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Abstract

The detection of specific DNA sequences is of increasing interest due to the
sequencing of the human genome. This can be achieved by the use of covalently
labelled oligonucleotide probes detected by sensitive analytical techniques. Surface
Enhanced Resonance Raman Scattering (SERRS) spectroscopy is one such technique
that provides molecularly specific information about probes at very low
concentrations. The enhancement results from adsorption of a chromophore within

the probe to a roughened metal surface.

Specific SERRS probes were synthesised using benzotriazole as the metal
complexing agent and azo dyes as the chromophore. They were coupled to the 5°
end of DNA using two strategies. Firstly, coupling was achieved via an amino
linker, achieved by reaction of the activated carboxylic acid derivative of the SERRS
label with DNA containing a free amine at the 5’end. Secondly, the phosphoramidite
of the SERRS label was synthesised and incorporated as the final monomer during

the solid phase synthesis of the DNA sequence.

Preliminary spectroscopic data was obtained for the labelled oligonucleotides.
Ultraviolet melting studies of a DNA sequence labelled with an azobenzotriazole dye
show an increase in melting temperature (Tv) of 5.42 °C over the same sequence
without modification, suggesting that the label confers stability to the double helix.
Initial SERRS optimisation experiments allowed the optimum sample conditions to
be determined for these novel oligonucleotides. SERRS spectra have been obtained

for each labelled oligonucleotide with a detection limit determined at 5 x 10 M.
A potential application of the labelled oligonucleotides was investigated resulting in

the first ever preparation of a SERRS labelled nanoparticle probe. This provides the

basis for a specific sequence detection technique based on SERRS.
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1.1 Introduction - Deoxyribonucleic Acid, DNA

1.1.1 General

Deoxyribonucleic acid, DNA, is amongst the fundamental building blocks of life.
All the information required for the existence of each species is held within the
sequences of its DNA. Birth, growth, life and death are all controlled through the
replication and expression of genetic codes. It is therefore very important that we
attempt to understand genetic sequences and their impact on biological systems. In

order to achieve this, it is necessary to develop fast and accurate analytical

techniques for the analysis of DNA.

Current techniques for genomic analysis involve the use of radioactive labels, which
have many drawbacks such as handling, safety issues and disposal. In addition they
have a finite lifespan, some with a half-life of only a few hours. Other detection
methods include luminescence and fluorescence. The spectral information obtained
from such techniques is limited due to the large spectral bandwidths observed which
makes distinction between three or more labels very difficult. It i1s therefore very
favourable to use vibrational spectroscopy for the analysis of DNA since non-
radioactive probes can be used which provide molecularly specific information about

the analyte. This allows the detection of many probes simultaneously.

One such technique is Surface Enhanced Resonance Raman Scattering, SERRS,
spectroscopy. Using this form of vibrational spectroscopy, 1t is possible to detect

: However, there are two structural

concentrations as low as 1 x 107° M.
requirements of the molecule under observation: a surface complexing group and a
chromophore.  This thesis details the chemical modification of DNA to

accommodate these requirements and subsequent SERRS analysis of successtul

targets.
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1.1.2 DNA — Composition and Structure

DNA has three main components: 2°-deoxyribose sugar units, heterocyclic aromatic
amine bases and phosphate linkages.” These components are joined together in a

repeating pattern (Figure 1) to form an oligodeoxyribonucleotide.

Figure 1. Primary structure of DNA

There are four aromatic bases. Guanine and adenine are purines and thymine and

cytosine are pyrimidines:

O NH,

” f ®»
NH
/ /4
el o S A o /g
H
Guanine (G) Adenine (A) Cytosine (C) Thymine (T)
Purines Pyrimidines
Figure 2. The DNA bases

The DNA bases are linked to the sugar unit via an 3-N-glycoside link between C1 on
the sugar ring and N9 of a purine or N1 of a pyrimidine (indicated in red in Figure 2).

When the base is linked to 2’-deoxyribose a deoxynucleoside i1s formed. Figure 3

shows the deoxynucleosides of the tour bases.
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</: B <:j¢j
HO. 5 I

OH OH
2'-deoxyguanosine 2'-deoxyadenosine
(dG) (dA)

NH, O
“\)*N \kaH
N/&O N/&O
O
OH
2'-deoxycytidine 2'-deoxythymidine
(dC) (dT)

Figure 3. Deoxynucleosides

The deoxynucleosides are phosphorylated to form deoxynucleotides and then joined
together via a phosphodiester linkage from the 3’ hydroxyl of the first nucleoside to
the 5° hydroxyl of the second nucleoside to produce an oligonucleotide. Figure 4

shows the component nucleotides and Figure 5 shows an oligonucleotide.
NH N
2 T
| N
> HO
0 NN 0
0-P-0—) o I

|
OH =P~0-
O -
2'-deoxyadenosine 5'-monophosphate 2'-deoxyadenosine 3'-monophosphate
(dAMP) (dAMP)

Figure 4. Deoxynucleotides.
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5' Hydroxy!

3’ Hydroxyi

Figure 5. An oligonucleotide, with sequence of bases 5 ATG C 3.

The secondary structure of DNA is a double helix, which was elucidated by Watson
and Crick in 1953, shown in Figure 6.4

Figure 6. The DNA double helix.
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The helical structure is formed when two complementary oligonucleotides bind in an
anti-parallel fashion, the 3’ hydroxyl end of one strand binds to the 5° hydroxyl end
of the other strand. The DNA bases on each strand, point towards the centre of the
helix, and interact with each other through a combination of hydrogen bonding and

hydrophobic interactions. This provides a hydrophobic core to the helix.

The base composition of DNA is dictated by Chargaff’s Rules: DNA has equal ratios

of pyrimidine to purine residues.” This corresponds to complementary base pairing

where adenine hydrogen bonds with thymine and guanine hydrogen bonds with

cytosine. Figure 7 shows the base pairs.

H CH3
(dC) N (dT) ~_O--4. H
m/ 8
_N_ _N.
d'ribose d'ribose \ﬂ/ H- - ‘N7 N
\ 0 - Y (dA)
. )\ > N

d'ribose

H (dG) d ribose
_____ Hydrogen Bonding

Figure 7. Base pairing.

The above hydrogen bonded molecules are flat and stack within the double helix.

Each base pair has m interactions with the base pair immediately above and below,

giving added stability to the helix.
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1.1.3 The Central Dogma of Molecular Biology

I'he genetic information held within DNA is transferred into vital proteins which are
required for the many biological processes which maintain a healthy functioning
body. The process by which this information is transferred is called translation and

is the Central Dogma of Molecular Biology.® Figure 8 shows a schematic of the

translation process.

Synthesis of a Complementary

DNA Unwmds mRNA strand
‘Transcrlptlon
Transport of mRNA
Protein tRNA to Ribosome

_ ' mRNA
Protein Synthesis T s o SRR FRASER
"~ Ribosome : . Ribosome
-. j Translation _ .

Figure 8. Translation of DNA.

The first step of this process involves the unwinding of the DNA double helix to
form two single oligonucleotide strands, which then act as templates. A
complementary strand of messenger RNA (mRNA) is then synthesised along the
single strands from the 3° end, with a base sequence complementary to that of the

DNA template (with the base thymine replaced with uridine in RNA), this process is
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called transcription. The mRNA strand is then transported to the ribosome where it
hybridises to transfer RNA (tRNA). tRNA consists of a triplet of bases attached
covalently to a particular amino acid (aa). The sequence of the three bases, or anti-

codon, varies depending on the aa however some amino acids have more than one

anti-codon representing them and are therefore degenerate.

In the final process of translation, the mRNA and tRNA’s hybridise at the ribosome
according to base sequence. The attached amino acids are then bonded together by

enzymatic action of the ribosome to form the final protein.

This process relies on the specificity of base pairing and provides a faithful
translation of the initial DNA sequence, producing a protein for a specific function.
However, if there i1s a mistake in the genetic code (mutation) this is carried forward
and can result in the failure of the transcription process or the synthesis of the wrong
protein. Since proteins carry out numerous vital functions within the human body,
expression of the wrong protein can have serious consequences for the intended

process. This happens in genetic diseases such as cystic fibrosis and some cancers.

The completion of the Human Genome Project heralds a new era in medical
research, where the next major task will be to connect gene sequence to specific
function. This will allow us to understand more about genetic diseases and how to

cure them. In order to achieve this goal, new methods of fast and reliable DNA

sequence detection are now necessary.
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1.2 Chemical Synthesis of DNA

1.2.1 General

Initially, the drive to produce synthetic DNA was in an effort to relate base-pair
sequence to function, since in earlier years the only means of obtaining DNA was
from natural biological sources. Obtaining DNA from natural sources has limitations
such as the cost of extracting a useful volume of material and also there is no control
over the base sequence of natural DNA. Synthetic oligonucleotides provide
scientists with complete control over the base sequence, with a higher throughput
than from natural sources. The need for more efficient and cost-effective methods
for DNA synthesis arose due to a demand for synthetic oligonucleotides as probes

and primers for use in molecular biology assays.

1.2.2 Chemical Synthesis of DNA

The synthesis of DNA requires a specific strategy. The individual nucleosides are
added sequentially to the growing oligonucleotide in order of the desired DNA
sequence. The coupling takes place between the 5° hydroxyl of one nucleoside and
the 3° hydroxyl of a second nucleoside to gradually build up the polymer of specific
DNA sequence..7

The nucleosides can be linked together using various techniques, however the most
common and most efficient is the phosphite triester, or phosphoramidite approach.
Caruthers developed this highly efficient method in the early 1980°s.® The cyclic
process utilises solid phase synthesis and is carried out on a solid support, usually a
glass bead with controlled pore size (CPG). The first nucleoside, with the base and
sugar unit fully protected, is attached to the solid support via the 3” hydroxyl. This is
achieved by reaction of a linker molecule with the 3’ hydroxyl of the nucleoside,
followed by further reaction with the free amine of the solid support. Figure 9 shows

an example of this process.
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H“N’ Bz H. _Bz
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Figure 9. Attachment of the first nucleoside to the solid support

The CPG beads with the first nucleoside attached, are packed into a column, the
scale can normally vary from 40nM - 10uM. All the reagents used for the synthesis

are flushed through the column in excess as this ensures high yielding reactions.
Since the product is bound to the solid support, removal of excess reagents can be
done easily by a wash step. All the excess reagents and unreacted monomer are

washed through the column, leaving the product and failure sequences on the solid

support ready for the next step.

Formation of the phosphite bond between two nucleosides is known as the coupling
step. This reaction takes place between the 5° hydroxyl of the nucleoside bound to

the solid support, and the 3° phosphoramidite of the incoming monomer. The 2-

10
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cyanoethyl-3’-O-N,N-diisopropylaminophosphite derivative of the corresponding

nucleoside is prepared by a phosphitylation reaction (Figure 10).

Cl
)\ DMTrO 0

Phosphitylation 0
l
NC - P\\ /k

N

Figure 10. Synthesis of the phosphoramidite monomer.

