Unless
otherwise stated, fluorescence intensities of real time PCR rcactions were corrected
using the arithmetic normalisation function of the LightCycler software (Rochc).

The average fluorescence during the first five cycles is subtracted from the intensity

observed in each cycle.

Locus GenBank Accession number
N1303K M55128

W1282X M55127

MTHFR AY338232

Table 6.2 GenBank accession numbers for loci amplified by PCR.
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6.5.1 N1303K locus

6.5.1.1 Real time symmetric PCR with bimolecular fluorophore-intercalator

labelled hybridisation probes

Reactions monitored with bimolecular fluorophore-intercalator hybridisation probes
were performed in a LightCycler capillary which contained the probe (FA12 or 14,
0.5 uM), dNTPs (200 uM each of the four nucleotides), each primer (FP1303 and
RP1303, 0.5 uM), BioTaq Polymerase (BioLine) or exo- Tag Polymerase (DNAmp)
(0.5 U) with the manufacturer’s buffer (1x) and the template (5 ng heterozygote or
homozygote genomic DNA or water), final volume 10 pL. Each tube was subjected
to denaturation (95 °C, 5 minutes), cooled to annealing temperature (30 s.), and then
subjected to 100 cycles of extension, denaturing and annealing.

Reactions monitored with SYBR Green were performed in the same way, except
samples additionally contained SYBR Green (I pL from a 1/1000 dilution of the

stock).

6.5.1.2 Real time PCR with fluorophore-intercalator primer-probe or Scorpion

Reactions with primer-probe PRP1303 and Scorpion FAS1303 were performed in a
LightCycler capillary which contained dNTPs (200 pM cach of the four
nucleotides), each primer (FP1303 and PRP1303 or FAS1303, 0.5 uM) BioTaq
Polymerase (BioLine) or exo- Tag Polymerase (DNAmp) (0.5 U) with the
manufacturer’s buffer (I1x) and the template (5 ng heterozygote or homozygote
genomic DNA or water), final volume 10 ulL. Each tube was subjected to
denaturation (95 °C, 5 minutes), cooled to annealing temperature (30 s.), and then
subjected to 100 cycles of extension, denaturing and annealing.

Reactions monitored with SYBR Green were performed in the same way, except
samples additionally contained SYBR Green (1 pL from a 1/1000 dilution of the

stock).
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6.5.1.1 Real time asymmetric PCR with bimolecular fluorophore-intercalator

labelled hybridisation probe

Reactions monitored with bimolecular fluorophore-intercalator hybridisation probes
were performed in a LightCycler capillary, which contained the probe (FA12, 0.5
uM), dNTPs (200 pM each of the four nucleotides), each primer (FP1303, 0.5 pM.
and RP1303, 0.001, 0.005, 0.01, 0.05, 0.1 or 0.5 uM), BioTaq Polymerase (BioLine)
or exo- Tag Polymerase (DNAmp) (0.5 U) with the manufacturcr’s buffer (1x) and
the template (5 ng heterozygote or homozygote genomic DNA or water), final
volume 10 pL. Each tube was subjected to denaturation (95 °C, 5 minutes), cooled
to annealing temperature (30 s.), and then subjected to 100 cycles of extension,

denaturing and annealing.

Cycle Anncaling  Annealing  Monitoring  Monitoring  Extension Extension  Denaturing  Denaturing
lype temperature time (s) temperature time (s) temperature time (s) lemperature time (s)
0 °C) °C) 9]

Long 447 5 - - 72 3 95 |
Standard 44! 30 - - 72 30 95 30
Step - .
55%! 30 72 20 95 5
down
Step
down s5* ! 5 - - 72 3 95 5
(fast)
Scorpion 55% 0 62" 3 - - 95 0
Primer-
557 3 - - 72 1 95 5
Probe

Table 6.3 Cycling conditions used in N1303K PCR reactions. * Indicates that annealing temperatures
were stepped down to 44 °C over the first sixteen cycles of PCR. " Indicates that fluorescence was

monitored during this temperature in the cycle.
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6.5.2 W1282X locus

Reactions were performed in a Rotorgene tube (Corbett Research), which contained
dNTPs (200 uM each of the four nucleotides), each primer (FP1282 and RP1282 or
PRP1282, 0.5 uM), the probe (HP1282, O or 0.5 uM) exo- Tag Polymerase
(DNAmp) (0.5 U) with the manufacturer’s buffer (1x), ethidium bromide (10 uM)
and the template (5 ng genomic DNA or water), final volume 20 pL. Each tube was
subjected to denaturation (95 °C, 5 minutes), cooled to annealing temperature (45
°C, 30 s.), and then subjected to 100 cycles of extension (72 °C, 30 s.), denaturing
(95 °C, 30 s.) and annealing (45 °C, 30 s.).

6.5.3 MTHFR locus
6.5.3.1 Optimisation of dI'TP incorporation

PCR reactions in a final volume of 50 pL contained each primer (FPM or CFPM and
BPM or CBPM, 0.25 uM), the template (TMG, 25 ng), dNTPs (dATP, dCTP, dTTP
and dGTP or dITP, 200 uM), MgCl, (1.5 — 7.5 mM) and HotStarTaq Polymerasc
(Qiagen) (1.25 or 2.5 U) in the manufacturer’s buffer (1x). Each tube was subjected
to an initial activation (95 °C, 15 minutes), cooled to anncaling tcmpcraturc (45 °C
or 55 °C), and then subjected to 30 cycles of annealing (45 or 55 °C, 30 s.) cxtension
(72 °C, 30 s.) and denaturing (95 °C, 30 s.), followed by a final extension phase (72
°C, 10 minutes) using a Progene thermal cycler (Techne). After thermal cycling, 5
uL of cach sample was electrophoresed on a 2 % agarose gel (running buffer 0.5x
TBE), stained with ethidium bromide, and photographed under a UV-
transilluminator.

Post-PCR melting curves were obtained by adding SYBR Green (1 pL from a
1/1000 dilution of the stock) to 9 uL of the crude reaction mixture following thermal
cycling in a LightCycler capillary. Each tube was subjected to denaturation (95 °C,
30 s.), cooled (to 40 °C, 0 s.), and then heated to 95 °C (heating ratc 10 °C.minute”,

whilst monitoring fluorescence in Channel 1 of the LightCycler (Aops, ~ 520 nm).




6.5.3.2 Real time TaqMan® and Molecular Beacon PCRs

Real time PCRs were performed in a LightCycler capillary which contained the
probe (TQM or MBM, 0.5 uM), the manufacturer’s buffer (1x), MgCl, (4 mM) each
primer (FPM and RPM, 0.5 uM) HotStarTaq polymerase (0.5, 1.0 or 5.0 U), dNTPs
(dATP, dCTP, dTTP and dGTP or dITP, 200 uM) and the template (5 ng human
genomic DNA), final volume 10 puL. Each tube was subjected to denaturation (95
°C, 15 minutes), cooled to annealing temperature (45 °C, 30 s.), and then subjected
to 100 cycles of extension (72 °C, 30 s.), denaturing (95 °C, 30 s.) and annealing (45
°C, 30 s.).

Reactions monitored with SYBR Green were performed in the same way, except
samples additionally contained SYBR Green (1 pL from a 1/1000 dilution of the

stock).
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