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Summary

The work described herein encompasses two distinct areas of chemistry. The first of these
involved the time resolved study of ultrafast relaxation processes in DNA following UV
excitation (chapters 1-5). The nature of the electronic excited states of DNA is today an
ever expanding area of scientific curiosity. Exposure of DNA to UV radiation can result in
deleterious effects with profound biological consequences. Our goal is to understand the
excited states formed and their subsequent reaction or relaxation dynamics. To this end,
we have embarked on a systematic study from simple nucleotide units to dinucleotide,
polynucleotide and finally biologically relevant systems using picosecond time resolved

infrared spectroscopy (ps-TRIR).

In chapter 2 the relaxation dynamics of a family of cytosine derivatives was probed. A
new species was identified having a strong infrared absorption at 1574 cm™, with lifetimes
of 33 and 37 ps for 5-dCMP and dCyd respectively. Interestingly, the
long-lived species was not found for 1-MeCyt and Cyt, suggesting that substitution at the
1-position by 2'-deoxyribose had a major effect on the photophysical properties of the
nucleobase. The species was assigned to the dark 'nyat* state, and this study represented

the first direct observation of such a dark state.

The next study, chapter 3, encompassed a comprehensive review of A-T containing
systems, from mono- to di- and finally polynucleotide systems. Long-lived species
(hundreds of picoseconds) were found in dApdA and TpT that are most likely due to
excimer-like states. A detailed study of the structural isomers dApT and TpdA was
undertaken, including for the first time, variable temperature time resolved infrared
measurements. Long-lived species lifetimes of 70 and 50 ps were found for dApT and
TpdA respectively. Most significantly the thymine dominated regions were found to have
a higher contribution from the long-lived species than the adenine dominated regions, and
at long time delays the TRIR profile of the dinucleotides resembled that of thymine. We
hypothesize that the long-lived state is localized on thymine, due to the fingerprint

information afforded with infrared spectroscopy.

A study of DNA secondary structure of [poly(dG-dC)], is described in chapter 4. Two
relaxation processes were found for the B form (t; = 7 ps, 12 = 30 ps). The long-lived

species was found to have a well-defined absorption band at 1597 cm™ and was assigned to



the 'nym* state of the cytidine moiety. Sensitivity of the G-C base-pairs in the polymer to
secondary structure was confirmed when only a single species, having a broad transient
absorption at 1600 cm™ and lifetime of 16 ps was found for the Z form and was assigned to

a localized exciplex state.

The final TRIR chapter focussed on biologically relevant systems — mixed-base duplex,
triplex and quadruplex DNA. The mixed-base study affirmed that base-stacking and
hydrogen-bonding interactions facilitate energy delocalization and hence are directly
linked to the formation of long-lived states in DNA. Triple-stranded DNA was found to
have monoexponential kinetics. This suggested that incorporation of the third strand,
which introduces extra hydrogen-bonding in the structure, was responsible for the
increased rate of energy dissipation. A cation-dependent TRIR investigation of the human
telomeric sequence was performed and interestingly mode specific relaxation behaviour

was found in the case of the divalent strontium cation induced quadruplex structure.

The second field of research explored in this thesis was toward the next generation of
‘smart’ nanoparticles. Synthetic approaches toward novel bifunctional nanoparticles for
biomedical applications are described. Magnetic separation and fluorescent labelling are
the two most widely used techniques used in bioscience today, and this work aims to
combine both techniques to make the next generation of nanocomposites. The syntheses of
polypyridyl ligands are described en route to ruthenium metal complexes capable of
covalent binding to the nanoparticle surface. An alternative strategy described herein,
involved the design and realization of a dopamine modified metal complex capable of
strong binding to metal oxide surfaces. Iron oxide nanoparticles with coupling
functionalities were successfully synthesized and characterized. Particles were
successfully coated with silica and this was shown to prevent quenching of luminophore
emission. Finally, a novel linker capable of conjugating oligonucleotides to nanoparticles
surfaces was designed and synthesized. This molecule combined a functionality capable of
strong bonding to metal oxide nanoparticles - an enediol, and a functionality that affords
high conjugation efficiencies in conjugation reactions - an oxyamine. This linker, in
principle, may act as a robust anchor of oligonucleotides to nanoparticles surfaces, such as