Before the phosphoramidite i1s introduced to the column, the protecting group of the
5’ hydroxyl on the solid support must be removed using acid. The phosphoramidite
1s activated before the coupling step. The weak acid, tetrazole, 1s used to protonate
the N, N-diisopropyl group, which becomes a good leaving group. This encourages
the nucleophilic attack of the 5° hydroxyl of the nucleoside bound to the solid
support, to form the dinucleotide phosphite (Figure 11).

DMTrO BaseZ
0
k ﬂ DMTI0) g BI ase’

0
Il ) /]\ \_ &
NC\/\O.#P“\N « N \

Figure 11. The coupling reaction

11
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The resulting phosphite is then oxidised to the phosphotriester using iodine. The
oligonucleotide bound to the solid support 1s now extended by one nucleoside.
Overall the complete addition of one monomer is highly efficient (>98%), however
there will be some unreacted hydroxyls bound to the solid support. To prevent the
extension of incomplete sequences, a capping step is introduced. The reagents used
for the capping step are acetic anhydride and N-methylimidazole. This cycle is

repeated for the addition of further nucleotides to the sequence. Figure 12 shows a

diagram of the synthetic cycle.

DMTrO Base1 HO o. Base’
k j Deprotection of 5' OH, H” k }
O

O

DMmTF @

BaseZ
t DMTrO—l O |

O
Cycle Continues Counling Ste NC F.’ J\

For n Bases
Tetrazole / MeCN
DMTrOj 0 B\ aseZ DMTFO—| 0 BaseZ’
X0 %
NC._~ R idati NC =
\ Oxidation ¥
O O O Base1 \/\0 \O O Base‘]
i 7 l, / H,O / THF k ﬁ
O

Figure 12. Synthesis of an oligonucleotide.

When the desired sequence has been synthesised the oligonucleotide is removed

from the solid support. This is carried out by addition of concentrated ammonia

12
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(NH4OH) to the column. To carry out this synthetic cycle, an orthogonal protecting
group strategy is employed. The reactive moieties of the DNA bases are protected

throughout the synthesis using base labile protecting groups. Figure 13 shows the

commonly used protecting groups.

Abz Glb
h N
deoxynbose deoxynbose
Benzoyl Protection Isobutyryl Protection

Figure 13. DNA base protection, N.B. thymine does not require protection.

Fast deprotection monomers are now commercially available which allow
deprotection of oligonucleotides at room temperature in a relatively short time
period. Traditional base protecting groups require extensive deprotection times at
elevated temperatures, therefore fast deprotection monomers are particularly useful
for the synthesis of oligonucleotides containing modifications which may be
sensitive to degradation. Figure 14 shows the structures of the fast deprotection

monomecer.

13
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O
dAtBPA H.,._N/LK/O
N AN
N
<1
N" N
deoxyribose

Tertiary-butylphenoacetamide Protection

Figure 14. Fast deprotection monomer.

The 5° hydroxyls also require protection during the synthesis but must be deprotected
easily to allow further coupling of nucleosides. To do this without removal of the

base protecting groups, the acid labile dimethoxy trityl group is used (figure 14).

OMe

Dimethoxytrityl (DMTr)Protection

Figure 15. 5’ Hydroxyl protection.

Both de-protection and cleavage from the solid support are carried out by the

addition of concentrated ammonia (NH4OH) to the column. Cleavage of esters and
the cyanoethyl group occurs quickly, however, removal of the amides requires some
time. The products obtained from this step will be the desired oligonucleotide plus

all the failure sequences from the synthetic cycle, which must be removed.

14
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1.2.3 Purification of Synthetic DNA

Purification of the oligonucleotide 1s normally carried out by High Performance

Liquid Chromatography (HPLC). There are two main types:

Ion Exchange

This technique utilises the charged nature of DNA to effect separation.
Oligonucleotides of different lengths possess differing unit charges due to the
negatively charged phosphate backbone, which have varying interactions with a
cationic HPLC column. The longer the oligonucleotide, the greater the affinity for
the column and therefore a higher salt concentration is required to neutralise the
charge and effect elution. The product elution i1s commonly monitored by UV
spectrometry, since the absorbance maxima of the DNA bases are 260 nm and 280

nm. This is an effective method of DNA purification both analytically and

preparatively.

Reverse Phase

The separation of products in reverse phase HPLC arises from variations in
hydrophobicity. In order to ensure maximum separation between the oligonucleotide
product and the shorter failure sequences, the final dimethoxy trityl protecting group
of the product may be retained during synthesis. This large hydrophobic group
ensures maximum separation and is removed once the pure oligonucleotide is

1solated.

These processes provide a single-strand (ss) synthetic oligonucleotide.

15
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1.2.4 Modified DNA

[t is often necessary to modify DNA to suit a particular end use. This can be done
easily and there are several structural aspects of DNA which lend themselves to
modification; the phosphate backbone, sugar units, bases, 3’ and 5° hydroxyls. Of
these, modification of the 5’ hydroxyl is the most readily accessible and is often

carried out for the addition of labels.

Modification at the 5’ hydroxyl can be carried out in two ways both using the same
initial concept. The label is attached to a linker molecule which is in turn attached to
the 5° hydroxyl of the DNA sequence (Figure 16). The linker serves two purposes:
to attach the label but also to act as a spacer between the DNA sequence and the label

in order to maintain the correct function of both and prevent steric interterence.

Figure 16. Schematic of modified DNA.

The first method to introduce a label involves the synthesis of an oligonucleotide
with the linker at the 5° end. This is done by synthesis of the phosphoramidite of the
linker which is added during standard automated DNA synthesis. The label can then

be manually coupled to the linker. This method is outlined in more detail in Chapter

2 of this thesis.

The second method involves synthesis of the phosphoramidite of the label. The
linker, containing a primary hydroxyl, is incorporated into the label to allow
phosphitylation. The phosphitylated label can then be coupled directly to the DNA
sequence as the final monomer during standard DNA synthesis and is outlined in

more detail in Chapter 3 of this thesis.

16
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1.2.5 Measurement of DNA Duplex Stability of Modified DNA

Modified oligonucleotides are often used as probes in a wide range of experiments
for example, in the elucidation of enzymatic / DNA interactions or for the detection
of specific DNA sequences.”'’ The utility of such probes is determined by the
stability of the double strand (ds) product subsequently formed. The stability of the
DNA duplex i1s generally determined using UV — Visible spectroscopy, utilising the
differing UV absorption between ss and ds DNA. At low temperatures
complementary ss oligonucleotides hybridise through hydrogen-bonded base pairs to
form predominantly ds DNA, a process called annealing. As the temperature of the
sample increases, the increase in energy and therefore molecular vibrations disrupts
the hydrogen bonding and dissociates the double helix into ss oligonucleotides, a

process known as DNA melting.

The UV absorbance is monitored over the cooling / heating cycle and provides a
profile of the annealing and melting processes. The point at which the concentration
of ds DNA equals the concentration of ss DNA is called the melting temperature
(Trm) and is used as a measure of the stability of the DNA duplex. Figure 17 shows a

typical UV melting curve.

ss DNA

Melting Temperature, Ty,

Absorbance

ds DNA

Increasing Temperature

Figure 17. A typical UV melting curve.

17
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Modified oligonucleotides can have three effects in comparison to the unmoditied
counterpart, an increase in stability or Ty, or a decrease or no effect at all. This has
implications for the ultimate use of the modified probe, therefore, the T, must be
assessed. For example if the probe is to be used as a primer and the modification
introduces a disruptive effect to the duplex, a lowering of the T, would result. A
lowering of the Ty, produces a less stable or distorted duplex could result in failure of

enzyme recognition processes, hence the primer would not be effective.

138
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1.3 Surface Enhanced Resonance Raman Scattering, SERRS. Spectroscor

1.3.1 General

Surface Enhanced Resonance Raman Scattering, SERRS, spectroscopy is a highly
sensitive and selective analytical technique, which has been employed in the analysis

11-13

of a wide range of molecules. Many factors make this technique ideal for the

analysis of biological samples. Water is a poor Raman scatterer, which means that
aqueous samples can be studied. This is ideal since nearly all biological processes
occur in water. Due to the extreme sensitivity of the technique, analysis of small
amounts of material is possible, which is often the case with the analysis of DNA. A
further advantage of using SERRS is that mixtures of substrates can be analysed,
since enhancement of the analyte alone occurs. Due to these factors there has been a
substantial amount of work carried out on the SERRS of biological molecules in the

17
past few years.l'4 !

1.3.2 Raman Scattering

In vibrational spectroscopy, there are various methods to observe transitions between
vibrational states in molecules. When monochromatic light interacts with matter,
among the processes which can occur are absorption or scattering. Scattering occurs
when the incident photon of excitation interacts with the electron cloud of the analyte
molecule. In the main these interactions are elastic, when the frequency and

wavelength of the scattered photon equals that of the incident photon. This is called

Rayleigh scattering.

However, one in every million collisions is inelastic and results in the transfer of
energy to or from the sample to the incident photon. This is called the Raman
effect.’® Where there is a transfer of energy from the photon to the sample there is an
observed decrease in the frequency of the scattered photon. This 1s Stokes Raman

scattering. On a molecular level this involves an electron in the lowest vibrational

19
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level of the electronic ground state becoming excited to a “virtual level’ equal to that
of the incident photon, before relaxing to an excited vibrational level of the

electronic ground state. During this process a photon with decreased frequency to

the incident photon is emitted.

Similarly, when energy is transferred from the molecule to the photon, anti-Stokes
Raman scattering occurs. An electron in a vibrational level of the electronic ground
state becomes excited to a ‘virtual level’ before relaxing to a lower vibrational level.
This causes emission of a photon with increased frequency to that of the incident

photon. The three scattering processes are outlined in the diagram below (Figure

18).

E

Vibrational energy

levels 1n the electronic

excited states

............................................................................................................................................................................................... Vil’tual Level

Vibrational energy

ground state

Stokes Raman  Rayleigh Scattering  Anti-Stokes Raman
Figure 18. Schematic of energy transitions involved in scattering processes

Since the population of the vibrational ground state is higher (from the Boltzmann

distribution: N, «c e ™*"), Stokes signals are much stronger than anti-Stokes and

therefore are used in Raman Spectroscopy.

20
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1.3.3 Resonance Raman

Resonance Raman scattering (RR) can be achieved by the careful tuning of the
frequency of the exciting radiation, so that the wavelength coincides with an

electronic transition within the analyte molecule. This results in a greatly enhanced

signal from the sample, up to five orders of magnitude greater than conventional

19

Raman. The frequency ot electronic transitions within the molecule can be

identified from UV/visible spectroscopy. Figure 19 illustrates the process of

resonance Raman scattering.

Vibrational energy
levels in the electronic

excited state

................................................................................................................................................................ Virtual Level

Vibrational energy

levels in the electronic

ground state

Raman Resonance Raman

Figure 19. Schematic showing the enhancement observed with RR
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1.3.4 Surface Enhanced Raman Scattering

Surface Enhanced Raman Spectroscopy (SERS) was first observed in 1974 by
Fleishmann ef al., when they measured an enhancement of Raman signals when they
adsorbed pyridine onto a roughened silver electrode.”® It was not until 1977 that
Albrecht and Creighton attributed this effect to surface enhancement.”! A 10°

enhancement originated from the plasmons on the metal surface. When the surface

was roughened, the facets enabled enhanced scattering.

