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Abstract

Using supramolecular principles, we have been designing luminescent lanthanide com-
plexes with a defined hairpin bis-intercalator in order to obtain luminescent probes able

to recognise DNA.

The complexes are comprised of platinum(Il) terpyridine, which acts as a DNA recog-
nition site and is brought together with a “remote” luminescent lanthanide unit. All the
synthetic approaches were based on the accessibility of the lanthanide-platinum com-
plexes by the self-assembly of different components in a one pot reaction. Thus, we have
been able to isolate a water soluble heterometallic complex based on thiophenol link-
age named [LnPt;]Cl,. The complex has a relatively weak lanthanide luminescence,
which increases upon addition of DNA. Photophysical and DNA binding properties of
the lanthanide-platinum complex were investigated by UV-vis absorption, luminescent
studies and circular and linear dichroism. Oligonucleotides of twelve bases were also
used to investigate the intercalation [LnPt;]Cl; and [Pt(tpy)(PhS)]CI. This led to a dis-
covery of the optimal conditions for the 2D-NMR experiment of the Dickerson-Drew
sequence toward interaction with [LnPt;]Cl, and the mono-intercalator AATP used as
control compound. Using bidimensional NMR techniques, we investigated the binding

site for [LnPt;]Cl; and AATP upon interaction with Dickerson-Drew sequence.

The sulphur lanthanide-platinum linkage in [LnPt;]Cl; was replaced with an acetylide
one in order to introduce new photophysical features. Thus the the self assembly pro-
cedures based on DTPA-bis(amido-acetylide) and a platinum(II) terpyridine led us to

isolate a new lanthanide-platinum complex named [LnC=CPt;] (CH3S03)-.

The photophysical properties and the DNA binding properties toward interaction with

CT-DNA were investigated. The complex named [LnC=CPt;](CH3S03), exhibited a



relatively strong lanthanide luminescence that increased upon addition of DNA. The bi-
functional metal complex [EuLPt](PFs) (where Pt = platinum-2,2°:6’2”-terpyridine and
L = asymmetric DTPA bisamide ligand with a thiopheno pendant arm and a quinoline
moiety) was synthesised and the interaction of [EuLPt](PFg) with CT-DNA was ex-
amined by luminescence spectroscopy, linear and circular dichroism studies and thermal
denaturation studies. The [EuL.Pt](PF) retained the ability to increase its luminescence
upon the addition of CT-DNA. The binding properties of the complexes were tested to-
ward interaction with plasmid DNA by gel electrophoresis and properties such as the
unwinding angle were measured. The bis-interclators [LnPt;]Cl; and [LnC=CPt;,]
(CH3S03), showed the ability to uncoil DNA almost as well as cisplatin and at low con-
centrations, while almost double the amount of mono-intercalators, such as [EuLLPt](PF)

is required to observe the same uncoiling effect.
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Chapter 1

General Introduction

rom a chemistry point of view, DNA (deoxyribonucleic acid) can be defined as a poly-

mer, where four alternating monomers (nucleotides) with backbones made of deoxyribose

(adenine (A) , guanine (G), thymine (T) and cytosine (C) ) are connected together by phos-
phodiesteric bonds. The DNA has intriguing properties from a materials application point of view!!!
and it is crucial for life from a biological point of view, since it contains all the informations that
all living organisms use to define their function and control their development. Many diseases can
originate from DNA damaging, therefore the ability to specifically target different DNA regions is
very attractive from a variety of research fields. Since the beginning DNA research has a high eco-
nomic impact as well. In fact only ten years ago (June 26th 2000) quite a famous race ended, where
the private and public sectors were challenging each other to sequence the human genome made of
three billion bases, which should have opened a new era with personally designed drugs.” The abil-
ity to understand gene sequences and their manipulations, allowed in 20 years of studies to generate

artificial bacterial life from a chemically synthesised genome.*!



1.1. THE DNA STRUCTURE

1.1 The DNA structure

The DNA structure was first elucidated by Watson and Crick in the 1950s which introduced the
double-stranded helix model (B-DNA).*l However DNA can exist in many possible conformations
which include A-DNA and Z-DNA forms, although, only B-DNA and Z-DNA have been directly
observed in functional organisms.®! A number of non-B DNA structures have been discovered (ap-
proximately one new conformation every 3 years for the past 35 years) and include the following:
triplexes, left-handed DNA, bent DNA, cruciforms, nodule DNA, flexible and writhed DNA, slipped

structures, and sticky DNA (Figure 1.1).[!

Name Conformation PDB ID

Cruciform 1L4J

Triplex 134D
Hairpin E6NTA
Quadruplex . 1K8P

Figure 1.1: Non-B DNA conformations involved in rearrangements.®’

Since the B-DNA is the most common conformation in living organisms, this work will be mainly
focused on this conformation, in which the base pairs form a central hydrogen-bonded 7-stack run-
ning anti-parallel to the helical axis between the two strands of the sugar-phosphate back bone. Each
base forms hydrogen bonds with its complementary opposite base; an A-T combination forms two

hydrogen bonds and G-C combination three hydrogen bonds (Figure 1.2).



1.1. THE DNA STRUCTURE

H H
r/N N O\ (/N 9 ----- H-N
HN— e H—N>_NH HN\2/_<N‘H """ NT Y
N=/ / N=( »—NH
N-H-----0
) H
Adenine (A) Thymine (T) Guanine (G) Cytosine (C)

Figure 1.2: The structure of DNA base pairs showing Watson-Crick hydrogen bonding.

The B-DNA is characterised by ten bases per helical turn with a ride per base pair 3.4 A; as
a result of this geometrical constriction the DNA phosphate backbone forms two distinct grooves;
a wide major groove and a narrow minor groove. Figure 1.3 shows a side-on representation of a
typical B-form helix with the major and minor grooves clearly visible. The B-DNA structure is the
most common but is not the unique helix which is possible to be made.

Indeed other less common DNA double helices such as the right-handed A-DNA form and the
left-handed Z-DNA form can be created (Figure 1.3).1"! In this thesis we will mainly focus on the
detection of the B-DNA structure paying particular attention to the employment of metal-complexes

as luminescent probes.

Minor Groove

Major Groove %

§ h% j

A-DNA Z-DNA
PDB = 3BSE PDB = 5ANA PDB = 1DCG

Figure 1.3: A representation of the main double helix DNA conformations. Images from the RCSB PDB.[!
(www.pdb.org).



1.2. DNA BINDING MODES

1.2 DNA binding modes

The specific recognition of DNA sequences, for example of genes, is of crucial importance in the
development of therapeutic molecules able to act on the gene regulation and carcinogenesis in bio-
logical systems. The DNA is the major target for drug interaction as it is the origin point of most
important cellular processes of replication, transcription and translation. These processes are vital
for cell growth and division. Small ligand molecules bind to DNA and artificially modulate and or
inhibit the functioning of DNA. These small ligand molecules act as drugs when the modulation or
inhibition of DNA function is required to cure or control a disease. Enormous advances and efforts
have been made to study the ways in which ligands (drug molecules) bind to DNA. Both covalent
and non covalent binding modes are observed for DNA drug binding. Covalent binding leads to ir-
reversible changes in the structure of DNA, inhibition of DNA processes and subsequent cell death.
Cisplatin, a famous anticancer drug is a coordinative binder. It makes intra/inter strand crosslinks via
the chloro groups with the nitrogen atoms in the DNA bases.*![1%!

Supramolecular chemistry offers the possibility of non covalent DNA binding which induces
reversible changes and includes groove binders and intercalators.!'!! The major groove has been suc-
cessfully targeted with synthetic peptides containing zinc fingers!!?! or oligonucleotides Zinc forming

triple stranded DNA respectively (Figure 1.4).113!

Major Groove Binder Minor Groove Binder Intercalation
(Zinc Fingers) (DAPI) (Dauxorubicin)

Figure 1.4: The major binding modes through which small molecules may interact with the DNA double helix. Images
from the RCSB PDB. ¥ (www.pdb.org).



1.2. DNA BINDING MODES

Hannon and coworkers have reported a metallosupramolecular cylinders able to target the DNA

double helix in the major groove, and they are the first truly synthetic agent to target only the major

groove (Figure 1.5).14

Figure 1.5: A dinuclear Fe(II) supramolecular helix which binds in the major groove of DNA.[I1116],

Recently, the same group explored the possibility of attaching peptides to metallosupramolecular
cylinders in order to create sequence-specific DNA binding agents targeted to the less-exploited DNA
major groove. The parent cylinders were tetracationic triple stranded (Fe(Il)) and the peptide selected
for conjugation to the cylinder was the tripeptide Gly - Gly - Ser - CoNH,. The two glycine residues
were selected in order to provide the minimal steric bulk close to the cylinder, whereas the serine
residue at the C-terminal was chosen based on its known frequent occurrence in protein motif-DNA
base contacts. The binding experiments of the peptide-functionalized cylinders upon interaction with
DNA, indicated that the Fe(II) cylinder retained its ability to coil DNA, albeit to less extent compared
to the unsubstituted analogue.!”!

The DNA double helix minor groove can be targeted with organic synthetic molecules. Usually
such agents are relatively small and positively charged with selectivity towards AT regions, where the
narrow size of the groove makes them fit tighter than in a minor groove generated by GC sequences.
Examples of these molecules are the DAPI and bis-benzimidazoles from the Hoechst family (Figure

1.6).11811°)



1.2. DNA BINDING MODES

OH
CIo<O)~® "
® N /
HN. NH, />_©/NH
®: N

SR
A

DAPI HOECHST

Figure 1.6: Synthetic molecules targeting the DNA minor groove.

Another example of a molecule able to wrap itself around the B-DNA helix is Distamycin A,
a natural antibiotic used commercially against bacterial and viral infections. It is a long cationic
molecule with methylpyrroles that bind specifically in AT rich regions.!"¥! Dervan et al. reported a
modified structure of Distamycin A, with modifications of the pyrrole and imidazole sequences which

allow the recognition of different DNA sequences via the minor groove (Figure 1.7).!%]

CHs
N O N,CH3
0 |
HsG L/)/I/{iN {
N N = O
\ H
N HN
Ox/\/ NH LKNHQ
‘@
H NH

Distamycin A

Figure 1.7: The structure of the minor groove binding agent Distamycin A.[!8!

In this thesis we mainly focus on the third way of binding DNA, that is intercalation. This involves
the introduction of planar aromatic molecules between the bases.!!!! Intercalation is a phenomena that
was first proposed in the1960s and can occur through either the major and or minor grooves open-
ing the gap between base pairs to produce unwinding of the DNA double helix.®! Due to the DNA
backbone rigidity and the nearest-neighbour exclusion model which regulates the intercalation phe-
nomena, only one molecule is allowed to intercalate every two gaps. An example of a molecule with
intercalative properties is ethidium bromide, a carcinogenic compound used in molecular biology and

biochemistry techniques as a fluorescent reference compound (Figure 1.8).12!]

A new binding mode occurs through the recognition of DNA junctions which play important



1.3. METALLO-INTERCALATORS FOR DNA RECOGNITION

®N= Br~
=)

Ethidium Bromide

Figure 1.8: The structure of the intercalative binding agent Ethidium Bromide.

s.[22l The simplest example involves only three strands of DNA known as a DNA

biological function
three way junction or Y-shaped junction. Hannon ef al. described the structure of a cationic metal-
losupramolecular complex that could bind in the internal cavity of a three way junction.

The X-ray diffraction of the complex with palindromic sequence showed that the cylindrical

geometry with a dimension similar to zinc fingers, perfectly fits the cavity created by the three way

junction structure (Figure 1.9).1%

Figure 1.9: The refined structure of the three way junction interacting with the Hannon cylinder. Images from the RCSB
PDB B! (www.pdb.org) of PDB ID 1FX8.

1.3 Metallo-intercalators for DNA recognition

An ongoing effort toward unlocking biological information contained within DNA is the pursuit of
molecules that can specifically interact with, label, or cleave oligonucleotide sequences. Despite

the fact that in nature the binding and recognition of DNA in cells generally belongs to organic
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moieties, the transition metal complexes are well suited for DNA interaction, since the electroposit-
ive metal centre is interently attracted to the negatively charged phosphate backbone of DNA. The
metal centre also serves as a three dimensional structural scaffolds, which can be adjusted to fit into
the base stacks and grooves of targeted DNA sequences.?*! Initial studies in this field started with
Lippard et al. which discovered the ability of platinum(Il) terpyridine to stack between DNA base
pairs.!?! Since that several metal complexes with d° and d® have been prepared, and their use as lu-
minescent probes for biomolecules is one of the major applications. Metal complexes as luminescent
labels have advantages over organic dyes such as a longer excited state-lifetimes, larger stoke shifts,
reduced self-quenching, tunable ground-state and excited-state energies and their sensitivity to the
local environment which make them interesting as biosensors.!!

Example of d° metal complexes are the A- and A-[Ru(phen)s;]*" which were characterised by
an extensive debate on its binding mode (Figure 1.10).12%! In 2007 Barton et al. reported the ability

of the complex to bind via hydrophobic interaction with the minor groove and partial intercalation of

27]

the phenantroline.!

1 A-[Ru(phen)s]?* 2 A-[Ru(phen)s]?*

Figure 1.10: Structure of A and A [Ru(phen)s]?*.

The d® metal complexes bring one more feature in comparison to the square planar @®, which is the
chirality. Indeed an octahedral complex can exist as A or A isomers, and differences in recognition
mode were found. Preferential association between the A isomer with the right handed B-DNA
was confirmed, and the enantioselectivity is believed to arise from steric interactions between the
nonintercalated ligands of the A enantiomer with the DNA backbone. No enantioselectivity was
observed in experiments conducted with left handed Z-DNA, probably due to the altered groove

8
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dimensions.
Barton and coworkers confirmed their model of interaction by using a ruthenium complex us-
ing the 4,7-diphenyl-1,10-phenanthroline (DIP) as ligand (Figure 1.11). The introduction of phenyl

groups on the phen ligand increased the steric interactions between the A enantiomer and the phos-

28]

phate backbone, as well as enhancing the extent of intercalation.!

3 A-[Ru(4,7-diphenyl-1,10-phen);]>*

Figure 1.11: Structure of A-[Ru(4,7-diphenyl-1 ,IO-phen)3]2+.

It was successively found that increasing the surface area for intercalative stacking by a complex
leads to a substantial increase in intercalative binding affinity. As aresult, metallo-intercalators which
contain an extended aromatic heterocyclic ligand can provide powerful tools to probe DNA. 2%
One of the most employed ligands are those based on dipyrido[3,2-a:2’,3’-c]phenazine (dppz)

which have been used to prepare several Ru(Il) complexes known as molecular light switches for

DNA, where a luminescent signal is observed only in the presence of DNA (Figure 1.12).
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Figure 1.12: dppz-like intercalating ligands used to obtain switch on complexes of Ru(II).

In aqueous solution these complexes do not emit due to the ability of water to deactivate the
excited state through hydrogen bonding with the intercalating unit. However upon interaction with
DNA the luminescence is turned on, since the intercalating unit is shield from the bulk solvent.

Other derivatives were developed by Turro et al., which used tridentate ligands in order to obtain
hetero- (5) or homoleptic (6) complexes bearing terpyridine as an ancillary ligand. Both complexes
showed interaction with DNA via intercalation but only complex 6 showed luminescent enhancement

upon binding to DNA (Figure 1.13).

Figure 1.13: Structure of [Ru(tpy)(pydppz)]>* and [Ru(pydppz)2]>*.

Thomas et al. reported the synthesis*! and use of 7 as a luminescent complex which switches
on upon interaction with DNA. However complex 7 was found to act as a structure-sensitive DNA

probe, since the luminescence colour upon interaction with double helix DNA was different from the

10
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luminescence colour upon interaction with G-quadruplex (Figure 1.14).13"]

Figure 1.14: Structure of [Ruz(phen)4PHEAT]4+.

Recently the same group reported the successfully employment of [Rug(phen),PHEAT]™ as a
light switch complex for in cellulo nuclear DNA staining agent. Despite of the hydrophilicity the
molecule, the complex was found to be able to cross the cell membrane and localise in the cell nucleus.
Interestingly the complex showed different emission wavelengths depending upon the DNA region
targeted, which the authors ascribe to its ability to discriminate G-quadruplex structure from the usual
B-DNA.P!!

An original ligand system for Ru(Il) have been developed by Lincoln et al. who synthesised a

semi-rigid binuclear ruthenium complex (Figure 1.15).5%

Figure 1.15: Structure of AA-[LyRudppz(11-11")dppz)RuLy]** (L = 1,10-phenanthroline, dppz = dipyrido[3.,2-A : 2°,3’-
C]phenazine).

Complex 8 was found to bind DNA via a new DNA binding mode, known as threading inter-

calation.®3! Due to the bulky geometry a considerable transient conformational change is required

11
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to thread through the base stack. Only after the complete intercalation is it possible to observe lu-
minescence arising from the MLCT, characterised by a high quantum yield upon interaction with
poly(dAdT).4

Dinuclear Ru(Il) complexes have been developed by Norden et al. and Aldrich-Wright, where
the rigid aromatic bridge was replaced with a flexible alkyle chain and bis-intercalation behaviour
was observed. However studies to understand the binding and specificity of these complexes are still
ongoing.!®!

While Ru(Il) is mainly used to obtain luminescent probes for DNA and perhaps to employ them
as a stain in cell biology, Rh(III) can be used to induce DNA damage as photocleavage. In particular
Barton et al. have developed an entire series of site-specific DNA binders. One such example is the
A-[Rh(DIP),phi]** (9) which was found to bind preferentially to a palindromic sequence, and inhibit
site specifically the DNA binding of a protein.?®! Interestingly the A-[Rh(DIP),chrysi]** (10) can
not interact with palyndromic sequence and instead was found to probe the Z-form of DNA, a left
handed form of the helix (Figure 1.16). This specificity might be due to the phenyl groups that are

able to overlap in a cooperative arrangement only in the presence of the palindromic sequence.*®!

Figure 1.16: Structure of A-[Rh(DIP)ophi]>* (9) and A-[Rh(DIP)ychrysi]®t (10).

Barton and co-workers have been working on a new class of intercalators, better specified as
metallo-insertors. In fact they found that by extending the aromaticity of the intercalating unit, it is
possible to selectively detect DNA mismatches. Using a series of Rh(III) chrysenequinone diimine

complexes (Figure 1.16), with different ancillary ligands, they proved that while the ancillary lig-

12
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ands acts on the binding strength, the selectivity and cell membrane permeability belongs to the
chrysenequinone which has a high selectivity for base mismatched binding sites."**! Based on rho-
dium, the same group proposed a dual modal probe (11), where an organic fluorophore has been

introduced onto one of the phenantroline ligands (Figure 1.17).

11

Figure 1.17: Luminescent probe for mismatch detection developed by Barton and co-workers.

In the presence of a mismatched DNA sequence the Rh(III) complex binds via insertion, and
the anionic fluorophore is electrostatically repelled away from the metal complex thus attenuating
intramolecular quenching and increasing fluorescence signal. However the unbounded probe still

showed fluorescence and is the most fluorescent species. *”!

1.3.1 Platinum terpyridine metallo-intercalators for DNA recognition.

In the 1970°s it was already known that terpyridine was able to form stable square planar com-
plexes with metals having a d® as Pt(I) Pd(IT) and Au(Il). However after Lippard reported that the
[Pt(tpy)CI]™ was able to intercalate between DNA base pairs,®*! the platinum(II) terpyridine has be-
come an important reagent to study biomolecules due to their propensity to bind by selective modes.
In particular luminescence arising from platinum(II) square planar complexes has been an area of
growing interest, since the tuning of the photophysical properties can lead to a wide range of applic-
ations as bio-sensors.

Due to its d® electronic configuration, the platinum(II) terpyridine has a slightly distorted square
planar geometry (Dy;) which makes it suitable to intercalate between the DNA base pairs. How-
ever the square planar geometry can be responsible for promoting radiationless decay and hence low
efficiency in the photophysical processes. For example this geometry is characterised by an open

13
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axial position which is free to interact with polar molecules (i.e. solvent). Indeed quite often polar
solvents are promoters of the radiationless decay of the platinum(II) terpyridine excited state.*®! On
the other hand, quite an important role is played by the distorted square planar geometry adopted by
the platinum(Il) terpyridine, that is responsible for the thermal activation of the d — d transitions and
for the quenching of the excited state by non radiative pathways. **4"]

In order to obtain luminescent platinum(Il) metal complexes, particular attention has been ded-
icated to the thiolate derivatives used as co-ligands for the Pt(Il) terpyridine. Since in most cases
the luminescence quenching arises from the thermal activation of the d — d transitions, this can be
avoided by using a of a strong ¢ and 7 electron donor, such as the thiolate ligands that modify quite
dramatically the energy levels of d orbitals.

Omary et al. proposed platinum(II) terpyridine derivatives where varied substituted aryl sulphur
co-ligands were used confirming that by tuning the o and 7 electron donor properties, it is possible

to activate the platinum(II) luminescence (Figure 1.18).14!)

R X

12

Figure 1.18: Structure of [Pt(tpy)(tertBu-)SR] ™ derivatives investigated for their photophysical properties.

They observed that changing the electron donating and withdrawing electron properties by sub-
stitution of the co-ligand, were responsible for the red and blue shifts of the charge transfer band
absorption, respectively. This effect was assigned to the different abilities of the co-ligand to deloc-
alise the 7m* excited state which is generated during the transition from CT (thiolate/Pt(I[)) — 7).

Other platinum(1I) terpyridine derivatives with aryl thiolate co-ligands were reported by Che and
co-workers. These which were found to be luminescent in fluid solution at room temperature with
42

the exclusion of 13a (Figure 1.19).!

14
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Figure 1.19: Structure of [Pt(tpy)SR]™" derivatives investigated for their photophysical properties.

The same group reported other examples of aryl thiol derivatives of platinum(Il) terpyridine

which were able to interact with DNA (Figure 1.20).1%!

L HOH
S S
a b

a

15 ¢

Figure 1.20: Structure of [Pt(tpy)thiolates] ™.

Altough intercalation has been proven and is widely accepted as a binding mode for Pt(tpy) com-
plexes to DNA, stereochemical details of this process are needed to understand the real effect of
intercalation on the backbone DNA geometry. Complex 15a was used as DNA label to investigate
the X-ray fiber diffraction of CT-DNA. Thus, the results obtained were able to support the Chroters
theory,** where platinum terpyridine are evenily distributed by 10.2 Athroughout the DNA back-
bone, and this is also known as the “neighbour exclusion model”.[*3

One novel platinum(Il) terpyridine derivative, designed by Wong and co-workers, incorporates a
crown ether (Figure 1.21). However complex 11 was not found to be emissive, in both solution and

solid state. 46!
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Figure 1.21: Structure of [Pt(tpy)mercapto-crown-ether] " .

In order to better understand the photophysical properties of the platinum(II) terpyridine, various
functional groups were tested as co-ligands. However not all of them were able to activate the plat-
inum luminescence. In figure 1.22 we summarised which ligands are able to activate the platinum(II)

emission, although the solvent condition may be different between each one.

Number R 2% R3 Number R4 R> Rj
a cl cl cl K @ ool
b t-Bu t-Bu CH,COMe
| H Cl

c t-Bu t-Bu CH,COPhe R,
d CN H Cl
e NMe, H cl m H Cl
f SMe H cl N

W SR WL
g ; s
h CN H Cl

i NMe, H cl
. 1)
j OR H cl
N

Figure 1.22: Selected luminescent Pt(Il) terpyridine complexes in DCM, MeCN or DMF solution at 25 °C.[47!

After summarising these studies, it appeared clearly that not always a strong o and 7 donor as the
co-ligand aryl thiolate will produce a luminescent platinum(II) terpyridine complex. A recent review
from McMillin shows how the combination of co-ligand and the modification introduced onto the
terpyridine are important in creating the conditions required to avoid the thermal activation of the
metal centred (MC) transitions in the platinum(II) terpyridine.!*?!

16
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Some of the platinum(II) terpyridine complexes have been investigated in conjunction with DNA.
Wakelin and McFadyen used the simple platinum(II) terpyridine thiophenol (18) to study the affinity
with a variety of different strains of DNA, showing that the complex had a high affinity for sites

containing at least one CG base-pair (Figure 1.23).1!

_‘+

Figure 1.23: Structure of [Pt(tpy)thiophenol]*.

Luminescent platinum complexes working as a DNA light switch were reported by McMillin et

al., where the hydroxyl group was used as co-ligand (Figure 1.24).1"

e

19

Figure 1.24: Structure of [4-hydroxylPt(tpy)] T .

In aqueous buffer solution complex 19 is not emissive due to the formation of hydrogen bonds,
which probably weakens electronic donation to platinum. Moreover the employment of polar solvent
can introduce a non radiative quenching of the platinum(Il) terpyridine excited state, via axial inter-
action. However, the effect of the axial interaction can be reduced by the presence of DNA. Indeed
due to the intercalation of the platinum terpyridine unit between the DNA bases, the out-of-plane
interaction with the solvent was blocked, which resulted in the luminescence of complex 18 being
switched on.

Dinuclear platinum(Il) terpyridine complexes such as 20 and 21 were isolated by Goto et al.,
which investigated their ability to bind DNA(Figure 1.25).1°"

17



1.3. METALLO-INTERCALATORS FOR DNA RECOGNITION

20 21

Figure 1.25: Structure of [Pt(tpy)dithiouracil]2Jr (20) and [Pt(tpy)(u -N,S-thioacetimine]?t (21).15!

Both complexes 20 and 21 are characterised by two platinum(II) terpyridine units linked together
by a relatively short linker, which brings the DNA intercalative units quite close to one another
(~ 4A). While complex 20 was found to be unstable in aqueous solutions, complex 21 was found
to bind quite strongly to the CT-DNA with the ability to distort the DNA due to the relatively close
distance between the intercalating units.

Another study has developed a thiolate system to attach a carborane derivative, either singularly

or in a bis arrangement (Figure 1.26).5%

—|+

Figure 1.26: Structure of [Pt(tpy)thiolates]+.[52]

The mono- and dinuclear platinum(II) terpyridine complexes both show the retained ability to
interact with DNA,®¥ and when tested for anti-cancer activity by in vitro screening against leukaemia

18
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cell line, they were characterised by a similar cytotoxicity as cis-platinum.>*>2

Dinuclear platinum(II) terpyridine complexes bearing a non rigid aliphatic chain were originally

55]

reported by Mcfadyen et al. (Figure 1.27).!

Figure 1.27: Structure of mono- and dinuclear platinum(II) terpyridine complexes with long thiolate chain as co-
ligand. !>

However, since these dinuclear complexes are characterised by non-stacked terpyridine units and
because of the very flexible chain used as a linker, they can interact with DNA in multiple ways
including the bis-intercalation. Indeed the problem of the flexible linker for these complexes ap-
pears clearly upon interaction with DNA, where a mixture of different intercalated species can be
originated. "’

Different co-ligand from the thiolate were successively proposed and particular interest turned
onto the acetylide ligands. A more detailed discussion about their use as co-ligand in platinum(II)
terpyridine complexes unit is discussed in chapter 4. Another platinum(Il) terpyridine co-ligand
tested was the 4-picoline derivative by Lowe ef al. which reported the complex 28 as a potent DNA
intercalator, characterised by a DNA binding constant almost a thousand times stronger than the

analogous complex 19 (Figure 1.28).5°!

Figure 1.28: Structure of [Pt(tpy)4-picoline]**.

19
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Recently, platinum(II) terpyridine was found to strongly interact with G quadruplex being able
to stabilise this structure,®”! while quite an interesting result is the recent combination of the plat-

inum(II) terpyridine moiety with distamycin to obtain a sequence-selective metallo-intercalator (Fig-

ure 1.29).1381
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Figure 1.29: Structure of [Pt(tpy)diastamycin]™ investigated for their photophysical properties.

Interesting multinuclear platinum(II) architectures were proposed by Williams et al. who pro-
posed the tetraplatinated artificial oligopeptide (30) which appears to bind as a bis-intercalator (Figure

1.30).15
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Figure 1.30: Structure of tetraplatinaated cyclic peptide tetraplatinated oligopeptide which interacts with DNA via in-
tercalation.

These particular oligopeptides, which are analogous to peptide nucleic acids (PNAs), were syn-
thesised to mimic DNA and RNA structures in order to improve their binding abilities to biomacro-
molecules.

Thus, bipyridine moiety was introduced into the center of a peptide backbone , which was tethered
with two Pt(Il) terpyridine complexes. Addition of Fe(Il), Cu(Il) or Zn(II) to this bypiridine oli-

gopeptide promotes the assembly of hetero-multimetallic dendrimer (Figure 1.31).L6"!
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Figure 1.31: Chemical structure of metal containing artificial peptides.*”!

Tanaka and coworkers reported an example were the Pt(tpy) complexes were used for assisted
synthesis of a 24-membered cyclic peptide with repeating unit of [glucine-L-cysteine] (Figure 1.32).
Thiol groups in cysteine were connected to square planar Pt(Il) terpyridine complexes, and the posit-
ively charged platinum complexes were responsible fot the alignment on the periphery of the macro-
cyclic peptide scaffold. Once the cyclic peptide are generated the Pt(tpy) units can be removed simply
by treatment with TFA. Thus, in this case the Pt(tpy) complexes can be regarded as both protecting

and promoting groups for peptide cyclization.!®!!

34

Figure 1.32: Structure of tetraplatinated oligopeptide.
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14 Lanthanide properties

The lanthanide elements (Ln) form a separate group of elements in the periodic table called the ”’f-
block™ which is located between the s and d blocks in the sixth period. Due to the population of
the f orbitals in their ground state, lanthanides exhibit unique magnetic and photophysical properties,
which distinguish them from the transition metals. The lanthanide chemistry is highly uniform across
the period, and the +3 oxidation state is the most common, as any further ionisation results in the f
electrons being held too tightly to gain any energetic benefit from reaction. There are, however, some
cases where the +2 and +4 oxidation states are also observed.!?!

Lanthanide ions are characterised by large ionic radii, adopting coordination numbers from 6 to
12, although the most common ones are 8 and 9.[%%! Due to the nature of f orbitals (directional and
disperse), the increasing number of electrons in the 4f shell is not balanced by the corresponding
increase of the nuclear charge. Hence moving across the lanthanide period, the Z., increases and
consequently the f orbitals are well shielded by the filled 5s and 5p and behave as if they were core
atomic orbitals. For this reason Ln(III) complexes behave in the same way as the free ions, forming
pure electrostatic bonds. Due to this ionic behaviour, lanthanide ions are highly labile and require
strongly coordinating polydentate ligands to form stable complexes.

Because of the paramagnetism of nearly all of the lanthanide ions, Y(III) is commonly used as
an alternative metal ion (i.e. NMR spectroscopy). The reason can be found in the electronic con-
figuration of Y (III) which has an inert noble gas electron configuration, resulting in almost identical
coordination chemistry to that of lanthanide ions.

The lanthanides exhibit a number of features in their chemistry and their magnetic and lumines-
cent properties are particularly interesting for a wide number of applications in material and science

[64

biology.!** In this thesis we will focus mainly on the use of lanthanides as luminescent probes for

biology.
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14.1 Optical properties

The fascinating lanthanide ions optical properties originate from their electronic configuration. In-
deed the filled *outer’ 5s and 5p orbitals efficiently shield the 4f electrons from surrounding ligands,
with the result that crystal field splittings are of the order of 100 cm ™. A consequence of the lack of
crystal field effects in the lanthanides is that the vibrational level (thermal motion) of the ligands has
very little effect upon them (as is not the case in the 3d situation), so the f-f absorption bands in the
spectra are very narrow, almost as narrow as for free (gaseous) ions. However the f - f transitions are
forbidden by Laporte (parity, AL 44 0) and by the orbital angular momentum selection rule (Al =
=+ 1) selection rules, that prohibits the redistribution of electrons in the 4f subshell and also forbids
f - f transitions, while certain transitions are also forbidden by the spin conservation selection rule

(AS =0).
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Table 1.1: Selected luminescent properties of Ln(III) ions. ®>!

Ln® G I F Mum or nm” gap/cm™! 77 /mg
Ce “Fsp 5d °Fs/2 tunable, 300-450
Pr  SHy D,  SF4'G4HyH;  1.0,1.44,600,690 6940 (0.05¢-0.35)
3p, 3H ,;(J=4-6) 490,545,615 3910 (0.003°-0.02)
3P, 3F;(J=2-4) 640,700,72
Nd o "Fyp  1,0=9/2-13/2)  900,1.06,1.35 5400 0.42(0.2-0.5)
Sm  ®H;n %Gy OHy (J=5/2-13/2) 560,595,640,700,775 7400 6.26
*Gs2 °F; (J=1/2-9/2)  870,887,926,1.01,1.15
1G5 “Higpo 877
Eu F, Dy F; (J=0-6) 580,590, 615, 650 12300 9.7(1-11)
720, 750, 820
Gd %Sy Prp ¥Sqp 315 32100 109
Tb "Fg Dy F;(J=6-0) 490,540,580,620 14800 9.0(1-9)
650,660,675
Dy SHisp “Fopp  “H,;(J=15/2-9/2) 475,570,660,750 7850 1.85(0.15-1.9)
‘Fi52  ®H;(J=15/2-9/2)  455,540,615,695 1000 3.220
Ho °Ig °S, °1; (J=8.,7) 545,750 3000 0.37(0.51¢
5Fs g 650 2200 0.8¢
°F; °1, 965
Er  Lisps Sy M1,0=15/2,13/2) 545850 3100 0.7¢
‘Fojo  lis)e 660 2850 0.6¢
i (Y eI TP 810 2150 4.5¢
Mize sy 1.54 6500 0.66(0.7-12)
Tm *Hg D,  S3F4Hy’F3F,  450,650,740,775 6650 0.09
1Gy SHg,  °F4,°Hj 470,650,770 6250 1.29
3H, 3Hq 800 4300 3.6°
Yb  ?F75  Fsn Frp 980 10250 2.0(0.5-2.0)°

9G = ground state; I = main emissive state; F = final state; gap = energy difference between I and the highest SO level

of F.

bValues for the aqua ions, otherwise stated, and ranges of observed lifetimes in all media, if available, between par-

entheses.

“Doped in Y203 or in YLiF, (Ho), or in YAI5(BO3)* (Dy).
dComplexes with organic ligands: 0.5-1.3 ms; solid-state inorganic compounds: ~ 2 ms.

Lanthanide luminescence can be observed as the result of the deactivation process arising from an

electronic excited state, which upon relaxation to the ground state can only emit a photon; hence the

lanthanide electronic states are not thermally activated. The gap between the energy levels involved

in the lanthanide luminescence are responsible for the characteristic wavelengths of emission.
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According to table 1.4.1,!! four lanthanide(III) ions are emissive in the visible region of the
light spectrum (Eu®*, T3+, Dy3", Sm®") and three of them in the near-infrared region (NIR) (Nd>*,
Er®*, Yb?). Due to a lack of thermally accessible excited states, lanthanides are characterised by
a relatively long lifetime, which is often within ys or ms range. This provides an advantage for
lanthanide based emitters over organic or transition metal complexes, typically characterised by a
much shorter lifetimes (from ns to ys). The long-lived emission facilitates the use of time gated
methods, which allow lanthanide luminescence to be distinguished from the shorter lived background

fluorescence of many organic or biological systems. 6664671
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Figure 1.33: Schematic depiction of the time-resolved gating technique.

Thus properties of lanthanide ions can find useful application as long as an efficient method exists
that allows to circumvent the low absorption molarity coefficient, characteristic for the metals of the
series. This problem is often overcome by use of the antenna effect, where a chromophore is used to
absorb light and transfer energy to the lanthanide centre via an intramolecular energy transfer process.
This effect is known as the “antenna effect” and if this process is efficient a strong lanthanide based

luminescence can be observed (Figure 1.34).

The Jablonski diagram in figure 1.34 shows the excitation to the ligand singlet excited state (S1)
arising from the singlet ground state (Sy) by absorption of a photon. The next process is the relaxation
of the S; state through the vibrational levels followed by an intersystem crossing to the lower energy
triplet state (T1). At this stage intramolecular energy transfer to the excited state of the lanthanide
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Figure 1.34: Schematic representation of the lanthanide sensitisation process.

may occur which populates the emissive level of the metal, from which radiative decay to the ground
state results in emission of characteristic wavelengths of light (Figure 1.34).

S. [68] [69

A variety of organic ligand systems have been used as sensitiser: I Ligand systems employed

to sensitise lanthanide emission need to satisfy the following criteria
i) large absorption coefficient
ii) suitable energy levels to facilitate efficient ligand to metal energy transfer

iii) full wrapping of the lanthanide ion in order to avoid any possible interaction with solvent (i.e.

water).

Energy transfer can occur by two principle mechanisms and they are referred to as short range
(Dexter) and long range (Forster). Short range interactions require intermolecular orbital overlap to
enable direct exchange of electrons between donor and acceptor. Therefore this process can only
occur over intermolecular or interatomic distances. While long range energy transfer occurs via
dipole-dipole interactions and can therefore be induced at further distances through space, with the
rate dependent over 1/RS.

However the lanthanide luminescent excited states are susceptible of quenching upon interaction
with certain group such as C—H, N-H and O-H (i.e water). Indeed the ability of a given bond to
quench luminescence is related to the frequency of the vibrational overtones of the bond in question.

In this way the rate of energy transfer to bond vibrational states is dependent upon the number of the
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vibrational overtone best associated with the energy level of the lanthanide excited state, including
how well matched these levels are. For example, the lower energy vibrational overtone (v = 3) of
an O—H bond, deactivates the Eu(IIl) °D; excited state far more efficiently than the higher energy
vibrational overtone (v =5) of an O-D bond (Figure 1.35). This explains why luminescence lifetimes
of lanthanide complexes are generally longer in deuterated solvent as D,O rather than H,O (Figure

1.35).170]
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Figure 1.35: Radiationless deactivation of the excited state of Eu®* and Tb3* ions by O-H and O-D oscillators.

Application of an empirical formula determined by Horrocks Jr.[!! allows to calculate the number

of coordinated water (q) molecule to the lanthanide ion.

q= A,Ln(m) (kn — kp)

where Ay, is an empirically determined factor (i.e 1.05 for Eu** and 4.2 for Tb*" ), ky and
kp are the decay rate in ms~!, for the species in protonated and deuterated solvent respectively.
Calculations of q may also be performed in other solvents such as methanol by simply doubling the
A parameter as the methanol molecule is assumed to be half a water molecule in terms of quenching

contribution.7?173]
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1.5 Luminescent lanthanide complexes as probes for DNA

Lanthanide metal complexes find a wide range of applications in biology which include luminescence

microscopy (%6774 energy transfer studies'””!, NMR shift reagents and contrast agents for MRI. !
An area of research interest is the use of lanthanides as luminescent probes in DNA assays. Sev-

eral polyaminocarboxylate chelates, such as diethylenetriaminepentaacetic acid (DTPA), covalently

attached to a number of possible antenna molecules and have been widely used due to their ease of

synthesis and good chelation properties (Figure 1.36).
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Figure 1.36: Some DTPA lanthanide chelators. !> 1771178]

These ligands can provide an eight coordinate environment for lanthanide encapsulation, binding
through five hard oxygen donors and three medium-hard nitrogen donors, including coordination
arising from the amide groups.”®! Lanthanide complexes obtained from DTPA derivatives are usually
stable thermodynamically with a typical binding constant (K) between 10'* and 10'* M~!. Only
slight effects on the kinetic stability can be observed upon introduction of amide groups on DTPA,
making these complexes suitable candidates for in vivo applications. !

The DTPA lanthanide derivatives have been successfully used as donors for fluorescence reson-
ance energy transfer (FRET) experiments, which is a widely used technique to measure the distance
between two points approximately separated by 10 - 100 A.”>) Europium and terbium were success-
fully employed as donors in FRET experiments due to their long lifetime (~ 100 gs), which allows

elimination of any prompt fluorescence arising from the organic molecules that are usually character-
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ised by nano-second lifetimes. Further advantages of using lanthanides in FRET experiments arises

from the anisotropic energy transfer process, with efficiency depending only on the distance between

donor and acceptor and not from the relative orientation.”!