Fe;04 and Ti0; coated Fe;04.
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Summary

The work described herein encompasses two distinct areas of chemistry. The first of these
involved the time resolved study of ultrafast relaxation processes in DNA following UV
excitation (chapters 1-5). The nature of the electronic excited states of DNA is today an
ever expanding area of scientific curiosity. Exposure of DNA to UV radiation can result in
deleterious effects with profound biological consequences. Our goal is to understand the
excited states formed and their subsequent reaction or relaxation dynamics. To this end,
we have embarked on a systematic study from simple nucleotide units to dinucleotide,
polynucleotide and finally biologically relevant systems using picosecond time resolved

infrared spectroscopy (ps-TRIR).

In chapter 2 the relaxation dynamics of a family of cytosine derivatives is described. A
new species was identified having a strong infrared absorption at 1574 cm’”', with lifetimes
of 33 and 37 ps for 5-dCMP and dCyd respectively. Interestingly, the
long-lived species was not found for 1-MeCyt and Cyt, suggesting that substitution at the
1-position by 2'-deoxyribose had a major effect on the photophysical properties of the
nucleobase. The species was assigned to the dark 'ny* state, and this study represented

the first direct observation of such a dark state.

The next study, chapter 3, encompassed a comprehensive review of A-T containing
systems, from mono- to di- and finally polynucleotide systems. Long-lived species
(hundreds of picoseconds) were found after excitation of dApdA and TpT that are most
likely due to excimer-like states. A detailed study of the structural isomers dApT and
TpdA was undertaken, including for the first time, variable temperature time resolved
infrared measurements. Long-lived species lifetimes of 70 and 50 ps were found for dApT
and TpdA respectively. Most significantly the thymine dominated regions were found to
have a higher contribution from the long-lived species than the adenine dominated regions,
and at long time delays the TRIR profile of the dinucleotides resembled that of thymine.
We hypothesize that the long-lived state is localized on thymine, due to the fingerprint

information afforded from infrared spectroscopy.

A study of DNA secondary structure of [poly(dG-dC)], is described in chapter 4. Two
relaxation processes were found for the B form (t; = 7 ps, 12 = 30 ps). The long-lived
species was found to have a well-defined absorption band at 1597 cm™ and was assigned to
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the 'nya* state of the cytidine moiety. Sensitivity of the G-C base-pairs in the polymer to
secondary structure was confirmed when only a single species, having a broad transient
absorption at 1600 cm™ and lifetime of 16 ps was found for the Z form and this species

was assigned to a localized exciplex state.

The final TRIR chapter focussed on biologically relevant systems — mixed-base duplex,
triplex and quadruplex DNA. The mixed-base study affirmed that base-stacking and
hydrogen-bonding interactions facilitate energy delocalization and hence are directly
linked to the formation and subsequent relaxation of long-lived states in DNA.
Triple-stranded DNA was found to have monoexponential kinetics. This suggested that
incorporation of the third strand, which introduces extra hydrogen-bonding in fhe structure,
was responsible for the increased rate of energy dissipation. A cation-dependent TRIR
investigation of the human telomeric sequence was performed and interestingly mode
specific relaxation behaviour was found in the case of the divalent strontium cation

induced quadruplex structure.

The second field of research explored in this thesis was toward the next generation of
‘smart’ nanoparticles. Synthetic approaches toward novel bifunctional nanoparticles for
biomedical applications are described. Magnetic separation and fluorescent labelling are
two of the most widely employed techniques in biosciences today, and this work aims to
combine both techniques to make the next generation of ‘smart’ nanocomposites. The
synthesis of polypyridyl ligands is described en route to ruthenium metal complexes
capable of covalent binding to nanoparticle surfaces. An alternative strategy described
herein, involved the design and realization of a dopamine modified metal complex capable
of strong binding to metal oxide surfaces. Iron oxide nanoparticles with coupling
functionalities were successfully synthesized and characterized. Particles were
successfully coated with silica and this was shown to prevent quenching of fluorophore
emission. Finally, a novel linker capable of conjugating oligonucleotides to nanoparticles
surfaces was designed and synthesized. This molecule combined a functionality capable of
strong bonding to metal oxide nanoparticles - an enediol, and a functionality that affords
high conjugation efficiencies in conjugation reactions - an oxyamine. This linker, in
principle, may act as a robust anchor of oligonucleotides to nanoparticles surfaces, such as

Fe;04 and Ti0; coated Fe;Oy.