There 1s no single theory or proof explaining the mechanisms by which surface

enhancement occurs. However, there are two main contributing components to the

overall effect:

Chemical Enhancement
An interaction between the adsorbed molecule and the metal via a chemical bond,
allows charge transfer between the energy levels of the adsorbate and the fermi level

of the metal upon illumination and accounts for part of the observed enhancement.

Electromagnetic Enhancement

Electromagnetic enhancement arises from the interaction of the scattered light from
the adsorbate with the oscillating surface plasmons of the roughened metal surface,

which acts as an antenna amplifying the scattered light.

The proposed mechanisms by which the enhancement occurs are complex and still

the subject of debate.

A problem with the technique was that the roughened silver surface required for
SERS was very difficult to characterise and gave poor reproducibility. This problem

22-26 yarious metals have been

was overcome by the use of colloidal suspensions.
studied, such as silver, gold and aluminium, but it was found that the greatest

enhancement is achieved using aggregated silver colloids.*
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There are two common colloid preparations; these involve the reduction of silver
nitrate by either sodium citrate or sodium borohydride. Both have been studied

extensively. It was shown that citrate reduced colloids have a more uniform particle

. Cee . 25, 26
size distribution and are more stable.

There are currently two schools of thought on the best conditions for obtaining SERS

signals from colloids. Nie and co-workers have observed intense signals from single

colloidal p.f;u"[icles.27 Others have tound that intense signals can be obtained when the

particles are aggregated into small clusters to provide the necessary enhancement
sites.”®  Aggregation can be achieved by the use of substances that reduce surface
charge such as inorganic salts, acids, spermine or poly-ionic polymers such as poly(-
L-lysine). However, it has been shown that use of poly-ionic polymers provides a

more controlled aggregation and therefore more reproduciblie results.

SERS is a very useful spectroscopic tool as it provides structural and orientational
information about the sample. Fluorescence is also quenched by surface adsorption,

which allows a wider range of samples to be analysed.
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1.3.5 Surface Enhanced Resonance Raman Scatterin

Surface Enhanced Resonance Raman Scattering was first observed in 1983 by Stacy
and Van Dyne, when they noticed a 10" increase in signals.?? The technique utilises

both SERS and resonance Raman to give a highly sensitive and selective technique.

The requirements for SERRS activity in a molecule are a visible chromophore and a
surface complexing group, for adsorption to the metal surface. A chromophore is
required, since the most common sources of excitation are lasers in the visible
region, therefore the electronic transition being enhanced within the analyte must be
in the visible region. These requirements limit the range of molecules that can be
analysed. SERRS analysis of suitable molecules provides many advantages over

conventional Raman:

e Structural and electronic information is obtained

e Sensitivity is greatly increased

e Lower powered excitation radiation can be used, which reduces the possibility
for sample heating and decomposition

e Fluorescence is quenched in SERRS therefore allowing the analysis of both

fluorophores and non-fluorophores

When SERRS is observed, excellent sensitivity is obtained. The technique has been

employed qualitatively and semi-quantitatively in several areas such as in the study

of dyes and biological samples.lz’ 30-34
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1.3.6 SERS and SERRS Analysis of DNA

In the early 1980s, when the strengths of the SERS and SERRS techniques began to

be realised, research became focused on the area of biological analysis. To date

there have been extensive studies of substances such as nucleic acids, amino acids,

30-34

proteins and membranes. Initial Raman investigations of DNA utilised the

SERS effect. Individual DNA bases and nucleic acids were adsorbed onto silver
surfaces and the spectra studied.™’ Mixtures of DNA related compounds have also
been analysed.38 Kneipp er al obtained SERS spectra of DNA but found that samples
had to be left for long periods of time before the nucleic acid equilibrated and
reached the silver surface to give a signal.'” Other applications of SERS include the
measurement of DNA adducts formed by reaction of DNA with cytotoxic
compounds.” Vo-Dinh er al have developed a gene probe for the detection of
specific DNA sequences and have reported sensitivities in the micromolar range.
However, sample and SERRS substrate preparations are complex and time

consuming.****

The use of SERRS for the analysis of DNA is an attractive proposition, since the
sensitivity and stability of signals obtained using this technique provides the means
of reliable analysis. SERRS has been utilised for the analysis of antitumor drugs and
dyes to probe their interactions with the DNA double helix by observing spectral

changes from the free intercalator species and the DNA-intercalator complex. 43-46

The direct analysis of DNA by SERRS is not possible due to two factors:

1. DNA does not possess a chromophore in the visible region; therefore a label must

be incorporated into the sequence to allow detection.

2. DNA is poly-anionic due to the phosphate backbone, and does not readily adsorb

to the silver surfaces commonly used to provide SERRS enhancement.
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Recent work within the group outlined the SERRS detection of modified DNA M
using two fluorescent labels, HEX and rhodamine 6G.

Rhodamine 6G has amino groups in the structure of the dye, which attract to the
silver surface to allow detection. For the negatively charged HEX label, the problem
of surface repulsion was alleviated by the use of modified DNA bases. These
contained propargyl amino groups at the end of the sequence that became positively
charged in solution and attracted to the colloidal surface. This allowed detection of

the modified oligonucleotide down to concentrations of 8 x 10™> M.

From this work, it followed that greater reliability and sensitivity could be obtained 1t
DNA could be modified to produce a more substantial interaction with the colloidal
surface. It has been known for some time that benzotriazole complexes covalently
with metal surfaces and indeed it is used as a corrosion inhibitor for copper.”
Previous work has shown how benzotriazole azo dyes are excellent compounds for
SERRS detection.®® The triazole ring of benzotriazole is thought to form an
irreversible bond with the colloidal surface providing surface enhancement and the
azo chromophore provides the resonance component. With this in mind, this thesis
outlines the modification of DNA to contain specifically designed SERRS active
labels and their subsequent SERRS analysis.



Chapter 1

1.4 Aims of Research

The primary aim of the research is to attach a specifically designed SERRS label to
the 5° end of a synthetic sequence of DNA. The oligonucleotide must be modified to
include a surface complexing group and a chromophore, to provide the resonant

enhancement. Two methods of attachment are proposed.

|. Attachment of the SERRS label vig an amino-linker.

2. Incorporation of the SERRS label via phosphoramidite chemistry.
Finally, on successful completion of the above aims, the labelled oligonucleotides

will be evaluated using SERRS spectroscopy and a possible application of the probes

investigated.
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Chapter 2
Attachment of a SERRS Label to DNA via an Amino

Linker
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2.0 Attachment of a SERRS Label to DNA via an Amino Linker

2.1 Introduction

The first approach attempted for the introduction of a SERRS label to the 5°

hydroxyl of DNA was via an amino linker. The bifunctional linker contained a

primary hydroxyl to allow phosphitylation and subsequent coupling to DNA during

standard automated synthesis. Secondly the amino functionality provided a reactive
group at the end of the modified oligonucleotide to which the SERRS label could be

covalently attached using a standard peptide coupling agent. The scheme outlined in

Figure 20 shows this methodology.

1. Remove Protecting Group

‘ 2. Couple SERRS Label

Figure 20. The amino linker methodology.
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2.2 Synthesis of DNA Containing an Amino Linker

The linker used for this purpose was 6-aminohexan-ol for the properties outlined in
section 2.1 of this chapter. The phosphoramidite of the linker was synthesised to
allow coupling to the 5’ hydroxyl as the final step during automated DNA synthesis.
In order to achieve this the reactive primary amine required to be protected for the
phosphitylation step and indeed throughout the synthetic cycle for the synthesis of
DNA. This was carried out using a monomethoxy trityl protecting group strategy
devised by Uhlmann et al. to give compound [1] in 57 % yield.”' Phosphitylation of
the protected linker gave phosphoramidite [2] in good yield (99 %).’ ° This strategy

is outlined in Figure 21.

Pyridine / DMAP . H
N~~~ -
) OH N ™o
PTG
ase
g R
0O

CN

§

\

g

THF / DIPEA

Figure 21. Synthesis of the phosphoramidite of the linker.
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Phosphoramidite [2] was incorporated into various sequences of synthetic DNA as
the final monomer during standard DNA synthesis, with an extended coupling time
and double delivery of the modified monomer. The coupling efficiency of the linker
was comparable to that of commercial monomers. The final monomethoxy trityl
protecting group was removed using trichloroacetic acid as the final step in the
automated synthesis resulting in a primary amine at the 5° end of the oligo. The
primary amine was then free to couple to the carboxylic acid derivative of the

SERRS active label to form a covalent amide linkage between the oligo and the

label.
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2.3 Synthesis of SERRS Active Labels

The aim of this piece of work was to synthesise a series of SERRS labels that were
suitable for further derivatisation in order to couple to DNA. Previous work by
Graham ef al. on the SERRS analysis of DNA labelled with commercially available
fluorescent dyes, indicated that stronger interactions between the labelled DNA and
the silver colloidal surface provided improved enhancement of the SERRS spectrum.
This work utilised DNA probes moditied with propargyl amino groups at the 5°

terminus, which 1n solution can form electrostatic interactions with the negatively

charged colloidal particles.*’*

From this work 1t followed that greater reliability and sensitivity could be obtained if
the DNA probe could be modified to produce a more substantial interaction with the
colloidal surface. It has been known for some time that benzotriazole complexes
strongly with metal surfaces and indeed the benzotriazole group is thought to
displace the citrate layer on the surface of the colloid to form an irreversible bond
between the triazole ring and the silver surface.” Unlike the attachment of propargyl
amino groups through electrostatic attraction, a chemical bond is formed which is an

irreversible process and is therefore more robust.

A starting point for the synthesis of the SERRS labels was the benzotriazole group,
since one of the most important requirements of the label i1s excellent surface
complexing properties. Secondly, the label must possess a chromophore in the
visible region to provide the resonance component of the SERRS spectrum. For this,
two well known classes of dye were investigated, the azo and the fluorescein.

Incorporation of the benzotriazole group into both azo and fluorescein dyes was

attempted.

32



Chapter 2

2.3.1 Synthesis of Azobenzotriazole Dyves

The azo chromophore was chosen for several reasons. The dyes are relatively simple
to prepare and the nature of the diazonium coupling reaction (figure 22) provides

great flexibility for the synthesis of many different dyes with varied functional
groups.

R1 — NH2, OH,

Figure 22. Schematic of the diazonium coupling reaction.