An example was reported in 2000 by Selvin ef al. and more recently from Laitala et al. which
reported an example of DNA quantification using lanthanide chelates in a non overlapping resonance

energy transfer assay (nFRET) (Figure 1.37).[71181]

32

Figure 1.37: Structure of phosphoramidite ligand for nFRET.

Complex 32 was attached to the 3’ end of a 3°’~-TAC TTA TAT CTA TGT CTTC-5’ and the final
product hybridised with a second oligonucleotide bearing an organic fluorophore. Upon hybridisation
of the two strands, an energy transfer between the europium(III) °Dy excited state (donor) and the
organic moiety (acceptor) is realised. Since in the unhybridised form the donor and the acceptor
are in close proximity an efficient energy transfer can also be observed. However the hybridisation
process pulls apart the donor and the acceptor producing changes in the energy transfer efficiency and
lifetime of the acceptor; the different forms are therefore distinguished simply by using time resolved
experiments.

The DTPA lanthanide complexes have been successfully combined with single-stranded oligo-
nucleotides that are able to form a loop-stem structure upon hybridisation. This class known as mo-
lecular beacons and they are able to fluoresce when they bind to a target DNA or RNA sequence. 8%
This luminescent probes are usually characterised by a loop that contains a probe sequence that is
complementary to a target sequence in a nucleic acid, and the stem is formed by the annealing of

complementary arm sequences that are located on either side of the probe sequence. The probe se-
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quence is embedded between two “arm” sequences, which are complementary to each other. Under
assay conditions, the arms bind to each other to form a double-helical stem hybrid that encloses the
probe sequence, forming a hairpin structure. A reporter fluorophore is attached to one end of the
oligonucleotide and a nonfluorescent quencher is attached to the other end of the oligonucleotide.
The stem hybrid brings the fluorophore and quencher in close proximity, allowing energy from
the fluorophore to be transferred directly to the quencher through contact quenching. At assay temper-
atures, when the probe encounters a target nucleic acid, it forms a relatively rigid probe-target hybrid
that is longer and more stable than the stem hybrid. Consequently, the molecular beacon probe un-
dergoes a conformational reorganization that forces the stem hybrid to dissociate, and results in the

separation of the fluorophore and the quencher, restoring fluorescence (Figure 1.38).[831(84]

" W o —
DNA or RNA
FE— target Hybrid
I

molecular beacon

Figure 1.38: Scheme for molecular beacons.

Due to the lanthanide properties, molecular beacons became of great interest when employed as
a fluorophore for real time detection of DNA/RNA hybridization in living cells and in diagnostic
clinical assays. Recently the molecular beacons were used for coating nanoparticles in the presence
of a complementary oligonucleotide with a quencher. Upon delivery of the nanoparticle in a cell
nucleus, the oligonucleotide was released which consequently turns on the lanthanide luminescence

(Figure 1.39).[8%
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Figure 1.39: Fluorescent probe based on molecular beacons.

In this thesis we want to investigate the DNA binding properties of a luminescent lanthanide het-
erometallic properties, which combines the photophysical properties of lanthanides with the DNA
recognition properties of a metallo-intercalator, such as the platinum terpyridine unit. In particular,
we will investigate the DNA binding properties of LnPt, and how the binding affects the B-DNA
conformation. In this sense we performed binding studies on oligonucleotides using also NMR tech-
niques as NOESY and 3!'P NMR. The importance of the hairpin geometry will be also investigated
using new DTPA derivatives that brings new features, such as new luminescent properties to the final

hairpin complex.
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1.5.1 Outline of thesis

The versatile coordination chemistry of transition metals and lanthanides can be used to form stable
complexes with a wide range of organic ligands. Using the metal centre as a template, it is possible to
control the final geometry of the complex in order to enhance its binding properties to bio-molecules.
Moreover an appropriate choice of the organic ligand allows to control their photophysical proper-
ties, which can be easily tuned to obtain long-lived luminescence. These characteristic make them
ideal components in the development of new luminescent biomolecule labels. Our approach uses the
principles of supramolecular self-assembly chemistry to generate heterometallic complexes to use as
DNA luminescent probes.

In chapter 2 we investigated the DNA binding properties of a trimetallic bis-intercalator named
[LnPty] upon interaction with calf thymus and polynucleotide DNA. Further studies involved the
use of oligonucleotides and plasmid DNA (pBR322), where was showed clearly the ability of the
complex to uncoil DNA.

Chapter 3 reports the ability of [LnPts] to interact with the Dickerson-Drew sequence, which
was investigated by via 'H and 3'P-NMR. Using the same experimental conditions, we compared
the NMR studies of [LnPt,] with those studies performed on the same oligonucleotide sequence, but
upon interaction with the mono-intercalator complex [(4’-amidothiopenol)Pt(tpy)]Cl (AATP).

In chapter 4 we tried to resemble the hairpin complex [LnPty] using a new DTPA-bis(amide)
derivative in order to introduce new photophysical feature as the luminescence from both platinum
and lanthanide metal centre. Hence we describe the synthesis of the DTPA-bis(acetylide) and the
synthesis of the relative trimetallic complex bearing two platinum terpyridine groups. Photophysical
and DNA binding studies were therefore investigated and comparative studied were performed on
the relative mono-intercalator [(4’-ethynylaniline)Pt(tpy)](CH3SO3).

In the last chapter we use a previously reported asymmetric DTPA-bis(amide) to synthesise a
novel lanthanide luminescent probe.!””) Photophysical properties and DNA binding studies were than

investigated which showed the ability to interact with DNA via monointercalation.
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Chapter 2

Heterometallic Luminescent Lanthanide
Complex for DNA Recognition

2.1 Introduction

aining a greater understanding of the structural and functional properties of living sys-
tems is a key challenge in biology and medicine.!!! DNA is one of the target molecules
in this field as it codes and stores the genetic information which an organism requires
to function. Currently, one of the most popular DNA sequencing methods uses different fluorescent
dyes, each of which fluoresces at a different wavelength, to label each of the different bases.>! One
inherent problem with this type of protocol is the prevalence of the long lived fluorescence arising
from the organic molecules present in vivo; this is often referred to as autofluorescence. Recent chem-
ical research has focused on using complexes containing metal ions as the source of luminescence.
Both transition metals emit at higher wavelengths with a longer lifetime than organic fluorophoro-
phores, allowing the possibility to filter out any autofluorescence to a give a clean and sharp emission
signal .14
Several chiral octahedral complexes arising from the d-block metals have been studied as struc-
tural and reactive luminescent probes for nucleic acids. Typical examples includes the A and A iso-
mers of [Ru(phen)g,]Jr2 or [Rh(NH3)4phi]+3 which are known to bind to the DNA minor groove.[s]
However, there are not so many examples of water soluble lanthanides which are suitable for study-
ing interaction and luminescent sensing of DNA. These complexes have been reported by Parker et

al. who usually modify the lanthanide tetramide ligand (DOTA) with planar aromatic moieties which
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are both DNA recognition sites and also lanthanide sensitisers. An example of this class of lanthan-
ide complexes is the tetraamide based lanthanide complex which has a phenanthridium group as a

chromophore (Figure 2.1).1!

N AJNT r 2 o
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/L | N/ \ Me NJ\/ \_/N
ey g )}
" 0~ NH o
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(SSS)-A-[Ln*1]4+ (RRR)-A-[Ln*1]**
Ln = Eu, Gd, Tb, Yb
2 3

Figure 2.1: Lanthanide DOTA based complexes bearing a phenanthridium as chromophore. [®!

Complexes 2 and 3 bearing europium as metal centre, were expected to bind to DNA via intercal-
ation of the phenanthridinium moiety. The photophysical studies performed on complex 2 showed a
decrease in the magnitude of the europium luminescence upon interaction with DNA. Further studies
with oligonucleotides [(CG)gl2 and [(AT)g]2, showed that charge-transfer mediated deactivation of
the phenanthridinium singlet excited state occurred up to 20 times more efficiently for GC base-pairs
than for AT, and both A and A-tetramide isomers. The increased distance between the sensitiser
(phenanthridium) and the lanthanide lead to a final complex with the lanthanide emission being de-
activated through non-radiative pathways upon interaction with the DNA. However in this case, the
deactivation process of the lanthanide emissive excited state was observed to be more efficient for
the A-isomer.!”!

The same research group tested other chromophores in order to obtain a luminescent intercalative
DNA lanthanide probe. In 2002 the phenanthridinium chromophore was replaced with a phenan-

throline group (4) and with a traazatriphenylene (5) (Figure 2.2).!”!
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Ln = Eu, Gd, Tb

Figure 2.2: Lanthanide DOTA based complexes bearing phenanthroline (4) and traazatriphenylene (5) as chromophore.

Circular dichroism studies and luminescence studies were carried out for A and A isomers for
complexes 4 and 5 upon interaction with poly(dAdT) and poly(dGdC). However for both isomers
they observed the quenching of the lanthanide based luminescence upon addition of DNA. A stronger
quenching effect was observed upon interaction of the complexes with poly (dGdC) rather than poly
(dAdT) which is consistent with the stronger apparent binding constant of the complex for sequences
containing cytosine and guanine. Based on time resolved luminescent experiments, they observed
that the presence of DNA activates a quenching mechanism where guanine and cytosine are able
to deactivate the S excited state of the traazatriphenylene; and as a consequence the lanthanide
luminescence is deactivated.!”! This class of complexes are particularly interesting as they allow
to take advantage of the relatively long emission lifetimes to perform time resolved fluorescence
microscopy experiments (TRFM). In particular complex 5 was used to treat cell lines and the cell
uptake was monitored by TRFM (A¢y = 350 nm ). At high concentration the complex was found to
localise in the cell nucleus of HEK 239.', 3T3% , COS? and CHO* cell lines.®

The europium derivatives of DOTA bearing naphthalene and phenanthroline (6) were also syn-
thesised; both A and A enantiomers of complex 6 and 7 were studied upon DNA binding (Figure

2.3).

'"Human Embryonic Kidney 293 cells

23—day transfer, inoculum 3 x 10° standard fibroblast cell line

3COS is an acronym, derived from the cells being CV-1 (simian) in Origin, and carrying the SV40 genetic material
4Chinese hamster ovary (CHO) cells
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Ln=Eu, Gd, Tb

Figure 2.3: Lanthanide DOTA based complexes bearing phenanthroline naphthalene as chromophore. !

Upon excitation of complex 7 at 340 nm, a 350% luminescent enhancement was observed upon
binding to the poly(dGdC) (A = A) and calf thymus DNA (CT-DNA) while the poly(dAdT) showed
only a 200% increase (A > A). Moreover, for both isomers an increase in the luminescence lifetime
was observed independently of the DNA type employed during the experiment.

However these results were not confirmed when luminescent DNA binding studies were per-
formed on complex 6, which showed a general quenching of the europium emission upon the bind-
ing to DNA. Hence the naphthalene seems to play an important role for the lanthanide luminescent
enhancement upon interaction with DNA.

A tetramide ligand bearing coumarin and rhodamine was successively proposed as a sensitiser
for both visible (Eu(IIIl) and Tb(III)) and the NIR (Nd(IIT) and Yb(III)) lanthanide emitters (Figure
2.4).1% However, the visible lanthanide emission resulted non luminescent upon interaction of the

complex with DNA, when excitation occurred through the coumarin.
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Ln=Nd, Yb
8

Figure 2.4: Structure of [Ln(Cou)(Rho)]* (Cou = Coumarin and Rho = Rhodamine). "’

An energy transfer cascade could be realised only when the visible lanthanide emitters were re-
placed with the Nd(III). The direct excitation of the coumarin allows an energy transfer to the rhod-
amine which is able to transfer energy to the central lanthanide. The cascade process was interrupted
upon addition of DNA, since it quenches the coumarin excited state. Conversely the Nd(III) emission
was always observed upon selective excitation of the rhodamine chromophore, which is not affected
by the interaction with DNA.[!%

In 2010 Parker et al. reported a new lanthanide metal complex based on DOTA ligand, where
the 3-azaxanthone is employed as an antenna system to sensitise Tb(III) and Eu(III) (Figure 2.5).I'!}
Absorption and luminescence experiments of complex 9 were performed upon interaction of calf
thymus DNA and polynucleotides such as poly(dAdT) and poly(dGdC). While the absorption spec-
trum do not show any hypochromism or spectral shift, the luminescence intensity and lifetime were
tremendously reduced by half upon interaction with DNA.

Using the Tb(III) derivative of complex 9 as a staining agent for a TRFM experiment with HeLLA!
cells, it was possible to investigate the cell uptake mechanism, which showed that the complex was

able to cross the cell membrane only during their mitosis process. !4

ICell line derived from cervical cancer cells taken from Henrietta Lacks.
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Figure 2.5: Structure of [LnDOA2-bis((1-azaxanthone)] .

Recently Vazquez et al. employed the tetramide luminescent lanthanide complexes of Eu(III)
and Tb(III) in order to investigate the photophysical properties of the bis-4-amidobenzamidine (10),
which was previously reported to exhibit a remarkable fluorescence emission enhancement upon

binding to A/T-rich sites in ds-DNA when excited at 329 nm (Figure 2.6).!?!

T\l
p o @ \ﬁ
2 Lo o

Ln=Eu, Tb
11

Figure 2.6: Structure of [Ln-DOTA-bis(4-aminobenzamidine)].!?!

The bis-4-amidobenzamidine(10) has been coupled with [Ln-DOTA] to obtain complex 11, and
employed as an antenna system to sensitise the lanthanide emission. Indeed upon excitation of the
bis-aminobenzamidine at 329 nm, energy transfer occurs to the lanthanide excited state.

The initially poor lanthanide emission in aqueous media becomes enhanced upon addition of
the dsDNA, and a four fold increase in luminescence magnitude was observed for complex 11 upon
interaction with duplexes containing the -AATTT- sequences.'!
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2.1.1 Luminescent heterometallic lanthanide complexes for DNA sensing

Attention has been given to the development of heterometallic luminescent architectures, where trans-
ition metal complexes can be used as recognition site whilst simultaneously being used as antenna
systems to sensitise lanthanide luminescence via energy transfer. Indeed heterometallic lanthanide
complexes have been proposed for use in a variety of applications including catalysis!'"*!, magnetic
devices'"! liquid crystal materials, and sensor design.['®!

Parker et al. developed an heterometallic complexes (Figure 2.7) where a Pd(II) porphyrin com-

plex used as a chromophore to sensitise the lanthanide luminescence (Figure 2.7).['7!

3+
PhaMe

Me
0 Ph
(@)
Ar Ar HN
N N
A4

N° N Ph
Ar Ar — \/K/(
(RRR-R)YbL'

Ph
Me

Ar = CGH3BUt2

12

Figure 2.7: Structure of [YbPd]?T.

Since the Pd(IT)-porphyrin excited state is efficiently quenched by oxygen, and the luminescence
of NIR lanthanide emitters is deactivated by O—H oscillators, consequently the heterometallic com-
plex is non emissive in the presence of an aqueous buffer.!'¥! Addition of DNA allows shielding of
the Pd(Il)-porphyrin from oxygen by its intercalation between the DNA bases. As a consequence
an enhancement in luminescence arising from the Pd(II)-porphyrin and the lanthanide was observed.
Preliminary results from photophysical studies showed a preferred binding to alternating sequence
of cytosine and guanine rather then adenine and thymine.!!”)

Efficient sensitisation of NIR-emitting L.n(III) ions is particularly pertinent for biological applica-

tion, since tissue is transparent to the higher excitation wavelengths required to sensitise near-infrared
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emission. Typically the lanthanide sensitisation process proceeds through a MLCT level which is in-
herently lower in energy than then the triplet energy level arising from the organic chromophores
and relatively close to the lanthanide luminescent excited state.!!”) The MLCT level usually varies
greatly and can be modulated by the combination of the transition metal and ligand system employed.
Examples in literature cover a range of chromophores and derivatives including Re(I), Ru(Il), Pt(I),
Fe(II), Cr(I1I) and Ir(IIT) metal centres. >

Gunnlaugsson et al. reported an example of a heterometallic complex able to sensitise near-

infrared emitting Ln(III) ions by energy transfer upon excitation through the MLCT band of the

complex (Figure 2.8).1211122]
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Figure 2.8: Ln-DOTA Ru(II)(bpy)2 structure.

Recently the same group reported that complex 12 changes its luminescent properties upon bind-
ing to dsDNA.[?*! In fact upon addition of calf thymus DNA to complex 12, a luminescence enhance-
ment of 30% for ytterbium and 27% for neodymium was observed upon excitation of the ruthenium
based *MLCT band. However the luminescence arising from the lanthanide ion was “switched
off” upon interaction of 12 with ssDNA, clearly indicating that energy transfer from *MLCT to the
lanthanide exited state was inhibited upon binding to ssDNA.

This particular behaviour was only observed for the Yb(III) complex and not for Nd(III), which
shows no change in luminescence upon binding to DNA.**! Competitive binding studies with eth-
idium bromide showed the ability of complex 12 to behave as an intercalator, where the phenantroline

ligand it stacks between the DNA base pairs.
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2.1.2 Project overview

This chapter explores the DNA binding studies of luminescent metallohairpins notated as [LnPts], ob-
tained using a versatile self-assembly approach which combines a lanthanide ion with planar aromatic
platinum(II) metal arm. The system is based on a derivative of the diethylenetriaminepentaacetic acid
(DTPA) with bisamide thiophenol moieties, bearing a hard binding core to encapsulate the lanthanide
ion and soft thiolates sites to attach Pt(II) terpyridine units.

The design offers a luminescent label as well as sites for intercalation, which could be used to
sensitise lanthanide emission via organic chromophores or charge transfer bands, all in one discrete

moiety.

Ligand Scaffold

Intercalative
Group

Luminescent Centre

Figure 2.9: A schematic diagram of the hairpin complex [LnPts].

The intercalation of any compound into the DNA duplex causes the DNA helical structure to
stiffen. Planar aromatic ligands (i.e. ethidium bromide) can intercalate between the base pairs and
hence these interactions can be studied using a variety of absorption techniques. Due to the combina-
tion of the square planar geometry with the electronic properties of a @ metal centre, the platinum(IT)
terpyridine moieties can act both as chromophores and as DNA recognition sites via intercalation.

The [NdPty] complex was first characterised and reported by Glover ef al. who discovered the
ability of the complex to bind to calf-thymus (CT-DNA). The terpyridiplatinum(Il) ligands were
able to form an extended 7-7 stacking interaction with DNA base pairs (Figure 2.10), as perhaps

demonstrated by previously reported linear dichroism studies.!*!

47



2.1. INTRODUCTION

Figure 2.10: A 3D model of the [LnPt2] complex binding to B-DNA.

Photophysical studies of [LnPty] were also reported by Solomons,® who replaced the initial
Nd(III) ion with lanthanides able to emit in the visible (Ln = Eu, Tb) and NIR (Nd, Yb, Er). However
only the [EuPt;] and the [NdPt;] were successively investigated upon binding to DNA.

In this chapter we report the preparation of [LnPty] (Ln = Eu, Nd) with improved solubility in
water. There are mainly two reasons to improve the water solubility: firstly to examine the NMR
properties upon binding to DNA (which will be detailed in chapter 3) and secondly to investigate
in more detail the photophysical properties upon binding to DNA. There are two possible strategies
that can be used to improve the water solubility of [LnPts], either the modification of the terpyridine
ligand with hydrophilic groups or simply metathesised PF; with an ion that has a bigger affinity for

water (i.e. Cl7).
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2.2 Results and discussion

2.2.1 Synthesis of [LnPt,]Cl,

HO SH
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Scheme 2.1: Synthetic route of [LnPt3]Cly complexes.

The synthesis of [NdPt,](PFg), has been previously reported by P. Glover!>! and successively
with the same method by M. Solomons?®!, who isolated the [LnPty](PFg), (with Ln = Tb(III), Eu(1II),
Gd(IIT), Nd(IIT), Yb(III), Er(III)).

The heterometallic complexes can be made by self assembly using stoichiometric amounts of the
three components DTPA-BATP, [Pt(tpy)CI](CF3SO3) and LnCls- 6H2O in a 1:2:1 ratio. A variety of
different approaches, both sequential and one-pot synthetic routes, have been successfully employed
to isolate these complexes. However, the procedure predominantly employed here involved prior
assembly of the ligand in order to allow isolation of [LPt;] to confirm the first step was success-
ful. Firstly, DTPA-BATP was deprotonated with sodium methoxide and combined with [Pt(tpy)Cl]
(CF3S03) to form the Pt—S bond linkage. The complexes were formed in situ by increasing the pH
to 5 in order to deprotonate the carboxylate coordination sites and the lanthanide ion was then added
as the hydrated chloride. Finally, a metathesis reaction was performed using a saturated methanolic
solution of ammonium hexafluophosphate to precipitate the desired complex (Scheme 2.1). Des-
pite of +2 charge of both [LnPt,](PFgs)2 and [LPty](PFg)2, they were sparingly soluble in water; we
needed to increase the solubility of these complexes in water in order to follow their DNA binding

by 'H-NMR spectroscopy.
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In order to preserve the photophysical and intercalative properties of [LnPt;] and its high DNA
binding constant, the (PFg)~ anion was metathesised to C1~ by ion exchange chromatography.

Ion exchange chromatography was performed on Dowex 1x8 resin, where a polystyrene resin
includes quaternary salts of ammonium which can be considered as an immobilised positive charge,
and each of them are neutralised with a chloride via ionic interaction (Figure 2.11).

S

= S

@N\\ cr

@

we Ol + (PFg)~ ~——= OW\\_C%@:(—(PFGH ci-

Figure 2.11: Principle of ion exchange chromatography.

The [LnPty](PFg)2 and its precursor [LPty](PFg)s sample were initially dissolved in deionised
water in the presence of a few Dowex beads. When the sample is eluted through the ionic exchange
column, an equilibrium of (PFs)™ in the solution and on solid phase is taking place. As is charac-
teristic of the chromatography techniques, every single step of the elution is characterised by a new
equilibrium. Due to the high loading C1™ of the resin, the equilibrium will favour the release of C1™
while the (PFg)™ will be retained.

The resulting chloride salts of the complexes were soluble in water and in methanol, and all
complexes were fully characterised and as expected the results were in agreement with the (PFg)™
salt ones. The '"H NMR of [LPt;]Cly shows a singlet at 4.19 ppm characteristic for the central CHy
of the DTPA (Figure 2.12), while the multiplet peaks at 3.69 and 3.44 ppm are consistent with the
aliphatic chain and the CH,COO™ groups respectively. The multiplet at 8.49 ppm corresponds to

H6 of the platinum(II) terpyridine unit, which overlaps with the H4’. The multiplets between 8.45
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and 8.25 ppm can be assigned to H4, H3 and H3’ of the terpyridine unit while the doublet of doublets
at 7.56 ppm arises from the H5. The Hb and the Ha arising from the thiophenol group are observed
respectively at 7.48 and 7.33 ppm. Protons on the thiophenol unit and in particular Hb are quite
diagnostic to monitor the progress of the reaction due to their upfield shift from 7.31 ppm to 7.48

ppm upon coordination of the sulphur to the platinum.
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Figure 2.12: 'H-NMR at 300 MHz of [LPt5]Cls in D2O/d4-methanol.

The [LPt;]Cl; and [LnPts](PFg)2 (Ln = Eu, Nd) were further characterised by electrospray and
MALDI-TOF mass spectrometry which reveals peaks corresponding to a number of species for the
same heterometallic complex, and in both techniques the complexes are usually observed with the
loss of both CI™ (Figure 2.13). All the electrospray spectra for the [LnPts] complexes were also char-
acaterised by the presence of a secondary peak at m/z = 464 that is assigned to the [Pt(tpy)CI]™.
However, since the UV-vis and elemental analysis are consistent with the presence of these species,
the [Pt(tpy)CI] ™" is likely to be the product of fragmentation processes taking place during the ionisa-

tion process in the electrospray techniques.
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Figure 2.13: MALDI-TOF mass spectra of [LPts] (left), [NdPt;]™ and [EuPty] ™.

Due to lanthanide paramagnetism we synthesised the diamagnetic analogue of [LnPt;] using
Y(III) which was used for 'H-NMR assignment of the heterometallic complex (Figure2.14). The

chemical shift of the terpyridyl ligand are in the same region as the [LPt3]Cls complex.
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Figure 2.14: I'H-'H COSY NMR at 400 MHz for the aromatic region of [YPt2]Cl, in D2 0O.

The H6 is identified at 8.35 ppm while HS and H4 are respectively at 7.60 and 8.20 ppm. There

is a considerable broadening of the proton resonances in the aliphatic region. This can be ascribed
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to the presence of a number of rotamers that lead to the broadening of the aliphatic region in the H-
NMR spectrum of the complex.?” Due to its diamagnetic properties and relatively high solubility in
water, [YPt2]Cl, is a good candidate to be used in the DNA binding studies by NMR spectroscopy

(see Chapter 3).

2.2.2 Photophysical studies

The photophysical properties of [LnPt;]Cl, (Ln = Eu, Nd, Gd) were investigated, and figure 2.15
shows the absorption spectrum of [LnPt;]Cls in methanol. The absorption band at 250 nm is observed
as a result of the 7 — 7™ transitions in the phenyl ring, while the 7 — 7™ intraligand terpyridine
transitions were observed at 280 nm, 330 and 345 nm. At 380 nm a shoulder appears which was
assigned to a mixed state arising from the terpyridine 7 — 7* and MLCT transitions. A broad
transition band was observed in the region between 400 and 700 nm with a maximum at 540 nm which
is characteristic of the ligand-ligand charge transfer (LLCT) from the ground state of the thiolate
moiety into the 7* orbitals of the terpyridine groups. This band is responsible for the deep purple
colour of the complex and it is diagnostic for the complex formation. Similar LLCT charge transfer

bands have previously been observed in S-Pt-tpy complexes.!?®!

8x10*
7x104—-
6x104—-
5x104—-

4x10°

¢ (dm’cm'mol™)

3x10° S
2x10°

1x10"

220 300 400 500 600 700
Anm

Figure 2.15: Absorption spectrum of 10 M [EuPt2]Cl, in methanol.
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2.2.2.1 77 K emission studies of [GdPt;]

There are mainly two reasons to use Gd(III) ions for low temperature studies; one is due to the heavy
atom effect of Gd(III) which increases the rate of the intersystem crossing from the single to the
triplet state within the ligand and thus enhances the observation of the triplet state phosphorescence;
the second reason is due to the fact that the luminescent energy level of Gd(III) is too high to receive
any energy transfer from the ligand. Thus the 77 K emission experiment of [GdPt,|(PF)s in a rigid
matrix provides a good environment to observe the phosphorescence ligand transitions.

The [GdPty](PFg)2 sample was kindly provided by Solomons, and it was used in a MeOH/EtOH
1:5 rigid matrix at 77 K. When excited at 330 nm a phosphorescence in the region between 450 - 600
nm was observed (Figure 2.16), that can be assigned as derived from the [7(tpy)— m*(tpy)] triplet

excited state.

Emission Intensity

T T T T T 1
450 500 600 700 800
A/nm

Figure 2.16: Emission spectrum of [GdPts](PFg)2 in MeOH/EtOH 1:5 rigid matrix at 77 K with A¢xe at 330 nm.

Table 2.1 lists the phosphorescence transitions, with the lowest one at 470 nm which is attributed
to the ground state of the ligand triplet state (O - O transition). A calculation of the vibrational energy
levels from the structured emission spectrum of [GdPt; ](PFg), reported in table 2.1, shows a spacing
of about 1480-1420 cm ™! that is typical of the C=C or C=N stretching frequencies of the tridentate

ligand.[#=031
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The broad emission bands observed in the region of ~ 630 nm, can be ascribed to the excimer
that originates from the 7 — 7 stacking of the platinum(II) terpyridine units in the rigid matrix.23%
In 2006 Lianos et al. reported a complex where the terpyridine ligand was directly coordinated
to the lanthanide ion, and the low temperature experiments show a phosphorescence band at 19880
cm~! which was assigned to the terpyridine triplet state. This value is consistent with the transitions

observed for the [GdPts](PFg)2 and confirms that the energy level of the terpyridine triplet state is

not able to give an efficient energy transfer.

A/nm v — v/ Energy/em™' E(cm™!)

470 0-0 21280 -
505 0-1 19800 1480
544 0-2 18380 1420

Table 2.1: List of Ty — Sg phosphorescence transitions of [GdPtz] at 77 K.

The observed phosphorescence transitions are similar to other platinum(Il) terpyridine complexes
previously reported. For example Bekiari et al. reported a thiolate substituted platinum(Il) terpyrid-
ine complex bearing a dithiobenzoquinone as co-ligand, characterised by a 77 K emission profile
that resembles the one obtained with [GdPt;](PFg)2.** The same profile was observed also by So-
lomons in a 77 K experiment for a platinum(Il) terpyridine complex where the coligand was the
4-amidothiophenol.?!

Similar values were also observed for other platinum(Il) terpyridine complexes bearing a non
thiolate coligand. For example the [Pt(tpy)(MeCN)]*" displays a phosphorescence transitions with
emission at 480, 515 and 550 nm."!

Furthermore, it is interesting to mention that the 77 K emission spectrum of the [GdADTPA-BATP]
(amidothiophenyl complex) shows a triplet ground state at 24000 cm™! and vibronic transitions at
22730 and 21600 cm ™! .1

Another important consideration in this system is the influence of the LLCT band at 18500 cm™*

which could also be responsible for the energy level perturbations.
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2.2.2.2 Emission studies of [EuPt;]Cl,

Typical Eu(IIl) luminescence was observed upon excitation of [EuPt;]Cls at 280 nm and red emission
was observed as a result of the luminescent transitions 5D0—>7FJ J=0,1,2,3,4) at 580, 590, 615,

650 and 695 nm, respectively (Figure 2.17).

Emission Intesity

550 600 650 700 750

Figure 2.17: Emission spectrum of 10 zM [EuPt3]Cl> in MeOH upon excitation at Aex. = 280 nm, uncorrected for PMT
response.

Emission spectra were also collected using different excitation wavelengths; 250, 280, 290, 330,
345 and 380 nm (Appendix to chapter 2 Figure 14), which are the values that correspond to the band
maxima observed in the absorption spectrum. The emission spectra demonstrate that sensitisation
can be achieved through the terpyridyl arms of the molecule; however the most intense emission is
observed when the excitation wavelength is 290 nm. At this wavelength there is likely to be both
phenyl centred 7 — 7* and terpyridine m — 7" centred absorption involved.

The excitation spectrum of [EuPt,]Cls was recorded monitoring the transition °Dy —"Fy at 615
nm. The spectrum displays one band which corresponds to the thiophenyl group at 280 nm and a very
weak broad band between 345 and 380 assigned to the terpyridine 7 — 7* with some contribution
of the MLCT transitions (Figure 2.18). In the excitation spectrum the LLCT is not observed which
implies it does not contribute efficiently to energy transfer to Eu®".
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Figure 2.18: Absorption (solid line) and excitation (dashed line) spectra of 10 xM [EuPt5]Cls in methanol corrected for
lamp intensity. Ay = 615 nm.

Previously reported studies for the visible lanthanide emitters of [L.nPt;](PFg)- investigated the
photophysical properties of [TbPt;](PFg)2 which resulted to be less emissive than [EuPt,] (PFg),. !
An explanation can be found in the energy levels involved and in the distance between the chromo-
phore and the lanthanide ion. Indeed considering the close proximity of the triplet excited state of
the ligand (21280 cm 1) and the excited luminescent level of Tb(II) (20545 cm™1), it can be seen
that they are divided by an energy gap of only 735 cm ™! that is too small to avoid back energy trans-
fer followed by vibrational deactivation. The luminescent excited state of Eu(IIl) is suitably placed
(17300 cm™!) to receive energy transfer from both thiophenyl and terpyridine moieties, although the
thiophenol moiety dominates the process as it is closer to the luminescent centre. According to re-
ports, the energy transfer from sensitiser to lanthanide are usually a very fast process. An example
was reported by Nocera and coworkers, using acetylacetonate (acac) to sensitise Tb(IIl) encapsulated
in a macrocyclic cage of cryptand. The energy transfer between the 37 and Tb(IIT) occured within few
picoseconds.®”! We have not been able to monitor the rate of energy transfer in thisshort timescale
in our system.

Furthermore, we also tested the excitation through the LLCT band at 540 nm and as expected the
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LLCT transition did not lead to any Eu(IIl) based luminescence, since the charge transfer band has
light absorption in the same spectral region.*!.

In figure 2.19 a Jablonski diagram summarises the photophysical processes that occur in [EuPt,].
Both chromophore the amidothiophenyl (S1X;) and the terpyridine (S1X5) moieties were shown to
be able to sensitise the Eu(IIl) emission. Furthermore, the triplet state of the terpyridine (T;X5)
is suitably placed to receive energy from the higher phenyl levels as well. This coupled with the
luminescent energy level of Eu(Ill), means that either ligand triplet state can effect sensitisation and

a mixed pathway appears to be the most efficient method.
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Figure 2.19: A schematic AETE energy level diagram for sensitising visible emission in the [EuPt2]Cls ligand system.

2.2.2.3 Emission studies of [NdPt;]Cl,

Photophysical studies with NIR lanthanide emitters of [LnPt;](PFg)s (Ln = Nd, Yb, Er) were previ-
ously reported by Solomons. ! These studies were performed using dg-DMSO as solvent, in order to
reduce the number of bond oscillators, namely C—H and O-H, which are able to quench the relevant
near-infrared f-f transitions. When a deuterated solvent is employed the Franck-Condon vibrational
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overlap integrals are reduced and hence a less efficient energy relaxation pathway is realised leading
to a minimised quenching effect (see chapter 1, page 27).1*% However DMSO as solvent can not
be used in DNA binding studies, since it may induce conformational changes on the B-DNA struc-
ture. Since we isolated a more water soluble form of [LnPt;]Cl, (Ln = Nd), we reinvestigated these
properties using D50 in order to maximise the emission intensity from the lanthanide. Excitation of
the [NdPt;]Cly complex through the terpyridine 7 — 7* region at 337 nm gave a relatively intense
neodymium luminescence in the near-infrared region. Characteristic emission bands were at 880 nm
(4F3/2 — 419/2) and 1330 nm (4F3/2 — 4113/2) with the strongest one at 1060 nm (4F3/2 — 4111/2)

(Figure 2.20).
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Figure 2.20: Emission spectrum of 15 uM [NdPt5]Cly in D2O, uncorrected. Aep, = 337 nm.

Weak neodymium(III) emission could be observed upon excitation at 280 and 380 nm, while the
excitation of the LLCT band at 540 nm did not show any emission due to the weak concentration of
the sample. Figure 2.21 shows the excitation spectrum of [NdPt5]Cls which indicate that a different
sensitisation pathway operates for the [NdPt;]Cl,; compared to the [EuPts]Cls.

When [NdPt;](PFg), salt was used in d°-dmso, due to the higher solubility of the complex, Nd3+

emission was observed upon excitation at 540 nm (18500 cm™*, LLCT)
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Figure 2.21: Absorption (solid line) and excitation (dashed line) spectra of 15 M [NdPt5]Cls in DO corrected for lamp
intensity. Ay = 1060 nm.

Examples of energy transfer from charge transfer state to Nd®>* have been previously reported by
Faulkner and coworkers. Using Ru(II)/Nd(III) dyads incorporating two bipyridyl metal-binding site
separated by an aromatic spacer and a sensitisation of the MLCT, the authors were able to measure
a rate constant (kgyr) for a Ru(I)—Nd(III) energy transfer of 1.9x 107 1,13

In Figure 2.22 we summarised in a Jablonski’s diagram the photophysical processes that occur in
[NdPts]. Both chromophore the amidothiophenyl (S;X;) and the terpyridine (S;X5) moieties were
shown to be able to sensitise the Nd(III) emission, although the terpyridine (S;X5) moieties are more
efficient. As reported for the [EuPts], the triplet state of the terpyridine (T1X5) is suitably placed to

receive energy from the higher phenyl levels as well.
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Figure 2.22: A schematic AETE energy level diagram for sensitising visible emission in the [EuPt2]Cls ligand system.

Moreover, the 'LLCT band may be suitably placed for energy transfer to near-infrared lanthan-
ides. However, due to the relatively low solubility of the complex in DoO we were not able to detect
any Nd(III) emission upon excitation of the LLCT band. Thus the terpyridine moiety was found

to be more efficient than the 'LLCT to sensitise the Nd(III) emission, especially in the case of low

concentrations as required for DNA binding studies in water.
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2.2.3 DNA binding studies

The binding of [LnPt;]Cls (Ln =Y, Eu, Nd) to DNA (CT-DNA, poly(dAdT) and poly(dGdC) was ini-
tially investigated by luminescence studies, DNA melting point, and here CD and LD are mentioned

together as dichroism studies.
2.2.3.1 Luminescent studies

The excitation wavelength selected was 330 nm, where the DNA absorption is the least and excitation
of the chromophore is still efficient for energy transfer to the lanthanide. The excitation at 330 nm is a
compromise, which in first instance leads to a weak europium emission from the complex in solution.
However, upon addition of CT-DNA to a solution of [EuPt;|Cls it is possible to observe an increase
of the lanthanide emission intensity. The emission spectra of [EuPt;]Cl; on its own and in presence
of DNA was recorded upon excitation at 330 nm (Figure 2.23), and by integration of the emission

peak area we found the luminescence intensity increased by 2.5 upon interaction with CT-DNA.

Emission Intensity
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Figure 2.23: Emission spectra of solution of [EuPt;]Cls (dashed line) (20 uM) and [EuPt3]Cls in presence of CT-DNA
(solid line) (80 M) in HoO, 10 mM HEPES and 10 mM NaCl. A =330 nm.

The same emission experiments were performed with poly (1AdT) DNA and we observed changes
similar to those recorded upon interaction with CT-DNA. The Eu(IlI) emission was initially weak but

was enhanced by double upon interaction of the complex with poly(dAdT) (Figure 2.24).
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Figure 2.24: Emission spectra of solution of [EuPt2]Cls (dashed line)(20 xM) and [EuPt3]Cl; in presence of poly(dAdT)
(80 uM) in H5O, 10 mM HEPES and 10 mM NaCl. \.. = 330 nm.

The emission spectra of [EuPts]Cls and poly(dGdC) was characterised by a weak europium based
emission for the complex alone. However, once again the addition of poly(dGdC) led to an increase
of the emission signal. Integration of the emission peak area showed the luminescence increased by

only 1.2 times upon addition of poly(dGdC) DNA (Figure 2.25).
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Figure 2.25: Emission spectra of solution of [EuPt3]Cls (dashed line)(20 #M) and [EuPt3]Cls in presence of poly(dGdC)
(80 uM) in H5O, 10 mM HEPES and 10 mM NaCl. \.. = 330 nm.

In the first instance it appears that the [EuPt;]Cly luminescence response depends on the base
composition of the DNA sequence. In fact by evaluation of the area of the emission peak, it was seen
that a pronounced luminescence enhancement was generated upon interaction of [EuPt;]Cly with
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DNA sequences characterised by alternating sequence of adenine and thymine, while smaller Eu(III)
Iuminescence enhancement were observed for sequences based on alternate sequences of guanine

and cytosine (Figure 2.26).
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Figure 2.26: Comparison plot for luminescence response of [EuPts]Cly upon interaction with CT-DNA, poly(dGdC)
and poly(dAdT) in H,O, 10 mM HEPES and 10 mM NaCl. Integration of the peak area at A\e;, = 615 nm.

The same trend in fluorescence enhancement was observed when the near infrared emitting com-
plex [NdPt3]Cly was employed as a luminescent probe for the sensing of CT-DNA, poly(dAdT) and
poly(dGdC).

The excitation wavelength for the photophysical studies with the near-infrared complexes was
maintained at 330 nm as DNA absorption at this wavelength is smaller. The [NdPt,]Cl, displayed
the characteristic near-infrared emission with its characteristic emission bands observed at 890, 1060
and 1332 nm corresponding to the *F3,—1; (J =9/2, 11/2, 13/2) transitions. As seen for [EuPtz]Cl,,
the [NdPt,]Cly showed an initial emission characterised by weak intensities, however upon addition

of CT-DNA the complex showed an emission signal with doubled intensity (Figure 2.27).
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Figure 2.27: Emission spectra of solution of [NdPt2]Cly (20 xM) (dashed line) and [NdPt3]Cls in presence of CT-DNA
(solid line) (80 xM), 10 mM HEPES and 10 mM NacCl, in D20 uncorrected Aey. = 330 nm.

Similar emission experiments were reported by Solomons using poly (dAdT) and poly (dGdC)
DNA. Despite the initial weak emission, a luminescent enhancement that was 1.4 times stronger was
observed upon addition of poly(dAdT), while a 1.6 times increase in the magnitude of emission was
observed upon addition of poly(dGdC).!"!

The addition of CT-DNA and polynucleotide DNA showed an increase in emission intensity on
both [EuPt;]Cl, and [NdPt;]Cl,. In both cases the initial emission intensity was relatively weak
and became greatly enhanced upon interaction with DNA. Since the selected excitation wavelength
for these experiments (330 nm) corresponded to transitions within the planar terpyridine arms of the
molecule, the observed luminescence enhancement has to be related with the intercalative interaction
of the platinum(II) terpyridine unit.

Thus both the visible and near-infrared [LnPt;]Cl, complexes can act as luminescent labels to
detect intercalative DNA recognition with different DNA sequences. However, there is no discernible

difference in the proportions of emission intensity response with different sequences of DNA, and

therefore selectivity can not be monitored using photophysical techniques.
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Circular dichroism

The DNA binding of [EuPt;]Cl; was investigated by Circular Dichroism (CD) which uses circularly
polarised light to measure the difference in molar absorption coefficients for left and right circularly
polarised light at varying wavelengths. Consequently only chiral compounds will exhibit a CD sig-
nal, hence DNA has a characteristic CD signal. In comparison, an achiral ligand is able to absorb
polarised light only when non-degenerate couplings between the electric dipole transition moment of
the complex and those of the DNA bases are realised.!*”) Thus any CD signal that arises in the spec-
troscopic region of the complex can only be ascribed to the degeneration of the energy level obtained
when platinum(Il) terpyridine moieties intercalates between the DNA base pairs.

The CD spectrum of CT-DNA recorded in aqueous buffer solution (Figure 2.28), shows a neg-
ative and positive signal respectively at 245 and 330 nm, characteristic of the B-DNA conformation
adopted by CT-DNA. Upon aliquot additions of [EuPt2]Cl,, an increase of the positive and negative
signals can be observed, confirming that the B-DNA conformation of the CT-DNA is retained, fol-
lowed by a new positive band between 300 and 340 nm. This bad is the result of the induced circular
dichroism (ICD) effect, and according with the UV-vis spectrum they can be assigned to m — 7*

transitions of platinum terpydine units. 4"’
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Figure 2.28: CD spectra of CT-DNA (dashed line) with addition of [EuPt2]Cls (solid line) (5:1) in HoO 10 mM HEPES
and 10 mM NaCl.
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Under the same experimental conditions we recorded the CD spectrum for polynucleotide DNA,
and figure 2.29 shows the characteristic spectra for poly(dAdT). The negative and the positive sig-
nals are observed respectively at 245 and 260 nm, which are indicative of the B-DNA conformation
adopted by the polynucleotide DNA in the aqueous buffer solution. Addition of the [EuPt;]Cls to
the poly(dAdT) solution is characterised by a reduction of the signal intensity at 250 nm followed by
hypsochromic shift of 8 nm; while the positive signal at 262 nm showed an increase in the magnitude

of the signal.
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Figure 2.29: CD spectra of poly(dAdT) (dashed line) with addition of [EuPty]Cls (solid line) (5:1) in HoO 10 mM
HEPES and 10 mM NacCl.

A significantly positive ICD signal is observed between 300 and 340 nm which is characteristic
for the 7 — 7* transition with its transition moment being aligned parallel to the DNA base pairs.
Furthermore a negative ICD signal is observed at 360 nm and between 450 and 560 nm which relative
to the LLCT transition region of the spectra.

The poly(dGdC) DNA was also investigated by CD spectroscopy and upon addition of [EuPt;]Cls
we observe a decrease of the negative signal at 250 nm followed by hypsochromic shift of 5 nm,
which is consistent with the stiffening of the DNA helix upon intercalation of the two platinum(II)

terpyridine unit (Figure 2.30).
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The intensity of the positive band at 260 nm increases upon interaction with [EuPty]Cly, while
a positive ICD signal appears in the region between 310 and 360 nm. This changes are consistent
with the metal complex being able to bind polynucleotides, where a stronger interaction occurs with

poly(dAdT) rather than poly(dGdC).
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Figure 2.30: Circular dichroism spectra of poly(dGdC) in H,O, 10 mM HEPES and 10 mM NacCl.

Linear dichroism

Modification of the DNA structure was further studied using flow linear dichroism (LD), where rel-
atively long polymeric DNA (minimum length of ~ 250 base pairs) is oriented by viscous drag in a
couette cell. The extent of orientation can be found as the difference between the absorption of light
linearly polarised parallel and perpendicular to a certain orientation, which usually matches with the

orientation of the main B-DNA axis (Figure 2.31).[4!!
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Figure 2.31: Schematic of a Couette flow cell showing flow orientation in a coaxial flow cell with radial incident light.?!

In the LD spectrum the B-DNA conformation is characterised by a negative band in the region
between 220 and 300 nm, which arises from the 7 — 7* transition of the bases being orthogonal to
the main axis of the DNA helix. The magnitude of the LD signal is dependent on the degree to which
the DNA is oriented, being reduced by effects such as DNA-bending, and it usually increases when
molecules intercalate between the DNA base pairs. This latter effect is better known as stiffening of
the DNA double helix.

We employed this technique to monitor the binding of [EuPt;]Cl, upon interaction with CT-DNA
(Figure 2.32). The LD spectrum of CT-DNA shows an increase in the intensity of the signal at 260
nm upon addition of the complex. This increase is attributed to the stiffening of the DNA double helix
structure, as a result of the simultaneous stacking of the two platinum(Il) terpyridine units between
the DNA bases.

Similarly to the CD experiment, we observed ILD bands at 330 and 350 nm which are the char-
acteristic transitions of the terpyridine moiety, while the broad ILD band observed at 380 nm can be
assigned to the MLCT transition. An additional ICD band was observed at 540 nm which is relative to
the LLCT band of the complex. All the ILD signals were characterised by a negative sign, which in-
dicates that all the transitions moments are oriented in the plane of the platinum(II) terpyridine unit,
that is consistent with the two intercalating units being perpendicular to the DNA axis. Moreover
the platinum(II) terpyridine units are stacking between the DNA bases, since no LD signal can be
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observed for the [EuPts |Cl; itself.
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Figure 2.32: Linear dichroism of CT-DNA (dashed line) upon addition of [EuPt3]Cls (solid line) (5:1) in10 mM HEPES
and 10 mM NaCl.

Flow linear dichroism was performed on a long chain of polynucleotides as poly(dAdT) with
(=~ 700 bases) (Figure 2.33), in order to study the interaction with [EuPt;]Cly. Due to the relatively
short length of the sequence,*”! the LD resulted in a very weak signal which nevertheless showed
the characteristic negative signal of poly(dAdT) at 260 nm. The LD signal became increasingly
negative upon addition of further amounts of [EuPt;|Cly which confirms the ability of the complex
to intercalate between the base pairs and consequently produce the DNA stiffening as well. However
due to the weakness of the signal it was not possible to record the ILD signal which would have been

negative since the transitions might be polarised in the plane of the terpyridine.
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Figure 2.33: Linear dichroism of poly(dAdT) (dashed line) upon addition of [EuPt3]Cls (solid line) (5:1) in10 mM
HEPES and 10 mM NaCl.

We attempted to detect the binding of [EuPty]Cly with poly(dGdC) (= 1000 bases) using LD
spectroscopy, but we did not observe the expected stiffening effect (Figure 2.34). The region between
300 and 400 nm shows the ILD signal which is again negative and hence consistent with the orient-
ation of the intercalating unit parallel to the plane of the DNA bases.
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Figure 2.34: Linear dichroism of poly(dGdC) (dashed line) upon addition of [EuPt3]Cly (solid line) (5:1) in10 mM
HEPES and 10 mM NacCl.
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The comparison of the DNA binding studies performed until here shows that the terpyridine
region of the [EuPt;]Cl; interacts via an intercalative mode. Furthermore, stronger induced CD sig-
nals for the terpyridine and the LLCT region of the spectra were observed upon interaction of the
[EuPt5]Cl complex with poly(dAdT), when compared to the interaction with poly(dGdC) under the
same experimental conditions.

A similar behaviour was previously observed by Bierbach ef al. when they reported the plat-
inum(Il) bis-acridine complex (Pt-bis(tACRAMTU)) which is also characterised by a 10 A distance
between the intercalating units, with a preferential binding for the AT sequences of DNA.*¥ Thus
more information on the [LnPt;] binding preferences might be obtained from binding studies per-

formed on relatively short oligonucleotides.

2.2.4 Binding studies with oligonucleotides

Oligonucleotides of twelve basis (12-mer) and representing one complete turn of the B-DNA, were

investigated upon interaction with [EuPt;]Cl,. oligonucleotides (Table 2.2).

Sequences Abbreviation

d(5’-CGCGCGCGCGCG-37), -CGCG-
d(5’-CGCGCCGGCGCG-37), -CCGG-
d(5’-CGCGAATTCGCG-3’), -AATT-
d(5’-CGCGATATCGCG-3’)2 -ATAT-

Table 2.2: Oligonucleotide sequences employed for the binding studies of [YPt3]Cls.

These duplexes were conveniently chosen since they were already fully characterised by X-ray or
investigated by NMR and the structure refined by molecular dynamics,'*# and our particular interest

was to monitor the binding of [ YPt3]Cly upon interaction with -AATT- and -ATAT-.

2.24.1 Circular dichroism spectroscopy

The CD spectrum obtained in aqueous buffer solution for the -ATAT- 12-mer oligonucleotide (Figure
2.35), show a negative signal at 250 nm and a positive one at 280 nm, which is indicative of the
B-DNA helicity. Upon addition of [YPty|Cls, we observed a decrease of the signal at 250 nm, while

the positive band at 280 nm was slightly modified. On the other hand a new signal at 330 nm appears

72



2.2. RESULTS AND DISCUSSION

which is assigned to m — 7 of the platinum(II) terpyridine units. Since [YPt;]Cl; is achiral and is
not able to absorb the circularly polarised light, the absorption band at 330 nm can only arise from
a non degenerate coupling between the electric dipole transition moment of the ligand and those of
the DNA bases. Degeneration of the energy level is obtained when platinum(II) terpyridine moieties

intercalates between the DNA base pairs.
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Figure 2.35: Circular Dichroism of d(5’-CGCGATATCGCG-3’)2 (dashed line) (10 xM) plus [YPt2]Cly (solid line).
Spectra recorded using a ratio oligonucleotide: [YPt3]Cly 2:1 in 10 mM sodium phosphate buffer.

Under the same experimental conditions we recorded the CD spectrum for the -AATT- duplex.
The negative and positive signals were observed respectively at 250 and 280 nm, which is consistent
for a duplex with a B-DNA helicity. Aliquots additions of [YPt3]Cl;, to the 12-mer duplex shows a
decrease in the intensity of the signals at 250 and 280 nm, while an ICD band is observed at 330 nm
and it is assigned to the 7 — 7" with the transitions moment oriented in the plane of the platinum(II)
terpyridine and hence consistent with the [ YPt2]Cl, intercalated into the 12-mer duplex (Figure 2.36).

In both sequences we observed the negative and positive signals respectively at 250 nm and 280
nm, are reduced in their intensity upon the binding of [YPt2]Cls. In the first instance this can appear
in contrast with what was observed on CD experiments performed on polynucleotide DNA, which
showed an increase in intensity for the same bands. However an explanation can be found in the

stiffening effect produced upon the binding of [YPt;]Cl; to the 12-mer sequence.
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Figure 2.36: Circular Dichroism of d(5’-CGCGAATTCGCG-3’)s (dashed line) (10 xM) plus [YPt3]Cls (solid line).
Spectra recorded using a ratio oligonucleotide: [YPt2]Cls 2:1 in 10 mM sodium phosphate buffer.

Usually the B-DNA helix is characterised by a 10.5 bases per helical turn, however it is also
known that intercalators are able to stiffen DNA. When the intercalation stiffens the double helix up
to 10.2 bases per helical turn, the CD spectrum will show a decrease in intensity of both negative
(Amax = 250 nm) and positive (Apax = 275 nm). 140!

Further circular dichroism spectroscopy studies were performed on the other 12-mer sequences,
which contain only cytosine and guanine. Their spectra shows the negative and the positive band
being consistent with the B-DNA conformation of the duplexes. The addition of [YPty]Cl; to the
oligonucleotides does not modify the position or the intensities of the signals, is consistent with the
B-DNA helicity left almost unmodified. Furthermore, a very weak ICD signal of the platinum(II)

terpyridine unit at 330 nm was observed (Figure 2.37 and 2.38).
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Figure 2.37: Circular Dichroism 10 M d(5’-CGCGCCGGCGCG-3’), (dashed line) and d(5’-CGCGCCGGCGCG-3’),
plus [YPt3]Cls (solid line) . Spectra recorded using a ratio oligonucleotide: [YPt2]Cly 2:1 in 10 mM sodium phosphate

buffer.
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Figure 2.38: Circular Dicroism spectrum 10 pM d(5’-CGCGCGCGCGCG-3’); (dashed line) and d(5°’-
CGCGCGCGCGCG-37)2 plus [YPta]Cly (solid line). Spectra recorded using a ratio oligonucleotide: [YPt2]Clo 2:1
in 10 mM sodium phosphate buffer.
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These results are in agreement with the previously reported experiment on poly(dGdC), which
suggests that the binding to the GC alternating oligomer is less favourable, while the binding to
adenine and thymine it might be favourite due to the weaker 7-7 stacking that these bases are able

to realise when introduced in a DNA double helix structure.
2.24.2 Melting point experiments

At high temperatures double stranded DNA can be denatured to a randomly coiled single stranded

45401 Since

DNA by making the hydrogen bonds between the base pairs of the helix less favourable.!
DNA bases absorb UV light in the 260 nm region, it is possible to monitor the hyperchromicity effect
via absorption of the UV light.

Melting point studies were performed with calf thymus DNA and on poly(dAdT) and poly(dGdC)
upon their interaction with [YPt3]Cly. Figure 2.39 shows the sigmoidal curve obtained by monitoring

the UV absorption at 260 nm while the temperature was raised with a rate of 0.5 °C/min for calf

thymus DNA.

Abs. at 260 nm
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Figure 2.39: Melting point experiment for calf thymus DNA (solid line) (20#M) plus [YPt2]Cly (dashed line) (5:1) in
10 mM HEPES and 10 mM NaCl. Inset plot shows the first order derivate used to determine the Ty,.

The experiment was repeated for the poly(dAdT) and the poly(dGdC) under the same conditions
as CT-DNA. Since T, is defined as the mid-point of the curve, at which 50% of the DNA is in duplex
form and 50% is in a random coiled single strand form, we could determine this point by using the
first order derivative method (Table 2.3).147!
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°C
Sequence Tn Tn+[YPty] AT,
CT-DNA 49 56 7
poly(dAdT) 58 68 10
poly(dGdC) 40 48 8

Table 2.3: Summary of T,, values for DNA melting experiments (within an error of +1°C) with CT-DNA, poly(dAdT)
and poly(dGdC) in presence of [EuPt2]Cl> (5:1) in 10 mM phosphate aqueous buffer.

These data are in agreement with the model of the intercalation, where the DNA double strand
becomes more stabilised upon intercalation of the [LnPt;]Cly complexes due to the 7-7 stacking
between the DNA bases and the platinum(II) terpyridine units, which is responsible for an increase
in the melting point temperature. The same stabilising effect was observed upon interaction of the
complex with poly (dAdT) and poly (dGdC).

However, the differences in AT,, between poly(dAdT) ad poly(dGdC) might be too small to
assess a preference for poly(dAdT), but the overall trend appeared to be consistent with the results
arising from the LD, CD and emission experiment where the binding to poly(dAdT) seems to be
favourite (Table 2.3).

The melting point experiment was repeated with the 12-mer oligonucleotides to assess the in-
tercalative properties of [LnPts]Cls with oligonucleotides at pH 7.2. The DNA absorption band at
260 nm has been monitored while the temperature was increased at a rate of 0.5 °C/min. The usual
sigmoid behaviour was observed for all the 12-mer duplexes with and without the complex (Fig-
ure 2.40). In particular, we observed a shift to higher temperatures for duplexes containing adenine
and thymine, while only small changes in melting point were recorded for CG alternating oligomer

duplexes.”!
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Figure 2.40: Melting point experiment for d(5’-CGCGAATTCGCG-3’); 20 uM (solid line) (a), d(5’-

CGCGAATTCGCG-3%)2 20 uM (b), d(5’-CGCGCGCGCGCG-37)3 20 uM (e¢) and d(5’-CGCGCCGGCGCG-37), 20
uM (d) plus [YPt2] 5 uM (2:1) (dashed line), in 20 mM sodium phosphate buffer.

Using the first order derivative method we could derive the melting point for the four sequences
in agreement with the calculated ones (Table 2.4). 148!

These results indicates that the [ YPt;]Cl; is able to better stabilise sequences containing adenine
and thymine. Indeed, duplexes with a sequence -AATT- and -ATAT- were stabilised up to 7 °C. On

the other hand, only a minor stabilisation is observed for the 12-mer duplexes based on alternating

cytosine and guanine.

°C
Sequence Tm Tm+[YPt] AT,
d(5’-CGCGATATCGCG-3"), 50 57 7
d(5’-CGCGAATTCGCG-3"), 51 58 7
d(5’-CGCGCCGGCGCG-3’), 62 64 2
d(5’-CGCGCGCGCGCG-3’), 64 68 4

Table 2.4: Summary of Ty, values for DNA melting experiments of oligonucleotides with [YPt3]Cly (within an error of
+1°0).

78
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2.24.3 UV-Vis absorption

UV-vis absorption spectroscopy was used to determine the binding affinity of [YPty]Cly toward the
12-mer oligonucleotides. The addition of duplexes to [YPt2]Cls resulted in a considerable hypo-
chromicity effect of the intraligand @ — 7* transition band. In particular we observed a hypo-
chromicity of ~ 25% upon interaction of the complex with 12-mer duplexes having the -AATT- and
-ATAT- sequence, while a ~ 15% hypochromicity effect was observed for the sequences with only
alternating cytosine and guanine (Figure 2.41). Furthemore, in all the cases the LLCT band shows
a bathochromic shift of ~ 20 nm upon additions of the 12-mer duplexes. This effect is attributed to
the change in hydrophobic environment around the molecule upon interaction of the complex with

the 12-mers.
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Figure 2.41: UV-vis titration of [YPt3]Cly 30 uM with d(5’-CGCGATATCGCG-3"), (a), d(5’-CGCGAATTCGCG-

3")2 (b),d(5’-CGCGCCGGCGCG-3’)3 (¢) and d(5’-CGCGCGCGCGCG-3’)2 (d) in 20 mM sodium phosphate aqueous
buffer. The arrows indicate the change upon increasing amount of 12-mer duplexes.
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The hypochromism and the bathochromic shifts observed in the UV-vis absorption spectrum, are
quite common effects for DNA metallo-intercalators and they have been previously observed for the

[Ru(bpy)2(pztp)1*+," [Ru(bpy)(phi)2]2+,%" and platinum(II) terpyridine derivatives.!23!

2244 Photophysical studies

Photophysical studies were performed on [NdPt;]Cls upon interaction with the 12-mer duplexes,
using a deuterated buffer in order to prevent the quenching arising from the O—H bond oscillators.
The characteristic emission bands of Nd(III) were observed at 890, 1060 and 1332 nm corresponding
to the *Fsjo — Iy (J = 9/2, 11/2, 13/2) transitions, when [NdPt;]Cl, was excited at 330 nm. At
this excitation wavelength the 12-mers duplexes have a reduced molar coefficient extinction, and it
is the mid-point of the terpyridyl absorption bands. Although the photophysical experiments were

performed in D,O the initial luminescence arising from Nd(III) was weak (Figure 2.42).
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Figure 2.42: Emission experiment for [NdPty] (dashed lines) (5 uM) upon addition of d(5’-CGCGAATTCGCG-
3’2 (20 pM) (a), d(5’-CGCGAATTCGCG-3")2 (20 uM) (b), d(5’-CGCGCGCGCGCG-3’)2 (20 uM)( ¢) and d(5’-
CGCGCCGGCGCG-3")2 (20 uM) (d) (solid lines), in 10 mM sodium phosphate buffer DoO based.
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Upon interaction with the 12-mer duplexes, the [NdPt3]Cly showed a luminescent enhancement
which was almost two times the original emission if the duplex contained the -ATAT- or the -AATT-
fragment. Integration of the spectra area for [NdPty|Cls emission showed an enhancement of lumin-

escence by 1.5 times when compared to the initial emission of Nd(III).

2.2.5 Synthesis of [4’-acetamidothiophenolPt(tpy)]Cl (AATP)

The AATP complex was isolated following a previously reported procedure, where a methanolic
solution of 4’-aminothiophenol was added to a solution of [Pt(tpy)Cl] (CF3SO3) in methanol and
in the presence of sodium methoxide. A substitution reaction then takes place at the platinum(II)
metal centre (Scheme 2.2). The final complex was isolated by a methathesis reaction by addition of
ammonium hexafluorophosphate, which led to the desired complex.?®! The final complex showed a
spare solubility in water, which was improved by exchange of the PF;; ion with CI™ using the ionic
exchange chromatography method. The PFy salt of the complex was preliminarily dissolved in water
in the presence of a minimum amount of Dowex beads. The solution was successively eluted through

a Dowex column using water as eluent.

(0]

i) MeOH, MeON |
)LH‘QSH i) Me eONa )LN S—pi_n
ii) NH4PFg H <:> AN

iii) Dowex Chloride

Scheme 2.2: Synthesis of AATP.

The chloride salt of the complex was nicely soluble in water and in methanol, and as a con-
sequence displayed an improvement in spectra quality. The complex was fully characterised and as
expected the results were in agreement with previously reported data for the PFy salt of the com-
plex.[2¢!

The 'H NMR spectrum shows all the characteristic terpyridine and aryl shifts as expected in its
aromatic region (Figure 2.43). The doublet centred at 8.52 ppm can be assigned to H6, the proton

environment closest to the platinum metal centre. The triplet at 8.43 and at 8.32 ppm is assigned to
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H4 and H4’ respectively. The H3’ and H3 is observed as two doublets at 8.22 ppm and 8.18 ppm,
while the HS signal is observed at 7.61 ppm and confirmed as a doublet of doublets with an integral
value of two.

The aryl proton signals are appear as double signals at 7.45 and 7.01 ppm, which are assigned as

Hb and Ha. At 1.93 ppm there is a singlet that can be assigned to the methyl group of acetoamide.

H3'
H3

H4

H6

H4'

8.6 8.4 8.2 8.0 7.8 7.6 74 7.2 7.0 6.8

Figure 2.43: 'H-NMR at 400 MHz of [4’-amidothiophenolPt(tpy)]Cl (AATP) in D2O.

2.2.6 Photophysical studies

The absorption spectrum for AATP in methanol show the lowest band in the region at 250 nm which
can be assigned to the m — 7* transitions within the phenyl group, while the bands at 280, 330 and
345 nm are 7 — 7" transitions within the terpyridine units (Figure 2.44). The shoulder centred at
380 nm arises from a mixed state which arises from the terpyridine 7 — 7* and MLCT transitions;
while the broad lower energy band centred around 540 nm is assigned to the LLCT transition of the

T(ArS™)—=7m*(tpy).
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Figure 2.44: Absorption spectrum for AATP in MeOH (15 pM).

Emission studies of AATP at room temperature display an emission signal when the excitation

occurs through the terpyridine

absorption bands. The emission profile shows two maxima at 340 and

355 nm assigned to unresolved vibrational progression (~ 1300 cm™1) that corresponds to the C=C

and C=N stretching modes of the terpyridine (Figure 2.45).1%
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Figure 2.45: Emission spectrum of AATP in MeOH (15 yM). Aexe =280 nm.
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Excitation of the LLCT does not result in any platinum based luminescence was observed. This
is also consistent with the examples in literature (see also chapter 1), where usually the lack of the
platinum(II) based emission is ascribed to a deactivation process which involves the lower lying

non-luminescent *LLCT. 3!

2.2.7 DNA Melting Point experiments

Since the acetamide arm of the molecule resembles the intercalator unit of [LnPt;], we employed
the AATP as a model in order to compare the effect upon DNA binding when the fourth ligand on
platinum it is not a part of a rigid structure as in [LnPts].

DNA binding studies of AATP were previously investigated by linear and circular dichroism and
melting point experiments, showing the ability of AATP to stack between the DNA base pairs of

CT-DNA, poly(dAdT) and poly(dGdC).!*!

Abs. at 260 nm
Abs. at 260 nm

: .
20 30 40 45
TrC TIeC

Figure 2.46: Melting point experiments of d(5’-CGCGCGCGCGCG-3’)y (solid line) (10 yM) (a) and d(5’-
CGCGATATCGCG-3); (solid line) (10 M) (b) plus of AATP (dashed line) (5 #M) in 10 mM sodium phosphate buffer.
Inset plot shows the first order derivative.

The melting point experiment was performed with the 12-mer duplexes and AATP by monitoring
the absorption band at 260 nm, while the temperature was raised by 0.5 °C/min. Figure 2.46 shows the
characteristic sigmoidal behaviour, where the melting point values of d(5’-CGCGGCGCGCG-3"),
and d(5’-CGCGATATCGCG-3’), correspond to the mid-point of the curve, at which point 50% of
the DNA is in duplex form while the other 50% is in a random coiled single strand form.

An increase in of the melting point temperature for the 12-mer duplexes was observed upon inter-
action with AATP. This is consistent with an increased stabilisation of the 12-mer duplexes arising

from the 7-7 stacking between the bases and the platinum(II) terpyridine unit. The largest increase
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in T;,, of the 12-mer duplex was observed for the -CGCG- upon addition of AATP (6 °C) while a

AT, of 2 °C was observed upon interaction of AATP with the -AATT- 12-mer duplex.

Sequence AT,,

d(5’-CGCGATATCGCG-3’),

d(5’-CGCGAATTCGCG-3’)
d(5’-CGCGCCGGCGCG-37),
d(5’-CGCGCGCGCGCG-3’)

AN W

Table 2.5: Summary of Ty, values for DNA melting experiments of oligonucleotides with [LnPto].

The data reported in Table 1 is indicative of the ability of AATP to better stabilise
the d(5’-CGCGGCGCGCG-3’), by increasing the melting point by 6 °C, while the melting temperat-
ure for d(5’-CGCGATATCGCG-3’), increased by 3 °C. These results are in agreement with Wang et
al.®* and more recently with McMillin et al,'*”! where a better stabilisation of the DNA duplex arose
from the interaction of the platinum terpyridine unit with CpG fragment of DNA, since a stronger 7

- 7 interaction can be formed between the terpyridine -CG- rather than between the -AT- bases.
2.2.7.1 UV-Vis absorption

UV-vis absorption spectroscopy was used to determine the binding affinity of AATP toward the 12-
mer oligonucleotides. The addition of duplexes to AATP resulted in a considerable hypochromicity
effect of the intraligand m — 7* transition band. In particular we observed a hypochromicity of ~
30% upon interaction of the complex with 12-mer duplexes having the -AATT- and -ATAT- sequence,
and a ~ 20% hypochromicity effect was observed for the sequences with only alternating cytosine

and guanine (Figure 2.47).

85



2.2. RESULTS AND DISCUSSION

0.6 a 0.7 b
054 0.6
0.5+
0.4 ¢ i 1
< < 0.4+ i l
2 0.3 2 E
F & 034
< 0.2 < 0]
017 T T 0.1 T T
0.0 0.0
T T T T T T T T T 1 T T T T 1
300 400 500 600 700 800 300 400 500 600 700 800
Anm Anm
0.6
c d
0.5
0.4 } |
< <
2 0.3 2
@ 1)
e} Q
< 024 <
014 i T
0.0
T T T T T T T T T 1 T T T T T T T T T 1
300 400 500 600 700 800 300 400 500 600 700 800
A/nm Anm

Figure 2.47: UV-vis titration of AATP 30 M with d(5’-CGCGAATTCGCG-3"); (a), d(5’-CGCGATATCGCG-3’)2 (b),
d(5’-CGCGCCGGCGCG-3’)2 () and d(5’-CGCGCGCGCGCG-3’)2 (d) in 20 mM sodium phosphate aqueous buffer.
The arrows indicate the change upon increasing amount of 12-mer duplexes.

A bathochromic shift (of ~ 5 nm) was also observed upon additions of the 12-mer duplexes to
the AATP complex. Both this effect and the hypochromism one are well known in literature and they
are characteristic for the intercalation of platinum(II) terpyridine complexes between the DNA base

pairs. [5152.53]

2.2.8 Gel Electrophoresis

Gel electrophoresis is a technique used in chemical biology for the separation of bio-molecules such
as DNA, RNA and proteins.®® The technique is based on the principle that DNA molecules have a
specific net charge arising from the phosphate backbone, which can be used to cause their migration
along with an appropriate gel matrix under the effect of an electric field applied to the gel.

Because DNA is negatively charged, the electric field drives the molecules toward the positive
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electrode with a velocity of the migration () that depends on the strength of the electric field (F)

applied, the net charge of the molecule (z) and the frictional coefficient (f):

The frictional coefficient f depends on the shape and mass of the migrating molecule and on the
viscosity of the medium, which contrasts the mobility of the molecules throughout the matrix pores.
Usually, the matrix is a cross linked polymer, that assumes the consistence of a gel, whose composi-
tion and porosity is chosen in accordance with the molecule to be analyses. Generally, agarose gels
are used for molecules such as plasmid DNA. The scheme in figure 2.48 represents a typical agarose
gel used to analyse a big molecule of DNA such as plasmid DNA. This is a type of double stranded

circular DNA that occurs naturally in bacteria.

Well where DNA solution is loaded

. [ ][ ][ 11 ] [ ] [ ] A

{ ) <«
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Figure 2.48: Representation of three different conformations of plasmid DNA that migrate with different rates on an
agarose gel.

The plasmid DNA can assume a supercoiled conformation, where the DNA is compact with a
twist built up or with a circular conformation. This conformation can be obtained upon enzymatic
or artificial cut of one of the strands causing the opening to a relaxed circular structure. The linear
conformation is obtained by cutting both strands of supercoiled or circular DNA. Solutions containing
a mix of the three conformations of plasmid (circular, linear and supercoiled) are loaded in the gel

wells and the electric field is applied at both ends of the gel, making DNA migrate to the positive
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electrode.

The DNA migration rate in the gel matrix changes according to the DNA conformation. In this
case the supercoiled plasmid runs faster than the circular plasmid and the linear conformation has an
intermediate rate.

There are different methods to visualise the bands on the gel after the electrophoresis run is com-
plete. If gel agarose is used as support, the gel can be stained by luminescent compounds that interact
with the DNA. Typically ethidium bromide is used as a staining agent for its well known DNA inter-
calator and luminescence properties.

Gel electrophoresis studies performed on plasmid DNA upon addition of [EuPts]Cl, (Figure 2.49)
show the ability of the complex to uncoil greatly the DNA, even at low concentrations. At 8:1 DNA/-
complex ratio, the band relative to the negatively supercoiled DNA completely disappears. Higher
relative quantities of complex produce a band possibly indicating the positively supercoiled plasmid.
This is remarkable and might be indicative of a high DNA binding affinity.

At low DNA/complex ratios, a new and unexpected band with reduced migration in comparison
to the relaxed conformation of the plasmid starts to form, and is clearly visible at 5:1 and 3:1 ratios.
The observed reduced drag rate of the circular DNA is at least surprising and could be caused by
the decrease on the neat amount of negative charge due to the high concentration of DNA-bound

complex (double positively charged).

[DNA [20-1]12-1]8-1]6-1[5-1[3-1]

Figure 2.49: Gel image of pBR322 DNA treated with [EuPt3]Cls.

A gel electrophoresis experiment for plasmid DNA upon interaction with AATP, was run parallel
to the [EuPt;]Cly ones and under the same experimental conditions (Figure 2.50). The gel shows
the retained ability of AATP to uncoil the plasmid DNA, but almost double amount of the AATP is
required in order to obtain the same uncoiling effect of the [EuPt;]Cl,.
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IDNA [20-1[15-1[8-1|6-1]5-1]3-1|
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Figure 2.50: Gel image of pBR322 DNA treated with AATP.

Gel electrophoresis of supercoiled and open-circle plasmid DNA can be used to asses the unwind-

591160 Upon binding of

ing angle of the DNA helix produced by binding of platinum(Il) complexes.
the complexes a retardation of the supercoiled band and an acceleration of the open circle band are
observed.

Using the appropriate ratio complex : plasmid DNA, the two bands relative to the supercoiled

and uncoiled DNA can co-migrate. This particular ratio can be used to assess the unwinding angle

by applying the equation 4.1:[6!!

6=—18x 2.1)

where ¢ is the unwinding angle and o the superhelicity constant, while r. is the base complex
ratio where supercoiled and relaxed DNA co-migrate. The o used was -0.074 and it was determined
from the unwinding angle of the 2-hydroxyethanethiolate derivative of the platinum(II) terpyridine

).[62159 The unwinding angle determined for [EuPt;]Cl, was 15.4°, which is about

complex (26°
double the value we found for the unwinding angle of AATP (7.5°).
The unwinding angle for [EuPt,]Cl, is almost similar to the the cis-platinum one!®*! (13°), and

this might be due to the rigidity introduced by the DTPA lanthanide complex when it is used as a

linking chain of the two platinum(II) terpyridine units.
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2.3 Conclusions and future work

The energy level of the triplet state calculated for the [GdPts]Cls system confirms that the ligand is
able to sensitise the Eu(III) emission (17277 cm™!), and that lanthanide emission can be sensitised
by excitation through the triplet states of both phenyl and terpyridine ligand.

Photophysical studies with the visible emitter [EuPty]Cl, indicate that there is a luminescent en-
hancement upon addition of DNA, and it is noticeable that the effect is strongest with poly(dAdT).
This was also confirmed by the near-infrared emitter [NdPt3]Cly with photophysical studies per-
formed upon interaction with 12-mer duplexes, which showed that the strongest luminescent enhance-
ment arises from interaction of the complex with d(5’-CGCGAATTCGCG-3"), and d(5’-CGCG
ATATCGCG-3’)s.

A possible explanation for this behaviour is that the energy levels of the terpyridine transition
are slightly modified upon intercalation between the DNA bases. This is in agreement with the UV-
vis absorption spectrum, which shows the energy level of the LLCT band being lowered when the
complex intercalates between the DNA bases.

The differences in the luminescent enhancement observed in the photophysical studies could
be accounted for by assuming there is a difference in binding strength associated with intercalation
between the different base pair combination. In fact, although the differences were relatively small,
they were always reproducible by using different spectroscopic techniques, with the strongest induced
CD and LD spectra observed for the interaction of the [EuPty]Cly with poly(dAdT). Using 12-mer
duplexes we performed further binding studies in presence of [YPty]Cl,, which confirmed that the
strongest interaction was achieved with 12-mer duplexes containing alternate sequences of adenine
and thymine. The differences observed upon binding of the [YPt;|Cl; to the 12 mer duplexes were
small, but always reproducible through all the spectroscopic techniques that we used.

The DNA binding experiments performed on 12-mer duplexes upon addition of the AATP com-
plex did not show the same trend as the one described for the [LnPt;]Cly complex. This can suggest
that a strong interaction between the [LnPt,]Cly and the binding site can be a consequence of the

characteristic structural rigidity of the complex. Thus if we consider that the -7 stacking occurring
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between the adenine and thymine is weaker than a -7 interaction between cytosine and guanine, !
the intercalation of a rigid structure it may be more favourable on the most flexible binding site of
the duplex.

It is interesting then to investigate one of the 12-mer duplexes studied here, by using the 2D-NMR
techniques. Chapter 3 reports the 2D-NMR experiment, where the interaction between the [ YPty]Cl,
and the Dickerson-Drew duplex is investigated by 2D-NOE techniques.

Since we isolated the water derivative [LnPt;]|Cls, it is important in the future to evaluate the
binding strength of the metal complex using the Isothermal Titration Calorimetry (ITC). ITC is a
quantitative technique that can be used to determine the binding affinity of a small molecule to a
large macromolecule; other thermodynamic parameters can also be determined using Gibbs free en-
ergy relationships. The experiment monitors the total amount of heat released or absorbed during the
interaction of two different species in solution, and hence binding events can be followed quantitat-
ively.[6]

One crucial piece of evidence which remains outstanding is crystal data to further our under-
standing of the exact binding geometry of the bis-intercalator; thus far attempts to isolate a crystal
of [LnPt,] suitable for X-ray diffraction have been unsuccessful. Furthermore an ideal piece of crys-
tallographic evidence would be to determine a crystal structure of the hairpin complex included with
DNA as observed previously with a Pt(tpy) derivative that was found to bind selectively between
GC base pairs.® Such trials are part of an ongoing collaboration with Prof. Miquel Coll and Dr.

Roeland Boer at the Institute for Research in Biomedicine in Barcelona.
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24 Experimental

24.1 Synthesis of
1,11-(bis(4-aminothiophenol)-1,11-diox0-3,6,9- triaza-3,6 9-triscarboxymethyl)
undecane: DTPA-BATP

Ho—ag

HO

DTPA-BATP

4-Aminothiophenol (2.0 g, 16 mmol) was added to a stirred suspension of diethylenetriaminepenta
acetic acid bis(anhydride) DTPA (1.02 g, 2.8 mmol) in pyridine (10 cm®). The solution was stirred
under nitrogen for 24 h at room temperature. A cloudy pale yellow solution was obtained. The
solvent was removed under vacuum at 40 °C and a yellow oil was obtained. Water (8 cm®) was
added and a cloudy precipitate was afforded. The crude ligand was then isolated by lowering the pH
to 3 via the dropwise addition of concentrated hydrochloric acid and then refrigerated to encourage
precipitation. The precipitate was collected and washed with water (2 x 25 cm?®) and acetonitrile (2
x 25 cm?®). The resulting off-white suspension was then stirred vigorously in acetonitrile (2 x 50
cm?) to afford an off-white powder. The product was then triturated to aid removal from the flask.
The powder was collected by filtration and washed with acetonitrile (2 x 10 cm?®) and ether (2 x 20
cm?). The crude product was isolated as an off-white powder.

The crude product was dissolved in pyridine (20 cm®) and hydrazine monohydrate (3 cm?) was
added to the resulting solution and a clear yellow solution formed. The pyridine was then removed
under vacuum at 40 °C to give a yellow oil. The product was then dissolved in water (8 cm?) and
filtered. A yellow/white cloudy solution was formed.
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The solution was then acidified to pH 3 (from pH 8) by the dropwise addition of concentrated
hydrochloric acid. There was a transition from a sticky off-white solid to a cloudy white suspension,
which remained sticky as the precipitation proceeded. The organic layer was then washed with acet-
onitrile (2 x 25 cm®) and then stirred in acetonitrile (2 x 50 cm®) until a white powder had formed.
The powder was collected by filtration, washed with acetonitrile (2 x 10 cm?®) and ether (2 x 20

cm?) and dried in vacuo to afford the desired product (99 mg, 58%).

'H NMR (300 MHz, [D4] MeOH, 24 °C), § ppm: 7.30 (d, 3J(H,H) = 8.6 Hz, 4H, H11); 7.05 (d,
3J(H,H) = 8.6 Hz, 4H, H10); 4.22 (s, 2H, H2); 3.72 (s, 4H, HS); 3.69 (s, 4H, H7); 3.58 (t, 3J(H,H)
= 5.2 Hz, 4H, H4); 330 (t, 3J(HH) = 5.2 Hz, 4H, H3). 3C-PENDANT {1H} NMR (75 MHz,
[D4]MeOH, 24 °C), § ppm: 174.6, 171.5, 169.7 (COOH, C1, C6; CONH, C8); 136.9 (ArCNHCO,
C9); 130.8 (ArCH,C10); 127.9 (ArCSH, C12); 1223 (ArCH, C11); 59.1,56.3 55.2,55.0,51.2 (CH2,
C234,5.7). MS (EST) = m/z 608 [M + H]*, 630 [M + Na]™

This data agrees with that previously reported. !