This flexibility is essential for the work detailed in this thesis, since two important
factors must be accommodated, i.e. introduction of the benzotriazole group and a
means of attachment ot the dye to DNA. Introduction of the benzotriazole group is
possible by two methods. By torming the diazonium salt (compound A in figure 22)
of the benzotriazole group then coupling to a suitable coupling agent (compound B in
figure 22). Alternatively a diazonium salt could be coupled to a benzotriazole
compound. Greater flexibility and ease of synthesis can be achieved by formation of

the benzotriazole diazonium salt then coupling to a wide range of different coupling

components.
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The benzotriazole diazonium salt was synthesised by a standard diazotisation
reaction. In each case, 5-aminobenzotriazole was dissolved in 50% aqueous

hydrochloric acid and diazotised by the addition of sodium nitrite solution at 0°C

(Figure 23).

N
NH, W @
NaN02 / 50% HCI (aq)
0 °C
N N
N—N N—N
H H

Figure 23. Standard diazotisation of 5-aminobenzotriazole.

The azobenzotriazole dyes were then produced by electrophillic attack of the
diazonium ion on the chosen coupling components, which were dissolved in buffer

solutions. The general coupling reaction is shown in figure 24.

R
N%N*B CI@ R1
+ Buffer, pH 6 Rz Rz
_ — . N ~
N
R R
,,N 2 2
,N=N
H R' = NH,, OH N
R?=H, OMe HN-N

Figure 24. Coupling reaction to form the azobenzotriazole dye.

There are two main requirements of the coupling component. The compound must
contain a suitable functional group to allow derivatisation to the carboxylic acid and
subsequent coupling to the amino modified oligonucleotide. Secondly the compound
must be aromatic and electron rich or contain electron—donating substituents (R; in

the above diagram) para to a site suitable for derivatisation, since the benzotriazole

diazonium is a weak electrophile.
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The first dye synthesised was N-[2-(4’-5"-azobenzotriazolyl)naphthalen-1-yl)-
amino-ethyl]succinamic acid [4], shown in Figure 25. The coupling component, N-
(1-naphthyl)-ethylenediamine, was chosen since it has an electron rich naphthyl ring
in addition to a secondary amine that donates electron density into the ring via the
lone pair of electrons. Due to this activation, electrophillic attack of the

benzotriazole diazonium in sodium acetate buffer produced dye [3] in 73% yield.

H-...N/\/NHz o H\N/\/NHz
Cl
" . N-::e-N@ NaOAc pH6 / Acetone “
N
[3] N

Figure 25. Synthesis of N-[2-(4’-5’’-azobenzotriazolyl)naphthalen-1-yl)-amino

ethyl] succinamic acid.

The primary aliphatic amine of the substrate provides the means of further
derivatisation. This aliphatic side chain containing a primary amine was required
since previous unpublished work by Graham er al”> on the attempted derivatisation

of N-[4-(5 -azobenzotriazoyl)naphthalen-1-yl]amine proved unsuccessful. This was
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due to the reduced nucleophilicity of the primary amine due to the electron-
withdrawing nature of the benzotriazole group. Introduction of the primary aliphatic
amine provided the means for facile further derivatisation of the dye for addition to
the amino oligonucleotide. In this case derivatisation was carried out by reaction

with succinic anhydride to produce the carboxylic acid derivative [4] in 66% yield.

The second coupling agent used was 2-amino-4,6-dimethoxypyrimidine. This
compound was chosen since the amine and methoxy groups add electron density.
The primary amine can also be derivatised for addition to DNA, again using succinic
anhydride to form the carboxylic acid. In this case the primary aromatic amine was
expected to be sufficiently nucleophilic to derivatise due to the increased electron

density provided by the pyrimidine ring. Figure 26 shows the synthesis of N-[5-(5 -

azobenzotriazoyl)-4,6-dimethoxy-pyrimidin-2-yl]-succinamic acid {6].
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Figure 26. N-[5-(5’-Azobenzotriazoyl)-4,6-dimethoxy-pyrimidin-2-yl]-succinamic

acid.

The diazotisation of 5-aminobenzotriazole and coupling to 2-amino-4,6-
dimethoxypyrimidine was carried out on a small scale initially (50 mg) as a test. The
expected azo dye [S] was obtained but also an unknown red compound was isolated.
The reaction was repeated on a large scale in order to characterise both products,
however, the reaction predominantly yielded the desired product [S] (64%). It was
thought that the formation of side product could be linked to pH, since the
concentrated hydrochloric acid used in the diazotisation was in higher ratio to

coupling butter in the small-scale reaction.
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To test this a series of test coupling reactions were carried out under carefully
controlled pH conditions, at pH | and pH 6. As expected the reaction carried out at

pH 1 produced more of the side product, whereas the reaction at pH 6 produced

predominantly the desired azo dye.

'H NMR analysis of the side product showed the presence of 5 aromatic protons: a

singlet at oy 9.06 (H1) and four doublets at 8.46 (H2), 8.07 (H3), 8.01 (H4) and 7.18
(H5). The coupling constants of the doublets were 8.95 Hz for H2 and H4 and 9.02
Hz for H3 and HS. This suggests that H2 is positioned ortho to H4 on the aromatic
ring and similarly H3 is ortho to H5. [Initially, it was thought that an internal

rearrangement reaction was occurring to produce the following compound (figure

27).

NH.

A

Figure 27. Proposed structure of side product.

This structure agrees with the observed 'H NMR data. However a proposed
mechanism was unknown. During the synthesis of subsequent azo dyes, the same
side product was isolated, irrespective of coupling agent. This suggests that
formation of the side product is independent of coupling agent and dependent on the
benzotriazole diazonium. It is possible that the benzotriazole diazonium coupled to

unreacted 5-aminobenzotriazole starting material through the primary amine to form

a triazene compound (figure 238).
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Figure 28. Formation of a triazene.

Since the reaction is carried out in conc. hydrochloric acid, this allows rearrangement

of the triazene by a 1/C-hydro-3/N-arylazo-interchange to form the following azo

dye (figure 29).>*

Figure 29. Rearrangement reaction to form the azo dye.

This rearranged structure agreed with the 'H NMR spectra obtained. In addition
mass spectral analysis confirmed the presence of the molecular ion. The formation
of this side product could be due to incomplete diazotisation of the starting material

which led to steps being taken to improve this process for future work.

The final step in the synthesis was functionalisation of the amine to a carboxylic acid

and was carried out by reaction of compound [S] with succinic anhydride.
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Previous analogous azobenzotriazole dyes proved unreactive, due to the electron-

withdrawing nature of the azobenzotriazole reducing the nucleophilicity of the

reacting amine. The reaction of compound [S] with succinic anhydride was carried

out in DMF with catalytic amounts of DMAP to improve reaction yields. The
desired product [6] was obtained in 82 % yield.

The final dye synthesised used 3,5-dimethoxyphenol as the coupling agent. In this
case the methoxy groups activate the ring towards electrophilic attack and the phenol
provides the means of derivatisation via ether synthesis. The following reaction

route (Figure 30) outlines the synthesis of [3,5-dimethoxy-4-(5’-azobenzotriazoyl)

phenoxy]-pentanoic acid [9].
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Figure 30. Synthetic route to [3,5-dimethoxy-4-(5’-azobenzotriazoyl) phenoxy]-

pentanoic acid.

3,5-Dimethoxyphenol was derivatised by a standard Willlamson ether synthesis to
introduce the carboxylic acid group, protected as the methyl ester. The reaction was
carried out in acetonitrile with DBU, which deprotonated the phenol to allow
nucleophilic displacement of bromide from bromovalerate to form compound [7] in
82% vyield. The diazonium salt of S5-aminobenzotriazole was synthesised as
described previously, then coupled to compound [7] in a mixture of sodium acetate
buffer (pH 6) and acetone, to give the azo dye [8] in 65% yield. However, repeating
the synthesis ot the azo dye proved problematic, this was attributed to the reduced
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activity of the aromatic ring towards attack by an electrophile, on formation of the

ether.

T'o counter this problem, a second route was attempted to obtain a dye with the same

chromophore. The strategy was altered from derivatisation of the coupling agent to

formation of the azobenzotriazole dye followed by derivatisation (Figure 31).

OH
OH
N$N® e
Cl
+ NaOAc pH6 MeO OMe
MeO OMe Acetone NJ.:-N
'N [(10]
,N—N
H
.:,N
DBU / MeCN _N—N
O O i

I 1 [11]
MeO
"

Figure 31. Revised reaction route.

/\/\)J\ -~ /\/\/U\
0 O Br o~
OMe
N
N
N
N—N

The first step of synthetic pathway was formation of the azobenzotriazole dye using
3,5-dimethoxyphenol as the coupling agent. This reaction was carried out
successfully to give the orange solid 4-(5’-azobenzotriazoyl)-3,5-dimethoxy-phenol,

[10] in 64 % yield.
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The final step in the synthesis involved introduction of the carboxylic acid
functionality which was carried out by reaction of the phenol with 5-bromovalerate
as before. Several products resulted from this reaction due to the base DBU

deprotonating both the phenol and the triazole ring resulting in reaction at both sites.

T'herefore a suitable protecting group was required to protect the triazole ring during

the synthesis. Figure 32 shows two protecting groups that were assessed.

OH OH

OH
OMe N MeO OMe
NQN MMTrCl / Pyridine MeO OMe TrCl/ Pyridine N -
- e ——— °N

DMAP = DMAP [13]

N
[10]
oL P,
N-N N N—-N
/N—N
H

Figure 32. Protection of the triazole ring of 4-(5’-Azobenzotriazoyl)-3,5-dimethoxy-
phenol.

The protecting group was chosen to be easily removed after coupling to the DNA
sequence. The acid labile monomethoxy trityl group, MMTr, (analogous to the
dimethoxy trityl group used as a standard DNA protecting group) was used initially,
however, the product readily decomposed on purification. Secondly the less labile
trityl protecting group was employed successtully to selectively protect the triazole
ring in the presence of the free phenol, forming product [13] in 69 % yield. The

ether synthesis was repeated using the protected azobenzotriazole dye under the same

reaction conditions (Figure 33).
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H /\/\/U\
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YN O N
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Br O/ [14]
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O

MeO OMe
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;,N
N—N
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Figure 33. Derivatisation of the trityl protected azobenzotriazole dye.

The ether synthesis was successful, providing compound [14] in 96 % yield. The
carboxylic acid was obtained by cleavage of the methyl ester by treatment with 5 %
methanolic potassium hydroxide under reflux conditions. The desired dye 5-[3,5-
dimethoxy-4-(1-trityl-5’-azobenzotriazoyl)-phenoxy]-pentanoic acid, was obtained in

88 % yield.

This gave three dyes capable of addition to an amino-linked oligonucleotide.
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2.3.2 Synthesis of a Benzotriazole Rhodamine Dye

T'o turther increase the range of SERRS labels, attempts were made to synthesise a

benzotriazole rhodamine dye. This dye should combine the excellent SERRS

1

properties already observed for rhodamine’, with the surface complexing ability of

benzotriazole. Modification of the dye itself (for example the carboxylic acid) was

not practical since further functionality was required for addition of the dye to DNA.

Figure 34 shows the structure of rhodamine 6G.

I COOH
‘ )
H. ~H
N

0 SN

) N

Figure 34. Structure of rhodamine 6G.