2.4.2 Synthesis of [Pt(tpy)Cl] (CF3S03)

AgCF5S0; (0.054 g,0.210 mmol) dissolved in dry acetonitrile (5 cm®) was added to a suspension of
[PtClo(PhCN),] (0.100 g, 0.210 mmol) in dry acetonitrile (10 cm®). The solution was heated under
reflux at 90 °C for 6 h and underwent a colour change from clear yellow to clear and colourless with
a white precipitate. The precipitate was removed by filtration and 2,2°: 6°,2”-terpyridine (tpy) (0.049
g, 0.210 mmol) added. A clear yellow solution resulted and was heated under reflux at 90 °C for
16 h. The volume of the solution was reduced in vacuo to afford an orange solid. The product was
collected by filtration, washed with acetonitrile (20 cm?®), diethyl ether (2 x 20 cm?®) and dried under

vacuum (70 mg, 80%).

93



24. EXPERIMENTAL

'H NMR (300 MHz, [D3] CD3CN, 24 °C), § ppm: 9.10-8.98 (m, 2H, H6); 8.55 (t, 3J(H.H) =
8.1 Hz, 1H, H4); 8.46 (td, >J(H,H) = 8.1 Hz, *J(H H) = 2Hz, 2H, H4"); 8.37-8.33 (m, 4H, H3/H3");
7.84 (dt, 3J(HH) = 8.0 Hz, 3J(H H) = 2Hz, 2H, H5). 13C PENDANT {1H} NMR (100 MHz, D,0,
24 °C), 0 ppm: 127.6,122.72 (C2,C2’); 149.3 (C6); 141, 140.7 (C4*, C4); 127.7 (C5); 126.7, 125 .4
(C3,C3’). MS (ES") = m/z 464 [M - (CF3S03)]". UV-Vis (CH30H:H0), 4:1): Ay in nm (log €)

540 (2.2), 380 (3.3), 330 (4.1), 280 (4.4), 253 (4.3)

2.4.3 Synthesis of [LnPt,]Cl,

A solution of DTPA-BATP (13 mg, 0.0205 mmol) and sodium methoxide (2.5 mg, 0.041 mmol)
in methanol (5 cmj) was added to a solution of [Pt(tpy)CI] (CF3SO3) (25 mg, 0.041 mmol) in hot
methanol (15 cmg). The solution underwent a rapid colour change from clear yellow to deep purple.
The solution was heated under reflux at 80 °C for 2 h. The solution was then cooled to room tem-
perature and the volume was reduced to approximately 12 cm®. Water (10 cm®) was then added,
following addition of a solution of LnCl;.6H50 (0.0205 mmol) in methanol (2 cm?), and the pH of
the solution raised from 3 to 5 by the dropwise addition of aqueous sodium hydroxide (0.1 M) to give
a clear red solution. The volume of the solvent was reduced to approximately 2 cm?® and the anion
exchanged with a saturated methanolic solution of ammonium hexafluorophosphate. A fine, deep
purple precipitate began to form.

The flask was then transferred to the fridge and left overnight. The product was collected by
filtration and washed with ethanol (20 cm®), methanol (20 cm?) and ether (20 cm?®), then dried under
vacuum. A fine powder was obtained.The complexes were purified by size exclusion chromatography
(Biobeads SX-3) eluted with DMF. The solvent was completely removed by vacuum and the final
deep purple powder [LnPt;] (PFg)2 was dissolved in CH30H / HO (4:1); the anion was exchanged
by peforming a column with an anion exchange resin, Dowex 1 X 8 chloride using water as eluent.

The solvent was removed by vacuum to give [LnPt;] (Cly), which was dried in vacuo.
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[YPt;]Cl;> was isolated as a deep purple solid, yield 53%. 'H NMR (300 MHz, [D2] D0, 24
°C), o ppm: 8.3 (br, H6); 8.15 (br, H4’ ,H4); 8.0 (br, H3); 7.9 (br, H3’); 7.5 (br, H5); 7.1 (br, ArHb);
6.9 (br, ArHa); 4.16 (m, CH,COO), 3.76 (br, CHs); 3.71 (br, CHs) . UV-Vis (MeOH): A, in nm
(loge) 540 (3.4),379 (3.7),347 (4.4),330 (4.4), 281 (4.8),242 (4.8). MS (MALDI) m/z = 1549 [M -
2C1 - H]*; (EST) = m/z 773 [M - 2C11+2. Analysis calc. (%) for Cs6Hs0O0sN1;SoPt; Y Cly - (H,0):
C,39.6; H,3.1; N,9.0 Found: C,39.3;3.2; N 8.8 UV-Vis (MeOH): \.x in nm (log ) 540 (3.4), 380

(3.7),347 (4.4),330 (4.4),281 (4.8),242 (4.8).

[EuPt;]Cl, was isolated as a deep purple solid, yield 63%. MS (MALDI) m/z = 1610 [M - 2CI -
H]"; (EST) =m/z 805 [M - 2C11+2. Elemental analysis calculated (%) for CsgHs0OgN11S2PtoEu; Clsy
- (Hy0): C,39.6; H, 3.1; N,9.0 Found: C,39.3; H,2.9; N, 8.7. UV-Vis (MeOH): A\, in nm (log ¢)

540 (3.4), 380 (3.7), 347 (4.4), 330 (4.4), 281 (4.8), 242 (4.8).

[NdPt,]Cl; was isolated as a deep purple solid, yield 55%. MS (MALDI) m/z = 1602 [M - 2CI -
H]"; (EST) = m/z 801.0 [M - 2C1]*2. UV-Vis (MeOH): A in nm (log €) 540 (3.3), 380 (3.7), 346

(4.3),331 (4.4), 281 (4.7), 246 (4.7).

2.4.4 Synthesis of [LPt>]Cly

To a solution of [Pt(tpy)CI](CF3SO3) (25 mg, 0.042 mmol) in hot methanol (50 cm®) was added a
solution of DTPA-BATP (13 mg, 0.021 mmol) in methanol (5 cm®) followed by sodium methoxide
(2.5 mg, 0.042 mmol) in methanol (5 cm®). The solution underwent a rapid colour change from
yellow to a deep purple. The solution was heated under reflux for 2 hours, and was then allowed to
cool to room temperature. The volume of the solvent was reduced to 25 cm® and water (25 cm?) added
and then the pH of the solution raised from 3 to 5 by dropwise addition of aqueous sodium hydroxide
(0.1 M). The volume of the solvent was reduced to 2 cm® and the anion exchanged with a saturated
methanolic solution of ammonium hexafluorophosphate giving a fine deep purple precipitate. The
product was collected by filtration and washed with ethanol, methanol and ether. Further purification

was performed by size exclusion chromatography using Biobeads SX-3 eluted with DMF.
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24. EXPERIMENTAL

The [LPts] (PFg)2 was dissolved in CH3OH / HyO (4:1); the anion was exchanged by performing
a column with an anion exchange resin, Dowex 1 X 8 chloride where the pH was raised to 5 by HCI.

The solvent wasremoved by vacuum to give [LPt;](Cls).

[LPt;]Cl;, was isolated as a dark red/purple powder, yield 60%. 'HNMR (300 MHz, [D4] MeOH,
24°C) 6 ppm: 8.49 (br,H6); 8.45 - 8.25 (br, H4,H4’,H3’,H3); 7.48 (d,*J(H,H) = 8.3 Hz, ArHb); 7.33
(d, 3J(HH) = 8.3 Hz, ArHa); 4.19, (br, CH,COO™), 3.69 (br, CHy), 3.44 (br, CHy). MS (MALDI)
m/z 1519 [M - 2C1 - H]*, (EST) 773.8 [M - 2C1 + Na]**. UV-Vis (MeOH): \,.x in nm (log &) 540
(3.4),379 (3.7),347 (4.4),330 (4.4),281 (4.8), 242 (4.8).

24.5 Synthesis of

[(4-acetamidothiophenolato) platinum (2,2’ : 6°, 2”-terpyridine)]Cl
(AATP)

A solution of 4-acetamidothiophenol (6.8 mg,0.041 mmol) and sodium methoxide (2.5 mg,0.041
mmol) in methanol (7 cm?®) was added to a solution of [Pt(tpy)CI] (CF3S03) (25 mg, 0.041 mmol) in
methanol (50 cm?). The solution was then stirred under reflux for 3 h over which time a colour change
from pale orange to deep purple was observed. The volume of solvent was then reduced to a minimum
and the anion exchanged with a saturated methanolic solution of ammonium hexafluorophosphate.
The precipitate was collected by filtration, washed with ethanol (20 cm®) and methanol (20 cm?),
dried in vacuo and isolated as a fine blue/black powder. The [AATP] PFg was dissolved in CH30H
/ HoO (4:1) and the anion was exchanged by performing a column with an anion exchange resin,

Dowex 1 X 8 chloride. The solvent was removed by vacuum to give [AATP](Cl) with a yield of 76%
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24. EXPERIMENTAL

'H-NMR (400 MHz, D50, 24°C), § ppm: 8.52 (d, 3J(H,H) = 5.3 Hz, 2H, H6); 8.43 (t, 3J(H,H)
=7.5Hz,H4); 8.33 (t,3J(HH) = 7.5 Hz, H4’); 8.22 (d, *J(H . H) = 7.5Hz, 2H, H3); 8.32 (d, *J(H,H)
= 7.5 Hz, 2H, H3); 7.61 (dd, 3J(H.H) = 7.5 Hz, 2H, H5); 7.45 (d, 3>J(H,H) = 8.3 Hz, 2H, Hb-Ar);
7.01 (d, 3J(HH) = 8.3 Hz, 2H, Ha-Ar); 2.00 (s, 3H,CH3). '*C PENDANT {1H} NMR (100 MHz,
D,0,24°), § ppm: 172 (CO); 158.2 (C2); 152.8 (C2’); 151.8 (C6); 142.1 (C4); 141.8 (C4’); 136.0
(CS); 134.0 (CNH); 132.5 (CHa); 128.7 (C5); 125.2 (C3); 123.7 (C3°); 120 (CHb); 22.9 (CH3). MS
(ESY) = m/z 594 [M - CI]*. UV-Vis (MeOH): A, in nm (log €): 540 (3.3), 380 (3.5), 345 (4.1),
331 (4.4),280 (4.5),253 (4.5). Elemental analysis calculated (%) for Co3H19CIN4OPtS: C,43.9; H,

3.0;Cl,5.6;N,89. Found: C,43.7; H,3.0; N, 8.7.
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Chapter 3

Probing the DNA binding site for
[LnPt> metallo-intercalator by 1H.NMR

3.1 Introduction

ver the years since NMR was first applied to solve problems in structural biology, it
has undergone dramatic developments in both instrument hardware and methodology.
Although potentially NMR gives the most detailed information on the structure of bio-
molecules in solution, the analysis of NMR spectra has been hampered by the difficulty of obtaining
unambiguous resonance assignments. For proteins and oligonucleotides this situation has changed
recently as two-dimensional NMR techniques have made it possible to translate the known primary
structure of the molecule into resonance assignments via so-called sequential assignment methods. !

After the successful employment of NMR spectroscopy for protein structure determination, Fei-
gon et al. (1982) were the first to use 2-D NMR in the study of a double-stranded oligonucleotides,
observing some interesting intra- and internucleotide Nuclear Overhauser Effects (NOE). Later on
Scheek reported a systematic method for the sequential resonance assignments in 'H NMR spectra
of oligonucleotides by two-dimensional NMR spectroscopy.?!

Thus, the NMR and X-ray diffraction offers the opportunity to investigate the binding site of
small duplexes with extremely high resolution. However, even if the X-ray diffraction can offers the
highest spatial resolution (~ 3 A) it is limited to solid state studies, while by NMR it is possible to
determine the structure of duplexes simply using an appropriate water buffered solution. Moreover

NMR can be used to extract information on the geometry dynamics yielding indispensable physi-
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3.1. INTRODUCTION

cochemical data.’’) We will focus mainly on the use of the NMR techniques to explore the DNA
binding of intercalators, which can be classified into organic intercalators (i.e. anthracyclines, ac-
ridines) and metallointercalators like platinum(Il) terpyridine complexes. Where possible, views of
NMR restrained molecular dynamic refined structures are selected to illustrates the various binding

mode.

3.1.1 NMR studies of organic based DNA intercalators.

One of the first applications of NMR to investigate the binding of small molecules to DNA was repor-
ted by Jacobsen et al. in 1995 using the fluorescent DNA bis-intercalative 1,1°-(4 4,8 8-tetramethyl-
4 8-diazaundecamethylene)bis[4-(3-methyl-2,3-dihydrobenzol ,-3-thiazolyl-2-methylidene) quinolinium]

tetraiodide alternatively known as TOTO (Figure 3.1).14

STX\8 6 ST
1
9.~ 15 | o
| +
10 14 N
13| |
1 + 24 I+
g‘m/N\/\/N
21 | 23 |
22

Figure 3.1: Schematic representation of 1,1°-(4.4,8,8-tetramethyl-4,8-diazaundecamethylene) bis[4-(3-methyl-2,3-
dihydrobenzo1,-3 -thiazolyl-2-methylidene)quinolinium] tetraiodide (TOTO).

Binding studies performed by NMR spectroscopy of TOTO upon interaction with a series of oli-
gonucleotides showed a preferential binding for -CTAG- sites. Indeed, NOESY spectrum recorded
in D20 and water, allows to follow NOE connectivity occurring between the H6/H8 of the aromatic
bases and the H1’, H2’ and H2” of the deoxyribose. Disruption of the NOE pathway can be ob-
served between C-T and A-G of the -CTAG- site, which is consistent with a bis-intercalation of the
two thiazole orange units. The intercalation sites were conclusively defined when NOE interaction
between the protons on the oligonucleotide and thiozole orange was found. Even if not all the 4 base
pair (bp) possibilities have been investigated, the authors argue that the TOTO binds selectively to

the -CTAG- and estimates a 100-fold preference for binding a sequence containing -CTAG- than any
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3.1. INTRODUCTION

other site present on that oligonucleotide. The binding preference is attributed to the thiozole orange,
since the charged alkyl-amino linker is non-sequence selective.![6
Full characterization of the interaction was achieved when the NOE data connectivity was em-

ployed in restrained molecular dynamics (Figure 3.2)

™~ Base

Figure 3.2: The refined structure of TOTO-d(5’-CCGACTGATGC-3"),. Image from the RCSB PDB.!"! (www.pdb.org)
of PDB ID 108D.

The restrained molecular dynamics calculations indicate the poly(propylenamine) linker chain
located in the minor groove of dsDNA while the benzothiazole ring system is twisted relative to the
quinoline. The site selectivity of TOTO for the CTAG-CTAG site is explained by its ability to adapt to
the base pair propeller twist of dSDNA in order to optimize stacking and the hydrophobic interaction
between the thymidine methyl group and the benzothiazole ring.

Using a derivative of acridine, an established DNA intercalator,'® Garcia et al. in 1997 has
demonstrated the ability of DTAc and ATAc (Figure 3.3) to selectively intercalate between the DNA
base pairs. They proposed the basic scheme for creating these tailor-made molecules, which contain

several units designed for specific functions.
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ATACR = H

Abasic site recognition

Phosphate binding

Base

Intercalator

Figure 3.3: Schematic representation of DTAc and ATAc units.

A number of molecules of this type have been prepared but only DTAc and ATAc showed a

DNA binding constant of K, = 10* M~! upon interaction with calf thymus of DNA, which makes

them suitable for NMR investigation. The difference between DTAc and ATAc was an amino group

introduced onto the adenine unit of DTAc (Figure 3.3). Due to hydrogen bonding DTAc results in

stronger binding to the oligonucleotide and sharper peaks on the "H-NMR are observed.!”!

A synthetic DNA fragment d(5’-CGACXCACGC-3’)-d(5’-GCGTGTGCG-3") and high field 'H-

NMR spectroscopy were employed in order to investigate the nature and the geometry of the adduct

formed between DTAc and ATAc and a mismatched DNA. A change of nearly 0.3 ppm in chemical

shifts and the absence of NOE couplings from H6/H8 aromatic protons to H1’, H2” and H2” of the

sugar, suggested the C3-dG20 and A4-dT19 as the preferred intercalation site for DTAc and ATAc.

106



3.1. INTRODUCTION

The binding site for the acridine unit was confirmed by a presence of intermolecular NOE coup-
lings between the aromatic protons of the acridine and the aromatic protons of the DNA bases. How-
ever due to severe overlap on the NOESY spectrum, it was only possible to assign the adenine base
interacting in the abasic site of the sequence. Further information about the orientation of the linked
base inside the abasic site was obtained by restrained molecular dynamics, which shows a preferred
Hoogsteen orientation rather than Watson-Crick conformation.!!!

Dauno- and doxorubicin are also popular organic anticancer drugs, having anthracycline as the
intercalating unit (Figure 3.4). However they are characterised by a lack of activity against resistant
cancer cells, which seems to be associated with the interaction between the drugs and the transport
protein. Thus, in 1997 Wang et al. proposed to link together the antracycline units of a daunorubi-
cins derivative using a sugar moiety, which increases the binding affinity with the transport proteins

(Figure 3.4).

2CI

*NH,
OH

0) CHs
O OH O OCHs

WP 631 WP 652

Figure 3.4: Molecular structure of WP631 at left and WP652 at right.

A particularly high binding constant of 10! M~! was recorded for WP631 upon interaction with
calf thymus DNA.!!"!! The binding site and sequence preferences of WP631 and WP652, were in-
vestigated by 'H-NMR upon interaction with a set of oligonucleotides, where a preference for the

-CGTACG- and -TGTACA- respectively was observed. The changes in chemical shifts and the dis-
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ruption in the NOE connectivity are evidence for intercalation of WP631 between the symmetric CG
units; while the WP652 prefers the intercalation between TG and TA (Figure 3.5).['!)

As a consequence of the bis-intercalation, the oligonucleotide assumes a distorted B-DNA struc-
ture where one of the aglycon rings is protruding into the major groove and the two daunosamines
plus the p-xylenyl group tether occupying the entire minor groove.

In this case the NMR experiment yielded detailed informations about the binding sites for WP631
and WP652, and allowed to conclude that from the changes on how linked are the antracycline moiet-
ies (C4’ or C3’) will affect the final geometry of the molecule, and hence a different binding selectivity

can be observed upon interaction with oligonucleotide.

Figure 3.5: The refined structure of WP631-d(ACGTACGT)2 and WP652-d(TGTACA)s. Images from the RCSB
PDB[”! (www.pdb.org) of PDB ID 1AL9 and 1AMD.

3.1.2 NMR studies of DNA metallointercalators.

Over the past twenty five years, increasing interest has focused on a new class of non-covalent DNA-
binding agents: metallointercalators. In these molecules, the metal centre acts in essence as an anchor,
holding in place a rigid, three-dimensional scaffold of a ligand that potentially can bear recognition
elements, which in case of the metallo-intercalators are mainly extended flat aromatic molecules.
The employment of transition metals in DNA recognition can introduce several benefits such as rich
photophysical and electrochemical properties and this extends their utility far beyond that of the pass-
ive molecular recognition agents. Moreover the metallo-intercalators are structurally rigid molecules

with well-defined symmetry that make them suited for the recognition of certain DNA sequences.
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Ruthenium and rhodium have been the most investigated metal complexes by NMR upon interaction
with DNA due to their octahedral geometry, which make them suitable for DNA intercalation via the
major groove.

Platinum metal centre have also been investigated as it guarantees a square planar geometry of
the complex.

Research group such as Barton and co-workers or Nordén and co-coworkers, have been focusing
their attention on rhodium and ruthenium complexes. In particular they were interested in studying
how to control the binding selectivity for the minor or the major groove of DNA. In 1994 Barton
published DNA binding studies of A-[Rh(NH3),phi]*>* and successively (1995) of its analogues A-

a-[Rh[(R,R)-Mes-trien]phi]** (Figure 3.6), upon interaction with small oligonucleotides.!?!

HsC, 1 —
H e, 3+
3+ 4. 4
el ) S% THZ H
—~ No. =
H3N\F|§h A.u!\N\ W_@:N'Rh g‘“’\’]l;
HN" | NT =3 H 'LH H =
HsN H= 2
H "'//H
HsC

Figure 3.6: Structure of A-[Rh(NH3),phi]®T and its analogues A-a[Rh[(R,R)-Mes-trien]phi]>* on the right.

'"H-NMR studies show the protons from the ancillary ligands having NOE coupling with the
protons on the major groove. Furthermore, on the NOESY spectrum there was an absence of NOE
resonances from the H6-H8 aromatic protons to the sugar protons of the binding site. These results
led them to conclude that the ancillary ligand was playing an important role on the groove selection,
while the aromatic phi ligand was stacking between the base pairs. In the mean time but working
independently, Nordén studied two other systems based on ruthenium octahedral metal complexes

(Figure 3.7).[13:14]
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A-[Ru(phen)s]?* A-[Ru(phen)s]?*

Figure 3.7: Structure of A and A [Ru(phen)s]>T.

The A and A-[Ru(phen)s]?* were also investigated by '"H-NMR while interacting with the de-
camer oligonucletide d(5’-CGCGATCGCG-3’),. The one dimesional 'H-NMR spectrum recorded
upon addition of the complex to DNA, shows clearly the metal complex in rapid exchange compared
to the NMR timescale, leading to an NMR spectrum with sharp peaks.

More detailed information was obtained from the NOESY spectrum, where it was found that
there was a lack of NOE couplings between the ancillary ligand of [Ru(phen)3]*" and the protons
of the major groove, while both of A - and A-[Ru(phen)3]?* bind to the minor groove of the 10-
mer as evidenced by the intermolecular NOE interaction. Barton and collaborators demonstrated
enantioselectivity associated to the A complexes, upon binding the B-DNA structure. However the
same enantioselectivity was not shown for A complexes upon interaction with Z-DNA.

Using the NMR it was possible to understand that the dimension, the geometry and the function-
ality of the ancillary ligands plays an important role towards the selectivity of octahedral complexes
in binding the major or the minor groove of different DNA geometries. !

This led Barton and co-workers to design several octahedral complexes based on rhodium, and

investigate their DNA interaction by 'H-NMR (Figure 3.8).!1!
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Figure 3.8: Chemical structure of rhodium-phenanthrenequinone studied by Barton.['!

Complexes containing a bulky ancillary ligand showed a preference for major groove binding.
The high selectivity and binding constant could be ascribed to the ability of the ancillary ligand to
form hydrogen bonding with phosphate groups arising from the major groove of the duplex (i.e. A-
a[Rh(R R)-Me,trien(phi)]**). However this approach can be very demanding and not always leads
to the expected results. "

The designed complexes able to recognise selectively major versus minor groove of DNA by
intercalation is still a growing field, and the "H-NMR investigation plays an important role for elu-
cidation of the interaction between these complexes and the binding site. Collins et al. demonstrated
by 'H-NMR and NOE experiments that both A and A-[Ru(dmphen),dppz]** (Figure 3.9) bind the
hexanucleotide d(GTCGAC), in the minor groove. This binding mode was strongly suggested from
the intermolecular NOE cross-peaks between the dmphen and the d(GTCGAC); protons, which were
only observed between the minor groove basis G4AS5.!!"]

A key role is played not only by the ancillary ligand but the extension of the aromatic intercalating

unit is an important parameter. ' H-NMR studies previously reported by Norden showed an increased
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A-[Ru(dmphen),dpq]?* A-[Ru(dmphen)2dpq]?*

Figure 3.9: Structure of A and A-[Ru(dmphen)odppq]®* complexes.

selectivity versus the duplex minor groove when one of the phenantroline ligand in [Ru(phen)s]**
was substituted with the dipyrido[3,2-a:2” ,3’-c]phenazine (ddpz) to obtain the [Ru(phen)gddpz]2+ 13

Recently Thomas et al. reported the NMR investigations on the DNA binding mode of the octa-
hedral complexes using achiral ruthenium complex as [Ru(tpm)(dppz)py]>", which is based on dppz
ligand. '"H-NMR spectroscopy based on NOE experiments are strongly consistent with the inter-
calation into G2-A3 from the minor groove side of the two chosen octamer d(AGAGCTCT), and

d(CGAGCTCG),.!'8!

= N::© /N\N/FKIU'\N\/ N;©
—_— - |
NS
[Ru(bpy)2(dppz)]2* [Ru(tpm)(dppz)py]?*

Figure 3.10: The structure of [Ru(bpy)2(dppz)]>* and [Ru(tpm)(dppz)py]>*.

A lot of investigations has been done in structural biology and most of this involved NMR as
technique, but still not clear how to control the intercalation and how to control the selective binding
on the major groove, with the scientific community still debating the DNA groove selection rules.
However at this stage the contribution of NMR led to an understanding that the ancillary ligands and
the final isomer configuration of the complex play a key role upon the interaction with DNA.

Bierbach ez al. used the NMR spectrscopy to investigate the d° metallo-intercalators Pt-ACRAMTU
and Pt-bisCtACRAMTU) upon interaction with 8-mer oligonucleotides.!"”!?°! These complexes use
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the acridine as the DNA recognition unit, while the metal centre in one case coordinate the DNA
base and in the Pt-bis(tACRAMTU) it is only responsible for the rigidity and the final geometry of

the bis-intercalator (Figure 3.11).
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NH NH; Pt
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Pt-ACRAMTU Pt-BIS(ACRAMTU)

Figure 3.11: Structure of Pt-ACRAMTU and Pt-bis(ACRAMTU).

According to their previous studies on acridine as an intercalating unit!*!, in 2005 they reported
NMR studies of Pt-(ACRAMTU) upon interaction with d(5’-CCTCGTCC-3")-d(5’-GGACGAGG-
3%).

The NOESY spectrum showed a clear interruption in the NOE pathway between the bases C4/G5
and C12/G13 on the complementary strand. NOE couplings were missing at the top and the bottom
of the intercalating binding site that is consistent with a distortion of the double helix upon acridine

intercalation.?!!

Figure 3.12: The refined structure of Pt~ACRAMTU. Image from the RCSB PDB!"! (www.pdb.org) of PDB ID 1XRW.

The Pt-ACRAMTU is characterised by the presence of one chloride as co-ligand, and which
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make it able to platinate the N7 on the base G5. This could be observed in the 'H-NMR since a
characteristic downfield shift of 0.7 ppm was produced (Figure 3.12).1'”) When the labile chloride
ligand coordinated to platinum was replaced with a second acridine the Pt-bistACRAMTU) was
isolated. "H-NMR studies based on a NOESY experiment showed a preferred intercalation on the
5’-TATA-3’ when binding studies were performed on 8-mer d(GCTATAGC),. NOE couplings are
clearly interrupted between T3H2’ and A4HS8 and between TSH2’ and A6HS, as indicated by the
complete absence of the corresponding cross-peak. Furthermore intermolecular NOE couplings were

observed between the H1-H8 of acridine sand the H2’/H2” deoxyribose of both strands.

Figure 3.13: View of the major groove of an energy minimised Amber model of the duplex d(GCTATAGC)5 based on
NMR data. 2!
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3.1.3 Project overview

This chapter aims to investigate how the luminescent metallohairpin [LnPty] complex interacts with
DNA binding site. Based on the previous chapter results where optical spectroscopy have been used
to evaluate the DNA at the binding of [LnPt,], we chose the Dickerson-Drew??! sequence in order
to investigate the binding by '"H-NMR spectroscopy.

The Dickerson-Drew sequence d(5’-CGCGAATTCGCG-3’), is one of the extensively studied
sequences in structural biology due to its high relevance in biology, since it represents a binding
site for the endonuclease restriction enzyme (EcoRI), which is able to make a staggered cut of the
double-stranded DN A molecule by cutting between the G4 and A5 on both strands of the -GAATTC-

sequence with an high level of discrimination (Figure 3.14).[%

Figure 3.14: The refined structure of EcoRI interacting with the Dickerson-Drew sequence. Images from the RCSB
PDB!”! (www.pdb.org) of PDB ID 20XV.

In this chapter we investigated the Pt(tpy) moiety upon interaction with the Dickerson-Drew
sequence by 'H-NMR spectroscopy . The employment of proton correlated NMR techniques NOESY
and TOCSY will allow us to describe more specifically the intercalation sites for the two platinum
terpyridine units of [LnPt,]. The [4’-amidothiophenolPt(tpy)]Cl (AATP) will be employed as a model
of the intercalating units on [L.nPt;] in order to investigate any binding preference that can be induced

by the rigid geometry of [LnPts].
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3.2 Results and Discussion

While the luminescent properties of [LnPts] upon DNA interaction have been studied using the
europium(III) ion, for the NMR experiments the luminescent europium has been replaced with yt-
trium. Introducing yttrium gives the advantage of reducing line-broadening in the spectra due to the
paramagnetic effect characteristic for lanthanides. The [YPty]Cl, complex (Figure 3.15) bear two
platinum metals, which are part of the DNA recognition unit on the complex. Not all the isotopes
of platinum are NMR active, but only the Pt is NMR active with spin 1/2. The abundance of the
195pt is estimated to be 33.8% compared to all the platinum isotopic distribution.**! However the
low concentration of the NMR active '*>Pt isotope may preclude the observation of any couplings

between the protons of the DNA and the '*>Pt metal ion.

Figure 3.15: Structure of the [YPt2]Clycomplex.

In order to have a reasonably high concentration of [YPt;]Cl, in the aqueous buffer solution
used for the experiment, we used chloride as counterion. The complex was synthesised and isolated
following the procedure reported in chapter 2.

The ”Dickerson-Drew” oligonucleotide employed in the experiment was chosen based on the
initial four oligonucleotide sequences employed in the optical spectroscopy binding studies discussed
in the previous chapter. Since the previous results showed a preferred binding for oligonucleotide
sequences containing adenine and thymine but selectivity was not observed between -AATT- and -
ATAT- oligonucleotide units, we decided to investigate the "Dickerson-Drew” oligonucleotide by 'H-
NMR upon interaction with [YPt5]Cls. The 12-mer d(5’-CGCGAATTCGCG-3’), sequence has been
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previously characterised by '"H-NMR from Hare et al.!*>! Despite the improved signal dispersion at
higher magnetic field strengths, the combination of substantial overlap and poor resolution, especially
for 'H nuclei, imposes major limitations on the assignments of spectra and of DNA and ligand DNA-
complexes. For this reason the 2D and 3D NMR methods have emerged as the principal sources of

both assignments and structural and dynamic information on such materials.

3.2.1 'H-NMR characterization of d(5’-CGCGAATTCGCG-3’),

Since no previous DNA binding studies of platinum terpyridine derivatives using 'H-NMR have been
reported in the literature, the NMR spectrum of the d(5’-CGCGAATTCGCG-3), is a good start point
to understand the changes in '"H-NMR resonances upon interaction with the metal complexes (Figure

3.16).
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Figure 3.16: Overlay of the 'H-NMR spectra recorded at 500 MHz of d(5’-CGCGAATTCGCG-3’)5 recorded in 90:10
(H20 : D2O)(top) and 99.99 % D50 (bottom) at 24°C.

At room temperature conditions the bases arising from the duplex, are in a dynamic equilibrium
where they continuously flip between the open and the closed form; as a consequence the amino and
imino protons arising from the bases are able to exchange with the protons of the solvent (Figure
3.17).[01E27]
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Figure 3.17: A schematic diagram of the equilibrium between opened and closed form of the DNA duplex.[?”!

Thus 'H-NMR of d(5’-CGCGAATTCGCG-3’), initially recorded using an aqueous sodium phos-
phate buffer (10 mM) containing D5O (used for the magnetic field locking), allowed us to assign the
exchangeable protons arising from adenines at 8.5 ppm by comparison with the 'H-NMR recorded in
99.99% D0 in which they are not present. The full deuterium exchange was obtained by applying
three cycles of freeze-drying with DO directly in the NMR tube followed by the recording of the
'H-NMR spectrum. This allowed us to distinguish between the exchangeable and non exchangeable
protons. Furthermore, the exchangeable protons are very useful probes to eventually study how the

metal-complex interaction affects the kinetic of the base flipping process.

3.2.2 Analysis of the 'TH-NMR assignment in DNA spectra

Three scalar-coupled spin systems (isolated from one other in terms of directing bonding) exist in
DNA, namely sugar ring, H1’, H2’, H2”, H3’, H4’ HS5’, cytosine H6, thymine CH3, CH6, adenine

and guanine respectively AH8 and GHS8 (Figure 3.18).
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Figure 3.18: Structure of bases showing the 'H enumeration used for DNA structure elucidation.
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In NOESY data sets, the off-diagonal resonances correlate nuclei that are affected from a spatial
separation not bigger than 5 A.The coupling is through space and not through the bonds, hence called
dipolar-couplings. In order to cover most of the spatial distances with the magnetisation transfer in
a NOE experiments on oligonucleotide, a relatively long time of irradiation called mixing time 7, is
required.

However because NOE enhancement is not linear with the increase of the mixing time and the
distances between the protons of the DNA bases (CH6, GHS, AH8, THO6) is bigger than the maximum
distance allowed for a NOE resonance, it is not possible to find a NOE pathway where the protons
of the bases are directly connected to allow the complete characterization of the DNA sequence.
Hence, the deoxyribose protons play a key role in the '"H-NMR experiment on DNA sequences.
Deoxyriboses units connect the bases together by two phosphodiester bonds at the extremity 5’ and
3’ of the sugar. Because of the secondary structure of DNA (B-DNA), the protons on the deoxyribose
units are positioned geometrically at an acceptable distance for NOE interactions with the imino or
amino protons of the bases to be observed. A schematic representation (Figure 3.19) shows how the
sugar protons (H2’, H2” and H1’) are essential in order to see any NOE connectivity between the

oligonucleotide bases.

\’\4 A"JHS.

Figure 3.19: Representation of a GCG in B-DNA structure with distances in A. Image from the RCSB PDB!”!
(www.pbd.org) of PDB ID 1GIP.
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In fact if we consider an initial fragment like G1C2G3, the distances between G1H8, C1H6 and
G3H8 are in between 4.5 and 5 A which indicate inefficient magnetisation transfer. While if we con-
sider the proton distances between the base protons (H8 and H6) and the sugar protons (H1°,H2’ ,H2"),
we obtain an average distance of 2.5 A which is a suitable distance for NOE magnetisation transfer.

Hence the connection of the DNA bases can be followed by NOE coupling with protons of the
sugar connected. The most sensible sugar protons are the H1’, H2” and H2”, while bigger distances
are involved between the deoxyribose protons H3’, H4’, H5” and the imino/amino protons on the
bases leading to quite a weak NOE signal, unless relatively long mixing times (7,,,) are employed.
However, this may generate artefact signals arising from the NOESY spin-echo sequence and sub-

sequently transformed into observable signals.[?8!(2%]

3.2.2.1 Mixing Time

Incorrect choice of 7, can cause a complete absence of observable signals since the enhancements
have yet to grow to a detectable level, whilst an excessively long 7, can mean the enhancements
have decayed through relaxation. The motional properties of the molecule and hence the longitudinal
relaxation times of the nuclei play the most significant role in dictating NOE growth and in turn dictate
the selection of 7,,.°") Above all, selection of 7, for an NMR experiment involving DNA sequences
has to maximise the initial build up rates of the NOEs (which in a large molecule is directly related to
the inverse sixth power of the distance between the irradiated and observed protons) minimising the
possibility of record signals as a results of the scalar coupling.*'! In order to find a reasonably good
(Tm) for the NOESY experiments on the 12-mer oligonucleotide d(5’-CGCGAATTCGCG-3’),, a set
of five 7,,, were chosen to record the NOESY spectra. The intensity of NOE signal was measured by
integration of the cross-peak and the resulting volume values were plotted against the mixing time
(Figure 3.20). In order to maximise the NOE magnetisation transfer, according to the plot reported

in figure 3.18 we recorded the 2D NOESY experiments using a 7;, of 400 ms.
3.2.3 NOESY spectrum of d(5’- C1G2C3G4A5A6T7T8C9G10C11G12-3’)2

Figure 3.21 shows a contour plot of the NOESY spectrum of d(5’-CGCGAATTCGCG-3)s where

all the exchangeable protons have been fully swapped with deuterium and the residual water peak
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Figure 3.20: Time dependence of intensity (volume integrals) for five representative NOE cross-peaks.
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Figure 3.21: Contour plot of d(5’-CGCGAATTCGCG-3")2 NOESY spectrum recorded at 7, = 400 ms.

The diagonal spectrum, which looks similar to the usual 1D spectrum, arises from protons which

do not relax with other protons during the mixing time, while most of the small peaks off the diagonal
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are the major feature as a result of the dipolar coupling. In the first instance, the NOE spectrum appear
to be particularly complicated, but a more detailed analysis shows that all the signals are divided into
groups of resonances. >

Following the previous work from Hare ef al., we can divide the spectra as reported in figure 3.21

in four areas:

a) The imino/amino protons of the bases have dipolar coupling with the H2’ and H2” of the

deoxyribose.
b) The imino/amino protons of the bases are in resonance with the H” of the sugar.

¢) The protons of the sugar are spatially coupled as well, and in the region c resonances between

H1’ and H2’, H2” are present.

d) Region d arises from the NOE coupling between the H2’/H2” and H3’ of the sugar.

The easiest starting points on the NOESY spectra are the methyl groups on the thymine units
of the sequence. The CH3 groups arise to one of the most intense signals in the '"H-NMR and they
appear as a singlet at 1.26 ppm for T7CHg and at 1.53 ppm for TSCH;3. Once the two CH3 have
been assigned, the cross-peak in the aromatic region of the spectra is due to the coupling with the
H6 respectively of T7 and T8. Because we know the oligonucleotide sequence, if we exclude all
the cross-peaks that are related to the TH6, the only remaining resonances are from the terminal part
of the sequence. Since the cytosine is the only base which has two vicinal protons, at this stage we
can identify the C1H6 using TOCSY, and according to the previously published results we found
the C1H6 at 7.63 ppm coupling with H2” and H2’ of the sugar respectively at 2.40 and 1.95 ppm.
Because the imino proton H8 of G2 has a dipolar coupling with the C1H2”, we can find the coupling
between the G2HS8 and its own H2” at 2.65 ppm and then the coupling with C3H6 (Figure 3.22).

Following this assignment strategy, we found that all the signals can be assigned and show good
agreement with those previously reported by Hare et al.**! It is interesting to note that resonances fol-
low an anticlockwise NOE connection, which confirm the oligonucleotide has a structure consistent

with that of B-DNA.
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Figure 3.22: Expanded NOESY contour plot of the cross peaks between the GHS, CH6 region and the H2’-H2” and CH3.
The top of the spectrum identifies the two thymine methyl groups and the adjacent base protons, while the connectivities
between the aromatic and the H2” protons of G2 and C1 are traced at the bottom.

3.23.1 NOE Couplings to H1’

It is possible to study the connectivity of the DNA bases in a 12-mer oligonucleotide using the proton
H1’ of the sugar, as H1’ is spatially in the range for generating dipolar coupling with the adjacent
imino/amino proton of the bases.

A convenient starting point to assign this part of the spectrum is the C1H6, which we can vertically
find from the H2” and H2’ assignment completed before and according to the previously published
results the coupling with the H1’ (C1H1") is at 5.71 ppm.[231[32!

Following the strategy assignment described before, it is possible to assign all the couplings

between the DNA bases and the H1’ of the sugar (Figure 3.23).

124



3.2. RESULTS AND DISCUSSION

80 75 7.0
°2] 5.2
G4H1'-A5HS- @ R
. @ / r5.4
o8
C9H1'-H6- N
C9H1'-G10H8- C3H1'-H6
> 9 b @, 156
E ClH1'-G2HS- ClH1'-H6- i
= ; B G10H1'-C11H6-
= sep OO | G2H1'-C3H6- [538
- G2H1'-H8—\@@ g @@
3
9@ ) ;@ T7H1'@H6
6.0- @-Asﬂl -H8- —— "
" AGH1'-T7H6-
AN
6.2 A6H]§'—H8—G12Hl'_H8_ T8H1'-C9HG- NSHL ' —H6- I
6.4 "
8.0 7.5 7.0

W, - "H (ppm)

Figure 3.23: Expanded NOESY contour plot of the cross peaks between the GHS, CH6 region and the H1’ of the sugar.

Some of the NOE couplings in the area b are not coupled with any of the sugar H1’ protons, but
they are the result of the dipolar coupling between the H5 and H6 of the cytosines. These could be
confirmed by a TOCSY spectrum recorded at 7,,, of 100 ms, which shows the scalar coupling of the

vicinal HS and H6 (Figure 3.24).
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Figure 3.25: Expanded TOCSY contour plot of the cross peaks for region b.

The total correlation spectroscopy (TOCSY) is a technique that yields the homonuclear proton
correlation spectra based on scalar couplings, but is also able to establish correlations between protons
that sit within the same spin system. In other words, provided there is a continuous chain of spin-spin
coupled protons, A-B-C-D- etc, the TOCSY sequence transfers magnetization of one proton to the
next along the chain. TOCSY of oligonucleotide sequences offer the advantage of more informative
spectra then 'H-'H COSY, which tend to produce severely overlapped spectra.*"!

TOCSY spectra find useful application when the NOE cross peaks in the region ¢ and d need to be
assigned. Located in this region are the dipolar couplings between the H1’, H2’, H2”, H3” and H4’
of the sugar ring. The NOESY spectrum of these two regions presents several overlaps; in particular

the couplings of the guanines sugar protons are quite overlapped and difficult to distinguish (Figure

3.26)
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3.2. RESULTS AND DISCUSSION

With the approach of combining information from NOESY and TOCSY spectra, we have been
able to assign all the chemical shifts of the Dickerson-Drew 12-mer oligonucleotide. The results here
shown are consistent for a B-DNA secondary structure for the 12-mer d(5’-CGCGAATTCGCG-3"),
oligonucleotide. All the NOE chemical shifts that we summarised in (Table 3.1), were in good agree-

ment with the previously published data from Hare et al.*!

H8 H6 H5 CH; HI’ H2” H2> H3 H&4

Cl1 - 761 580 - 575 239 195 467 4.14
G2 7093 - - - 587 267 261 497 434
C3 - - - - 559 226 183 479 4.12
G4 783 726 536 - 541 272 264 497 431
A5 810 - - - 598 284 269 503 444
A6 810 - - - 6.14 292 255 505 445
T7 - 710 - 126 590 255 198 481 4.19
T8 - 736 - 152 6.10 253 216 4.89 420
Cc9 - 745 5.62 - 564 240 204 486 4.20
G10 789 - - - 584 265 258 497 434
Cl1 - 731 543 - 575 230 186 479 4.20
G12 792 - - - 6.12 258 236 4.66 4.16

Table 3.1: Chemical shifts of 125 assigned protons for d(5’-CGCGAATTCGCG-3’)2)

At this stage the main objective has been simply to assign protons to their respective NMR peaks
in order to follow any changes during the addition of the [YPt2]Cl, complex. However the results
also contain a large amount of structural information, which can be further analysed employing the re-
stricted molecular dynamics modelling that would lead to more detailed structural information about

the Dickerson-Drew dodecamer.??
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3.2. RESULTS AND DISCUSSION

324 'H-NMR titration of d(5’-CGCGAATTCGCG-3); with [YPt5]Cl,

In order to find the best condition in terms of ratio of DNA/complex we performed 'H-NMR titration
where aliquots of [YPt3]Cl, were added from a stock solution into the NMR tube, which contained
the 12-mer duplex d(5’-CGCGAATTCGCG-3’),. Additions were performed in order to obtain ratio
of DNA/complex from 10:1 to 2:1 and a 1D '"H-NMR recorded (Figure 3.27). Upon additions of
[YPt;]Cl; changes in chemical shifts were observed particularly for the aromatic protons H8/H6 of
the bases and H1°, H2” and H2” of the sugar. The ratio 12-mer/complex 2:1 represent the upper limit

of the titration where no further changes in chemical shift could be observed.
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Figure 3.27: '"H-NMR at 500 MHz of d(5-CGCGAATTCGCG-3’)s upon addition of [YPt2]Cls in 10 mM phosphate
buffer solution for a final ratio DNA:[YPt5]Cls of 1:0.5

The changes in chemical shift of the H8/H6 aromatic protons, upon addition of [YPty]Cls are
plotted in figure 3.28. Since changes occurs mainly between G4/AS and between C9/G10, they are

the possible binding site for [LnPt,].
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Figure 3.28: 'H-NMR of AJ for the aromatic protons of the bases (H6, H8); shifts to upfield region of the spectrum
have positive sign while the shifts to downfield region has negative sign.

3.2.5 DNA binding studies by NOE

Determining the location of the [ YPt5]Cls binding site could be achieved by taking into consideration
the dipolar coupling from the H6/H8 aromatic protons to the sugar protons. Upon the bis-intercalative
interaction of the [ YPt;]Cl, with DNA ideally we expect to see a decrease in intensity of NOE signals
for the imino/amino protons that are part of the binding site; additionally we expect to see new NOE
signals that possibly generate from the dipolar couplings between the platinum terpyridine intercal-
ating units and the protons of the binding site. Due to the high overlap of the peaks on the diagonal
spectra upon addition of [YPty]Cls to the oligonucleotide, it is merely speculative to identify and as-
sign any proton signal arising from the dipolar coupling between the H6/H8 of the bases or the sugar
and the platinum terpyridine units. The line broadening produced on the "TH-NMR spectra upon inter-
action of [ YPts]Cly with the 12-mer is due to the relatively slow kinetic exchange between free and
interacting [ YPt2]Cly in the NMR time-scale, which might be due to the high value of the binding

constant which is characteristic for [LnPt,] upon interaction with CT-DNA..[3?!
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3.2. RESULTS AND DISCUSSION

The binding site [ YPt2]Cl, on the oligonucleotide can be determined mainly by evaluation of the
NOE connectivity in the NOESY spectra that have been recorded using a mixing time 7,,, of 400 ms.
Comparing the NOESY spectra recorded using a DNA/complex ratio of 2:1 (Figure 3.29) with the
NOESY of the 12-mer on its own (Figure 3.21), many signals are reduced in their intensity while
some of them are missing when we compare it with the one from the oligonucleotide itself (Figure
3.21).

In order to assign the cross-peaks, it is convenient to divide all the spectra into four areas: a, b, c
and d which start from the area a, where the dipolar coupling is observed between the imino/amino
protons and the H2’, H2” of the sugar. However these regions are not to be considered independently
from each other; in fact due to the severe overlap it is essential in some cases (i.e. G2, G4, G10 and
G12) to consider all of them as a whole to reach an unambiguous assignment.

8 6 ‘ 4 2

8 6 4 2
o, - "H (ppm)

Figure 3.29: Contour plot of d(5’-CGCGAATTCGCG-3")2 NOESY spectrum upon interaction with [YPt2]CloCloCla
using mixing time 7, = 400 ms.
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3.2. RESULTS AND DISCUSSION

3.25.1 Area a: NOE couplings by H2”” and H2’

Taking into consideration the assignments reported earlier for the 12-mer d(5’-CGCGAATTCGCG-3"),,
we can start conveniently from the NOE coupling of C1H6 with its H2”, which is at the right distance
to couple with G2HS as well. Following the NOE couplings from the aromatic protons to the protons
of the sugar, we assigned all the cross-peaks through an anticlockwise NOE pathway connection,
which is consistent with a retained B-DNA conformation of the oligonucleotide upon interaction

with the [YPt;]Cls (Figure 3.30).
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Figure 3.30: Expanded NOESY contour plot of the cross peaks between the GH8, CH6 region and the H2’-H2” and
CHs.

According to the chemical shifts reported in (Figure 3.28), the major changes to the area a of the
spectra occurs in the central part where the H6 and H8 from cytosine and guanine couple with the
H2” and H2’ of the sugar respectively.

In fact NOE connectivity is dramatically reduced between the C3H6 and G4HS8, which were
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originally coupled by the C3H2” while the NOE intensity observed between the G2H2” and C3H6 is
reduced. NOE connectivity is interrupted between the C11H6 and G10H8 as well, where originally
these protons were coupling with the GIOH2” while the coupling between COH6 G10HS8 via G10
H2” is still present even if the intensity of the NOE signal intensity is reduced. NOE couplings are
interrupted between C9H6 and T7HS8 due to the missed dipolar coupling between COH6 and T8H2”.

Dipolar couplings between C3H6 and G4HS8 are missing in the region of H2’ resonance, as the
coupling between C9 and G10 is not present. Because the final 12-mer duplex is formed by two self-
complementary palindromic single stranded unit, the G10 results to be the complementary base for
C3 and consequently the C9 for G4. This suggests that at least one of the terpyridine unit of [YPt3]Cls
completely covers the plane of the bases probably leading to a maximised -7 stacking between the
DNA bases and the terpyridine. However while NOE interruption occurs between T8 and C9 in the
H2’ region, it is impossible to evaluate any NOE variation on the complementary strand about the
coupling between ASH8 and G4HS8 due to the severe overlap of the NOE resonances.

It is important to see that the central part of the 12-mer oligonucleotide remains essentially un-
changed upon interaction with [YPt;]Cls. In fact the methyl groups on thymine T7 and T8 are still
able to couple between them with no changes in NOE couplings. However the 1D "H-NMR spectrum
(Figure 3.27) showed changes in chemical shift for the H8 of T7, while the T8H8 was left unchanged
by the interaction with [YPt3]Cly. More information can be obtained by the assignment of part b of

the NOESY spectrum.

3.25.2 Areab: NOE couplings by H1’

The region b of the NOESY spectrum is based on NOE couplings between the H6/H8 aromatic
protons of the bases with the H1” of the sugar. In this part the NOE connectivity between the C3H6
and G4HS8 was missing, while the NOE coupling between A6HS8 and the G4H1" still occurs but it is

sensibly reduced in its intensity (Figure 3.31).
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Figure 3.31: Expanded NOESY contour plot of the cross peaks between the GH8, CH6 region and the H1’ of the sugar.

As already seen in the area a of the spectrum the NOE coupling between T8H1’ and C9H6 has
disappeared, as has disappeared the NOE coupling between the CIH6H1" and G12H1’. However the
NOE resonances between the terminal bases of the 12-mer duplex and their sugar may be missing
due to the (3 configuration of the anomeric bond on the sugar, which in a B-DNA structure that goes
from 5’ to 3’ leads to a final structure for the duplex where the sugar is above the plane of the base
and it is free to change its configuration.

The data discussed to this point appears to be consistent with a model where the two platinum
terpyridine units stack between the bases C1G2/C11G12 and G4AS5/T8C9, which confirms the bis-
interclator behaviour of the [YPt;]Cls. The intercalation between C1 and G2 is supported by the
absence of NOE coupling from G2H2” to G2H8 and C3H6, due to possible produced conformational
changes on G2H2” upon intercalation of the platinum terpyridine unit. The square planar geometry
induced by the d® electronic configuration of the metal centre, it makes the platinum(II) terpyridine
[34]

as an extended flat intercalating unit able to cover the DNA bases from both strands.
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In fact NOE interruption occurs on the complementary strand between G12 and C11, due to the
missing dipolar coupling from G12H2” to the aromatic G12H8 and C11H6. A representative model of
the intercalation site has been built using a Dickerson-Drew structure obtained by molecular dynamics
based on NOE restriction from Clore et al., and an X-ray structure of the AATP used as model of the

intercalation unit that has been previously reported by M. C. Solomons.!*!

Figure 3.32: Model of the terpyridine intercalation based on image from the RCSB PDB " (www.pdb.org) of PDB ID
1GIP with AATP inserted in the intercalation site.

According to the previously published molecular mechanics model of [LnPty] where the two
DNA recognition units are separated by 10 A, we expect the second platinum terpyridine unit of
[YPt,]Cl, to intercalate between the G4AS5/C9TS. >3 In fact the absence of the NOE coupling between
the T8H2” and C9H6 is concomitant with the missing dipolar coupling between T8H1’ and COH6
and allows us to assign it as the second intercalation site. On the complementary strand, this inter-
calation site is confirmed from a strong reduction of the NOE intensity between ASH1’ and G4HS.
As before, we built a representative model for the second intercalation site of the molecule (Figure

3.33).

136



3.2. RESULTS AND DISCUSSION

Figure 3.33: Model of the terpyridine intercalation based on image from the RCSB PDB " (www.pdb.org) of PDB ID
1GIP with AATP inserted in the intercalation site.

Since the models reported above have not been obtained by molecular dynamics, they do not
take into consideration the stiffening effect that the bis-intercalator produced upon interaction with
DNA, which was previously shown by linear dichroism and herein by the absence of NOE coupling
between the H6/HS of the aromatic protons arising from C3 and G4. Indeed the missing NOE coup-
lings between C3-G4 and G10-C11 may be due to the DNA unwinding upon intercalation of the two
platinum terpyridine units, which produces an increase in distance between the sugar protons and
their bases.

Based on the molecular modelling structure previously reported, a representative model of the
intercalation has been built where the intercalation between C1G2/G4A6 is happening from the minor

groove side of the chain (Figure 3.34).

Figure 3.34: Model of the terpyridine intercalation based on image from the RCSB PDB!”! (www.pdb.org) of PDB 1D
1GIP with AATP inserted in the intercalation site.
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3.2.6 'H-NMR titration of d(5’-CGCGAATTCGCG-3’); with AATP

Additional "H-NMR experiments were performed on the 12mer d(5’-CGCGAATTCGCG-3’), using

the mono-intercalator AATP as a mimic compound for the single intercalating unit of [YPt5]Cls.

Figure 3.35: Structure of AATP.

In order to find the best condition in terms of ratio DNA/complex we performed 'H-NMR ti-
trations where aliquots of [YPty]Cly were added from the stock solution into the NMR tube, which
contained the 12-mer duplex d(5’-CGCGAATTCGCG-3’),. Additions were performed in order to

obtain ratio of DNA/complex from 10:1 to 2:1 and a 1D 'H-NMR recorded (Figure 3.36).

DNA + AATP 1: 0.5

ONA+ ARTP 1:02 Mw

DNA

8.5 8.P 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0
ppm

Figure 3.36: '"H-NMR at 500 MHz of d(5’-CGCGAATTCGCG-3")5 upon addition of AATP 10 mM phosphate buffer
solution for a final ratio DNA : complex of 1:0.5.
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Upon additions of [YPt3]Cly changes in chemical shifts were observed for the aromatic protons
HS8/H6 of the bases and H1°, H2’ and H2” of the sugar. The ratio 12-mer/complex 2:1 represent the
upper limit of the titration where no further changes in chemical shift could be observed.

The addition of AATP to the 12mer duplex leads to a slight broadening of the 1D "H-NMR signals
arising from the oligonucleotide. Changes in chemical shifts were only recorded for the imino/amino
protons of the cytosine and guanine, while in contrast to the [ YPt;]Cl, interaction, the chemical shifts

of adenine and thymine stays unchanged upon the interaction with the AATP (Figure 3.37).

DNA + AATP 1: 0.5

DNA + AATP 1:0.2

YT

86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67
ppm

Figure 3.37: "H-NMR titration of d(5’-CGCGAATTCGCG-3"), exapnded on the region of the imino/amino protons of
the bases.

Even if we speculate that the AATP is interacting in the region of the cytosines and guanines of the
12-mer duplex, it is not possible to describe in detail the interaction site due to the severe overlapping
of the signals and the increased broadness of the spectrum. More information can be extracted from
the NOESY spectrum that have been recorded with a mixing time 7,,, of 400 ms (Figure 3.39). As
reported before the NOESY spectra can be conveniently split into four areas. All the cross-peaks have
been assigned following the usual strategy, obtaining a complete table of chemical shits. Differences

in chemical shifts between the 12-mer itself and the 12-mer-AATP have been calculated and plotted
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against the double strand residues (Figure 3.38).
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Figure 3.38: Chemical shift changes for selected base and deoxyribose protons (H1’ on the left and H2” on the right);
shifts to upfield region of the spectra have negative sign while the shifts to downfield region have positive sign.

Changes in chemical shifts are observed on the residues G3, G4 and on the complementary strand
at C9 and G10. Thus according to the changes in chemical shifts a potential site of interaction for the
AATP upon interaction with d(5’-CGCGAATTCGCG-3"), involves the G2 deoxyribose and the G4
sugar.

A better description of the intercalation site arises from the NOESY spectrum, where we expect
to see the NOE couplings between the bases being interrupted by the intercalation of AATP.

In the first instance, the NOESY spectrum of d(5’-CGCGAATTCGCG-3’)y appears more defined
in the region of the diagonal spectrum. Thus, considering the chemical shift previously reported for
AATP and the COSY spectra (Figure 3.36), we are able to distinguish the cross-peaks relative to the
AATP residue from the oligonucleotides internal cross-peaks. Unfortunately due to the severe overlap
between the terpyridine unit with the oligonucleotide main spectral diagonal, it was not possible to

assign any NOE interaction between the terpyridine unit and the binding site on the oligonucleotide.
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Figure 3.39: Contour plot of d(5’-CGCGAATTCGCG-3"); NOESY spectrum upon interaction with [AATP] using mix-
ing time Ty, = 400 ms.

3.2.6.1 Area a: NOE couplings by H2”” and H2’

Starting a detailed analysis of the NOESY spectrum in area a where NOE couplings arises from H2”
and H2’ of the sugars coupling with the DNA bases, we can see that interaction of the AATP with
the 12-mer oligonucleotide is leading to a NOESY spectrum where some of the NOE couplings are

missing.
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Figure 3.40: Expanded NOESY contour plot of the cross peaks between the GH8, CH6 region and the H2’-H2” and

Starting at the established cross-peak between C1H6 and C1H2”, we can follow a right hand

NOE connectivity which allows us to assign all the cross-peak resonances with the exception of the

missing NOE coupling between C3H6 and G4HS.

In particular from the spectrum in (Figure 3.40), it appears that the C3H2” is masked from in-

teraction with G4HS. Because the C3H6 is still coupling with C3H2”, the interaction with the metal

complex seems to occur between the baseC3 and the immediate consecutive sugar unit of G4, which

retains the NOE coupling with the ASHS. It was not possible to proceed with any evaluation in NOE

142



3.2. RESULTS AND DISCUSSION

intensity (or volume) due to the severe overlap with the other guanines cross-peaks. If the intercal-
ation on one strand occurs between C3 and G4, we should observe a NOE coupling with a reduced
intensity for some of the couplings between C9 and G10 on the complementary strand. However in
this part of the spectra we see that the C9H2” is still coupling with C9H6, while the coupling with

the G10HS is hard to evaluate because of the severe overlap.
3.2.6.2 Areab: NOE couplings by H1’

More information can be deduced using the region H1’ of the NOESY spectrum (Figure 3.41), where
no NOE connectivity was found between C3 and G4. In fact due to the intercalation of AATP the
C3H1’ does not display NOE coupling with the G4H8. Due to the employment of a self comple-
mentary 12-mer duplex a further disconnection was found between CO9H1’ and G10HS. In fact C9

and G10 are bases that are complementary to G4 and C3 respectively.
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Figure 3.41: Expanded NOESY contour plot of the cross peaks between the GH8, CH6 region and the H1.
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The investigations on the NOESY spectrum are consistent with the explanation of AATP able
to intercalate between the base pairs C3G4/C9G10; because we observe NOE interruption between
C3/G4 and C9G10 we can argue the platinum terpyridine unit is lying parallel to the plane of the bases
from both strands, which agrees with the X-ray data reported by Wang et al. using a similar complex
to AATP ([Pt(tpy)TPH] ™) which was crystallised in between a base step of CpG dinucleotide (Figure

3.42).136]

C2' endo

C3 endo

Figure 3.42: Structure of TPH on the left and crystal structure of the platinum terpyridine moiety intercalated in a CpG
base step of a dinucleotide.

Based on a crystal structure of AATP previously reported **! and a refined structure of the 12-mer
oligonucleotides from the protein databank (PDB ID 1GIP), we can built a model of the interaction,
which allows an estimations some of the possible NOE couplings between the binding site and the

metal complex based on distances between nuclei in the model (Figure 3.43).

Figure 3.43: Model of the terpyridine intercalation based on image from the RCSB PDB " (www.pdb.org) of PDB ID
1GIP with AATP inserted in the intercalation site.
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3.2. RESULTS AND DISCUSSION

According to the NOE data where the intercalation of the AATP occurs from the major groove of
the sequence, between C3 and G4 we can build a model where the platinum terpyridine is lying on the
bases of the binding site. As a structural consequence we would observe the proton Hb arising from
the 4’-amidothiophenol, having NOE coupling with the AGH2”, AGH1’ and A6H4’ and consequently
NOE interaction on the complementary strand, which involves T8H2”, TSH1’, TSH4".

According to the "H-"H COSY spectrum of AATP in water (see appendix to chapter 3, page 246),
the figure 3.44 shows the aromatic region of the 12-mer oligonucleotide where the adduct with the
AATP has its characteristic Hb at 7.5 giving NOE coupling with the vicinal Ha. Moving from Ha and
Hb vertically to the H2”, H2’ region of the spectrum (area a) we found the Hb proton of the AATP
unit having a clear NOE interaction with the A6H2”, while for the proton Ha it was not possible to

evaluate any NOE coupling because of the overlapped chemical shift with the T7HS.

8.5 7.0 6.5
25 i i 25
T7H2"-RSH2! @, T7H2"-H6
2.6 n F2.6
2.71 G4H2"-ASHS é’ C3H8-G2H2" to7
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]
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8.5 — . . . 8.5
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Figure 3.44: Model of the terpyridine intercalation based on image from the RCSB PDB!”! (www.pdb.org) of PDB 1D
1GIP with AATP inserted in the intercalation site.
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3.2. RESULTS AND DISCUSSION

The NOESY spectrum did not show any NOE coupling between the T7CH3 or TSCHj3 and the
protons on the 4’-amidothiophenol, which allows us to speculate that when the platinum terpyridine
complex intercalates from the major groove between C3 and G4, the 4-amido-thiophenol residue lies

in the minor groove next to the binding site.

3.2.7 DNA binding studies by >'P-NMR spectroscopy

A number of DNA sequences have been investigated by *'P-NMR in order to understand the con-
formational changes."*”! Much of this work has been focused on the BI — BII transitions of the phos-
phate backbone. These conformations are defined by the € and ¢, Cy—C3—O3—P and C3—O3—-P-Of,

respectively, and the BI is the most common conformation in B DNA (Figure 3.45).58!

Figure 3.45: The backbone torsion angles in a unit nucleotide. Each rotatable bond is indicated by a curved arrow.

The phosphodiester backbone is the most flexible part of the DNA and it can be significantly dis-
torted upon intercalation of small molecules such as [YPty]Cly or AATP. There is good evidence that
the factor that largely determines the chemical shift of 3P NMR resonances is the phosphate ester tor-
sional angle.®”! Figure 3.46 shows an overlay between the >'P NMR of the d(5’-CGCGAATTCGCG-

3’)4 oligonucleotide (bottom) and the 12-mer upon interaction with [YPt3]Cl,.
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Figure 3.46: *'P NMR of the free oligonucleotide (lower trace) and the [YPt5]Cl, intercalated (upper trace). Chemical
shifts are referenced to H3PO,. Experiment recorded at 27°C.

The intercalation of [ YPt;]Cls between the bases of d(5’-CGCGAATTCGCG-3’),, induces sig-
nificant changes on the phosphate backbone of the duplex which lead to a 1D *'P-NMR spectrum,
where the resonance at -2.24 ppm shifts to -2.26 and the one from -2.39 to 2.40 ppm. The interaction
of the metal complex with the 12-mer duplex induces one a further change to the >'P NMR spectrum.
Indeed, the intesity of the signal at -2.4 ppm increase upon addition of complex, while the resonance
at -2.54 ppm is reduced. While the magnitude of the chemical shift depend on the relative position-
ing of the metal complex with respect to the duplex,™! the shift to downfield of the signal at -2.54 is
consistent with a transition from a conformation BI to a conformation BII."*® This is consistent with
a stiffening effect produced by the intercalation of the [YPt,]*? between the 12-mer base pairs.

We performed the 3'P NMR experiment on the 12-mer duplex upon interaction with AATP and
we recorded changes for the signal at -2.26 ppm, which in the presence of the metallo complex
disappeared probably overlapping with the signal at -2.23 ppm. Chemical shifts to the upfield region

of the spectrum are recorded for the signals at -2.39 and -2.49 which shift to -2.4 and -2.53 ppm
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respectively (Figure 3.47).

\/U‘

-11 12 -138 -14 15 -16 -17 -18 -19 -20 -21 -22 -23 -24 -25 -26 -27 -28 ppm

Figure 3.47: 3'P-NMR of the free oligonucleotide (lower trace) and the AATP intercalated (upper trace). Chemical shifts
are referenced to H3PO,4. Experiment recorded at 27°C.

Thus, upon interaction of the AATP with the 12-mer duplex we observe slighter bigger changes
in chemical shifts than upon interaction with the [YPt;]72, and an explanation can be found if the
rigidity of the metal complexes is taken in account. The [YPty]2 is a rigid system compared to the
AATP, and this can affect the intercalation process and consequently the magnitude of the chemical
shifts. In first instance it is easier to accommodate the AATP than the [YPty]™2 between the DNA
base pairs. However due to the severe overlap of the signals is quite difficult to further speculate on

the changes of the torsion angles and how they relate with the binding site.
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3.2.8 Conclusions and Future work

In this chapter we have investigated the binding site of the heterometallic complex [YPt3]Cls upon
interaction with the d(5’-CGCGAATTCGCG-3"); by 'H-NMR. Following the results reported in the
previous chapter, we have reinvestigated the Dickerson-Drew sequence and titrated it with [ YPt5|Cls.
During the titration we observed changes in chemical shifts especially in the aromatic region for
H8/H6 aromatic protons of the bases, which suggest a possible binding site involves the major groove
of the sequence. The NOESY spectrum with a 7, of 400 ms confirmed the bis-intercalation of
[YPt5]Cl, between C1/G2 and between G4/A5.

Evidence for the bis-intercalation binding of [ YPt,|Cl, arises also from the complementary strand,
where the NOE pathway is interrupted in correspondence of the intercalation site.

The bases of the 12-mer contained between the metallo-intercalator unit, suffer a strong reduction
of NOE coupling between the aromatic protons and the sugar; this is probably due to the stiffening
effect produced on the 12-mer by the intercalation of [YPt;]Cl,. Indeed a previous study based
on linear dichroism and *'P-NMR showed that an important change is produced on the phosphate
backbone of the 12-mer upon interaction with [ YPt,]Cl;. Unfortunately due to severe signal overlap
it was not possible in the case of [YPt3]Cl; to assign any NOE coupling between the protons of the
terpyridine units and the imino/amino protons of the bases in the oligonucleotide sequence.

Overall we can conclude, that the binding specificity of [LnPts] observed upon interaction with a
set of four oligonucleotides, is due to a combination of geometrics and rigidity of the complex with
the distances offered from the 12-mer oligonucleotide. Due to a reduced thermodynamic stability of
the -7 stacking between G4/A5 and T8/C9, we believe that this point of the sequence acts as a weak
point to accommodate the intercalating unit from the rigid molecule [ YPt;|Cls; on the other side the
second platinum terpyridine unit acts as an anchor unit making a thermodynamically favourite 7-7
stacking with the cytosines and the guanines of the binding site.[*! Since all the NOESY data has
been collected using a mixing time 7,, at the maximum of the NOE enhancement, would be extremely
useful in the future to employ this data for a restrained molecular dynamics modelling, which would
describe the [ YPty]Cl; intercalated between the base pairs with higher resolution.

Moreover the final results would yields more physical data, which would describe how the arms
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interact independently when intercalated in the binding site.

New oligonucleotides should be designed and investigated, where the AT sequence is moved
along the sequence, in order to weight the importance of this fragment as an attachment point on the
sequence for the bis-intercalator and to investigate if the preference for the major groove binding is

retained making the fluorescent [LnPt;] have unique binding properties in its field.
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3.3 Experimental

The DNA dodecamer d(5’-CGCGAATTCGCG-3"), with HPLC grade of purity was purchased from
WG Eurofins and the D2O 99.99% was provided by Cambridge Isotopic Inc.,while the metal com-

plexes [ YPt;]Cl; and AATP were obtained following the synthetic reported in the previous chapter.

3.3.1 Sample Preparation for NMR Spectroscopy.

The oligonucleotide was buffered in 10 mM sodium phosphate, pD 7.2 (uncorrected for isotope ef-
fects) containing 10 mM NaCl. The DNA was annealed in the NMR tube by heating to 80 °C in
a water bath, followed by cooling to room temperature over several hours. Sample concentrations
were quantified by measuring the absorbance of a 1 mL solution at 260 nm (20 °C) and the final

(411 A1l DNA and complexes samples

concentration calculated with the nearest neighbour principle.
were exchanged twice with D,O (99.9%, Aldrich) and then made up to 550 xL with D;O (99.96%,
Aldrich). Stock solution of [YPty]Cls and AATP were prepared using deuterated water and treated as
DNA with three cycles of freeze drying. The final concentration was double checked by absorption

spectroscopy. The titration was performed directly in the solvent and performed directly in the NMR

tube by aliquots additions of stock solutions.

3.3.2 Acquisition of NMR Data

One-dimensional(1D) and NOESY spectra of the imino protons were acquired on a Bruker DRX
500 spectrometer, equipped with inverse probe. The sample temperature was regulated at 27 °C
for all experiments in D5O. The NOESY spectra in D50, with mixing times of 50, 100, 200, 300
400 and 500 ms, the TOCSY and ROESY spectra were collected without removing the sample from
the spectrometer or changing any frequencies or gain settings. The pure absorption NOESY spectra
were collected using the phase-sensitive methods STATES TPPI into 2048 complex points in w2
and into 512 points in wl. For each transient 32 scans were collected with a relaxation delay of
2.0 s between the transients. All the NOESY experiments in DO were carried out suppressing the
residual resonance of the water peak using a partial CW water presaturation. Using the same settings

the TOCSY and ROESY spectra were recorded using a mixing time of 100 ms. *'P-NMR were
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recorded using 512 scan and proton decoupling and referencing it to the chemical shift of the H3POy,.

The 1D NMR titrations were carried out for each complex with the 12-mer oligonucletode. The
metal complexes were added in aliquots to oligonucleotide samples in the NMR tube to a maximum
complex : duplex ratio (R) of 0.5. The complex was added in increments of 0.1 molar equiv, and a 'H
NMR spectrum was recorded after each addition. Temperatures were held constant throughout the
course of the titrations and are specified in the relevant figure captions for each experiment. For the
final high-R solution, 2D NOESY (7, = 100 - 400 ms), TOCSY and ROESY (7, = 100 ms) spectra

were collected.

3.3.3 Data Processing

All the raw data and the one 'H-NMR were processed using Bruker TOP SPIN 2.1 running on x32
Intel based workstation, which was employed for Fourier transform and phasing of the spectra. All the
NOESY and TOCSY cross-peaks were assigned using SPARKY NMR 3.1, which is a free software
specifically designed for NMR of proteins and oligonucleotides. All the chemical shifts values were
obtained during the NOESY spectra assignment as an average of at least four single chemical shifts,
and finally automatically reported in a correlation table of chemical shifts. All the intensity of NOE
couplings were evaluated as manual integral of the NOE cone and then fitted using the Gaussian fit

function of SPARKY.[#?!
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Chapter 4

Lanthanide bis-intercalators based on
platinum acetylide moiety.

4.1 Introduction

ransition metal complexes have been used as photosensitisers in energy conversion and ex-
tensively studied in order to develop luminescent sensors. In particular the square planar
nature of d® Pt(Il) complexes have properties that are not available to d® metal com-
plexes.!!"! For example the d® complexes are characterised by axial intermolecular interactions, and in
many cases they being responsible for leading to unique photophysical properties such as the form-
ation of excimers. Thus, several groups have turned their attention on the photophysical properties
of the platinum(Il) terpyridine (Pt-tpy) complexes, bearing an acetylide group as co-ligand (Figure

4.1).

Figure 4.1: Generic structure of [Pt(tpy)(CECR)]*l.
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Indeed, the use of acetylide based moieties as co-ligands introduces a number of advantages:

e the large spin-orbit coupling of Pt(I) improves the singlet-triplet intersystem crossing and

luminescence efficiency
* the strong ligand field properties of acetylide leads to a high energy gap of the d — d transitions

e the p,-orbitals of the acetylide ligand mix with the d.(Pt) orbitals through 7-conjugation,

which facilitates charge migration and energy transfer.

However, despite all of the photophysical investigations, the Pt-tpy application as a metal drug

or its use as a luminescent probe in biology still remain sparse. !

4.1.1 Photophysical properties of Pt-tpy acetylide complexes

The Pt-tpy complexes have been known since 19345) and their derivatives have been widely invest-
igated.'¥! Due to their intriguing photophysical properties such as a relatively long lifetime ( order
of us), particular attention was given to platinum(II) diimine acetylide complexes. In 2001 Schanze

and co-workers reported few examples of platinum diimine complexes bearing an aryl acetilide as

5116]

coligand (Figure 4.2).!

CHs R

Y
N
CHs R
1 2
a: Ry =R, = CHj a: R=CF;
b: R1 = RC(CH3)3, R2 =H b:R = NO2
C: R1 = C(O)NEtz, R2 =H C: R = NMez
d: Ry = COOEt, Ry = H d: R = OCHs;

Figure 4.2: Examples of luminescent platinum diimine complexes bearing an aryl acetilide as coligand.
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The results of this study reveal that in most cases the photophysics of the complexes is dominated
by the energetically low lying Pt—bpy *MLCT state. Some of the complexes also feature a low-lying
intraligand (IL) m — 7% excited state that is derived from transitions localized largely on the aryl
acetylide ligands.

Since the original report of [Pt(phen)(C=CPh),] (Figure 4.3) by Che and coworkers in 19947,
the number of related platinum(Il) acetylide complexes with a polyimine ligand has enormously
expanded.!® However in some cases the use of bypiridine ligands may be responsible for the thermal
activation of d—d transitions which provide a facile non-radiative deactivation pathway (see chapter 1
page 13). With the use of terpyridine as a polyimine ligand, it is possible to increase the structural
rigidity of the platinum(Il) complex, thus minimising the non-radiative decay, typically associated
with the distortion of the complex. 31!

The acetylide ligand allows to tune the photoluminescence properties by raising the HOMO of
the metal centre and consequently reducing the energy level of the MLCT excited state. Moreover,
the acetylide based co-ligands are strong o and 7 donors that are able to raise the energy of the d
orbitals, higher in energy than the *MLCT, which will decay by a luminescent pathway."”!

Yam et al. have reported some of the luminescent complexes in this research field. They were
the first to present the luminescence of [Pt(phen)(C=CPh);], and [Pt(tpy)(C=CPh)] (4), that were

luminescent in solution at room temperature (Figure 4.3).!1%

| PFe

w
S

Figure 4.3: Structure [Pt(phen)(C=C-Ph),] (1) and [Pt(tpy)(C=CPh)]PFg (2).

In their first study of complexes of this type, Yam and co-workers prepared [Pt(tpy)(C=CPh)]™
salts with a range of para substituted aryl groups.!!'®! The emission energies follow the trend that
would be expected for luminescence from a *MLCT state; e.g., the energies in MeCN solution at RT
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decrease in the order Ph = -C¢H4NO4 > -C4H,Cl > -CgH5 > -CsH Me, as the electrondonating power

of the acetylide substituent increases (Figure 4.4 a-e). This was reinforced by the results obtained

from theoretical studies using by TD-DFT calculations.!'!-!?]

| PFe

R=H, 5a
Cl, 5b
CHs, 5¢
OCHjs, 5d
NOQ, 5e
benzo-15-crown-5, 5f

Figure 4.4: Early Pt(II) acetylide complexes exhibiting luminescence in solution designed by Yam and coworkers.!?!

Castellano and co-workers have used a Pt-(tpy) acetylide platform to introduce tert-butyl sub-
stituents on the terpyridine ligand, in order to obtain complexes that would be soluble in non-polar
solvents such as dichloromethane (Figure 4.5). Interestingly, they showed that the complexes exhibit
bright photoluminescence with an excited state lifetime in the range of us. It was demonstrated that
the nature of the acetylide co-ligand plays a key role in modulating the luminescent properties of
these complexes. The tert-butyl substituent that was initially introduced for solubility reasons, was
found to play an important role, making the charge delocalisation upon excitation of the complex

more favourable. !’
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X = BF, , PFg
6

Figure 4.5: Structure of [Pt(tpy)(tert-Bu)(C=CPh)]X (X = BF4, PFg).

Tung et al. demonstrated that substitution on the terpyridine ligand together with tuning the
electron density of the acetylide co-ligand, enhances the excited-state lifetime and the luminescence
quantum yield of the terpyridylplatinum(II) derivatives. An example is the 4’-tolyl-terpyridines used
in conjuction with different alkyl and aryl acetylide substituents, that rendered complexes with relat-

ively high luminescence quantum yields (Figure 4.6).1!¥

—| ClO,4 a Ry = p-tolyl, R, = CH,OH
b Ry = p-tolyl, Ry = n-propyl
c Ry = p-t0|y|, Ro = C6H4C|

d Ry = p-tolyl, Ry = CgHs
e Ry = p-tOly', Rs = CgHsCH3

f Ry = H, Ry = CgHs

Figure 4.6: Structure of [Pt(tpy —tolylil)(C=CPh)]ClO,.

Recently, photophysical and DFT studies of Pt-tpy acetylide complexes, were reported from Che
et al. which showed the effects of substitutions on the terpyridine and on the acetylide moiety on
the absorption and emission spectra.!'> In agreement with previous studies,!'>!"! Che rationalised
that aryl-acetylide ligands with electron-withdrawing substitutions are responsible for the increase
in energy of the !MLCT and 'LLCT transitions. On the other hand when strong electron-donating
groups are used, the two energy levels are lowered followed by an increase of the energy gap between

them. As mentioned before (see Chapter 1) the electron-donating groups are able to modify the energy
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of the d — d transitions as well. When a strong electron-donor is used the d orbitals are destabilised
in energy, and if the electron-donating effect is strong enough the d orbitals can go higher in energy
than the ligand excited state. This situation is the most suitable in order to obtain the MLCT a the
luminescent excited state. !

Despite all this work, the photophysical processes occurring in the terpyridylplatinum(II) acetyl-

ide complexes are still not fully understood, due to the overlapping of several photophysical processes

that can compete with the luminescence from the SMLCT of the platimun(II) terpyridine.

4.1.2 Luminescent sensors based on Pt-tpy acetylide

Based on the previously reported photophysical properties, several luminescent sensors have been
isolated that behave as ’switch on’ metal complex. The general strategy is to derive a fluorescent
terpyridylplatinum(II) complex with a binding site able to quench the platinum fluorescence when
no substrate is bound to it. An example of this application is the fluorescent sensor for metal ions

proposed by Yam et al. (Figure 4.7).11

ot
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J

Figure 4.7: Luminescent sensor for metal ions by Yam ez al..!'9)

The complex shows an intense, low energy absorption band in solution, around 550 nm, which is
attributed to a low-lying excited state of LLCT state. It is presumed that this state is able to deactivate
the *MLCT state via non-radiative decay. In the event of Mgt or Ca®* binding to the benzo-15-

crown-5, the LLCT band is raised in energy and hence the luminescence is switched on.
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Tung et al. also reported luminescent platinum(II) terpyridine complexes where the modulation
of the charge transfer state could be obtained by the control of the solution pH. Furthermore they
also investigated how an aromatic substituent on the 4’ position of terpyridine can contribute to an
increased stabilisation of the excited state, delocalising the hole generated during the irradiation of

the complex (Figure 4.8).[!!

9a=R;{=R>= N(CH3)2 —_
7© Oy

9b =Ry = N(CH3)2, Rs = -N 0
o/

9¢c=R; = CH3, Ro = N(CH3)2

9d = Ry = N(CH3)s, Ro=H

93=R1=CH3R2=H

Figure 4.8: Amino derivatives used to monitor pH changes and detect metal ions.

The absorption spectra show that when the amino groups of the platinum co-ligand are proton-
ated, the lowest energy excited state is switched from the LLCT to the MLCT and as a consequence

luminescence is observed.