It was proposed to incorporate benzotriazole directly into the xanthene ring during
synthesis of the dye, however very little literature is available on the synthesis of

rhodamine compounds. A method used by Scala-Valéro et al > was attempted

(figure 35).

o O
ZnCl; COOH
Phthalic Anhydrlde
/@ - O L
N
~ N

) 190 °C

Figure 35. The Scala-Valéro method of rhodamine synthesis.
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In order to incorporate benzotriazole into the xanthene ring the following scheme

was proposed (figure 36):

ZnCl,

O
116] N DMF / Reflux

N=N N=N

Figure 36. Proposed synthesis of a benzotriazole rhodamine dye.

This synthetic route requires the synthesis of 4-hydroxybenzotriazole [16] since this
Is not a readily available starting material. Compound [16] has been synthesised
previously using various methods, however a simpler synthesis was carried out using
2,3-diaminophenol.” The desired compound was obtained by a ring closure

reaction, outlined in figure 37.”

OH NaNO, / 0 °C OH

NH;  Acetic Acid / H,0 N
NH,

Figure 37. Synthesis of 4-hydroxybenzotriazole.

The synthesis of Bt rhodamine was attempted as described above, however no dye
was obtained. The reaction formed a brown polymeric residue. This could be due to
one of two factors. Available literature indicates that the phenol of the starting
material must be meta to the reacting amine. In the case of 4-hydroxybenzotriazole
the phenol is meta to N(1), the requirement may be that the phenol should be meta to

the entire triazole ring. In this case the reaction should be repeated with 5-

hydroxybenzotriazole.
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Another possibility for the failure of the reaction 1s the ability of benzotriazole to
complex to metals in particular the Zn of the catalyst, which could account for the
brown polymeric material in the reaction mixture. This problem could be overcome
by the protection of the triazole ring. The complex nature of this reaction and the

failure to isolate sufficient characterisable products led to this route being abandoned

in favour of more fruitful work.
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2.4 Coupling of the SERRS Label to DNA Containing an Amino Linker

The final step in the modification of DNA at the 5° hydroxyl via an amino linker, is

the coupling step. The derivatised label is activated by means of a coupling agent to
provide a reactive intermediate that readily reacts with a primary amine thus ensuring
maximum coupling efficiency. One such coupling agent is 1,1-carbonyldiimidazole
(CDI). Work by Hirokawa et al’® outlined the use of CDI for the activation of a
carboxylic acid group in the presence of the benzotriazole moiety, without protection
of the triazole ring. Therefore CDI was used as a means of selectively activating the

carboxylic acid of the azobenzotriazole dye series before coupling to DNA. Figure

38 shows a schematic of the activation reaction.

O
P 0
O 7 N7 NN
N N
L T S W SERRS)LN/%JQ_ ’
SERRS™ “OH l—/
DMF / 40 °C

Active imidazolide

Figure 38. Activation of the SERRS label.

A solution of the SERRS label in DMF was prepared and treated with CDI, the
reaction was heated to 40 °C for 15 minutes and allowed to cool to room
temperature. The resulting active amide was introduced to the column containing the
bound amino-oligonucleotide (outlined in section 2.2 of this chapter). Nucleophillic
attack by the free amine at the 5° end of the oligo on the carbonyl of the active
intermediate led to the displacement of imidazole, followed by formation of the
amide bond. This process was carried out on the solid support to effect maximum
efficiency of the coupling reaction, since a large excess of activated dye could be
flushed through the column containing the solid support. Another advantage of
carrying out the reaction on the solid support was ease of purification of the product

since all unreacted dye and impurities could be washed from the column leaving the
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pure labelled product bound to the solid support.

The modified oligonucleotide was then cleaved from the solid support and the

protecting groups removed using ammonia. The products were purified by reverse

phase HPLC and initially de-salted by passing through a Sephadex size exclusion

column prior to use.

The following oligonucleotide containing the amino linker was synthesised.

DQA Primer Sequence:
5" NH,-Ce-GTG CTG CAG GTG TAA ACT TGT ACC AG 3°

Using the procedure outlined above, the SERRS labels [4], [6] and [15] were

activated and coupled to the primary amine at the 5’ end of the above DNA sequence

(figure 39).

oI o
Meo)\%\OMe MeO OMe

~ N-..':_"- N*-:‘
Now 4] N [6] N s
N N ¥ N
N N—N ~N
H/N N H/ Tr/
Oligo 1 Oligo 2 Oligo 3

Figure 39. The three SERRS labels coupled to the DQA sequence.

Figure 40 shows the HPLC traces of Oligo 1 and Oligo 2.
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Figure 40. Reverse phase HPLC traces of labelled oligonucleotide purification.

In the case of Oligo 3 the labelled oligonucleotide was cleaved from the solid
support in the usual way. The trityl protecting group was removed during HPLC
purification by on-column de-tritylation, this involved a wash step of 5%

trifluoroacetic acid. Figure 41 shows the HPLC trace obtained for the on-column

de-tritylation.
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Figure 41. Reverse phase HPLC purification of Oligo 3.

MALDI TOF mass spectrometry was attempted to characterise the oligonucleotide

products, Table 1 below shows the results obtained for the labelled oligonucleotides.

Oligonucleotide I Calculated Mass | Observed Mass
h Oligo 1 8538.92 8586.81

' 8617.92 8562.05
8486.74 1799 .96

Oligo 2
Oligo 3

Table 1. MALDI TOF mass spectrum data for amino-linked oligonucleotides.

The required molecular ions were not found, however the observed molecular ions
were only found in low concentrations. If the coupling of the azobenzotriazole dyes
had failed, the main product would be the full sequence containing the amino linker

minus the azobenzotriazole dye, with a molecular weight of 7359.91 in each case.
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UV spectrometry of the product purified by HPLC gave a characteristic DNA peak at
260 nm and subsequent analysis by SERRS indicated the presence of the Bt dye.
This provided evidence that the oligonucleotide was probably as expected due to the

nature of solid phase synthesis.

A possible explanation for the failure to observe the molecular ion is the fact that
these novel azobenzotriazole dye oligonucleotides have different properties to
standard labelled oligonucleotides. This could mean that the samples require a large
amount of method development to obtain the optimum sample matrix for analysis.
Additionally, the metal complexing ability of the benzotriazole group may be
preventing the analysis of the oligonucleotide by complexing to the metal within the
mass spec probe itself. It was not possible to carry out method development work

for the analysis of these samples due to limited instrument availability.
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2.5 Conclusion

A series of novel azobenzotriazole dyes were designed and synthesised in order to
contain a metal surface attachment group and also chromophore in the visible region
to allow detection by SERRS. The carboxylic acid derivatives of three novel
azobenzotriazole dyes were synthesised and coupled successtully to an

oligonucleotide modified to contain a primary amine at the 5° end. The first labelling

of DNA with a specifically designed SERRS label was achieved.”

53



2.6 Experimental

2.6.1 General

Solvents were of laboratory grade except those used for the purification of DNA,
which were of HPLC grade. Tetrahydrofuran was distilled from sodium metal and
benzophenone; pyridine was distilled from CaHo: triethylamine and
diisopropylethylamine were dried over CaH,: anhydrous N, N-dimethylformamide
was purchased from Aldrich. 5-Aminobenzotriazole was supplied by Lancaster and
all other chemicals were supplied by Aldrich or Fluka. Thin layer chromatography
(TLC) was carried out on silica gel 60 Fysq, 0.2 mm layer backed with aluminium
(Merck). Flash chromatography was carried out using silica gel 60, mesh 200-300

(Prolabo). The following solvent systems were employed for T.L.C analysis:

A = Hexane — ethyl acetate (1:1, v/v)

B = Ethyl acetate

C = Ethyl acetate — methanol — ammonia (5:1:1, v/v)
D = Dichloromethane — methanol (9:1, v/v)

E = Dichloromethane — methanol (8:2, v/v)

F = Hexane — ethyl acetate (2:1, v/v)

G = Dichloromethane

All samples for analysis were dried over P,Os under high vacuum. Mass Spectra
were recorded on a Jeol IMS AXS505 mass spectrometer. IR spectra were recorded
on a Unicam Mattson 1000 series FTIR spectrometer using NaCl plates. UV spectra
were recorded on a Perkin-Elmer Lambda 15 ultraviolet-visible spectrometer

operating PECSS?2 software. NMR spectra were recorded on a Bruker DPX400 MHz

Spectrometer.
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The synthesis of oligonucleotides was carried out using an Applied Biosystems

Expedite 8909 System. All reagents for DNA synthesis were supplied by Applied
Biosystems, including the Expedite fast de-protection monomers used for DNA
synthesis. The estimated loadings of the columns were 0.2 umol or 1.0 umol. HPLC

grade solvents were used for the purification of DNA and all buffers were filtered

prior to use. Ultra pure water for final dissolution of the synthetic oligonucleotides

was purchased from Fischer.

General Procedure 1: Diazotisation of S-Aminobenzotriazole

S-Aminobenzotriazole (1.1 eq.) was dissolved in 50% aqueous HC! (5 ml) and
diazotised by dropwise addition of sodium nitrite solution (1.2 eq. in Sml H,0) at
0°C. The coupling component (1.0 eq.) was dissolved in sodium acetate buffer (1.0
M, pH6) to which the diazonium solution was added dropwise at room temperature.
The solution was allowed to stir for 1-24 hours. The resulting azobenzotriazole dye

precipitated from solution and was collected by filtration. The pure dye was

obtained by wet flash column chromatography.

General Procedure 2: Phosphitylation Reaction

The alcohol was co-evaporated with anhydrous THF (3 x 15 ml) and then dissolved
in anhydrous THF (15 ml). To the stirring solution, anhydrous
diisopropylethylamine (4 equivalents) was added under nitrogen. 2-Cyanoethyl-N,
N-diisopropylchloro-phosphoramidite (1.1 equivalents) was added dropwise and the
reaction allowed to stir for one hour. After this time the solvent was removed and
the residue redissolved in ethyl acetate (50 ml). The organic layer was washed with
saturated potassium chloride (20 ml), dried over anhydrous sodium sulfate and the
solvent removed in vacuo. The resulting oil was purified by wet flash column

chromatography, eluting with 100 % ethyl acetate, using silica pre-equilibrated with
1% triethylamine.
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2.6.2 Chemical Synthesis

6-(Monomethoxy trityl)hexan-1-ol {1]

[

N\/\/\/\
g .
O_...