4.1.3 Luminescent heteronuclear complexes based on platinum acetylide

Taking advantage of the tunable photophysical properties of the Pt-tpy complexes, a series of trans-
ition metal complexes have been created with potential application in the optoelectronic field.!'®!
Particularly active in this field are Ziessel and coworkers, who have designed a Pt-tpy acetylide motif

in order to develop bimetallic complexes of Fe(II) and Zn(II) (Figure 4.9).[1%![20]
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Figure 4.9: Heterometallic complexes containing [Pt(tpy)2(C=C)]™ units developed by Ziessel et al.

The photophysical studies of these complexes showed that the fluorescence of complex 10 arising
from the *CT becomes quenched by a favoured non-radiative decay pathway when the Fe(II) is co-
ordinated to give complex 11. The decay of the *CT by a non radiative pathway is in agreement with
the presence of the low lying Fe-based ligand-field states which provide an efficient non radiative
deactivation. Indeed luminescence was observed when a d'? metal such as Zn(II) was coordinated
to the terpyridine moieties; thus the excited state generated was still a *CT, with the Zn(II) simply
acting as a Lewis acid.*!!

In 2007 Ziessel and coworkers proposed a ligand for lanthanides where a terpyridylplatinum(II)
acetylide motif was introduced as an antenna system to sensitise visible and NIR emitting lanthanides

(Figure 4.10). The hexafluoroacetylacetonate was used in order to fully coordinate the lanthanide ion

and avoid any quenching arising from the interaction with the solvent.?*
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13 14

Figure 4.10: Structures of [PtLEu(hfac)3]BF,.

The complex 13 shows a platinum based emission upon excitation of the CT band. However in
the presence of the Eu(IlI) the energy transfer from the *"MLCT to the Dy becomes the most efficient
process, followed by lanthanide based luminescence. In 2009 the same group proposed a new ligand
(15) based on the same scaffold of complex 13 which does not require any free ligand as the hex-
afluoroacetylacetonate fully coordinates the lanthanide ion (Figure 4.11).%*! Photophysical studies

performed on complex 16 showed the ability of the *CT to sensitise the europium luminescence.

0 ] BF, ] BFy

15 16

Figure 4.11: Structures of [Pt(tpy)LoEu]BFy.

4.14 Terpyridylplatinum(II) acetylide complexes of biological interest

The Pt-tpy acetylide motifs are also attractive for biomolecule labelling as their long emission life-
times mean that gated detection can be employed to suppress biological fluorescence. In fact, the
longer wavelengths of light required to excite such complexes are ideal for use with biological

samples as the lower energy reduces the effects of photo-degradation.
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Yam and coworkers have developed a platinum(II) terpyridine complex bearing an acetylide motif
functionalised with thiocyanate (17a) or iodoacetamide (17b) for protein labelling (Figure 4.12).124

| or

R =NCS, 17a
NHCOCHq:I, 17b

17

Figure 4.12: Strucure of [Pt(tpy)(tert-Bu)(C=C-R)]OTf (R = NHy, NCS, NHCOCH,I).

Photophysical studies performed on complexes 17a and 17b in degassed acetonitrile, demon-
strated that the strong luminescence, was arising from the d(Pt)—7*(‘Bustpy) MLCT excited state
with some contribution from a m(C=CR)—7*(tpy-'Bus) *LLCT. Both bioconjugates retained lu-
minescent properties but exhibited changes upon protein labelling. Complex 15a gave a different
luminescence colour to the derivative whereas 17b displayed an increase luminescence in intensity
when conjugated to the protein.

Pikramenou and co-workers in collaboration with Ziessel have developed a cyclodextrin(CD)
platinum(II) terpyridine acetylide complex which, in dichloromethane, showed emission centred at
545 nm with a quantum yield (®) of 0.032% and a lifetime (7) of 7.5 s, in line with complexes bear-
ing the same motif.!"3) The DNA binding studies performed by linear and circular dichroism and gel
electrophoresis, showed that the intercalative properties of the platinum(II) terpyridine moiety were
retained and when the complex is placed in water it acts as a ”switch on” complex upon interaction

with DNA (Figure 4.13).1%!
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18

Figure 4.13: The structures of the [Pt(tpy)(tert-Bu)(C=C)]BF, complexes with S-cyclodextrin attachments from Pikra-
menou et al.

Che and coworkers have isolated a group of water soluble platinum terpyridine metallo-intercalators
for DNA recognition (Figure 4.14).!%! The photophysical properties of these complexes were ex-
amined upon interaction with DNA, followed by further examination of their cytotoxicity against

cancer cells.
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Figure 4.14: Structures of glycosylated [Pt(tpyR3)X designed by Che and coworkers.?!

Derivatives 19a, 19d and 19e bearing an aryl acetylide group, were all emissive in aqueous solu-
tions, while 19g demonstrated an eight fold increase in emission intensity after the addition of CT-
DNA. All Pt(II)-glycosylated arylacetilide complexes were found to have higher cytotoxic activity

166



4.1. INTRODUCTION

against human cancer cells than cisplatin whereas the other derivatives did not.
In 2009 Hannon and co-workers reported a novel class of terpyridylplatinum(Il) complexes bear-
ing an acetylide derivatised steroid as the fourth position ligand. A set of terpyridylplatinum(II)

steroids derivatives were isolated and tested against the ovarian cancer cell lines (T-47D) (Figure

4.15).1271
OH
OH
R, = _ R, = HO
20d 20a
Ry =0 ,OoH OH
'\\ R= O -
l\\
2
Oc 20b

Figure 4.15: Set of steroidal and non steroidal terpyridine intercalators.

Coupling the steroidal moiety to the platinum(II) terpyridine moiety, they found that the final
complex had a reduced cytotoxic activity when compared to the active non-steroidal compounds, that
may be related to the interaction with proteins located in the cell cytoplasm. However complex 20a
and 20b were found to be more active than 20c and 20d, demonstrating that the ability to intercalate
between DNA bases was of high importance. In fact complexes 20c and 20d did not show any

intercalative properties when studied with DNA by LD.
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4.1.5 Project overview

The aim of this chapter is to develop a new high luminescent heterometallic complex [LnC=CPt;]
(CH3SO3), that interacts with DNA via an intercalative mode, and thus exploit it as a luminescent
label for DNA recognition. The [LnC=CPt;](CH3SO3), retains the hairpin geometry, while new
photophysical properties like the sensitisation of lanthanide luminescence with visible light can be

activated (Figure 4.16).

—| (CH3S03)2
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/— 9%
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/Z.--QZ
Z

\

LC N—=
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Figure 4.16: Structure of [LnC=CPt5](CH3SO3)>.

As seen in chapter 2, the LLCT transition relative to the Ph—S™ —tpy™ is responsible for the
partial quenching of the lanthanide emission in [LnPt;] by back energy transfer. Herein we want to
take advantage of a strong ¢ and 7 donor such as 4-ethynylaniline, and use it as the platinum(II) co-
ligand instead of the thiol ones. With this strategy we aim to modify the energy levels of the LLCT
transition compared to the luminescent platinum *MLCT in order to obtain an efficient sensitiser for
lanthanide emitters.

Previously, Ziessel et al. have reported examples of platinum(Il) acetylide complexes used to
sensitise the lanthanide luminescence upon excitation in the visible region of light. Furthermore, if
we consider that one of the limitations arising from single molecule fluorescence imaging is that the
excitation wavelength is in the range of visible light, this class of complexes might become interesting
luminescent probe that may be employed in techniques such as time resolved fluorescence microscopy

(TREFM).
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4.2 Results and discussion

The [LnC=CPt,](CH3SO3), can be prepared by the addition of different components in two ways

(Scheme 4.1).

Method 1 ) ~ |(CHaS03),
N<o—=—rle=
DMF, pyridine &o —
o Ny, R.T., 24 h (N 0
2 HZNOTPtN N\\ 0
\ 1% Cul, LnCI3 Q;/Ll’\‘lo
O‘N%(:) N—=
+ [LC=CPt,] (CH3S03);
©) o)
SN
N
0 NN CH3OH, CH;ONa ~(CHsS03)
Oﬁ) Np, R.T., 24 h
DTPA-bis(anhydride) OH
HO._O o
Np, R.T., 24 h ~N~ OH
N NN
o)

oﬁ) 0

HNO\HN©\
X X

DTPA-BEA
Method 2

Scheme 4.1: Synthetic route to [LnC=CPt3](CH3S03)2 via Method 1 or Method 2.

The first step of method 1 is the isolation of the ETP complex that can be obtained by reacting the
[Pt(tpyCl)[(CF3SO3)s with two equivalents of 4-ethynylaniline in anhydrous DMF and TEA with a
catalytic amount of Cul. After 16 hours stirring in the dark and under nitrogen at room temperature
the final product was isolated as a red solid.

Full "H-NMR assignments were made in ds-acetonitrile (Figure 4.17). The signal at 8.79 ppm is
characteristic for terpyridyl H6, while the two satellite broad signals at 8.88 and 8.70 ppm are due to
coupling with Pt ion. Between 8.25 and 8.18 ppm there is a multiplet, which corresponds to the
protons H3’ and H3 while between 8.08 and 8.02 ppm a multiplet is originating from the overlapping
signal of H4 and H4’. The characteristic doublet of doublets of HS from the terpyridine appears at

7.62 ppm and it overlaps with Hb from the ethhynylaniline ligand, which has Ha at 7.27 ppm. The
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electrospray mass spectrum shows singularly charged species m/z = 559 [M - CF3SO3]". These data

are in agreement with the characterisation reported by Yam et al. in 2005.!¢

H4
Ha
Hb
H4
H5
H6 H3
9.5 9.3 9.1 8.9 8.7 8.5 8.3 8.1 7.9 7.7 7.5 7.3 7.1 6.9 6.7
ppm

Figure 4.17: '"H-NMR at 300MHz in ds-acetonitrile of [4’-ethynylanilinePt(tpy)](CH3SO3).

The reaction between DTPA-bis(anydride) and [4-ethynylanilinePt(tpy)] (CF3SO3) was performed
in dry DMF and dry pyridine (1:2), stirring for 24 hours in the dark, at room temperature. The reac-
tion was monitored by mass spectrometry (ES), but we could not observe any peak characteristic of
the desired product.

An excess of [4-ethynylanilinePt(tpy)](CF3SOs) in a final ratio of 4:1 with DTPA-bis(anhydride)
and an increased reaction temperature at 40 °C, did not produce the desired effect by shifting the
reaction towards the final product. We can ascribe the failure of the last step of the synthesis due to
the mild conditions of the reaction.

However the synthesis of [LnC=CPt,](CH3SO3), could still be attempted via method 2, which

involved the isolation of a new DTPA derivative (DTPA-BEA) and the [Pt(tpy)MeCN](CH3SO3),.
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4.2.1 Synthesis of DTPA-BEA

The DTPA-BEA was synthesised by reacting DTPA-bis(anhydride) with the 4-ethynyl aniline in

DMF, while TEA was used as a base/nucleophilic catalyst.(Scheme 4.3).
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OJgo HO °
OZ& NH»>

DMF, TEA

Ng o) . o)
N} on R.T., 24h, N, HO=_

N3 I 5
o{TQ >~ )-NH

0]

Scheme 4.2: Synthesis of DTPA-bis(4-ethynylaniline).

The 'H-NMR show the characteristic doublets of the phenyl rings at 7.52 and 7.23 ppm respect-
ively for CH10 and CH11 of the phenyl ring, while all the DTPA signals are included in their usual
high field part of the spectrum between 3.0 and 3.6 ppm (Figure 4.18). The singlet at 3.78 ppm can be
assigned to 2 on the DTPA aliphatic chain, while the two singlets at 349 and 3.41 ppm were assigned
respectively to 5 and 7. Protons 4 and 3 were observed as a triplet at 3.35 and 3.12 ppm respectively.
The characteristic acetylide protons 14 were observed as a singlet integrating for two protons at 3.28
ppm. The electrospray mass spectrum shows a singly charged species at m/z = 590 [M-H]" and at
m/z= 612 [M-Na]". The infrared absorption spectrum showed the characteristic C=C stretch at 2103

cm ™! and C=0 stretch at 1730 cm ™!, 1600 and 1520 cm™! (see appendix page 265).

HO& O //13
N
2 23 12 5 714
4
10 11 /M
o N 7o

Figure 4.18: "H-NMR at 400 MHz in d3-methanol of DTPA-bis(4-ethynylaniline).
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The UV-vis absorption spectrum showed a strong band at 280 nm, which is assigned to the 7 —

7* transition of the phenyl moiety (Figure 4.19).
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Figure 4.19: Absorption spectrum of 10 M DTPA-bis(4-ethynylaniline) in methanol.

4.2.2 Preparation and photophysical properties of [EuDTPA-bis(ethynylaniline)]

Figure 4.20: Structure of [EuDTPA-BEA].

The [EuDTPA-BEA] complex (Figure 4.20) was isolated by dissolving DTPA-BEA and EuClg
- 6H50 in a mixture of methanol and water (1:1) after raising the pH to 5. The final complex was
isolated by reducing the solvent volume followed by precipitation upon addition of acetonitrile and
characterised by mass spectrometry, which showed a characteristic isotope pattern for a europium
complex at m/z = 739 corresponding to [M] ™.

The UV-vis absorption spectrum of [EuDTPA-bis(4-ethynylacetilide)] showed the characteristic
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7 - ¥ transition at 270 nm, while the excitation spectrum that was recorded monitoring the 5D0 —"Fy
at 615 nm demonstrated that the energy transfer arises from the ethynylaniline moieties to the lanthan-

ide (Figure 4.21).
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Figure 4.21: Absorption (dash line) and corrected excitation spectra (straight line) of [EuDTPA-bis(ethynylaniline)]
(EuDTPA-BEA) in methanol. Excitation Spectrum: Aoy, = 615 nm, corrected for lamp response.

Upon excitation of the visible emitting lanthanide complex at 270 nm, characteristic narrow red
emission bands were observed for the Eu(IIl) complex (Figure 4.22). The emission spectrum for the
Eu(IIT) complex has 5 sharp bands corresponding to the °Dy — “F; (J = 0 - 4) transitions, with the

Dy — “F, hypersensitive band at 615 nm being the most intense.

Emission Intensity

550 600 650 700 750
A/nm

Figure 4.22: Emission spectrum of [EuDTPA-bis(ethynylaniline)] 10 zM in methanol ; Aexe = 290 nm, corrected for
PMT response.
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In order to probe the coordination environment around the lanthanide ion, time resolved lumines-
cence studies have been carried out in d;-methanol and methanol. The samples were excited directly
on the lanthanide at 355 nm and the resulting lifetimes recorded and fitted, giving a mono-exponential

decay (Figure 4.23).

0.16-] y = m1*exp(-m2°m0)
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Figure 4.23: Emission decay trace of [EuDTPA-bis(ethynylaniline)] in methanol (left) and in d;-methanol (right).

The Horrocks equation reported in chapter 1 has been used to determine the number of methanol
solvent molecules coordinated to the Eu(1II),/?®! where the coefficient of A for Eu(III) in methanol is

2.10 ms.?!

m=A- (Tl\ZelOH - TI\ZeIOD)
The fitted lifetimes and the number of solvent molecules (m) surrounding the lanthanide ion are
summarised in table 4.1. The value of 0.7 &= 0.5 is expected as the ligand provides eight donors
for the coordination of the lanthanide, with one vacant coordination site for the binding of a solvent

molecule.

7(ms)

Complex MeOH MeOD m=+0.5

[EuDTPA-BEA]  1.39 1.10 0.7

Table 4.1: Lifetime for [EuDTPA-BEA] in methanol and and d;-methanol.
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The shorter lifetime of the complexes in methanol is a result of the coordinated solvent molecules,
bringing an O-H oscillator into the primary coordination sphere of the lanthanide, leading to the
quenching of the lanthanide excited state (chapter 1 page 22). The ability of a given bond to quench
luminescence is related to the frequency of the vibrational states, which is dependent upon the number
of vibrational degrees of freedom of the bond in question. For example, the lower energy vibrational
overtone (v = 3) of an O—H bond, deactivates the Eu(III) °D, excited state far more efficiently than
the higher energy vibrational overtone (v = 5) arising from an O-D bond. This explains why in the
case of the d;-methanol, the energy of the O-D oscillator is poorly matched to the lanthanide excited
state making quenching inefficient. "’

The preliminary photophysical studies showed that DTPA-BEA provides a well suited complexa-
tion pocket which excludes water molecules from the first coordination sphere and presents adequate
energy levels for the energy transfer from the ligand to the europium excited state *D. The pres-
ence of the acetylene moieties makes DTPA-BEA a good starting material also for click chemistry,
which would allow the introduction of new functionalities and new features especially for lanthanide

sensitisation.?13233

4.2.3 Synthesis of [LnC=CPt,](CH3S05)-

The most popular synthetic route to isolate platinum(II) acetylide complexes is mainly based on the
Sonogashira reaction. Herein, we are concerned by the possibility of coordinating copper in the DTPA

1341 thus we preferred to use an alternative synthetic route that is based on the use of a

coordination site,
labile co-ligand for the platinum(II) terpyridine starting material ([Pt(tpy)(MeCN)](CH5S0O3).**! In-
deed, the use of even 1%,,,; of Cu(I) could possibly lead to a secondary product such as [CuC=CPts],
which is difficult to remove due to its high similarity with [LnC=CPt,] as well as bearing an undesired
secondary effect upon binding to the DNA, such as cleavage. !

Preparation of the trimetallic complex was achieved by the combination of three components:
DTPA-BEA. LnCl3 - 6H50, and [Pt(tpy)(CH3CN)] (CH3SO3)2 in a 1:1:2 molar ratio. The pure

complex can be isolated after the formation of the heterometallic complex by repricipitation from the

addition of acetonitrile to the aqueous solution (Scheme 4.3).
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Scheme 4.3: Synthetic route to [LnC=CPt2](CH3SOs3) .

The[Pt(tpy)MeCN] (CH3SOs3) intermediate was prepared by a modified procedure of Annibale
et al.,’® where [Pt(tpy)Cl] (CH3SO3) was stirred at 90 °C for 4 h in presence of AgCH3SO3 in
dry acetonitrile and under an inert atmosphere. The reaction yielded the desired [Pt(tpy)MeCN]

(CH3S03) in good yield as a crystalline pale yellow solid (Scheme 4.4).

CH4CN
4h, 90°C, Ny

(CH3SO3)  + Ag(CH3SO3) (CH3SO3)  +  AgCl

Scheme 4.4: Synthetic route to [MeCNPt(tpy)] ™.

We have attached platinum(II) terpyridyl moieties onto the DTPA-BEA, using the preferred in-
teraction of platinum with soft Lewis bases.?”!

Initially, the [LnC=CPt;y] complex was synthesised by addition of DTPA-BEA to [Pt(tpy)MeCN]
(CH3SO03), in methanol. Sodium methoxide was added to activate the ethylene moieties in the reac-
tion mixture.

It was observed that the characteristic deep red colour of the complex formed in the first 30
minutes; the reaction was completed in 2 hours time. The order of addition of the components was

also optimised by firstly reacting DTPA-BEA with sodium methoxide followed by addition to the
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[Pt(tpy)MeCN] (CH3SOg3)s. The lanthanide was then added to the complex, leading to the forma-
tion of the heterometallic complex. The pH of the solution was then adjusted to 5 by addition of
CH3SO3H followed by addition of the lanthanide. Finally the product was precipitated by addition
of acetonitrile to the water/methanol solution, yielding the desired complex in quantitative yield. The
use of CH3SOj5 as a counterion aids solubility of the complex in aqueous solution, which is essential

for DNA binding studies and other biological applications.
424 Characterisations
[Pt(tpy)MeCN](CH3S03)

The [Pt(tpy)MeCN](CH3SO3), was characterised by 'H-NMR in ds-acetonitrile (Figure 4.24) and
mass spectrometry. The positive electrospray mass spectrum shows a peak at m/z = 469, correspond-
ing to the [M - (CH3SO3)]". The integration of the aromatic resonance matches that expected for
the complex and agrees with data previously published.*® The doublet at 8.81 ppm is the H6 of the
platinum(II) terpyridine, which is able to couple with the %Pt which gives the two characteristic
broad resonances at 8.86 and 8.77 ppm. The H6 is the only proton in the compound that can have
a three bond coupling with platinum. A *Jy_p coupling constant of 5.3 Hz is observed with the
adjacent H5 proton and is consistent with literature.**! The H5 proton at 7.92 ppm is the most shiel-
ded tpy proton. It has a complex coupling pattern (ddd) as it is coupled to both H4 and H6, with a
long range coupling to the H3 proton. The H4 at 8.48 ppm is coupled to the H3 (8.40 ppm) and HS
protons giving a doublet-doublet multiplicity, and is also split by a long range coupling. The H4’
arises at 8.54 ppm and the overall integral between H4 and H4’ is equivalent to three protons. The
H4’ couples with the H3” at 8.35 ppm, where it gives a severe overlap with the proton H3; again the
overall integral between H3 and H3’ is equivalent to three protons.

The methyl groups arising from the acetonitrile and from the mesilate counter-anion are the char-
acteristic signals for these complexes and we found them at 2.11 and at 2.21 ppm respectively. Both
singlets integrate for three protons when the H6 integral was used as a reference for the integrals of

two protons, which confirms that no excess of mesylate was present in the final isolated product.
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Figure 4.24: "H-NMR at 400 MHz of [Pt(tpy)MeCN](CH3SO3) in d3-acetonitrile.

[LIICECPQ](CH;;SO;;)Q

[LC=CPt,](CH3S03), has been fully characterised by 'H-NMR and 2D 'H-'H COSY NMR, mass
spectrometry and elemental analysis, while the [EuC=CPt,](CH3SO3), was not investigated by 'H-
NMR due to the paramagnetism arising from the lanthanide metal centre.

Mass spectra for [LC=CPt;](CH3SO3), and [EuC=CPt, J(CH3SO3), reveal peaks corresponding
to a number of species for the same heterometallic complex, and thet are usually observed with the
loss of both anions to give [M - 2(CH3S03)]*" (Figure 4.25).

Due to the high viscosity of [LC=CPt,](CH3S03) in water at high concentration®®!, the hetero-
metallic complex was dissolved in a mixture of DO with d4-methanol in the presence of NaOD and
was characterised by 'H and 2D 'H-'H COSY spectroscopy. Since the severe overlap of the signals
characterise the aromatic region of the 'H-NMR spectrum, assignments were only possible by using

'H-'H COSY, as a complementary technique (Figure 4.26).
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Figure 4.25: ES-MS(+) spectra of [EuC=CPt;]?>* ([M - 2(CH3S07)]")(left) and MALDI of [EuC=CPt,]*>* ([M -
2(CH3S03)-H] ") (right).
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Figure 4.26: 'H-'H COSY NMR of [LC=CCPt5](CH5S03)s in DO and d4-methanol and in the presence of NaOD.
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4.2. RESULTS AND DISCUSSION

The aromatic region of the spectrum shows the H6 at 8.65 ppm which couples with to H4 and
HS at 8.57 and 7.44 ppm respectively, while the H4’ and H3” were observed at 8.55 and 8.45 ppm
respectively. The H3 was observed at 7.98 ppm while the protons arising from the ethynilaniline Hb
and Ha were at 7.57 ppm and 7.33 ppm respectively.

The chemical shifts of the aliphatic protons have previously been shown to be dependent on pH,
with protons becoming more deshielded at higher pH.**! The DTPA region appears as a manifold in
the region in between 2.5 and 4.0 ppm, with the -CH5-CHs- backbone at 2.40 and 2.60 ppm, while
the singlets for CH,-CONH are expected at 3.00 and 3.20 ppm partially obscured by the residual

peak of the NMR solvent, and the most deshielded CH,COO™ appears at 3.73 ppm.
A mononuclear Pt acetylide complex as control compound

To study the effect of [LnC=CPt,]*" binding to DNA, it was necessary to have a control compound
to assess the binding properties of the positively charged terpyridyl moiety which is the DNA inter-
calating unit. For this reason the [(4-amidoethynylaniline)(2,2’:6’2”-terpyridine)platinum(II)[(X) (X

= BF,, CH3SO3) was isolated from a reaction in methanol (Scheme 4.5).

X

| CHsOH, CHgONa
+ —N:—Pt—N\ HN ==
| 80°C, N, 2h —

X = (CH3SO3), (BF4)

Scheme 4.5: Synthetic route to [Pt(tpy)(C=C)]X (X = BF4, CH3SO3) complex.

The 4-acetamidoethynylaniline, obtained by a modified procedure of Che et al.!*”! was reacted
with [Pt(tpy)(MeCN)](BF,), in methanol and in the presence of an equimolar amount of sodium
methoxide. The final tetrafluoroborate complex was isolated by precipitation with a methanolic solu-
tion of NH,BF,, yielding the product as a deep red solid. The [Pt(tpy)(C=C)](CH3SOs3) was synthes-
ised in a similar maner to the BF,, while the isolation process was performed by drop wise addition

of acetonitrile to a highly concentrated solution of the crude in water.
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4.2. RESULTS AND DISCUSSION

The desired products were characterised by 'H-NMR spectrscopy, electrospray mass spectro-
metry, infrared spectroscopy (IR) and elemental analysis.

The "H-NMR spectrum of [Pt(tpy)(C=C)](BF,) in d3-acetonitrile (Figure 4.27), displays the
doublet centred at 8.79 ppm that can unequivocally be assigned to H6 due to the platinum satellites
and has an integral value of two. The H4’ and H4 appeared between 8.30 and 8.14 ppm as a doublet of
doublets while the H3’ and H3 doublets appeared in between 8.10 and 8.00 ppm. The HS is clearly
observed at 7.60 ppm with an integral value of two, and has a coupling pattern that is consistent
with coupling to both H6 and H4 as well as long range coupling to H3. The phenyl proton signals
are seen as double doublet signals, upfield from the terpyridine signals. The phenyl Hb signal is
observed at 7.60 ppm being partially overlapped with HS, while the Ha proton of the phenyl is
observed at 7.28 ppm. The aliphatic region of the spectrum displays a singlet at 2.14 ppm with an
integration value of three, that can be confidently assigned as the methyl proton shift arising from the

4-acetamidoethynylaniline.

R
0
_/< H3, H3'
HN — Ha
; 2 Hb
Ha Hb

H4, H4'
H6
H5

90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 7.2
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Figure 4.27: The aromatic region of the '"H-NMR for [Pt(tpy)(C=C)](BF,) complex in d3-acetonitrile.

Electrospray mass spectrometry showed a peak at 586 m/z containing the characteristic platinum
isotopic pattern for the species [M - BF, ]*.

While the tetrafluoroborate salt was isolated in order to improve the solubility of the [Pt(tpy)(C=C)]
(BF,4) complex in organic solvents such as acetonitrile, the mesylate ones were isolated for their wa-
ter solubility that is necessary for the DNA binding studies. However, the 'H-NMR of the mesylate
salt in DO is characterised by a severe signal overlapping in the aromatic region of the spectrum,
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4.2. RESULTS AND DISCUSSION

which can be due to the 7 - 7 stacking occurring between platinum terpyridine complexes in partic-
ular conditions of solvent polarity and compound concentration.*!#?43 The aliphatic region of the
! H-NMR spectrum shows two broad overlapping singlets at 2.49 and 2.29 ppm, that can be assigned
to the methyl groups of mesilate and N-phenylacetamide respectively (see Appendix 7, Figure 25).
The [Pt(tpy)(C=C)](CH3SO3) was observed by electrospray mass spectrometry with the isotopic
pattern for the desired product at m/z = 586. This is consistent with the species [M - (CH3SO3)]™,
and it is also in agreement with the one observed for the [Pt(tpy)(C=C)](BF,). Furthermore, the solid
state IR spectra for both [Pt(tpy)(C=C)]X (X= BF,, CH3SO3) are characterised by weak signals at
v=2127 cm~! and ¥=2123 cm™ ! respectively, that belongs to the C=C stretching of the platinum(II)
acetylide complex (Appendix to chapter 4, Figure 28 and Figure 29). These values are in agreement

with the previously reported ones by Yam et al. for similar platinum(II) acetylide complexes.!!"!

4.2.5 Photophysical properties

The UV-vis absorbance spectrum of [Pt(tpy)(C=C)](BF,) recorded in acetonitrile (Figure 4.28), dis-
plays an absorption at 250 nm arising from the 7 — 7* transition within the ethynyl-aniline moiety,
while the 7 — 7" intraligand terpyridine transitions were observed at 280, 330 and 345 nm. Char-
acteristic of the terpyridylplatinum(II) acetylide complexes is the quite broad charge transfer band
(CT) between 400 and 500 nm, that literature usually assigns to a mixture of MLCT (dz?—tpy*) and

LLCT (PhC=C—tpy*).*4

182



4.2. RESULTS AND DISCUSSION

4x104 4
—~  3x10%
'E
(&}
5
ME 2x10* 4
£
z
w
1x10% 4
04— , . , . , , , . , . |
220 300 400 500 600 700 800

Anm

Figure 4.28: Absorption spectrum of 20 uM [Pt(tpy)(C=C)](BF,) in MeCN.

The UV-vis absorption spectrum of [EuC=CPt;](CH3S03),; was recorded in MeOH (Figure
4.29), and it shows the main absorption band at 280 nm which is relative to the m — 7* intraligand
phenyl-acetylide and terpyridine transitions, while the shoulder at 330 and 345 nm can be assigned
to intraligand terpyridine transitions. Again a broad CT band is observed between 400 and 500 nm,

and it can be assigned to a mixture of LLCT (PhC=C—tpy*) and MLCT (dz? —tpy*) transitions.
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Figure 4.29: UV-vis absorption spectrum of [EuC=CPt2](CH3SO3)5 in MeOH (25 uM).

The molar absorptivity coefficients of [EuC=CPt;](CH3SO3)s at A4 = 280, 330, 345 nm and
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4.2. RESULTS AND DISCUSSION

the broad CT band between 400 and 500 nm are doubled when compared to the [Pt(tpy)(C=C)]BF,,
which confirms the presence of two terpyridylplatinum(II) acetylide units in each [EuC=CPt;](CH3SOs3)-
complex.

Herein it is interesting the possibility of the use of the CT band at 450 nm to sensitise the lanthan-
ide(IIT) ion emission. An example was reported in 2009 by Ziessel et al. where a platinum acetyl-
ide moiety was used as an antenna system, in order to sensitise a NIR emitting lanthanide ion.!>*!
However, the complex proposed by Ziessel et al. was limited by its solubility in a small range of or-
ganic solvents, which compromised its use as a luminescent probe for DNA recognition; in contrast
[EuC=CPt;y] (CH3S03), is characterised by a relatively good solubility in water and methanol.

Typical europium based luminescence in solution could be observed upon excitation of [EuC=CPt,]
(CH3SO03)5 at A\, = 280 nm. The red emission was observed as a result of the luminescent trans-

itions °Dy —7F; (J=0, 1,2, 3, 4) at 580, 590, 615, 650 and 695 nm respectively.

5 7
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Figure 4.30: Emission spectra of [EuC=CPt5](CH3SO3)2 254M in methanol. A\, = 280 nm.

Other excitation wavelengths were tested too (Figure 4.31), and while the intraligand terpyridine
transitions at 330 and 345 nm led to a weak europium luminescence, no Eu(Ill) based emission could

be detected upon excitation of the CT band at 450 nm.
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Figure 4.31: Emission spectra of [EuC=CPt;](CH3SO3)2 in MeOH, upon excitation at Aeye = 280 (25 uM, solid line),
330 nm (40uM, dotted line) and 345 nm (40uM, dashed line).

The excitation spectrum of [EuC=CPt,](CH3SO3), was obtained by monitoring the Eu(IIl) emis-
sion at 615 nm (Figure 4.32). The spectrum shows a peak at 280 nm which is linked to the 7 — 7*
intraligand phenyl-acetylide and terpyridine transitions. This is consistent with the energy transfer
process operating from the terpyridylplatinum(II) acetylide group to the luminescent excited state of
Eu(III). The most efficient energy transfer occurs upon excitation at 280 nm, although energy transfer
can also operate upon excitation of the terpyridine transitions at 330 and 345 nm, while no Eu(III)

based emission was observed upon excitation of the CT band at 450 nm.
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Figure 4.32: Overlay of absorption (solid line) and excitation spectra (dashed line) recorded by monitoring the europium

fluorescence at 615 nm of [EuC=CPt2](CH3SO3)> in methanol (40 xM). The excitation spectrum is corrected for lamp
profile.

The emission studies were also performed for [NdC=CPt;](CH3SOj3)s in methanol solutions;
however excitation at 280, 330, 345 or 450 nm did not lead to any Nd(III) based emission. Neither was
any emission observed using deuterated water as solvent in order to minimise the quenching effects
arising from the O—H oscillators (see chapter 1). The methanolic solutions of [LnC=CPt,;](CH3SO3)2
(Ln = Eu(IIl), Nd(III)) were degassed using the freeze pump thaw technique and the emission exper-
iment repeated, but no lanthanide(IIl) based emission could be observed upon excitation of the CT
band.

We investigated the luminescent properties of the [Pt(tpy)(C=C)]X (X = BF, , CH3SO3) com-
plex upon excitation at 430 nm. Emission spectra were firstly recorded in methanol using [Pt(tpy)(C=C)]
(CH3S03) which did not show any platinum based luminescence. Using a freeze pump thaw (FPT)
degassed acetonitrile solution of [Pt(tpy)(C=C)](BF,), a broad emission centred at 585 nm was re-
corded upon excitation at 430 nm. However, under the same experimental conditions no emission

was observed upon excitation at 280 and 330 nm.
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Figure 4.33: Emission spectrum of [Pt(tpy)(C=C)]BF,, in degassed acetonitrile (FPT). Aexc = 430 nm. Emission cor-
rected for PMT response. The * indicates an artefact signal.

When monitoring the emission at 585 nm, an excitation spectrum was recorded, which displays a
broad band with maximum at 390 and 430 nm (Figure 4.34). These results are in agreement with the
ones reported in literature by Yam et al., where for similar complexes the luminescence was assigned

as arising from the *MLCT (Figure 4.34).11%
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Figure 4.34: Overlay of absorption (solid line) and excitation spectra (dashed line) of [Pt(tpy)(C=C)]BF,, recorded by
monitoring the emission at 615 nm. The excitation spectrum is uncorrected for lamp profile.
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There are several factors that can be responsible for the lack of Eu(III), Nd(III) and Pt(IT) emission
upon excitation of the CT band. The solvent polarity plays an important role, since it would be able to
deactivate the excited state simply by interacting with the metal centre through the axial positions of
the square planar complex. Furthermore the nature of the platinum(II) co-ligand,"'”! the presence of

(241 and the thermal activation of the d—d transitions can also contribute to the non-radiative

oxygen
pathway deactivation of the platinum(Il) excited state.

However due to the insolubility of [LnC=CPt;](CH3SO3), (Ln = Eu, Nd) in apolar solvents,
we could not test which is the effect of this class of solvents on the emission properties of the com-
plex.[* We attempted the isolation of the [LnC=CPt;]X5 (X = BF,, PFg) via a metathesis reaction of
[LnC=CPt5](CH3SO3), with NH,BF, or NH,PFg, but the red solid thus obtained would not dissolve
in a broad range of organic solvents.

At this stage the interaction with DNA can play a crucial role. Indeed intercalation of the plat-
inum(Il) terpyridine units arising from [LnC=CPt;](CH3SO3)s (Ln= Eu, Nd) in the DNA hydro-
phobic environment, might protect the Pt(I) axial positions from interaction with the aqueous buffer

or with oxygen leading to a “switch on” of the platinum based luminescence. !>’

4.2.6 Molecular Modelling

Several unsuccessful attempts have been tried to obtain single crystals of [EuC=CPt;](CH3S0O3),
for X-ray diffraction. Thus we tried to model the structure of [EuC=CPt,]*" by semi empirical cal-
culation using Chem3D and MOPAC.*“®! The molecular model for the complex was built on res-
ults from two published crystal structures. The lanthanide complex moiety was based on the single
x-ray structure of [Bi(DTPA-bis(4,5-diamino-6-hydroxy-2-mercaptopyrimidine)]."*”! This complex
was chosen as the pyrimidine arms of the ligand are directly bound to the amide giving it a structure
that is easily adaptable to the structure of [LnC=CPt,]"2. The Bi(IIl) metal ion was changed for
Eu(Ill) while the pyrimidine arms were changed for the acetylide moieties, and the geometry op-
timised for the minimum energy by restricted molecular mechanics, and successively with the semi
empirical methods. The PM6 Hamiltonian, was employed to model the lanthanide complex and a

correction for the CONH energy barrier was employed (MMOK) (Figure 4.35).
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Figure 4.35: A 3D model of the minimised [EuDTPA-BEA] structure.

An X-ray crystal structure of the terpyridylplatinum(II) acetylide complex 8! was obtained from
the CDS crystallographic database, and the crystal structure of [Pt(tpy)C=CN(CHj3)3]* modified by
replacing the two methyl groups with an acetamide group. The optimal geometry was elucidated
by restricted molecular mechanics followed by semi empirical minimisation employing the PM6
Hamiltonian and a correction for the CONH energy barrier was employed (MMOK). The optimised

structure is in good agreement with the distances reported for the crystal structure (Figure 4.36).

Figure 4.36: A 3D model of the minimised [4-amidoethynylanilinePt(tpy)]™ structure.

The final structure of [LnC=CPt,]** was obtained by replacing the phenyl-acetylide moiety with
the one arising from the DTPA-BEA.. The [EuC=CPt,]?>" obtained was then optimised in its geometry

by the employment of the semi empirical calculation. The final structure obtained is comparable has
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distances and angles comparable to the original complexes used to built it. The distances between

the two Pt(IT) centres in the model is measured to be approximately 8 A (Figure 4.37).

Figure 4.37: A 3D model of the minimised [EuC=CPt,]?" structure.
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4.3. DNA BINDING STUDIES

4.3 DNA binding studies

The binding of [LnC=CPt,] to calf thymus DNA (CT-DNA) has been investigated by absorption
spectroscopy, luminescence, linear dichroism, melting point and gel electrophoresis. The beauty of
[LnC=CPt;] is in the retained properties that we saw earlier for the [L.nPts] hairpin system. The
most important part of the molecule used in DNA recognition remains in its square planar geometry,

which is essential for intercalation between the DNA base pairs.

4.3.1 UV-vis absorption of spectroscopy [EuC=CPt,] (CH3S03)> and
[Pt(tpy)(C=C)] (CH3S0O3) upon interaction with CT-DNA

UV-vis absorption spectroscopy was used to determine the binding of [EuC=CPt,](CH3S03); to

CT-DNA (Figure 4.38). The addition of CT-DNA to [EuC=CPt;](CH3SO3), resulted in a hypo-

chromicity effect on the intraligand terpyridine m — 7* transition bands at 330 and 345 nm, with

interesting changes occurring on the CT band at 470 nm. In fact the spectra indicate that there is a

20 nm bathochromic shift of the CT band upon the addition of CT-DNA.
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Figure 4.38: Absorption spectra of [EuC=CPt3](CH3SO3)3 10 uM (dash line) and in the presence of CT-DNA (ratio
1-4 solid line) in 10 mM HEPES buffer and 10 mM NaCl.
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Using the the same experimental conditions the experiment was repeated for [Pt(tpy)(C=C)](CH3S03)
(Figure 4.39). The addition of CT-DNA to [Pt(tpy)(C=C)](CH3SO3) resulted in a bathochromic shift

of ~ 20 nm occurring on the CT band.
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Figure 4.39: Absorption spectra of [Pt(tpy)(C=C)](CH3SOs3) (solid line) and in presence of CT-DNA (ratio 1-4 dashed
line) in 10 mM HEPES buffer and 10 mM NacCl.

The bathochromic shifts observed for both [Pt(tpy)(C=C)](CH3SO3) and [EuC=CPt;](CH3SO3)-
are consistent with the intercalation of the platinum(II) terpyridine units in a hydrophobic enviroment

such as the internal part of DNA [11:4938:5051]

4.3.2 Melting point of [EuC=CPt,](CH3S0O3)> upon interaction with CT-DNA

At high temperatures double stranded DNA can be denatured to a randomly coiled single stranded

DNA by making the hydrogen bonds between the base pairs of the helix less favourable.">33! Since
DNA bases absorb UV light in the 260 nm region, it is possible to monitor the hyperchromicity effect
via absorption of the UV light.