6-Aminohexan-1-ol (0.500 g, 4.27 mmol) was co-evaporated with anhydrous
pyridine (3 x 10 ml) and then dissolved in anhydrous pyridine (7 ml) with anhydrous
tricthylamine (0.2 ml). (4-Methoxyphenyl)-diphenylmethyl chloride (1.251 g, 4.05
mmol, 0.95 eq.) was dissolved in anhydrous pyridine and added in three portions at
forty five minute intervals to the stirring amine solution and left for thirty minutes.
The reaction was quenched with methanol (3 ml) and the volume reduced in vacuo.
The residue was re-dissolved in ethyl acetate and extracted with sodium carbonate
(20 ml of a saturated solution), washed with water (20 ml) and then with saturated
potassium chloride (20 ml). The organic extract was dried over anhydrous sodium
sulfate and the solvent removed in vacuo. The residue was purified by wet flash
column chromatography, eluting with hexane / ethyl acetate in a 1:1 ratio. Silica was

pre-equilibrated with 1 % triethylamine. The product was collected and the solvent

removed to yield a yellow oil (0.952 g, yield 57.3 %). R¢(A) 0.46, 'H NMR (CDCl5)
Sy 1.23 (4H, m, CH»); 1.37 (2H, t, J 6.5, CH>); 1.42 2H, t, J 6.6, CH>); 3.71 (3H, s,
O-CH;); 4.02 (2H, t, J 7.1, N-CH,); 4.31 (2H, t, J 5.1, O-CHy); 6.84 (2H, d, J 8.9,
ArH); 7.16 (2H, t, J 7.4, ArH); 7.27 (6H, t, J 7.6, ArH); 7.38 (4H, d, J 7.9, ArH)
M/z (EI) 389.2363 [C26 H3; N O, (M') <2.1 ppm].

56



Chapter 2

1-(2-Cyanoethyl N,N-diisopropylphosphoramidite)-6-[(monomethoxy
trityljhexane [2]

Phosphitylation of compound [1] (was carried out using general procedure 2.

Product [2] was obtained as a yellow oil (1.283 g, 2.176 mmol, 99.1 % yield). Rf(B)
0.79, >'P NMR, (CDCl), reterenced to phosphoric acid, &p 147.90 (s).

N-[4-(S’-Azobenzotriazoyl)naphthalen-1-yl]ethylenediamine [3]

H\N/\/NHQ

5-Aminobenzotriazole (0.854 g, 6.37 mmol, 1.1 eq.) was diazotised using standard
procedure 2. The diazonium solution was then added dropwise to N-(1-naphthyl)-
ethylenediamine (1.500 g, 5.79 mmol, 1.0 eq.) dissolved in sodium acetate buffer
(1.0 M, pH 6.0, 60 ml) and acetone (60 ml) and left to stir for 20 minutes. The
acetone was then removed in vacuo and the resulting orange solid isolated by

filtration. Trituration from methanol with diethyl ether yielded an orange solid in
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73% yield (1.390 g, 4.20 mmol). R¢(C) 0.13, 'H NMR [CD;OD] 8y 2.92 (2H, t. J
6.2, CH>); 3.37 (2H, t, J 5.5, CH>); 6.70 (1H, d, J 8.7, ArH); 7.52 (1H, t, J 7.8, ArH):
7.65 (1H, d, J 7.6, ArH); 7.71 (2H, s, AtH); 7.90 (1H, d, J 8.6, ArH); 8.18 (1H, s,
ArH); 8.32 (1H, d, J 8.5, ArH); 8.97 (1H, d, J 8.4, ArH); 8¢ [CDs0D] 41.40 (CH,):
41.56 (CHy); 104.26 (CH); 114.93 (CH); 115.13 (CH); 116.58 (CH); 117.47 (CH);
122.20 (CH); 123.98 (C); 124.73 (CH); 126.03 (CH); 127.91 (CH): 134.65 (C):

139.91 (C); 146.12 (C); 146.76 (C); 149.00 (C); 151.30 (C); Amax (MeOH) 448 nm
€260 21.2 mlumol'cm™. M/z (FAB) 332.16339 [C)sHisN; (M + H)" < 3.1 ppm].

N-[2-(4’-(3°’-Azobenzotriazolyl)naphthalen-1yl)-aminoethyl]succinamic acid [4]

O

Succinic anhydride (0.363 g, 3.63 mmol, 1.2 eq.) dissolved in acetone (20 ml) was
added dropwise to compound [3] (1.000 g, 3.02 mmol, 1 eq.) dissolved in
dimethylformamide (100 ml) and left to stir for 18 hours. The solvent was removed
in vacuo and the residue applied directly to the top ot a wet flash column. The

product was eluted using 5:1:1 ethyl acetate/methanol/conc. ammonia to yield an
orange solid in 66% yield (0.856 g, 2.00 mmol). R¢(C) 0.11, H NMR (ds-DMSO) oy
3.20 2H, t, J 6.1, CH»); 3.25 (2H, t, J 6.6, CH>); 4.24 (4H,brs, CH>); 7.57 (1H, d, J
8.7, ArH); 8.06 (1H, brs, CONH); 8.36 (1H, t, J 8.1, ArH); 8.49 (1H, t, J 7.3, ArH);
8.76 (3H, m, ArH); 9.05 (2H, d, J 8.6, ArH); 9.10 (1H, brs). M/z 432.17974
[C22H2oN703 (M + H)™ < 3.1ppm].
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5-(5’-Azobenzotriazoyl)-4,6-dimethoxy-pyrimidin-2-ylamine [5]

NH.

N|)\N
-
OMe
N
N
; f,N
N—N
H

5-Aminobenzotriazole (1.209 g, 9.01 mmol) was diazotised using general procedure

/,

MeO

1. The resulting diazonium was added dropwise to a solution of 2-amino-4,6-
dimethoxypyrimidine (1.272 g, 8.20 mmol) dissolved in sodium acetate buffer (40
ml, 1M, pH6) with 20 ml of acetone. An orange compound precipitated and was
collected by filtration. The pure dye was isolated by wet flash column
chromatography, eluting with methanol in DCM (0 — 10%) to give compound [3] in
64% yield (1.560 g, 5.20 mmol). R¢(C) 0.25, 'H NMR (ds-DMSO), 8y 3.95 (6H, s,
O-CH3); 7.42 (2H, brs, NH,, peak disappears on addition of D,O); 7.78 (1H, d, J 8.9,
ArH); 7.96 (1H, d, J 8.9, ArH); 8.02 (1H, s, ArH). M/z (FAB) 301.11694
[C1oH13NgO; (M+H)™ < 2.6 ppm].

N-[5-(5’-Azobenzotriazoyl)-4,6-dimethoxy-pyrimidin-2-yl]-succinamic acid [6]
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Compound [5] (0.117 g, 0.393 mmol) was dissolved in dimethylformamide (50 ml)
and DMAP (9.6 mg, 0.079 mmol, 0.2 eq.) added followed by dropwise addition of
succinic anhydride (0.047 g, 0.471 mmol, 1.2 eq.) dissolved in acetone (10 ml). The
reaction was allowed to stir at room temperature for 5 days. After this time the
solvent was removed in vacuo and the residue applied directly to the top of a wet
flash column. The product was eluted using 5:1:1 ethyl acetate/methanol/conc.
ammonia to yield an orange solid in 82% yield (0.127 g, 0.318 mmol). R (C) 0.59,
H NMR (d6-DMSO) 6n 3.31 (4H, m, CHy); 7.85 (1H, d, J 8.9, ArH); 7.91 (1H, d, J
8.9, ArH); 8.11 (1H, s, ArH). M/z (FAB) 401.13406 [Ci¢H;7NsOs (M+H)" < 4.7
ppm].

>-(3,5-Dimethoxy-phenoxy)-pentanoic acid methyl ester [7]

3,5-Dimethoxyphenol (1.000 g, 6.49 mmol) was dissolved in anhydrous acetonitrile
(10 ml) and DBU (2.960 g, 19.46 mmol, 2.904 ml, 3 eq.) was added to the stirred
solution followed by 5-bromovalerate (1.900 g, 9.73 mmol, 1.39 ml, 1.5 eq.). The
reaction was allowed to proceed for 24 hours, after which time the volatiles were
removed by evaporation. The residue was re-dissolved in hexane (20 ml) and
washed with a sat. sodium carbonate solution (20 ml), followed by water (20 ml)
then sat. potassium chloride (20 ml). The combined organic extracts were dried over
anhydrous sodium sulfate and the solvent removed in vacuo to yield white solid, |7}
(1.419 g, 5.29 mmol, 81.5%). Rf (A) 0.62, C, H, N; found: C, 62.88; H, 7.45;
C14H200s requires C, 62.67; H, 7.51. '"H NMR (CDCls), 85 1.82 (4H, m, CH,); 2.39
(2H, m, CH>-0); 3.68 (3H, s, O-CHz); 3.77 (6H, s, O-CH3); 3.93 (2H, m, CH>-0O);
6.08 (3H, d, /4.7, ArH). M/z (EI) 268.12928 [C;4H200s M’ < 6.0 ppm].
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[3,5-Dimethoxy-4-(5’-azobenzotriazoyl) phenoxy]-pentanoic acid methylester [8]

MeO OMe

5-Aminobenzotriazole (0.110 g, 0.820 mmol) was diazotised using general procedure
1. The resulting diazonium was added dropwise to a solution of compound [7]
(0.200 g, 0.745 mmol) dissolved in sodium acetate buffer (20 ml, 1M, pH6) with 10
ml of acetone. An orange / red compound precipitated and was collected by
filtration. The pure dye was isolated by wet flash column chromatography, eluting
with methanol in DCM (0 — 2%) to give compound [8] in 68% yield (0.210 g, 0.508
mmol). R¢ (D) 0.75, 'H NMR (d¢-DMSO), 8y 1.69 (4H, m, CH,); 2.26 (2H, t, J 6.5,
CH,-0); 3.84 (3H, s, O-CH>); 3.87 (6H, s, O-CHs); 4.05 (2H, t, J 5.4, CH>-O); 6.38
(2H, s, ArH); 7.86 (1H, d, J 8.9, ArH); 7.97 (1H, d, J 8.7, ArH); 8.20 (1H, s, ArH).
M/z (FAB) 414.17599 [C20H24NsO5 (M+H)" < 4.2 ppm.

4-(5’-Azobenzotriazoyl)-3,5-dimethoxy-phenol [10]

OH
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>-Aminobenzotriazole (1.209 g, 9.01 mmol) was diazotised using general procedure
2. 'The resulting diazonium was added dropwise to a solution of 3,5-dimethoxy
phenol (0.517 g, 3.35 mmol) dissolved in sodium acetate buffer (40 ml, 1M, pH6)
with 20 ml of acetone. A red / orange compound precipitated and was collected by
filtration and washed with water then diethyl ether. The pure dye was isolated by

trituration from warm DMF using water and dried to give compound [10] in 64%
yield (0.710 g, 2.37 mmol). Rf(C) 0.28, 'H NMR (ds-DMSO), 64 3.79 (6H, s, O-

CH3); 6.03 (2H, s, ArH); 7.79 (1H, d, /9.2, ArH); 7.99 (1H, d, /9.2, ArH); 8.04 (1H,
S, AI'H) M/z (FAB) 300.1088 [C14H14N503 (M+H)+ <2.8 ppm]

3,5-Dimethoxy-4-(1-trityl-5'-azobenzotriazoyl)-phenol [13]

OH

MeO OMe

Dye [10] (0.50 g, 1.67 mmol) was co-evaporated with anhydrous pyridine (3 x 30
ml) and dissolved in anhydrous pyridine (30 ml). To the stirring solution was added
DMAP (0.0408 g, 0.334 mmol, 0.2 eq.) followed by triphenylmethylene chloride
(0.559 g, 2.0 mmol, 1.2 eq.). The reaction was allowed to stir at room temperature
for seven days. After this time the solvent was removed 1n vacuo and the residue re-
dissolved in ethyl acetate (20 ml) and washed with sat. KCI (20 ml) followed by
water. The combined organic extracts were dried over anhydrous sodium sultfate and

the solvent removed in vacuo. The pure product was obtained by washing the
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resulting orange solid with diethyl ether and collection by filtration. Compound [11]
was obtained 1n 69% yield (0.378 g, 0.696 mmol). R¢(C) 0.48, '"H NMR (CDCl), o4
3.86 (3H, s, O-CHs); 3.94 (3H, s, O-CH;); 5.75 (2H, d, J 2.2, ArH); 6.40 (IH, d, J

9.1, ArH); 7.19 (6H, m, ArH); 7.32 (10H, m, ArH); 7.66 (1H, s, ArH); 11.53 (1H.
brs, Ar-OH). M/z (FAB) 542.2203 [C33H2sNs03 (M+H)" < 1.9 ppm].

60-[3,5-Dimethoxy-4-(1-trityl-5 -azobenzotriazoyl)-phenoxy]-hexan-2-one[14]

MeO OMe

Compound [11] (0.100 g, 0.185 mmol) was dissolved in anhydrous acetonitrile (10
ml). DBU (0.084 g, 0.554 mmol, 0.083 ml, 3 eq.) was added to the stirring solution
followed by S-bromovalerate (0.072 g, 0.369 mmol, 0.053 ml, 1.5 eq.). The reaction
was allowed to proceed for 24 hours, after which time the volatiles were removed in
vacuo. The residue was re-dissolved in DCM (20 ml) and washed with sat.
potassium chloride (20 ml). The combined organic extracts were dried over
anhydrous sodium sulfate and the solvent removed in vacuo. The crude product was
purified by wet flash column chromatography eluting DCM, using silica pre-
equilibrated with 1% tricthylamine. Product [12] was obtained in 96 % yield (0.116

g 0.177 mmol). R¢(C) 0.85, '"H NMR (ds-DMSO), 8 2.37 (4H, m, CH); 3.43 (3H,
s, O-CHs); 3.59 (3H, s, O-CHs); 3.75 (3H, s, O-CH); 3.99 (2H, t, J 6.5, O-CH>);
4.08 2H, t, J 6.5, O-CH>); 6.35 (1H, s, ArH); 6.43 (1H, s, ArH); 7.20 (15H, m,
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ArH); 7.67 (1H, d, J 8.9, ArH); 8.10 (1H, d, J 9.0, ArH); 8.35 (1H, s, ArH). M/z
(FAB) 656.2901 [C39H33NsOs (M+H)" < 4.2 ppml].

3-[3,5-Dimethoxy-4-(1-trityl-5’-azobenzotriazoyl)-phenoxy]-pentanoic acid [15]

MeO

Compound [12] (0.983 g, 0.150 mmol) was added to 25ml of a 5 % w/v solution of
methanolic potassium hydroxide. The solution was refluxed for 30 minutes, after
which time the solvent was removed in vacuo. The residue was re-dissolved in DCM
and any un-dissolved solid removed by filtration, the solvent was removed and the
residue washed with ethyl acetate to remove any traces of starting material. The
residue was further treated with 10 % citric acid (20 ml) and the free acid extracted
with ethyl acetate. The combined organic extracts were dried over anhydrous
sodium sulfate and the solvent removed by evaporation to yield compound [13] in 88
% (85.5 mg, 0.133 mmol). Rs(C) 0.15, '"H NMR (ds-DMSO) 8y; 2.46 (4H, m, CH>);
3.89 (3H, s, O-CH>); 3.92 (3H, s, O-CH35); 4.05 (2H, t, J 6.0, O-CH3); 4.23 2H, t, J
6.8, O-CH,); 6.42 (1H, s, ArH); 6.49 (1H, s, ArH); 7.40 (15H, m, ArH); 8.08 (1H, d,
J 8.8, ArH); 8.16 (1H, d, J 8.9, ArH); 8.45 (1H, s, ArH). M/z (FAB) 642.2715
[C338H36NsOs, (M+H)" < 0.3 ppm].
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4-Hydroxybenzotriazole |[16]

2,3-Diaminophenol (0.500 g, 4.03 mmol) was dissolved in a glacial acetic acid /
water mixture (20 ml and 15 ml respectively) and cooled to 0 °C. A solution of
sodium nitrite (0.334 g, 4.84 mmol, 1.2 eq., in 10 ml of water) was added dropwise
to the diamine and the reaction was allowed to proceed for 24 hours. When the
reaction was complete, the mixture was extracted with ethyl acetate (20 ml). After
removal of the solvent by rotary evaporation, the residue was applied directly to a
wet flash chromatography column, eluting methanol in DCM (0 — 10%) to give 4-
hydroxybenzotriazole [14] in 83% (0.450 g, 3.33 mmol). R¢(E) 0.56. 'H NMR (ds-
DMSO), o4 6.6 (1H, brs, ar); 7.22 (2H, brs, ar); 10.55 (1H, brs, ar-OH); 15.49 (1H,
brs, Bt-NH). M/z (EI) 135.0435(M") < 1.9 ppm].
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2.6.3 Synthesis of an Oliconucleotide Containing an Amino-Linker at the 5’ End

A solution of phosphitylated linker [2] (60 mg ml "1) was placed in monomer port 5
of the instrument. The protocol was set to add the linker as the final monomer of the
automated synthesis. Efficient coupling of the monomer was ensured by double
delivery to the column, with an extended coupling cycle of 15 minutes for each
monomer delivery. The instrument was programmed to remove the final

monomethoxytrityl protecting group on completion of the synthesis.

The column containing the oligonucleotide was removed from the instrument to

allow addition of the activated SERRS label by manual coupling.

Activation and Coupling of SERRS Label to Amino-linked DNA

The carboxylic acid of the label was dissolved in 2 ml of anhydrous DMF (60 mg /
ml) and then activated by reaction with 1,1-carbonyldiimidazole (1.56 eq.). The
mixture was warmed to 40 °C for 5 minutes and then allowed to come to room
temperature. The resulting activated acid was loaded into a 1ml syringe and attached
to the column containing the oligonucleotide. The solution was passed through the
column until it just reached the top frit, then an empty syringe was attached to the
other end of the column and the solution pushed through to the vacant syringe. The
solution was passed through the column from one syringe to the other four times and
then allowed to stand for one hour. This process was repeated once more after which
the solution was taken up into one syringe and removed from the column. The

column was then washed with several syringe volumes of DMF then acetonitrile and

dried with nitrogen.
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Deprotection and Removal from the Solid Support

The DNA was removed from the solid support and the protecting groups removed
using concentrated aqueous ammonia. Iml of ammonia was taken up into a syringe
and then introduced to the column containing the bound oligonucleotide, again an
empty syringe was placed at the opposite end of the column and the solution passed
through to the vacant syringe. The solution was passed through the column from one
syringe to the other four times, and allowed to stand for two hours in total. After this
the solution was taken up into the syringe and removed from the column. The
solution containing the de-protected oligonucleotide was then placed in a round

bottom flask and evaporated to dryness.

2.6.4 HPLC Purification of Modified Oligonucleotides

Reverse phase HPLC purification of the oligonucleotides was carried out using an
Applied Biosystems Biocad Sprint HPLC system running Biocad software. For each
DNA sequence, an analytical run was carried out before a full preparative run was

attempted. UV detection of eluting products was used in each case, monitoring at

260 nm.

Reverse Phase HPLC Method
Using a Chromolith column. The following reverse phase method was used for the
preparative purification of oligos [1] and [2].

Flowrate = 4 ml / min

Buffer A = 100mM Triethyl ammonium acetate pH 8.0
Buffer B = Acetonitrile
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Equilibration Block

0.00 - 3.00 min Step Segment: 100% A.
Load Block

3.00 min Load sample into 1 ml loop.
3.00 min Zero UV Detector

3.00 min Inject sample.

Wash Block

3.00 - 6.00 min Step Segment: 100% A.

6.00 min Set Sample Loop to Load Position
Elute Block

6.00 — 9.00 min Gradient Segment:100% A to 95% A; 5% B.

Elute Block
9.00 - 17.00 min Gradient Segment: 95% A; 5% B to 75% A; 25% B.

The puritied oligonucleotide was collected in fractions and the solvent removed by

evaporation. The oligo was then prepared for desalting.

Reverse Phase HPLC Method — On-column De-tritylation

Using a column packed with Oligo R3 media. The following reverse phase method

was used for the preparative purification ot oligo 3,4 and 3.

Flowrate = 5 ml/min
Buffer A = 100mM Triethyl ammonium acetate
Buffer B = Acetonttrile

Buffer C = 5% v/v Trifluoroacetic acid in water.
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0.00 - 3.00 min Step Segement: 100% A.

Load Block

3.00 min Load sample into 1 ml loop.

3.00 min Zero UV Detector

3.00 min Inject sample.

Wash Block

3.00 - 6.00 min Step Segment: 100% A.

6.00 min Set Sample Loop to Load Position
Elute Block

6.00 — 9.00 min Gradient Segment: 95% A; 5% B.
Wash Block

9.00 - 13.00 min Step Segment: 100% C.
13.00 - 15.00 min  Step Segment: 95% A; 5% B.

Elute Block
15.00 -21.00 min  Gradient Segment: 95% A; 5% B to 75% A: 25% B.

DNA De-salting Procedure

The de-salting step was carried by passing the oligonucleotide through a size
exclusion column. The pure DNA sample obtained from HPLC purification was
dissolved in 1.0 ml of distilled water and passed through a size exclusion column,
Pharmacia NAP-10 column containing G25 Sephadex. The column was equilibrated
with 3 column volumes of distilled water. The DNA sample was added to the
column and allowed to soak completely into the gel bed. 1.5 ml of distilled water
was added to the column to elute the pure DNA. The eluted product was collected in

an eppendort tube and then lyophilised to yield the pure oligo as a white solid.
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A solution of the modified oligonucleotide was obtained by dissolution in ultra-pure

distilled water.
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Chapter 3
Attachment of a SERRS Label to DNA via the

Phosphoramidite
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3.0 Attachment of a SERRS Label to DNA via a Phosphoramidite

3.1 Introduction

The second method used for the introduction of a SERRS label to the 5’ hydroxyl of
DNA was using the phosphoramidite approach. This method involved the synthesis
of the phosphoramidite of the SERRS label and subsequent addition as the final
monomer during the synthesis of the oligonucleotide. The linker (discussed in
chapter 1 section 1.2.4) containing a primary hydroxyl, was incorporated into the
SERRS label to allow phosphitylation and subsequent coupling to DNA during

standard automated synthesis. Figure 42 shows this methodology.

Base
l 0[O §N
° +
ne—/ DNA >7N

1. Couple
@ }— 2. Oxidation

Base O

ne— DNA

72



Chapter 3

The parent chromophores of the azobenzotriazole dyes [4], [6] and [15] (outlined in

chapter 2) were chosen as the SERRS labels. Incorporation of these dyes requires

the synthesis of a benzotriazole phosphoramidite.