This experiment has been used to assess the intercalative properties of [EuC=CPt;](CH3SO3)2
with CT-DNA. The DNA absorption was measured at 260 nm, and a derivative method was used

to calculate the melting point value (T,,). The melting curves for CT-DNA, both alone and with
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[EuC=CPt;y] (CH3SO3), exhibit sigmoid behaviour (Figure 4.40). The results indicate that the
double helix DNA becomes highly stabilised at high ratios DNA:complex. Indeed for the ratio of 20
: 1 we observed a AT, of 10 °C, while further addition of the complex in order to bring the ratio to

4 : 1 produced smaller stabilisation of the double helix (~ AT,, = 2°C).
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——10-1
——8-1
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Figure 4.40: Melting curves of CT-DNA (60 zM) in the presence of [EuC=CPt3](CH3S0O3)2 (the ratio DNA:complex
is 4-1) in 10 mM HEPES buffer and 10 mM NaCl.

Thus in the event of intercalation, the 7 - 7 interaction between the DNA bases and the terpyridylplat-
inum(Il) complex increases the stabilisation of the CT-DNA double stranded structure. Hence, a
higher temperature is required in order to pass from a double stranded DNA to a random coiled
single stranded one. However, previous studies based on a DNA monointercalator of Ru and Re
showed a AT,, of 20 °C.”* Kumar et al. have reported an anthryl intercalator with a AT,,, which

showed an increase of 6.4 °C.55!

4.3.3 Flow linear dichroism

We have used flow linear dichroism (LD) studies to detect the binding of [LnC=CPt;] and of the
[Pt(tpy)(C=C)](CH3S0O3) complex to CT-DNA. Linear dichroism is used to study the difference in
absorption of linearly polarised light parallel and perpendicular to the orientation axis of the DNA,
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where:

LD = A — A,

DNA gives a negative LD signal at A = 260 nm as its bases are perpendicular to the orientation
axis of the DNA. Transitions that are more parallel than perpendicular to the DNA helix axis will
have a positive LD signals while transition moments greater than a certain angle from the main helix
axis will result in negative signal. Upon addition of [EuC=CPt;](CH3SO3); to CT-DNA, the LD
signal displayed changes at 260, 330 and 450 nm which corresponds to the absorption band of the

complex (Figure 4.41).
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Figure 4.41: LD spectra of CT-DNA (solid line) upon addition of [EuC=CPt3](CH3S03)2 (dashed line) (40:1) in 10
mM HEPES buffer and 10 mM NacCl.

The LD spectrum of CT-DNA shows an increase in the intensity of the signal at 260 nm at a
ratio of DNA:complex 40-1. This increase is attributed to the stiffening of the DNA double helix
structure, as a result of the simultaneous stacking of the two platinum(II) terpyridine units between
the DNA bases. Furthermore, we observed ILD bands in the 330 nm region that are the characteristic
transitions of the terpyridine moiety, while the broad ILD band observed between 400 and 500 nm

can be assigned to the CT transition. All the ILD signals were characterised by a negative sign, which
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indicates that the two intercalating units are perpendicular to the main B-DNA axis.

Under the same experimental conditions we recorded the LD spectra of CT-DNA alone and upon
interaction with [Pt(tpy)(C=C)](CH3SO3) (Figure 4.42). The spectrum shows that the largest in-
crease of the negative signal at 260 nm is obtained at a ratio of DNA:complex 5-1, while almost no
changes are observed at ratio 40-1. Furthermore, induced LD signals can be observed at 330 and
450 nm which can be assigned to the intraligand terpyridine and CT transitions respectively. Since
all the ILD signals are negative, this is consistent with the platinum(II) terpyridine complex lying

orthogonal to the main B-DNA axis.
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Figure 4.42: LD spectra of CT-DNA (solid line) upon addition of [Pt(tpy)(C=C)](CH3SO3) at ratio DNA:complex 40:1
(dashed line) tand at 5:1 (dotted line) in 10 mM HEPES buffer and 10 mM NaCl.

From these results and from the shape of the [EuC=CPt; |(CH3SOj3)-, we conclude that the com-
plex binds to DNA via an intercalative mode. Furthermore, the large stiffening effect observed for
[EuC=CPt;](CH3S03)- is not only consistent with intercalation but suggests the bis-intercalation of

the two platinum(II) terpyridine units.
434 Gel electrophoresis

Agarose gel electrophoresis has previously been used to detect DNA cleavage by macrocyclic trans-
ition metal complexes of Cu(Il), Zn(Il) and (Ru(Il). The cleavage mechanism involves an oxidat-
ive process arising from 'O, generated under aerobic conditions.'*® This method has been previ-
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ously used to detect a mono-intercalative interaction of DNA with terpyridylplatinum(Il) glygosil-
acetylide.®® Gel electrophoresis should confirm whether our complexes are inert in the presence of
DNA or can induce cleavage.

The gel electrophoresis experiments were performed on [EuC=CPt,] and EAP complex using 1%
agarose gel in | mM TEA buffer and plasmid pBR322 DNA, and the results visualised by staining
with ethidium bromide. The ratios of complex to DNA base pairs used were 15:1, 10:1,8:1,6:1,5:1,
3:1. In each case the complex was incubated with the plasmid DNA at 37 °C for 2h prior to loading.
By using super-coiled plasmid DNA, the degree of DNA stiffening upon addition of the complex can
be determined.

The [EuC=CPt;] was found to be able to uncoil DNA already at low concentrations of complex
(Figure 4.43). Indeed, most of the supercoiled DNA is already unwound to uncoiled DNA at 12:1
(DNA : complex ratio). The gel experiment did not show any DNA fragmentation which would
be characteristic of a complex that is able to cleave DNA. However the DNA cleavage properties
are a feature that can also be introduced if required, for example by replacement of the luminescent

lanthanide ion with Ce(IV).!”!

|DNA[20-112-1/8-1]6-1]5-1]3-1]

DNA[20-112-1]8-1|6-1|5-1/3-1

Figure 4.43: Gel image of pBR322 DNA treated with [EuC=CPt3](CH3SO03)2 (left) and [Pt(tpy)(C=C)](CH3SO3)
(right).

The experiment was repeated under the same conditions with the [Pt(tpy)(C=C)](CH3SO3) com-
plex (Figure 4.43). The [Pt(tpy)(C=C)](CH3SO3) complex showed the retained ability to interact
with DNA by intercalation, with the uncoiling effect starting at higher concentrations of the complex.
Almost double the amount of [Pt(tpy)(C=C)](CH3SOs3) has to be used to cause the same uncoiling
effect observed for [EuC=CPt,]. Hence the stronger interaction of [EuC=CPt,] with DNA could be
assigned to its high binding constant and to the rigid hairpin shape of the complex.

As reported in chapter 2 (page 86), the gel electrophoresis of supercoiled and open-circle plasmid
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DNA can be used to assess the unwinding angle of the DNA helix produced upon the binding of
platinum(II) complexes.3¥5% Upon the binding of [EuC=CPt,](CH3SO5), or upon interaction with
the EAP complex, a retardation of the supercoiled band and an acceleration of the open circle band
can be observed.

Using the appropriate ratio complex : plasmid DNA, the two bands relative to the supercoiled
and uncoiled DNA can co-migrate. This particular ratio can be used to assess the unwinding angle

by applying the equation 4.1:[6%!

b= —18 X rf 4.1

Where ¢ is the unwinding angle and o the superhelicity constant, while r. is the base complex ratio
where supercoiled and relaxed DNA co-migrate. Using a o value of -0.074,1°1118] e determined an
unwinding angle of 13° for [EuPt;]Cl,, while an angle of 7.5 © was determined for the EAP complex.
These results match with previously reported for the [LnPt,]Cly complex, and it confirms the retained
DNA binding properties after the DTPA-BATP was replaced with the DTPA-BEA. Furthermore, as
for the [EuPty]Cls, the [EuC=CPty](CH3S03)s is able to produce an unwinding of the double helix

almost similar to the cis-platinum (13°) due to its bulk steric effect.!?

4.3.5 Fluorescence studies of [EuC=CPt,](CH3S0O3),> and
[Pt(tpy)(C=C)](CH3SO3) in presence of CT-DNA

Photophysical studies to investigate the effects of DNA intercalation on lanthanide emission intensity

have been undertaken in both the visible and near-infrared regions of the spectrum. In each case the

emission signal of the complex is recorded before and after the addition of CT-DNA.

The excitation wavelength selected for the visible emission was 300 nm, where the DNA absorp-
tion is the least and excitation of the chromophore is still efficient for energy transfer to the lanthanide.
Excitation at 330 nm leads to relatively weak europium emission when the complex is alone in solu-
tion. Upon addition of CT-DNA to the complex there is an increase in the emission signal intensity
(Figure 4.44). A comparison of the peak area integration values confirms an increase of about three

times the original emission intensity. However, no emission was observed when the excitation oc-
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curred at 450 nm (CT), and at the same excitation wavelength the addition of CT-DNA did not lead

to any Eu(IIl) based emission.

Emission Intensity

T T T T T T 1
550 600 650 700 750

Figure 4.44: Emission experiment of [EuC=CPts](CH3SO3)> (dashed line) and of [EuC=CPt3](CH3SO3)5 (solid line)
in presence of CT-DNA in aratio (1-4), in 10 mM sodium phosphate buffer. \.,..=330 nm cutoff filter 550nm, uncorrected
for PMT response.

The experiment was repeated for [NAC=CPt,](CH3SO3), and was performed in deuterated phos-
phate saline buffer, to minimise quenching by any appropriate bond oscillators. The photophysical
studies were performed on both aerated and de-aerated solutions (10 min purge with nitrogen), and
the excitation wavelength maintained at 330 nm. Nevertheless, we could not observe any Nd(III)
based emission which may be due to the weakness of the signal. Furthermore, the excitation of the
lanthanide emission through the CT band at 450 nm did not lead to any Nd(III) based emission. This
might be due to a favourite non-radiative pathway which still remain active even when D50 is used
as solvent system.

Studies with [EuC=CPt;](CH3SO3)s and CT-DNA showed an increase in emission intensity.
Thus, the visible luminescent [EuC=CPt,](CH3S03), can act as a luminescent labels to detect inter-
calative DNA recognition. Near infrared emission intensity of [NAC=CPt;](CH3SO3), is too weak
to be detected, even when quenching by bond oscillators is tentatively reduced using a deuterated
environment (chapter:1, section 1.4).
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4.4 Conclusion and future work

In this chapter we reported the synthesis and characterisation of a heterometallic hairpin complex,
where the 4-aminothiophenol groups characteristic for the [LnPty] complex were replaced with 4-
ethynylaniline. In order to introduce platinum(II) acetylide bonds in our hairpin photosystem, a new
DTPA ligand (DTPA-BEA) having two acetylene terminal units has been isolated and fully charac-
terised.

The DTPA-BEA showed interesting photophysical properties, and is a very useful starting mater-
ial from which to obtain other interesting derivatives. The DTPA-BEA has been designed to be a ver-
satile building block to be used in a one-pot reaction to isolate the DTPA-bis-terpyridylplatinum(II)
acetylide in a quantitative yield. The [EuC=CPty](CH3S03), retains most of the properties seen
before for [LnPt;]Cls (Ln = Eu, Nd). Indeed, the [EuC=CPt,](CH3SO3), is able to produce most
of the large DNA stiffening already at low concentrations. Evaluation of the DNA unwinding angle
by gel electrophoresis shows that the [EuC=CPt;](CH3S03)- is able to uncoil the DNA similarly to
the parent complex [EuPt;]Cly. However, the most important feature retained is the luminescence
enhancement that is still observed upon interaction with DNA, when excitation occurs in the UV
region. A possible explanation for this behaviour is that the energy levels of the terpyridine trans-
itions are slightly modified due to the m — 7 stacking interaction occurring upon intercalation between
DNA bases. This results in a more efficient energy transfer operating between the sensitiser and the
lanthanide emitter. Unfortunately this was not observed for the NIR emitter [NAC=CPt;]J(CH3SO3),,
which may be due to the weak emission signal of Nd(III).

Future work might be oriented on more detailed photophysical studies of [LnC=CPt3](CH3S03)5.
It will be particularly interesting to isolate a complex which has solubility in solvents such as acet-
onitrile or ideally dichloromethane. One possible way could be the use of organic counter anions
(i.e. ammonium tetraphenylborate) or alternatively it may be possible to modify the DTPA aliphatic
chain in order to control the solubility properties.

Not so many examples of lanthanide-platinum acetylide complexes are reported in literature for

biological applications. In this sense, the [LnC=CPty](CH3SOj3), appears to be a good candidate
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due to its reasonably good water solubility. This provides advantages in biological tests, such as
cytotoxicity studies and investigation for mutagenesis (AMES test). Moreover, it would be interesting

to see how these complexes are able to inhibit the PCR.
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4.5 Experimental

4.5.1 Synthesis of 1,11-(bis(4-aminoethynylaniline)-1,11-dioxo0-3,6,9-triaza-3,6,9-
triscarboxymethyl) undecane

2 23 12
4 11
9
O N7\8 /1o
Ve N
HO o)

4-Aminoethynylaniline (1.32 g, 11.2 mmol) was added to a stirring suspension of diethylene
triamine pentaacetic acid bis(anhydride) DTPA (1 g, 2.8 mmol) in triaethylamine (10 cm®). The
solution was stirred under nitrogen for 24 h at room temperature. A cloudy pale yellow solution was
obtained. The solvent was removed under vacuo at 40 °C and a yellow solid was obtained. The
solid was triturated in ethyl acetate and left stirring overnight at room temperature. A pale yellow
precipitate was isolated by filtration and further washing occurred (2 x 25 cm?®) with ethylacetate
and (2 x 25 cm?®) diethyl ether. The crude ligand was redissolved in the minimum amount of water
and the pH lowered to 3 via the dropwise addition of 0.1 M hydrochloric acid. The solution was
then refrigerated to encourage precipitation and the solid bottom layer was collected by decanting.
The resulting off-white suspension was then stirred vigorously in 25 cm?® of ethylacetate to afford
an off-white powder. The powder was collected by filtration and washed with diethyl ether (2 x 20

cm?). The crude product was isolated as an off-white powder.

201



4.5. EXPERIMENTAL

"H NMR (400 MHz, [D3]CD5Cl, 24°C, TMS) 6 = 7.52 (d, 3J(H,H) = 9.0 Hz, 2H, H10), 7.23 (d,
3J(HH)=9.0 Hz,2H,H11),3.78 (s,2H, H1),3.49 (s, 4H,H5),3 41 (s,4H,H7),3.35 (t,3J(HH) =5.7
Hz 4H, H4),3.29 (s,2H, H14),3.28 (s, 4H, Hc), 3.12 (t, >J(H,H) = 5.7 Hz, 4H, H2); 3C {'H} NMR
(100 MHz, [D3]CD30D+NaOD, 24°C,TMS) = 1734 (C1), 169.0 (C6), 168.0(C8), 137.3 (C9),
130.9 (C11), 118.6 (C10), 116.6 (C11), 132.9 (C11), 121.1 (C10), 117.4 (C12), 81.7 (C13), 75.4
(C14), 64.3 (C5), 57.7 (C7), 55.0 (C2), 53.5 (C4), 52.9 (C3); IR (KBr): ¥ = 3277 cm™" (s), 2103
cm™ ! (m), 1670 cm™? (s); MS (ES™) =m/z 590 [M - H]*,295.5 [M - 2H]*"; UV-Vis (CH30H): Ay
in nm (log €) 270 (4.8); Elemental Analysis calcd (%) for C3oH33N50g (Cl)2 (H2O)o: C, 51.58; H,

5.34,N 9.75; found: C,51.33; H,5.34; N, 9.75.

4.5.2 Synthesis of [Pt(tpy)Cl] (CH3S05)

A solution of Ag(CH3S03) (0.054 g, 0.210 mmol) in dry acetonitrile (5 cm?®) was added to a
suspension of [PtClo(PhCN)s] (0.100 g, 0.210 mmol) in dry acetonitrile (10 cm?®). The solution
was heated under reflux at 90 °C for 6 h and underwent a colour change from clear yellow to clear
and colourless with a white precipitate. The precipitate was removed by filtration and 2,2’: 6°,2”-
terpyridine (tpy) (0.049 g,0.210 mmol) added. A clear yellow solution resulted and was heated under
reflux at 90 °C for 16 h. The volume of the solution was reduced in vacuo to afford an orange solid.
The product was collected by filtration, washed with diethyl ether and dried under vacuum. Yield

70%

'"H NMR (300 MHz, [D3]CD5CN, 24°C), § = 9.10-8.98 (m, 2H, H6); 8.55 (t, 1H, 3J = 8.1 Hz,
H4); 8.46 (dt,2H, 3J(H,H) = 8.1 Hz, 3J(H,H) = 2Hz, H4); 8.37-8.33 (4H, m, H3/H3"); 7.84 (dt, 2H,

3 J(H,H) = 8.1 Hz, 3 J(H,H) = 2Hz, H5). '*C {*H} NMR (100 MHz, CD5CN, 24°C),
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5= 127.6, 122.72 (C2, C2°); 1493 (C6); 141, 140.7 (C4°, C4); 127.7 (C5); 126.7, 125.4 (C3,
C3%). MS (ES*) = m/z 464 [M* - (CF3S803)], 463 [M* - (CF3S03) - H]. UV-Vis (CH;0H:H,0),

4:1): Amas in nm (log €) 540 (2.2), 380 (3.3), 330 (4.1), 280 (4.4), 255 (4.3).

4.5.3 Synthesis of N-(4-ethynylphenyl)acetamide.

3 6 7 8

HN —
1 _2<o

A solution of 2-ethynylaniline (1g, 8.5 mmol) and acetic anhydride (0.96 g, 0.0095 mmol) in dry
CH,Cl, (25 cm®) was stirred at room temperature for 6 h under nitrogen atmosphere. The organic
layer was extracted with a water based saturated solution of KHCO3 (3 x 50 cm?®), brine (1 x50 cm?®)
and then dried over MgSQy. 1.23 g of final product has been isolated by evaporation of the solvent
under vacuum. Yield 93%

"H NMR (300 MHz, [D3]CDCl3, 24°C,TMS) 6 ppm = 8.38 (s, 1H, NH), 7.49 (d, >*J(H,H) = 6.0
Hz, H4), 7.40 (d, 3J(HH) = 6.0 Hz, H5), 3.05 (s, 1H, H8), 2.1 (s, 3H, CH3); '*C {1H} NMR (75
MHz, [D3]CD3Cl, 24 °C, TMS) § ppm = 169.3 ppm (C=0), 138.5 ppm (C3), 132.8 (C4), 119.5 (C5),

834, (C7),76.82 (C8), 50.53 (CH3); IR (KBr): 7 =3316 cm™! (s), 2108 cm™' (m), 1669 cm™! (s).
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4.5.4 Synthesis of [Pt(tpy)(C=C)]BF,

Sodium methoxide (9.57 mg 0.177 mmol) was added to a stirred solution of N-(4-ethynylphenyl)
acetamide (28 mg 0.177 mmol) in methanol. The resultant solution was stirred at room temperature
for 30 min. [Pt(tpy)MeCN](CH3S03) (50 mg 0.088 mmol) was added to the reaction mixture which
turned to red solution and was refluxed for 2h at 80 °C under nitrogen. The solvent was reduced by
vacuum to 2 cm?® and a saturated methanolic solution of NH,BF, was added drop wise. The fine deep
red precipitate was collected by filtration and washed with methanol (20 cm®) and diethyl ether (20

cm?) to obtain 39.13 mg. Yield 73 %.

"H NMR (300 MHz, [D4]CD30D, 24°C, TMS) § = 8.79 (d, J(Pt.H) = 46 Hz, *J(H,H) = 5.6 Hz,
H6), 8.30 - 8.14 (m, 4H, H3, H3"), 8.10 - 8.00 (m, 3H, H4’, H4), 7.60 (ddd, 2H, >J(H H) = 8.1 Hz,
3J(H.H) = 5.6 Hz, H5), 7.60 (d, 2H, 3J(H,H) = 8.5 Hz, Ar-Ha), 7.28 (d, 2H, *J(H H) = 8.5 Hz, Hb),
2.11 (3H, s, CHs); IR (KBr): 7 =3081 cm™! (m), 2127 cm™! (m), 1669 (s) cm™", 1593 (s) cm ™' ;
MS (ES™) = m/z= 586 [M*-(CH3S03)]; UV-Vis (CH3CN): A4, in nm (log €) 470 (3.4), 345 (3.3),
330 (4.1),280 (4.7), 255 (4.7). Elemental Analysis calcd (%) for Co5H19BF4N4OPt (Na): C 43.12,

H2.75,N 8.05; found C 43.56, H 2.75, N 8.05.

455 Synthesis of [Pt(tpy)(C=C)](CH;SO;)

Sodium methoxide (9.57 mg 0.177 mmol) was added to a stirred solution of N-(4-ethynylphenyl)acetamide
(28 mg 0.177 mmol) in methanol. The resultant solution was stirred at room temperature for 30 min.
[Pt(tpy)MeCN](CH3S0O3) (50 mg 0.088 mmol) was added to the reaction mixture which turned to a

red solution and was reflux for 2h at 80 °C under nitrogen.The solvent was removed by vacuum and
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the deep red precipitate was dissolved in the minimum amount of water. By drop wise addition of
acetonitrile a red precipitate was afforded that was isolated by filtration and washed with 20 cm? of

acetonitrile and 20 cm? of diethyl ether. Yield 68%.

'"H NMR (300 MHz, [D2]D50, 24 °C,TMS) ¢ = 8.50 - 7.20 (m, 9H, H6, H5, H4, H4’, H4, H3,
H3’, Ha, Hb), 2.49 (s, br, CH3, CH3SO3Pt), 2.29 (s, br, CH3SO3); MS (ES™) m/z 586 [MT)]; IR
(KBr) 7 = 3075 cm ™! (m), 2115 cm ™! (m), 1659 (s) cm™ !, 1601 (s) cm™!, 1054 (s) cm~'; UV-Vis

(CH30H): A4, in nm (log €) 470 (3.4), 345 (3.3), 330 (4.1), 280 (4.7), 255 (4.7).

4.5.6 Synthesis of
[DTPA-bis(Pt(tpy)N-(4-ethynylphenyl)(acetamide) | ( CH3SO3)-

Sodium methoxide (10 mg 0.2 mmol) was added to a stirred solution of DTPA-bis-N-(4-ethynylphenyl)
acetamide (23 mg 0.04 mmol) in methanol was added sodium methoxide (10 mg 0.2 mmol). The res-
ulting solution was stirred at room temperature for 30 min. [Pt(tpy)MeCN](CH3SO3) (50 mg 0.09
mmol) was added to the reaction mixture which turned to red colour and was heated under refluxed
for 2h at 80 °C under a nitrogen atmosphere. The solvent was removed by vacuum and the deep
red precipitate was dissolved in deionised water (10 cm®). The pH was lowered to 3.0 by dropwise
addition of methane sulfonic acid 0.1 M. The solvent was then reduced by vacuum to approximately
2 ml and dropwise addition of acetonitrile afforded a red precipitate that was isolated by filtration

and washed with acetonitrile (2 x 10 cm?®) and diethyl ether (20 cm?). Yield 58%.

MS (MALDI) = m/z 1446.3 [M*]; MS (ES™): m/z 739.7 [M*+Na]; IR (KBr) 7 = 3074 cm™"
(m), 2109 cm™! (m), 1609 (s) cm™*, 1601 (s) cm~*, 1173 (s) cm™~'; UV-Vis (Hy0): \,,q, in nm (log
€) 420 (4.2), 280 (4.7); Elemental Analysis calcd (%) for CgoHs9N11014PtsSo (H20) (CH3S03 )o

Na: C,41.67; H, 3.36; N, 8.25; found: C,41.79; H, 3.25; N, 8.00;
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4.5.7 Synthesis of

[LnC=CPt;](CH3S03)> (Ln = Eu, Nd)
[DTPA-bis(Pt(tpy)N-(4-ethynylphenyl)acetamide)|(CH3SO3)2 (50 mg 0.03 mmol) was dissolved in
minimum amount of deionised water and the pH corrected to 5.5 by the drop wise addition of tet-
rabutyl ammonium hydroxide followed by the addition of 40 %w in water, and LnCls - 6 H,O (0.03
mmol) to the solution keeping the pH stable around 5. Solvent was then reduced by vacuum to
approximately 2 ml followed with drop wise addition of acetonitrile. The fine red precipitate was

isolated by filtration and washed with acetonitrile (2 x 10 cm®) and diethyl ether (2 x 20 cm?).

[Eu(C=CPt);] MS (ES™): m/z 797.6 [M"]; UV-Vis (H30): \,,q, in nm (log €) 420 (4.2), 280
(47), Elemental Analysis caled (%) for C60H59EUN11014PtQSQ (H20)2 (CHgSOg)Q Na: C, 37,78, H,

3.27; N, 7.57; found: C, 37.66; H, 3.12; N 7.56; Yield 65%

[Nd(C=CPt);] MS ES™: m/z 792.1 [M?*]; UV-Vis (H20): \,qz in nm (log €) 420 (4.2), 280
(4.7); Elemental Analysis calcd (%) for CgoH59NdN1;014Pt5So (H20) (Cl): C, 40.67; H, 3.19; N,

8.41; found: C,40.62; H, 3.39; N 8.27; Yield 53%
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Chapter 5

Lanthanide-platinum monointercalator
based on an asymmetric DTPA ligand

5.1 Project overview

he aim of the work presented in this chapter is to prepare a diethylene triamine pentaacetic
acid (DTPA) bis(amide) derivatives, which bears only one soft ligand for binding to the
terpyridylplatinum(II) moiety in order to obtain [LnH3zLPt]; a luminescent lanthanide probe

with a single DNA intercalator unit (Figure 5.1).
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P<Nre
——Ln” X
60/\\0
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N

[LnH3LPt]

Figure 5.1: Structure of the monointercalator incorporating both a d and f-block metal for binding to DNA.

Comparing the bis-intercalator complex [LnPt;]Cl, with [LnLPt]PFg, we replaced one intercal-
ating unit with a quinoline moiety, although the hairpin design and its rigidity were left unchanged.
With this complex we aim to investigate the effect upon interaction with DNA and how this affects
the photophysical properties.
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5.2. RESULTS AND DISCUSSION

5.2 Results and discussion

5.2.1 Synthesis and characterisation of the asymmetric ligand H3;L

In order to synthesise the [EuH3LPt]PFs complex, the synthesis and isolation of the asymmetric
ligand H3L was carried out according to a previously reported procedure.!!*! The synthetic approach
used the co-condensation of 6-aminoquinoline with DTPA-bis(anhydride) and 4-aminothiophenol.
This reaction led to a mixture of the desired asymmetric ligand HsL and symmetric bisamides HsL?

and H5L® (Scheme 5.1),

COH ¢

o

\_<O

i) 6-aminoquinoline
ii) 4-aminoquinoline
i) HCI, MeCN

O

ooy

CO,H
COH 2" CO.H

Oﬁ) 0
HaL
o
HS N

COH

COH COH  coH COH ?7 COM
I\N/\/N\/\N) N/\/N\/\N)

Oﬁ) kfo Oﬁ) o

NH HN N N
SN NG HS™ NF Z > sH

Scheme 5.1: Synthesis of the asymmetric L and the symmetric bisamides L* and L".
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5.2. RESULTS AND DISCUSSION

The mixture of asymmetric and symmetric ligands was separated into the different compounds
by High Pressure Liquid Chromatography (RP-HPLC, Figure 5.2) using a C18 reverse phase column.
The mixture of L, L* and L® was eluted by running a gradient from water to acetone over 40 minutes
at a flow rate of 10 ml/min. The bisamidoquinolyl derivative L elutes first at 16.0 minutes due to
its hydrophilic nature. The more hydrophobic bisamidothiophenyl derivative L elutes much later at
33.2 minutes when the amount of acetone was increased. The ligand HsL elutes in between the two

symmetric bisamides at 25.0 minutes.

18&2}_4 AU WVL:336 nm

150

125+
2-15.967

100+
75+
5-33.173

50

251

min

'ZG""I"'I"‘1""I""I""I""I""
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Figure 5.2: RP-HPLC separation of L (25.0 min) from La (16.0 min) and Lb (33.2 min) monitored from UV absorbance
at 336 nm.

The 'H NMR of HsL was recorded in D,O/NaOD and it is in agreement with the previously
reported ones.!!) The signal at 8.41 ppm is assigned to the Hf proton which is observed as a doublet
of doublets due to coupling with He at 7.19 ppm and with Hd at 7.98 ppm, while the Hh proton was
observed at 7.45 ppm as a doublet of doublets due to the coupling with He and Hg respectively at 7.64
and 7.71 ppm. The aminothiophenyl protons were observed as doublets at 6.95 and 6.60 ppm which
can be respectively assigned as Hb and Ha. While characteristic DTPA signals were observed at 3.14
(Hm, Hp, Hk), at 2.85 (q, x) and 2.44 ppm (Hj, Ho, Hn, HI). The integration of the aminothiophenyl
resonances (Ha and Hb) resulted to be exactly double when compared to the protons arising from
the quinolin moiety (Figure 5.3).12!
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Figure 5.3: The 300 MHz 'H NMR spectrum of the aromatic region of L in DO/ NaOD.

5.2.2 Synthesis of the heterometallic luminescent lanthanide complex [EuH;LPt]

The synthesis of [EuH3LPt] could be achieved by self assembly using stoichiometric control by com-
bining the three components L, [Pt(tpy)Cl] (CF3S03) and LnCls- 6H50 in a 1:1:1 ratio. A variety
of different approaches, both sequential and one-pot synthetic routes, can be successfully employed
to isolate the final product. However, the procedure predominantly employed in this work involved

prior assembly of the ligand [LPt] in order to confirm that the first step was successful (Scheme 5.2)

coH  COH

kN/\/N\/\N
oﬁ) kfo
~NH HN “
o s D
HS N i) MeOH, MeONa

i) NaOH
—| (CF3S03) iii) NH4PFg

CO.H

EUC|3 . 6H20

EuLPt

Scheme 5.2: Synthetic routes to [EuH3LPt](PFg).
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5.2. RESULTS AND DISCUSSION

The synthesis proceeded by deprotonation of ligand L at sulphur by employing sodium methox-
ide and was successively combined with [Pt(tpy)CI](CF3SOs3) to form the Pt—S bond linkage. The
reaction was refluxed for 2 hours under an inert atmosphere and finally the pH of the solution was
raised to 4 by addition of NaOH. The final product was isolated by a metathesis reaction using a
saturated methanolic solution of ammonium hexafluorophosphate to precipitate [LPt] as the PFg salt.
[LPt](PFs) was characterised by electrospray spectrometry, 'H NMR and UV-vis spectroscopy. A
peak at m/z 534 is assigned to [M -(PFg)+ H]*" as the doubly charged species. The characteristic
isotope pattern with a half point gap between the peaks was observed at m/z = 535, which corresponds

to the doubly charged species [M-(PFg)+ H]** (Figure 5.4).

534.67 612.69
535.13 ‘
‘ 613.20
534.13[ [53563 |
613.70
|
533.66
| o1 612.19
| |536.64 |
611.69
| 1614.20
533 534 535 536 537 611 612 613 614 615 616

Figure 5.4: Electrospray mass spectra of [LPt](PFg) (left) and of [EuH3LPt](PFg) (right)

A second peak containing a Pt isotopic pattern was found at m/z = 464, which belongs to the
[Pt(tpy)CI]". However since the elemental analysis and '"H-NMR excluded the presence of any sec-
ondary product, the pattern at m/z = 464 can be assigned to the fragmentation product [Pt(tpy)CI] ™.

[EuH3LPt](PFg) was also characterised by electrospray mass spectrometry. It is expected as [M
- PFs + H + Na] with a characteristic isotopic pattern at m/z 613 (Figure 5.3). The peak at m/z =
464 was again observed in the mass spectrum of [EuH3LPt](PF¢) correspondig to the fragmentation
product [Pt(tpy)C1]".

"H-NMR recorded in d-methanol showed the characteristic doublet arising from H6 of terpyridylplat-
inum(II) unit at 8.79 ppm, while in between 8.60 and 8.25 ppm are the Hf from the quinoline and
H4/H4’ from the terpyridine. We found Hd and He respectively at 8.12 and 7.95 ppm, while the Hh
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5.2. RESULTS AND DISCUSSION

at 7.75 ppm overlapped with HS arising from quinoline. Upon coordination to platinum(Il) the Hb
resulted in being downshielded to 7.50 ppm while the Ha was found at 7.30 ppm overlapped with He

from quinoline (Figure 5.5). A comparison of Hd and H6 integrals showed the expected ratio 1:2.

Hf,H4,H4’
H5 Hh Hb Ha,He
Hd ||Hc
9.5 9.2 8.9 8.6 8.3 8.0 7.7 7.4 7.1 6.8 6.5
ppm

Figure 5.5: 300 MHz 'H NMR spectrum of the aromatic region of L in DO/ NaOD.

5.2.3 Luminescence studies of [LPt](PFy)

The UV-vis absorption spectrum of [LPt](PFg) has two main absorption features, one at 250 - 380
nm in the UV region of the spectrum, while the other is in the visible region between 400 - 700 nm
(Figure 5.6). The band at 250 nm belongs to the m — 7* transitions localised on on the thiophenyl
ring and the bands at 280 and 345 nm can be attributed to the 7 — 7* transitions of the terpyridine
ring. The band at 330 nm is due to the absorption from the m — 7* of the quinoline moiety which
overlaps with the terpyridine absorption; a slight shoulder is observed at 380 nm, which arises from

the metal to ligand charge transfer transition (MLCT).!!
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Figure 5.6: UV-vis absorption spectrum of [HsL-Pt](PFg) (25 M) in methanol.

The low energy band centred at 550 nm is due to ligand to ligand charge transfer (LLCT). The
appearance of this band is illustrative of complex formation and its colour is dependent on solvent

polarity. !
5.24 Emission Studies of [EuH3LPt](PFy)

Typical Eu(IIl) luminescence was observed upon excitation of [EuH3LPt]PFg at 330 nm and red
emission was observed as a result of the luminescent 5D0 —TF 7(J=0,1,2,3,4) transition observed

at 580, 590, 615, 650, 695 nm (Figure 5.7)
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Figure 5.7: Emission spectrum of [EuH3LPt](PFg) in MeOH (25 M), Aexe = 330 nm (corrected for PMT response).
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5.2. RESULTS AND DISCUSSION

However Eu(Ill) emission could also be obtained through excitation of the amidothiophenol
group at 250 nm, and with excitation at 280 and 345 nm, which are absorption maxima that belongs
to the terpyridyl and quinoline moieties. Indeed the excitation profile of [EuH3LPt](PFg) shows two
clear peaks, one at 330 nm and the other at 345 nm (Figure 5.8), with the latter peak being attributed
to the m — 7" transition of the terpyridine ring. Thus both quinoline and platinum(II) entities con-
tribute with energy transfer to the central europium ion with the quinoline excited state dominating

the process.
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Figure 5.8: UV-vis absorption spectrum of [EuH3LPt](PFg) in MeOH(solid line)(25 #M) and excitation spectrum
(dashed line) recorded by monitoring emission at 615 nm (corrected for lamp profile).

5.2.5 DNA binding studies

Emission studies

Luminescence studies were performed to investigate how the addition of CT-DNA to the [EuH3LPt](PFg)
affects the Eu(Ill) ion emission. The excitation wavelength selected was 330 nm, where the DNA
molar extinction coefficient is the smallest and the energy transfer for the lanthanide sensitisation is
still efficient. Upon excitation at 330 nm we observed a relatively weak lanthanide based emission
which was enhanced by almost double upon addition of CT-DNA to the [EuH3LPt] (Figure 5.9).

The same emission experiments were performed with poly (1AdT) DNA and we observed changes

similar to those recorded upon interaction with CT-DNA. The Eu(IIl) emission was initially weak but
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Emission Intesity

Figure 5.9: An emission spectra of [EuH3LPt](PFg) (180 M) (dashed line), 4:1 CT-DNA:[EuH3LPt](PFg) complex
(solid line) in HoO, 20 mM sodium phosphate buffer. A.x. = 330 nm (Corrected for PMT response).

enhanced by double upon interaction of the complex with poly(dAdT), while the luminescence was

enhanced by almost 2.5 times upon addition of poly(dGdC) (Figure5.10).

—— [EuPt] 80uM
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Figure 5.10: Emission spectra of [EuH3LPt](PFg) (80 M) with 4:1 poly(dAdT) (4:1) and poly(dGdC) (4:1) in HyO,
20 mM sodium phosphate buffer. Aex. = 330 nm, uncorrected.
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5.2. RESULTS AND DISCUSSION

When excitation of [EuH3LPt](PFg) occurs at 330 nm, energy transfer from the quinoline-terpyridine

moiety to the lanthanide ion is realised. However the efficiency of the energy transfer process is
dramatically affected by the quenching effect which arises from the O—H oscillators leading to a re-
latively weak europium emission. However addition of DNA to the [EuH3LPt](PFg) leads to the
intercalation of the platinum(Il) terpyridine units between the DNA base pairs. The DNA hydro-
phobic environment reduces the quenching effect arising from the aqueous buffer, realising a more
efficient energy transfer which is observed as luminescent enhancement of the lanthanide ion. Ad-
dition of poly(dAdT) and poly(dGdC) to [EuH3LPt](PFg) resulted in a non specific DNA binding,

since a luminescence enhancement of almost double was observed in both cases.
Circular dichroism

The DNA binding of [EuH3LPt](PFs) was investigated by circular dichroism (CD), which measures
the difference in absorbance between the right and left circularly polarised light, and hence is able
to measure the molar extinction coefficients differences (Ac) between enantiomers of chiral com-

pounds. ! This concept is summarised within equation 5.1:

CD=A —A, (5.1)

where A; and A, are the absorbances for the light polarised left and right respectively. As shown
in chapter 2, only molecules which are chiral will be able to exhibit a CD signal. While achiral
molecules are not detected by CD simply because they are not able to change the phase for one of the
two components of the circularly polarised light. However an achiral molecule can become active in
CD spectroscopy as long as interaction with a chiral molecule can be realiesed (i.e supramolecular
interaction).

The circular dichroism of CT-DNA showed the characteristic B-DNA shape with the negative
and positive signals respectively at 245 and 276 nm.[% The addition of CT-DNA and formation of
the [EuH3LPt]/CT-DNA adduct showed small changes in the DNA region of the CD spectrum, while

a weak induced CD signal was observed in the terpyridine and LLCT region (Figure 5.11).
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Figure 5.11: CD spectra of 60 uM CT-DNA upon interaction with [EuH3LPt] range from 60:1 to 4:1, in 20 mM sodium
phosphate buffer.

The ICD signal observed in the region in between 300 and 400 nm, can be assigned to a non de-
generate coupling of the transition moment arising from the platinum(II) terpyridine with those ori-
ginating from the CT-DNA bases. However the DNA region between 220 and 300 nm showed only
slight changes upon interaction with [EuH3LPt], which may be ascribed to the reduced DNA stiffen-
ing ability of [EuH3L.Pt] when compared to the hairpin shaped complexes ([LnPt;] and [LnC=CPt,]).
Hence these results are consistent with the mono-intercalator behaviour expected after replacing one

of the platinum terpyridine unit with the quinoline moiety.
Linear dichroism

Linear dichroism (LD) can be defined as the difference in absorption of linearly polarised light both
parallel and perpendicular to a chosen plane and can be used to probe the orientation of molecules
(see chapter 2 page 68). The B-DNA conformation is characterised by a negative signal in the region
between 220 and 300 nm, which arises from the m — 7* with transitions moments at an angle of
greater than 54° compared to the DNA helix axis. The intensity of the LD signal is dependent on the
degree to which the DNA is oriented, being reduced by effects such as DNA-bending, and increased

by intercalation between the bases of the DNA. This latter effect is better known as stiffening of the

222



5.2. RESULTS AND DISCUSSION

DNA double helix.

The CT-DNA usually exhibits a negative LD signal at A =260 nm as its bases are orthogonal to
the main axis of the DNA helix. Since the [EuH3LPt]PF¢ is randomly oriented in solution, its LD
signal can be observed only upon interaction with DNA, which is oriented by the viscous drag.Thus,
when [EuH3LPt]PF; is added to CT-DNA three negative signals are observed at 260, 340 and 515

nm (Figure 5.12).
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Figure 5.12: LD spectra of 300 xM CT-DNA (dashed line) upon interaction with [EuH3zLPt] at ratio CT-DNA : complex
4-1 (solid line), in 20 mM sodium phosphate buffer.

The 300-520 nm region is characterised by a negative signal arising from transition moments
oriented in the plane of the platinum(Il) terpyridine unit, which is consistent with the platinum(II)
tepryridine intercalating unit lying orthogonal to the DNA helix axis, while the LLCT transition
between 400 and 700 nm is characterised by a weak induced linear dichroism (ILD) signal.[®!

The reduced linear dichroism LD" is often a convenient path length and concentration independ-

ent summary of LD data, and it can be calculated according to equation 5.2

LD Al — A, 3
— | PP — ZScosta — 1 (5.2)

LD"
A A 2

where A is the absorption of the sample under isotropic conditions, S the DNA orientation factor
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(when S equals 1 we have perfect orientation, while O represents the random orientation) and « the
angle between the transition moment responsible for the absorption of light at a particular wavelength
and the orientation axis which usually corresponds to the main B-DNA axis.”!

The LD" signal for [EuH3LPt]PFs bound to CT-DNA (Figure 5.13) shows negative signals in-
dicating that the the different terpyridine transitions all lie at the the same angle with the DNA helix
axis. This indicates the molecule is lying perpendicular to the helix axis. Furthermore, the LD signal
of DNA with [EuH3LPt]PF; increases more than the absorbance signal upon [EuH3LPt]PF4 bind-
ing showing that the DNA stiffens upon binding. The magnitude of the LD" signal is significantly

reduced if compared to the one reported for LnPt;.
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Figure 5.13: Calculated LD" spectrum of CT-DNA upon interaction with [EuH3LPt]PFg (4:1), in 20 mM sodium phos-
phate buffer.

From these results and the shape of [EuH3LPt]PFg we can conclude that the [EuH3LPt]PF4 binds
to DNA via an intercalative mode that results in a significant reduced stiffening effect of the DNA

when compared to the parent complex [LnPty]Cl,. !

Gel Electrophoresis

The gel electrophoresis experiments were performed on [EuH3LPt] complex using 1% agarose gels
in 1 mM TEA buffer and plasmid pBR322 DNA, and the results visualised by staining with ethidium

224



5.2. RESULTS AND DISCUSSION

bromide. The ratios of complex to DNA base pairs used were 20:1, 12:1, 8:1, 6:1, 5:1, 3:1. In each
case the complex was incubated with the plasmid DNA at 37 °C for 2h prior to loading. By using
super-coiled plasmid DNA the unwinding angle of the helix upon addition of the complex can be

determined (Figure 5.14).!

[ DNA [ 20-1 [ 12-1 ] 8-1]6-1]5-1] 3-1]

§ bl Gl bl bl b |

Figure 5.14: Gel image of pBR322 DNA treated with [EuLPt].

The [EuH3LPt]PFz complex was found to uncoil DNA into a circular form which travels faster
through the gel matrix than the open-circular form, which will be the most retarded. The [EuH3LPt]
showed the ability to interact with DNA by intercalation, however the replacement of one of the
terpyridylplatinum(II) recognition units with the quinoline moiety reduced the DNA stiffening dra-
matically.!!%

A gel electrophoresis experiment for plasmid DNA upon interaction with AATP, was run parallel
to the [EuH3LPt]PFg ones (Figure 2.50). This experiment suggests that both complexes interacts

with DNA in the same way and both are able to produce the same modification on the DNA double

helix, and possibly they are characterised with a binding constant of the same order of magnitude.

IDNA [20-1[15-1[8-1[6-1]5-1[3-1|

Figure 5.15: Gel image of pBR322 DNA treated with [AATP].

This could be confirmed numerically by calculating the unwinding angle using equation 5.3 where
¢ is the unwinding angle and o is the superhelicity constant, while r. is the base complex ratio where
supercoiled and relaxed DNA co-migrate.!'11"]
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6= —18 X rf (53)

Using a superhelicity value of —-0.074 we found the unwinding angle for [EuH3LPt] to be 8°,

which is similar to that 7.5 ° arising from the AATP and it is almost half the value obtained for

[EuPty]Cls (see chapter 2.2.8 page 86).
Melting point

Based on the hypercromicity effect which is characteristic when a DNA double helix is denatured into
arandomly coiled single stranded DNA, we performed a DNA melting point experiment monitoring
by UV-vis spectroscopy the absorbance at 260 nm while the sample was heated with and without
the [EuH3LPt] complex. Plotting the absorbance versus temperature, the characteristic sigmoidal

behaviour for a DNA melting point was found (Figure 5.16) .
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Figure 5.16: Melting curves of CT-DNA (60 #M) (solid line) and in presence of [EuH3LPt] 4:1 (dashed line), in 10 mM
HEPES, 10 mM NaCl. Inset plot the first order derivative used to determine the T .
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Considering that Ty, corresponds to the mid point of the sigmoidal curve at which 50% of the
double stranded DNA denatures into the random coiled single strand form, we can determine the
melting temperature using the first order derivative plots, where an increase of 14 °C of CT-DNA
T, was observed upon addition of [EuH3LPt]. This effect can be ascribed to the stabilisation of the
double helix arising from the 7 - 7 stacking interaction of the terpyridylplatinum(II) unit with the
DNA bases. However the AT,, for [EuH3LPt] resulted in a bigger value than for the [EuPty]Cl,
complex (12 °C see chapter 2), and this might be due to the less rigid structure that characterises the
[EuH3LPt] complex. While the [EuPty]Cl; is constricted in its hairpin geometry upon interaction
with DNA, the [EuH3LPt] has a greater degree of freedom to accommodate itself upon interaction

with CT-DNA.
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5.3 Conclusions

The [EuH3LPt] was obtained by one pot reaction between a previously reported asymmetric DTPA-
(quinoline) moiety ! (H3L) and the [Pt(tpy)C1](CF3SO3) followed by addition of EuCls - 6 HyO.!!
The [EuH3LPt]PFg was fully characterised and its luminescent properties investigated showing that
efficient sensitisation of the lanthanide ion can be obtained upon excitation of the quinoline moiety
at 330 nm. Luminescence studies of [EuH3LPt](PFg) with DNA were characterised by luminescence
enhancement upon interaction with CT-DNA and polynucleotide DNA. This may further confirm
what was observed for [L.nPt;|Cl, (Chapter 2), where the terpyridine transitions are modified upon
intercalation between the DNA bases, leading to a more efficient energy transfer process occurring
between the sensitiser and the lanthanide ion.

The DNA binding studies performed by flow LD, circular dichroism and melting point are con-
sistent with the intercalation of the platinum terpyridine unit of the [EuH3LPt]PF4. Due to the pres-
ence of only one DNA intercalating unit, the grade of DNA stiffening produced by interaction of
[EuH;3LPt]PFg with CT-DNA is sensitively reduced when compared to the [L.nPt;|Cly. Further, the
gel experiment highlighted that by removing one DNA recognition site, the ability to uncoil to DNA
is highly affected. Indeed, almost double the amount of [EuH3LPt]PFg is required compared to the
[EuPt,]Cls in order to obtain the same grade of unwinding angle.

An ongoing work is oriented to investigate the biological properties of [EuH3;LPt]PFg in compar-
ison with the bis-intercalator species [EuPty]Cly and [EuC=CPty]CH3SO3. It would be particularly
interesting to test all the complexes as cell stain for fluorescence microscopy experiments. In this
sense the [EuH3LPt]PF; is one of the best candidates since the quinoline moiety is a good lanthanide

sensitiser.
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54 Experimental

5.4.1 Synthesis of 1-(6-amidoquinoline),11-(4-amidothiophenol)-1,11-dioxo0-3,6,9-
triaza-3,6,9 tris carboxymethyl) undecane : L

o CO=H
HO.C N( | COM

n |
O g ikfo
a ﬁ) c d
@NH HNC@e
HS h NT f

HaL 9

Kugelrohr distillation of 4-aminothiophenol

A sample of 4-aminothiophenol (0.91 g) was separated by Kugelrohr distillation at 180 °C under
reduced pressure. The resulting white crystalline solid (0.71 g, 78%) was dried in vacuo and stored

under a nitrogen atmosphere at -5 °C.
Synthesis of L and purification of H;L.

6-aminoquinoline (1.58 g, 10.9 mmol) was added to a suspension of DTPA-bisanhydride (3.94 g, 11.0
mmol) in anhydrous pyridine (100 cm®). The resulting mixture was stirred for 45 min at room tem-
perature under nitrogen. Distilled 4-aminothiophenol (0.71 g, 5.7 mmol) was added and the solution
stirred for 2 h. Water (80 cm®) was added and the solution was stirred for 30 min. The solvent was
removed in vacuo to yield a yellow solid (2.94 g). This was dissolved in degassed water (50 cm®) and
filtered in vacuo to leave a clear yellow solution. The solution was acidified to pH = 3 with concen-
trated HCI (32%, 10.2 M) under nitrogen, precipitating a yellow solid. The residual supernatant water
was discarded and the yellow solid washed with degassed water (10 cm®) and acetonitrile (10 cm?®)
which were both discarded. Degassed acetonitrile (200 cm?®) was added and the solid was triturated
for 5 h to form a bright yellow powder. This was collected by suction filtration under nitrogen and
washed with degassed acetonitrile (2 x 25 cm?®) and diethyl ether (2 x 10 cm?®) yielding a mixture

of bisamides L°, L* and the asymmetric L (753 mg, 11 %);
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RP-HPLC was used to separate the DTPA bisamides L* , L® and the asymmetric L. A typical
operation involved the crude mixture (20 mg, 0.03 mmol) being dissolved in 1 cm® THF/ degassed
water (1:1) and injected into a HPLC system running a water/ acetone solvent gradient (O min 100
% water 40 min 100 % acetone) with a flow rate of 10 cm®/min on a Luna 10u C18(2) 100 A.
AXIA reverse phase column. Detection of the eluting bisamides was achieved by monitoring UV
absorbance at 336 nm. After a run was complete the column was washed with acetone and water
until a UV baseline was re-established and the injection procedure repeated. Mass spectrometry
(EST) was used to identify the 3 bisamides. La (m/z = 646) eluted at 16.0 min, the asymmetric L
(m/z = 626) eluted at 25.0 min and Lb (m/z = 607) eluted at 33.2 min. L was collected and dried

under vacuum to yield L as a pale yellow powder (6 mg, 30%).

'H (300 MHz, [D2]D20/NaOD, 24 °C) 8.42 (d,1H, 3J(HH) = 4.4 Hz, Hf), 7.95 (d, 1H, 3J(HH)
= 8.5 Hz, Hd) 7.70 (d,1H, 3J(HH) = 9.1 Hz, Hg), 7.65 (d, 1H, “J(HH) = 1.8 Hz, Hc), 7.45 (dd, 1H,
3J(HH) = 9.1 Hz, “J(HH)= 1.8 Hz, Hh), 7.20 (dd, 1 H, 3J(HH) = 8.5 Hz, ‘J(HH) = 4.4 Hz, He), 6.95
(d, 2H, 3J(HH) = 8.4 Hz, Hb), 6.60 (d, 2H, 3J(HH) = 8.4 Hz, Ha), 3.10 (s, 2H, Hi), 3.00 (2 H, s,
Hq), 2.85-2.95 (m, 6H, Hk,m p) 2.35-2.55 (s, 8H, Hj,l,n,0) ; MS (ES™) m/z 627 [M + H]*, 649 [M +

Na]*; UV-vis (1:1 THF/H20) Apmas in nm (log ¢): 248 (4.5), 317 (3.78), 330 (3.7).
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54. EXPERIMENTAL

5.4.2 Synthetic procedure for [LPt](PFy)

To a solution of [Pt(terpy)CI](CF3SO53) (31 mg, 0.05 mmol), in hot methanol (20 cm®) was added
a solution of L (31.6 mg, 0.05 mmol) in methanol (25 cm?) and dry DMF (2 cm?®) followed by addition
of sodium methoxide (2.7 mg, 0.05 mmol) in methanol (1 cm®). The solution gave a rapid colour
change from yellow to a deep purple. The solution was heated under reflux for 5 h at 80 °C after
which it was allowed to cool to room temperature. The solvent was removed in vacuo and methanol
(25 cm?®) added followed by raising the pH from 1 to 4 by dropwise addition of aqueous sodium
hydroxide (0.1 M). The volume of the solution was reduced to 1 cm?® in vacuo and the anion was
exchanged with a saturated methanolic solution of ammonium hexafluorophosphate to give a fine
deep purple precipitate. The product was collected by filtration in vacuo and washed with ethanol

(10 cm®), methanol (10 cm?®) and ether (20 cm?®) and dried under vacuum (37 mg, 62 %);

'H NMR (300 MHz, [D4]MeOD/NaOD, 24 °C), 8.88 (1H, d, 3J(HH) = 3.0 Hz, H7), 8.78 (d, 1H,
3J(HH) = 6 Hz, H12), 8.25 — 8.55 (m, 13H, m, H3/3’,5,6,8,9, 10, 11),7.95 — 8.05 (m, 4H, H 4/4°),
750 —7.75 (m,4H,H 1,2),3.05 - 325 (m, 6H, H14, 17, 20), 2.55 — 2.80 (m, 5H, 15, 16, 18, 19);
MS (ES™) m/z = 526 [M — (PFg) + HI**. UV-vis (MeOH): Apqs in nm (log €) 550 (3.08), 345 (4.09),
330 (4.24), 281 (4.57), 249 (4.67). Analysis calcd (%) for C4sHy7FgNgOgPPtS - (HCI) - (H,0): C,

42.1; H,3.7; N, 10.1; found: C,42.1; H,3.7; N, 9.8.
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54. EXPERIMENTAL

5.4.3 Synthetic procedure for [EuH;LPt](PF¢)

To a solution of [LPt](PFs) (10 mg, 0.01 mmol) dissolved in 10 cm® MeOH/ H,O (1:1), EuCls -
6H->0 (3 mg, 0.01 mmol) at room temperature was added. The pH of the solution was increased from
3 to 5 by dropwise addition of aqueous sodium hydroxide (0.1 M) and the volume of the solution
was reduced to 1 cm?® in vacuo. Dropwise addition of acetonitrile precipitated the product as a deep

purple fine solid.

MS (ES+) m/z =613 [M — (PFg) + H + Na]2*. UV-vis (H50): A\naz in nm (log £) 491 (2.65), 345
(3.43),330 (3.49), 281 (3.87), 244 (4.01). Analysis calcd (%) for C45H44EuFgNgOsPPtS - (H,0): C,

38.4;H,3.2;N,9.1; found: C,38.3; H,3.2; N, 9.1.
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Chapter 6

General Experimental

6.0.4 Materials and methods

All chemicals were purchased from Aldrich, Acros, or Alfa Aesar and were used without further
purification unless otherwise stated.

All solvents were purchased from Aldrich or Fisher. CH3CN was dried over P,O5 (5% w/v) and
freshly distilled prior to use. NMR solvents were purchased from Goss Scientific or Aldrich and
used as received. Solvents used in photophysical studies were HPLC grade and were purchased from
Fisher. Water was deionised using an Elga Option 3 water purifier.

Column chromatography was performed on silica gel (Fluorochem of Merck 40-63 yM). Thin
layer chromatography was carried out using Merck silica gel 60 F254 aluminium sheets.

Nitrogen gas used was supplied by BOC-gases. All reactions were performed under dinitrogen
using standard Schlenk and high vacuum techniques. Air sensitive reactions were carried out using

degassed solvents and dried over the appropriate molecular sieves.

6.0.5 Instrumentation

'H NMR and 'C NMR spectra were obtained using 300 MHz Briiker AC 300, AV 300, AV 400 or
DRX 500 spectrometers. ES-TOF mass spectra were recorded on a Micromass LC-TOF machine.
MALDI-TOF mass spectra were recorded on a Briiker Biflex IV mass spectrometer. Elemental ana-
lyses were recorded on a Carlo Erber EA1110 Simultaneous CHNS elemental analyser. Absorption

spectra were recorded on a Varian Cary UV 5000
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6.0.6 Photophysical studies

Luminescence experiments were carried out using a PTI fluorescence system. The illumination
source was a PTI L-201M 75 W xenon arc lamp. The detection system was a PTI 814 with a Shi-
madzu R928 in a photon-counting photomultiplier tube. The emission monochromator was equipped
with 500 and 750 nm blazed gratings. Emission was recorded at 90° to the excitation source, and
after passing through appropriate long pass filters. Excitation spectra were corrected for variation in
lamp output in real time by using a reference beam correction profile. Spectra were recorded using
PTI Felix fluorescence analysis software for Windows.!)

Steady state near-infrared measurements were performed using a similar set up with a double ex-
citation monochromator (1200 lines mm '), an emission monochromator (600 lines mm ') equipped
with a 1.25 uM blazed grating, a high sensitivity thermoelectric-cooled InGaAs detector, Stanford
research systems SR510 lock-in amplifier and PTI OC-4000 optical chopper for noise suppression.

Typically visible emission spectra were recorded using an excitation band-pass of 5 nm and an
emission band-pass of 2 nm. Excitation spectra were recorded using an excitation band-pass of 2 mm
and an emission band-pass of 5 nm. All near-infrared emission and excitation spectra were recorded
with 5 nm band-pass settings. Luminescence spectra of solutions at ambient temperature were carried
out using a 1 X 1 cm path length quartz cuvette with 4 transparent polished faces. Solvent had been

degassed by three freeze-pump-thaw cycles.

6.0.7 Time resolved emission spectroscopy

Visible emission lifetime spectra were recorded using a Continuum Surelite I SSP class 4 pulsed Nd-
YAG laser (10 Hz) as the excitation source using the 355 nm harmonic. The signal was collected as
a direct output from the PMT to minimise the response time of the apparatus. Data were recorded
on a LeCroy 9350AM 500 MHz oscilloscope, which was triggered by the laser, as an average of 500
shots.

Lifetime data was analysed using Kaleidagraph software for the PC and fitted using a non-linear

least-squares iterative technique (Marquardt-Levenberg algorithm).!
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6.0.8 DNA preparation

The ct-DNA (highly polymerised) was purchased from SigmadJAldrich and it was dissolved in water
without any further purification and the poly(dAdT) and poly(dGdC) DNA from Sigma-Aldrich.
The concentration was determined spectroscopically using the molar extinction coefficients at the
wavelength of maximum absorption®!: CT-DNA €555 = 6600 mol~* - dm? - cm™!, poly(dGdC)
DNA €954 = 8400 mol™! - dm?® - cm™!, poly(dAdT) DNA €265 = 6600 mol~! - dm? - cm™!. All
DNA experiments were performed using a HEPES buffer which is effective over a neutral pH range.

Aqueous sodium chloride was used to stabilise the negatively charged phosphate backbone.

6.0.9 Circular dichroism and linear dichroism experiments

Circular dichroism (CD) spectra were collected on a JASCO J-810 spectropolarimeter using quartz
emission cells (10.00 mm). All CD spectra were recorded at 20 oC internal temperature. The para-
meters used were; standard sensitivity, continuous scanning mode, 0.5 nm data pitch, 200 nm/sec
scanning speed, 1 sec response time, 1 nm band width and 20 accumulations.

Linear dichroism (LD) spectra were collected on a Jasco J-715 spectropolarimeter adapted for
LD measurements. For flow linear dichroism experiments the samples were orientated in a radial
cuvette flow cell. This is a specialised small volume cylindrical quartz cell, pathlength 1 mm, which
is rotated by an electric motor during the course of the experiment. All LD spectra were recorded at

20°Cand 5.8 V.

6.0.10 DNA melting studies

DNA melting studies were carried out using a Varian Cary 5000 UV-Vis-NIR spectrophotometer
equipped with Cary temperature controller. Spectra were recorded using Cary WinUV software.
Helix melting was monitored by following the absorption of the sample at 260 nm, as a function
of temperature. The melting temperature (T,,,) was determined from the first derivative of a plot of
absorption versus temperature. The following parameters were used; 0.5 °C data interval and 0.5

°C/min rate.
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6.0.11 Gel electrophoresis

Electrophoresis experiments were carried out using an Amersham Biosciences HE 99X Max Sub-
marine unit with a 15 X 20 cm gel casting tray and a 15 well comb. The power supply used was an
Amersham Biosciences electrophoresis power supply model EPS 301.

The gel employed was a 1% agarose gel matrix. The agarose used was ultra pure microbiology
grade for separation > 500 base pairs purchased from usb. The buffer used was Tris-acetate EDTA
buffer, microbiology grade, purchased from Sigma and diluted to 10% in ultra pure water (Fluka)
prior to use. The dye used was bromophenol blue. The plasmid DNA used was pBR322 purchased
for New England Biolabs.

The gels were stained with ethidium bromide (HPLC grade) and imaged using an UVipro plat-
inum 2.0 gel documentation system, version 12.7a for windows, consisting of a CCD camera and UV
transilluminator.

The unwinding assay was obtained integrating the pixel area!®! and the resuting values plotted

against the base pair/complex ratio in order to determine the co-migrate concentration.
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Chapter 7
Conclusions and future work

In this thesis we have reported the synthesis, photophysical studies and DNA binding studies of hair-
pin shaped lanthanide heterometallic complexes. All the complexes were obtained by self-assembly
of different components in a one pot reaction. This led us to isolate heterometallic complexes, where
alanthanide DTPA complex was assembled with a platinum terpyridine moiety, which works as DNA
recognition unit and antenna system for lanthanide sensitisation. The complex named LnPt; showed
the ability to bis-intercalate between the DNA base-pairs. Upon interaction with DNA a relatively
strong luminescent enhancement could be observed for the visible and NIR emitting lanthanide com-
plexes. We believe this is an effect of the polarity change of the sensitiser units upon interaction with
DNA, leading to an improvement of the energy transfer process to the lanthanide.

We also investigated the interaction of LnPt, with four oligonucleotide sequences double stran-
ded and of 12 bases length. The addition of LnPts to the 12-mer duplexes showed the ability of the
complex in stabilising the double stranded structure by increasing the values of their melting point.
Further investigation on LnPt; upon interaction with DNA and oligonucleotides were performed by
circular dichroism and luminescence. These studies were conducted parallel to DNA binding stud-
ies of a model compound named AATP, which resembles the DNA recognition units of the LnPts.
These studies highlighted that the small differences observed upon interaction of LnPt, with the 12-
mer duplexes can be ascribed to the rigidity of the hairpin structure induced by the lanthanide DTPA
unit to the LnPts.

We also performed NMR studies of LnPt, and the monomer AATP upon interaction with a 12-
mer duplex, thus we could investigate in detail the structural changes operated on the Dickerson-Drew

duplex upon interaction with the complexes. It is important to highlight how the adenine and thymine
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sequences plays a crucial role. It was surprising that although the LnPt, gives a better interaction
with the Dickerson-Drew sequence, we could not observe any NOE coupling occurring between
the adenine and thymine arising from the central part of the sequence and the complexes. On the
other hand, characteristic NOE couplings occurring between H8/H6 of cytosine and guanine and the
relative deoxyribose disappeared upon interaction of LnPt, and AATP. We believe that the central
part of the Dickerson-Drew sequence plays a role in the flexibility of the sequence, that facilitates
the intercalation process of LnPty; between the DNA bases. The UV-vis, melting point and NMR
experiments of AATP upon interaction with the Dickerson-Drew sequence support the model for the
bis-intercalation described above, since we observed a preferred interaction with alternating sequence
of cytosine and guanine through different spectroscopic techniques.

LnPt; inspired the synthesis of LnC=CPt; which retains the characteristic hairpin structure
of the DTPA ligand, but introduces the acetylide as coligand of platinum(II). The isolation of this
product was possible by designing a new DTPA-bis(acetylide) ligand which it is an interesting starting
material for further studies, such as derivatisation of lanthanide complexes using click chemistry
(e.g. cyclodextrins). Moreover, using the synthetic approach that involves DTPA-bis(acetylide) and
[Pt(tpy)MeCN]*2 we obtained LnC=CPt; by a one-pot reaction.

When the LnC=CPt; complex was investigated upon interaction with DNA we observed that
most of the characteristic DNA binding features of its parent complex LnPt; were retained. LnC=CPt,
stabilises the B-DNA conformation of CT-DNA by increasing the melting point temperature by 10
°C. Moreover, the linear dichroism studies showed the retained ability of the complex to stiffen the
double helix as its parent bis-intercalator. Parallel to this we isolated the relative Pt(tpy) acetylide
complex which resembles the DNA recognition unit of LnC=CPt,. DNA binding studies of this
complex highlight once again how the Ln-DTPA part of the molecule induces a structural rigidity
which is responsible for structural changes on the DNA double helix.

The use of acetylide may give the advantage of sensitising the lanthanide luminescence in the
visible region. However, in this case we could not observe lanthanide sensitisation arising from the
CT band, which we ascribe to the weakness of the lanthanide signal mainly due to the poor solubility

of LnC=CPt; in a wide range of solvents. However, visible lanthanide luminescence can be obtained
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through excitation of the phenyl ring of [EuC=CPt,]"? leading to an europium based emission.

The importance of the hairpin rigidity in both LnPt; and LnC=CPt; was better highlighted when
a DNA mono-intercalator based on Ln-DTPA was isolated. The asymmetric [EuLPt]™ compared to
the LnPt, is characterised by having only one Pt(tpy) as DNA recognition unit. Linear dichroism
studies and gel electrophoresis studies, showed that the structural changes induced on the DNA upon
interaction with the metal complexes resemble the behaviour of the AATP and the EAP complex.
The [EuLPt] " retained the luminescent properties for the [LnPt,]"2 upon interaction,with DNA.

As general point of view, the rigid hairpin structure induced by DTPA ligand combined with the
presence of two DNA metallo-intercalating units leads to an heterometallic complex that is able to
produce larger DNA structural modification than the relative mono-intercalators. In this sense, it will
be interesting for the future to explore the biological activity of this class of complexes and compare
the results with parallel studies on the mono-intercalator species. Work is on going to evaluate the
possibility of using this complexes as luminescent cell stains for imaging. In particular it would
interesting to evaluate the possibility to stain the cell nucleus selectively. From this point of view
the [EuLPt]™ is a good candidate since it has a quite strong luminescence. Perhaps the quinoline
ring allows allows introduction of peptides for drug delivery or introduction of suitable groups for
surfaces studies.

The DTPA backbone may be also considered as a part of the molecule to derivatise. Even if this
requires to revisit the synthesis of the DTPA ligand there are a lot of advantages that can be brought
in, such as the combination of an improved solubility in water with drug delivery properties.

Despite of the many attempts we were not able to obtain crystal structures for these complexes.
These data have a crucial importance since they can be used in combination with the NMR studies
to better describe the interaction of LnPts with the Dickerson-Drew sequence. Furthermore, it will
be interesting to use the NMR data here collected to refine the duplex structure, in order to under-
stand the structural modifications induced by the interaction with complexes. In this sense further
experiments including multinuclear NMR experiments, such 3P and 'H experiments that will allow
a better understanding of the structural transitions between BI an BII upon induced by the interaction

of the complex with the oligonucleotide.
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Appendix to Chapter 2
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Figure 1: 'H-NMR at 300 MHz of [Pt(tpy)C1](CF3S03) in CD5CN.
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Figure 3: '3C {H} NMR at 100MHz of AATP in D5O.
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Figure 5: ESI-TOF spectra of AATP.
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Figure 6: 'H-NMR of DTPA-BATP in CD30D at 300 MHz.
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Figure 7: '2C {H} NMR of DTPA-BATP in CD50D at 400 MHz.

247



M+Na

630.3

63[1.3
612

W

100 200 300 400 500 600 700 800 900 1100 1300 1500 1700 1900
m/z (Da)

Figure 8: ESI-TOF of DTPA-BATP

805.5
804.7
462.9
302.1
24B.2
46/.9
281 |358.2 g, o
135.2 ’303-1l 4540 551.0 807"0
100 200 300 400 500 600 700 800 900 1100 1300 1500 1700 1900

m/z (Da)

Figure 9: ESI-TOF of [EuPt2]Cls.

248



463.0

773.9
46p.0
44206 775.6
100 200 300 400 500 600 700 800 900 1100 1300 1500 1700 1900
m/z (Da)
Figure 10: ESI-TOF of [YPt2]Cls.
1323.8
1518.4
1324.8
1516.4 1519.4
1515. 521.4 1320, 326.8
523.4 T27l7
1514. ' 1319, | 1329.7
| [||. | P27 13334
1516 1520 1524 13‘20 ‘ 13‘26 ‘ 13‘32 ‘
m/z (Da) m/z (Da)
1323.8
1322.8
1321.8
1265.7 1518.4

1000 1100 1200 1300 1400 1500 1600 17/00(D )1800 1900 2000 2100 2200 2300 2400 2500
m/z (Da

Figure 11: MALDI-TOF of [LPt3]Cls.
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Figure 14: Emission spectra of [EuPt2]Cly in MeOH uncorrected for PMT response.

Peak Area
Sequence [NdPty] [NdPty] + 12-mer  %,,,
d(5’-CGCGATATCGCG-3"); 32,700 63,8662 95
d(5’-CGCGAATTCGCG-3%)y 31,5839 58,9673 86
d(5’-CGCGCCGGCGCG-3’), 34,5361 48,7078 41
d(5’-CGCGCGCGCGCG-3’); 34,6883 48,7078 36

Table 1: Integrated peak area of [NdPt2] emission over interaction with 12-mer oligonucleotides.
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Peak Area

Sequence  [EuLPt] [EulLPt] + DNA %.,

poly(dAdT) 108179 252938 133
poly(dGdC) 109308 290693 165

Table 2: Integrated peak area of [NdPt2] emission over interaction with 12-mer oligonucleotides.
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Appendix to Chapter 3
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Listing 1: NOE volumes for the d(5’-CGCGAATTCGCG-3"), measured at 7,,, =400 ms.
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Listing 2: NOE volumes for the d(5’-CGCGAATTCGCG-3")5 and YPt, (1:0.5) measured at 7,,, = 400 ms.
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Listing 3: NOE volumes for the d(5’-CGCGAATTCGCG-3"), and AATP (1:0.5) measured at 7,,, = 400 ms.
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2.376 6.133 1.26e+08 ga 12 G H2’ 12 G H1”
2.380 4.676 9.51e+407 ga 12 G H2’ 12 G H3”

Ad
Base  H2” H2’ H1’

Cl  0.006 0.006 0.031
G2 -0009 004 0.04
C3 0.001 0.009 0014
G4 -0.016 0.009 0.008
A5 0.003 0.001 0.009
A6  0.003 0.005 0.006
T7 0001 -0.002 0012
T8 0001 0.012 0011
c9 0.001 -0.013 0.003

G10 0.017 -0.003

Cl1 0012 0.006 0.021

G12 0.0025 0.006 0.043

Table 3: A¢ of d(5’-CGCGAATTCGCG-3), and YPt, (1:0.5) obtained from NOE resonances assignemets at 7,,, =400
ms.
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Listing 4: Chemical shifts for d(5’-CGCGAATTCGCG-3’)y determined by NOE experiment at 7,,, = 400 ms.

Group Atom Nuc Shift SDev Assignments
Cl1 H1’ 1H 5.754 0.002 4
C1 H2” 1H 2.397 0.008 5
Cl H2° IH 1.955 0.002 4
C1 H3” 1H 4.694 0.002 4
C1 H4~° 1H 4.145 0 1
C1 H6 1H 7.627 0.002 4
G2 HI1” 1H 5.872 0.005 3
G2 H2” IH 2.676 0.016 4
G2 H2’ 1H 2.647 0.031 2
G2 H3~ IH 4.969 0.007 3
G2 H4° 1H 4.345 0 1
G2 HS8 1H 7.939 0.004 7
C3 H1’ 1H 5.592 0.001 4
C3 H2” 1H 2.269 0.014 5
C3 H2"° IH 1.832 0.003 3
C3 H3” 1H 4.795 0.003 2
C3 H4~° 1H 4.118 0 1
C3 H6 1H 7.26 0.001 5
G4 H1’ 1H 5.415 0.001 4
G4 H2” 1H 2.706 0.043 4
G4 H2’ 1H 2.646 0.007 3
G4 H3~ 1H 4.975 0.003 2
G4 H4~° IH 4.31 0 1
G4 H8 1H 7.836 0.002 6
AS H1” 1H 5.981 0.001 3
AS H2” 1H 2.844 0.11 3
AS H2"° 1H 2.692 0.003 2
AS H3” IH 5.015 0.026 3
AS H4’ 1H 4.443 0 1
AS HS IH 8.101 0.001 3
A6 H1” 1H 6.149 0.001 3
A6 H2” 1H 2.92 0.004 5
A6 H2° 1H 2.558 0 1
A6 H3’ 1H 5.034 0.023 3
A6 H4~° 1H 4.453 0.003 2
A6 H8 1H 8.102 0.001 5
T7 CH3 1H 1.265 0.001 2
T7 H1” 1H 5.906 0.001 4
T7 H2” 1H 2.55 0.005 5
T7 H2° IH 1.984 0.004 5
T7 H3’ 1H 4.817 0 2
T7 H4~° 1H 4.192 0.004 2
T7 H6 1H 7.103 0.001 8
T8 CH3 1H 1.527 0.001 2
T8 H1” IH 6.101 0.011 4
T8 H2” 1H 2.535 0 3

260



T8
T8
T8
T8
c9
c9
c9
c9
c9
c9
G10
G10
G10
G10
G10
Cll1
Cll1
Cl1
Cll1
Cl1
G12
G12
G12
G12
G12
G12

H2°
H3”
H4~°
H6

H1”
H2”
H2"°
H3’
H6

H4~°
HI1”
H2”
H2°
H3”
H8

H1”
H2”
H2°
H3”
H6

H1”
H2”
H2°
H3”
H4~°
H8

1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H

U S O\ B e S N B e AR N I (O \S R, B SN N I N I S BV B e N L

157
267
.202
361
635
401
.045
.865
453

.846
.66

582
974
.898
152
315
.874
.796
315
.144
.588
371
.666
162
.93

.002
077

013
001
.029
.004
.002

.004
.015

.004
.004

.003
.003

.002

.001

cNeleoloNoloNol=NeololoNoNeloNeololololNoeNoll ool S

.002

261

W = = W= W R = B WDN AN WWRJWWL WWhoo— K W



Listing 5: Chemical shifts for d(5’-CGCGAATTCGCG-3"), upon interaction with determined YPt, by NOE experiment
at 7,,, = 400 ms.

Group Atom Nuc Shift SDev Assignments
Cl H1’ 1H 5.723 0 3
Cl1 H2” 1H 2.383 0.004 3
C1 H2’ 1H 1.949 0.006 3
C1 H3’ 1H 4.691 0 1
C1 H6 1H 7.601 0.006 3
Cc2 H2” 1H 2.706 0 1
G2 H1’ IH 5.832 0.004 4
G2 H2” 1H 2.677 0.018 3
G2 H3’ 1H 4.967 0 1
G2 HS8 1H 7.893 0.008 3
C3 H1’ 1H 5.578 0.004 2
C3 H2” 1H 2.26 0.017 4
C3 H2’ 1H 1.823 0.002 2
C3 H3” 1H 4.788 0 1
C3 H6 1H 7.245 0.003 4
G4 H1’ 1H 5.407 0.003 4
G4 H2” 1H 2.714 0.019 3
G4 H2’ 1H 2.645 0.01 2
G4 H8 1H 7.83 0.005 4
AS H1’ 1H 5.972 0.001 3
A5 H2” 1H 2.833 0.109 3
AS H2’ 1H 2.691 0.002 2
AS H3’ 1H 5.02 0.027 2
A5 H4’ 1H 4.432 0 1
AS H8 1H 8.095 0.003 3
A6 H1’ 1H 6.143 0.001 3
A6 H2” 1H 2.909 0.004 5
A6 H2’ 1H 2.553 0 1
A6 H3”’ 1H 5.047 0 1
A6 H4’ 1H 4.444 0 2
A6 H8 1H 8.096 0.001 3
T7 CH3 1H 1.26 0 2
T7 H1’ 1H 5.894 0.005 4
T7 H2” IH 2.542 0.004 4
T7 H2’ 1H 1.986 0.008 3
T7 H3”’ 1H 4.812 0 1
T7 H6 1H 7.099 0.003 6
T7 H8 1H 7.1 0 1
T8 CH3 1H 1.52 0 2
T8 H” 1H 2.523 0 0
T8 H1’ 1H 6.09 0.01 4
T8 H2” IH 2.526 0.003 3
T8 H2’ 1H 2.145 0.015 4
T8 H3” IH 4.853 0.023 5
T8 H6 IH 7.355 0.004 6
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c9
Cc9
c9
C9
Cc9
G10
G10
Cl11
Cl1
Cl11
Cl1
G12
G12
G12
G12
G12

Table 4: AJ of d(5’-CGCGAATTCGCG-3’)3 and AATP (1:0.5) obtained from NOE resonances assignemets at 7,

400 ms.

H1”
H2”
H2"°
H3”
H6

H2”
H8

H1”
H2”
H2"°
H6

HI1”
H2”
H2"°
H3”
H8

1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H
1H

5.632 0.013 3
2.393 0.004 3
2.058 0.008 4
4.868 0 1
7.445 0.003 6
2.635 0.002 3
7.889 0.012 2
5.731 0.001 2
2.295 0.001 2
1.868 0.004 2
7.295 0.003 3
6.101 0 3
2.483 0.117 2
2.365 0 1
4.666 0 1
7.898 0 1
Ad
Base  H2” H1’
Cl  -0.005 0.005
G2 -0.032 -0.079
C3 0 1E-3
G4 -0.008 -0.036
A5 1E-3  -0.015
A6  -1E-3 -0012
T7 -0.006 0.003
T8  -0.009 -0.002
Cc9 0.034 -0.007
G10 -0.003 -0.021
Cil1 -0.013 0.002
G12 -0.006 0.007
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Appendix to chapter 4
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Figure 15: '3C-NMR at 100MHz of DTPA-BEA in d4-methanol.
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Figure 17: IR spectra of DTPA-bis(ethynylaniline).
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Figure 16: HSQC NMR at 400 MHz of DTPA-BEA in d4-methanol.
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Figure 18: 'H-NMR at 300 MHz of [Pt(tpy)MeCN]CH3SO3 d3 MeCN.
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Figure 19: 'H-'H COSY NMR at 400 MHz of [Pt(tpy)MeCN]CH3SO3 d3-MeCN.
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Figure 20: MS (ES™) of [LC=CPt,](CH3SO3)s.
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Figure 21: MS (MALDI) of [LC=CPt2](CH3SO3)s.
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Figure 22: 'H-NMR at 300 MHz of [LC=CPt,](CH3SO3)s in d5-MeOH.
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Figure 23: 'H-'"H COSY NMR at 400 MHz of [LC=CPt,](CH3SO3)2 d3-MeOH.
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Figure 24: IR of [LC=CPt3](CH3S03)>.
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Figure 25: 'H-NMR spectrum at 300MHz of [Pt(tpy)(C=C)](CH3S03) in D50.
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Figure 26: MS (ES™) spectra of [Pt(tpy)(C=C)](CH3SO3) complex.
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Figure 27: Solid state IR spectra of N-(4-ethynylphenyl)acetamide.
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Figure 28: Solid state IR spectra of [Pt(tpy)C=C](BF,).
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Figure 29: Solid state IR spectra of [Pt(tpy)C=C](CH3S03).
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Figure 30: MS (ES™) spectra of [Eu(CCPt);](CH3S03)5.
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Figure 31: 'H H-NMR spectrum at 300 MHz of N-(4-ethynylphenyl)acetimide in CDClj.
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Figure 32: 13C {H} PENDANT NMR spectrum at 75 MHz of N-(4-ethynylphenyl)acetimide in CDCl3.
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Figure 33: 'H-NMR at 300 MHz of DTPAQ-SH, mixture of the crude ligands.
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Figure 34: 'H-NMR at 300 MHz of H3L%.
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Figure 35: 'H-NMR at 300MHz of HsL? with presence of H3L* .
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