Due to the poor solubility of azobenzotriazole dyes, a methodology for the synthesis
of a benzotriazole phosphoramidite was optimised first using benzotriazole-5-

carboxylic acid as the starting material.

3.2 Synthesis of a Benzotriazole Phosphoramidite

Starting from benzotriazole-5-carboxylic acid, the first step in the synthesis was the
introduction of the primary alcohol in order to form the phosphoramidite necessary
to couple during DNA synthesis. The linker, 6-aminohexan-1-ol was used again for
this purpose. The primary alcohol required to be protected throughout the synthesis
and this was achieved by protection as the tert-butyldiphenylsilyl ether. Standard

reaction conditions were used to yield the protected linker [18] in 98% yield (figure

43).

N Pyridine / DMAP ;
2 \/\/\/\OH HoN o~~~ A __l_

©+ -

Cl-Si

g

Figure 43. Protection of the linker.

Figure 44 shows the proposed reaction route for the synthesis of the benzotriazole

phosphoramidite utilising the protected linker shown above.
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Figure 44. Synthetic route to a benzotriazole phosphoramidite.

The protected linker was then coupled to benzotriazole-5-carboxylic using the

coupling agent 1,1-carbonyldiimidazole as outlined in Chapter 2, to give compound

[19] in 83% vyield.™
The next step in the synthesis was addition of a protecting group to the triazole ring

of the benzotriazole moiety. This group must remain throughout the synthesis of the

phosphoramidite and eventual DNA synthesis to prevent side reactions. The benzoyl
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protecting group was introduced for this purpose since this base labile protecting
group could be removed by ammonia deprotection of the final labelled
oligonucleotide. The reaction was carried out in pyridine at 0 °C and following
addition of benzoyl chloride, compound [20] was obtained in 90% yield. In order to
carry out the phosphitylation of the alcohol, the TBDPS protecting group was
removed. This was achieved by reaction with a 1M TBAF solution in acetonitrile at

0 °C.>> The free alcohol [21] was obtained in 93% yield.

The final step of the synthesis was the phosphitylation of alcohol [21], and was
carried out using 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite.>®  This
reaction was carried out in a dry, inert atmosphere and great care was taken during
the work-up to prevent decomposition of the sensitive phosphorous (I1I) product.
Despite this, product [22] was obtained in low yield (18%). The procedure was
repeated several times, but the yield of the phosphoramidite remained low. This was
attributed to the instability of the benzoyl-protected benzotriazole resulting in the

decomposition of the desired product on turther reaction.

To overcome this problem a second protecting group was employed for the
protection of the triazole ring. The acid labile monomethoxytrityl (MMTr) group
was chosen (outlined in chapter 2 for the protection of the amino linker), which

sterically protects the triazole ring from attack. The route was continued as outlined

in Figure 45.
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Figure 45. Synthesis of a benzotriazole phosphoramidite using MMTr protection.

The monomethoxytrityl protecting group was introduced to compound [19] by
reaction with monomethoxytrityl chloride in pyridine, with catalytic amounts of
N,N-dimethylaminopyridine. Compound [23] was obtained in 74% yield. Removal
of the TBDPS protecting group was carried out as before using TBAF to yield
alcohol |24] 1n 92%. Finally, the phosphitylation step was carried out using reaction
conditions as before to yield the benzotriazole phosphoramidite [25] in 84% yield.

To determine 1f the phosphoramidite would couple to DNA, a test DNA synthesis

was carried out with compound [25] as the final monomer during synthesis. The
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synthesiser was set to remove the final MMTr protecting group from the triazole

ring. Since the MMTr" by-product is yellow in colour, UV monitoring can be used

to confirm the coupling of the monomer.

To optimise the purification of the benzotriazole oligo the following sequence of
DNA was synthesised with the benzotriazole phosphoramidite as the final monomer.

The tinal MMTT protecting group was retained at the end of the synthesis to allow

purification by reverse phase HPLC. The following oligonucleotide was synthesised:

OLIGO4  5°[25] ATA GGA AAC ACC 3’

The sequence was deprotected using ammonia and purified using an Oligo R3
Perfusion Chromatography column allowing on column de-tritylation of the pure
oligonucleotide. The MMTr protecting group was removed on the column by
washing with 2% trifluoroaceticacid w/v. Elution of the pure oligonucleotide was
accomplished by an acetonitrile wash step (figure 46). From the HPLC trace, the

coupling efficiency of the benzotriazole phosphoramidite was estimated to be >80%.
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Absorbance

Minutes

Figure 46. HPLC purification of Oligo 4.

Analysis of the labelled oligonucleotide by electrospray MS confirmed that addition
of the benzotriazole phosphoramidite to the 5’ hydroxyl has been achieved

Electrospray MS found 3971.0, calculated 3970.0.%
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3.3 Synthesis of a Benzotriazole Dye Phosphoramidite

Due to the success of the previous synthesis, the same methodology was applied to
the synthesis of an azobenzotriazole dye. A synthetic route was proposed where the
protected linker was introduced to the coupling agent (compound [7]) prior to the

formation of the azo bond. Figure 47 shows the derivatisation of the coupling agent.

26
/@ 5% KOH / MeOH Q 126]
MeO OM MeO OM

e

CDI/DMF /40 °C

Figure 47. Incorporation of the linker into the coupling agent.

The synthesis of compound [7] was outlined in Chapter 2. The second step of the
synthesis was cleavage of the methyl ester and was carried out by reaction with 5 %
methanolic potassium hydroxide under reflux conditions for 30 minutes. 5-(3,5-
Dimethoxy-phenoxy)-pentanoic acid [26] was obtained in 86 % yield. The tree acid

provided the means to couple the protected linker [18] (using conditions outlined 1n

section 3.2) and produced compound [27] in 67 % yield.
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The next stage in the route was synthesis of the azobenzotriazole dye using
compound [27] as the coupling agent. The benzotriazole diazonium salt was
prepared as outlined in the previous chapter and added dropwise to a buffered

solution containing the coupling agent. The azobenzotriazole dye [28] was obtained

in 42 % yield (figure 48).
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Figure 48. Formation of the azobenzotriazole dye.

The poor yield of the coupling reaction was attributed to the reduced activity of the
coupling agent towards electrophilic attack. The alkylated phenol cannot 1onise and

therefore donate a large amount of electron density into the ring and is thus less

activating.

Before the formation of the phosphoramidite could be carried out the triazole moiety

was protected as before using the monomethoxy trityl group (figure 49).
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Figure 49. MMTr protection of the azobenzotriazole dye.

The protecting group was introduced by reaction of compound [28] with

monomethoxy trityl chloride in pyridine with catalytic amounts of DMAP, however
the product formed was not stable and readily decomposed on purification. To

overcome this problem the less labile trityl (Tr) protecting group could be used.

However the poor reaction yields observed for the formation of the azobenzotriazole
dye, led to a more successful synthetic route being sought. This reaction route may

be used as a general procedure for the phosphoramidite synthesis of a wider range of

activated substrates.
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The reaction route was revised in a similar manner to that in Chapter 2 (pages 37 to

40) for the synthesis of the trityl protected, alkylated phenol azobenzotriazole dye

[13], to the simpler scheme outlined in figure 50.

OH
O/\/\/\/OH
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N - MeO OMe

°N DBU / MeCN N =

LU

N—N f/N

N—N
« DO

| THF / DIPEA

MeO OMe
[31]

f;

O O

Figure 50. Revised synthetic route

The rationale for this strategy follows on from the successful synthesis of the

azobenzotriazole dye, [14], in the previous chapter. Since derivatisation of the

coupling agent forming the ether linkage deactivates the system towards
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electrophillic attack, the azobenzotriazole dye was synthesised initially and the

derivatisation performed subsequently.

The triazole ring of 4-(5’-azobenzotriazoyl)-3,5-dimethoxy-phenol [10] was
selectively protected as outlined in chapter 2 to give the protected dye [13]. The
linker containing the primary alcohol was introduced by reaction of the substrate

with 6-bromohexan-1-ol in acetonitrile with the base DBU. Compound [30] was

obtained in 73 % yield.

The tinal procedure was the phosphitylation of the primary alcohol of compound
[30] to give the desired azobenzotriazole dye phosphoramidite. The phosphitylation

was carried out under standard conditions to give the azobenzotriazole dye

phosphoramidite [31] in 96% yield.

To determine it the phosphoramidite would couple to DNA, an oligonucleotide was
synthesised with the azobenzotriazole dye phosphoramidite [31] as the final
monomer. The final Tr protecting group was removed at the end of the synthesis.

The following dligonucleotide was synthesised:
Oligo 5 571311 GAA TCA CGA ATA TCA ATT TGT AGC 3°

The sequence was deprotected using ammonia and purified using reverse phase
HPLC. From the HPLC trace, the coupling efficiency of the azobenzotriazole dye
phosphoramidite was estimated to be >90%. Figure 51 shows the HPLC trace

obtained for the on-column de-tritylation and purification of Oligo 3.
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Figure 51. HPLC purification of Oligo S with on-column de-tritylation.

Analysis of the labelled oligonucleotide was attempted by MALDI TOF mass
spectrometry however the required molecular 1on of 7820.32 was not observed and
only low concentrations of low molecular weight fragments were found. If the
coupling of the azobenzotriazole dye phosphoramidite had failed, the main product
would be the full sequence minus the azobenzotriazole dye, with a molecular weight
of 7359.91. UV spectrometry gave a characteristic peak at 428 nm and subsequent
analysis by SERRS indicated the presence of the Bt dye. This provided evidence that

the oligonucleotide was probably as expected due to the nature of solid phase

synthesis.
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A possible explanation for the failure to observe the molecular ion, as described in
Chapter 2, is the fact that these novel azobenzotriazole dye oligonucleotides have
different properties to standard labelled oligonucleotides. This could mean that the
samples require a large amount of method development to obtain the optimum
sample matrix for analysis. Additionally, the metal complexing ability of the

benzotriazole group may be preventing the analysis of the oligonucleotide by

complexing to the metal within the mass spec probe itself.
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3.4 Development of a General Procedure for the Phosphoramidite Svnthesis of

Azobenzotriazole Dyes Containing a Primary Amine

An attempt was made to devise a general procedure for the derivatisation of
azobenzotriazole dyes. In previous sections the derivatisation of carboxylic acids
and phenols have been described, however, many coupling agents with the necessary
activation towards the diazonium coupling reaction contain amines, therefore a

method for the modification of amine dyes to the phosphoramidite was attempted.

The coupling agent 2-amino-4,6-dimethoxypyrimidine (outlined in chapter 2 for the

synthesis of a SERRS label for addition to DNA via an amino linker) was used to

develop a phosphoramidite of the label. Figure 52 details the proposed synthetic
Strategy.
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Figure 52. Derivatisation of an aromatic primary amine to give the dye

phosphoramidite.

In order to derivatise the primary am