111



List of Figures and Schemes

Figure 1.1 The nucleobases, adenine (A), thymine (T), guanine (G) and cytosine (C)
with Watson-Crick hydrogen bonding, ribose and ribosyl phosphate groups .........c....c....... 2

Figure 1.2 Complementary DNA strands showing the phosphodiester backbone,
base-pairing, and hydrogen bonding ............cccoocieiiiiiiiiiiiiiiiieee e -

Figure 1.3 UV absorption spectrum of DNA ... 3

Figure 1.4 State diagram illustrating possible ultrafast processes in DNA following

LIV @XCIEAMION . 11 v s s s simsimonn » 0y wormiwon s o' s mmoniiarn s s s  amsmsmien & 64 5 8 SOASHS 88 & #AHASS & 55 SRBHE S8 3 8 9 HRERE 6
Figure 1.5 Infrared spectrum with assignment of the fingerprint regions for DNA ............ 9
Figure 1.6 Setup of the ps-TRIR apparatus at the Rutherford Appleton Laboratory ........ 11
Figure 1.7 Modelled TRIR difference spectra at time At after the pump pulse ................ 13

Figure 1.8 Illustration of the kinetic fitting process. (a) Simulated TRIR spectrum

and (b) Kinetic analysis of a simulated TRIR bleaching band .................ccccccoiiiiiiin 16
Scheme 2.1 Structures of (a) Cyt, (b) 1-MeCyt, (¢) dCyd and (d) 5'-dCMP .................... 19
Figure 2.1 ps-TRIR of 10 MM 5 -dCMP (PH 7) weeovviiiiiiiieceeeee e 20
Figure 2.2 Kingtic analysis of 1 M 5 -dCMP (DH 7 «..camisnmnmismsmasmessasinsondiss 22
Higire 2.3 Do-TRIR OF 20 MmN GC T { PEL 1) inisommmtorsnibasmnissinmpikmisabimssmni 22
Figure 2.4 Kinetic analysis of 20 mM dCyd (PH 7) ..eoovvieeiieiiieieeee e 23
Figure 2.5 ps-TRIR of 20/ MM CHEIPH T ...coieviiniiismninss sincsnsssasissnsssnisins sn ssuswissassasssssns 24
Figure 2.6 Kinetic analysis of 20 mM Cyt (pH 7) coveooiiiiiiiiiiii e 24

Figure 2.7 Comparative kinetic analysis of 10 mM 5"-dCMP (pH 7),

20mM dCyd (pH 7) and 20 MM CYE(PH 7) .eeocereareiicaniiinncnissssoresssinmmsidnonesssosssnnsisssamssasnss 23
Figure 2.8 '\ps-TRIR of 107mM 1-MECFt IDEL 7) .....ovesrivriesssesmussrasiosatsassns ssonsssasssusssnesbrsses 26
Figure 2.9 Kinetic analysis of 10 mM 1-MeCyt (PH 7) ..ccvvviiiiiiiiiiieiiiceeieeeeeee 27

v



Figure 2.10 Jablonski diagram for Cytidine derivatives ...........cccceevveeeniiiiieciniiieeeeen 28

Sehieme 2.2 1onic Tenis of dOvd 3@ 0 dONP .o assimmen 29
Figure 2.11 ps-TRIR of 10 mM 5°-dCMP (pH 8.6) with kinetic analysis ..............ccc....... 30
Figure 2.12 ps-TRIR of 10 mM 5°-dCMP (pH 2.0) with kinetic analysis ...........cccccceenee. 31
Scheme 2.3 (a) Cytosine cyclobutane dimer and (b) cytosine photohydrate ..................... 32
Scheme 2.4 Structure of (a) 1-MeCyt, (b) I tautomer and (¢) H tautomer ....................... 32

Figure 2.13 B3LYP andMP2 calculated IR spectra of 1-MeCyt, 5'-dCMP and tautomers

[ and H. Calculated difference spectra are compared to experimental data at 10 ps .......... 34
Scheme 2.5 Valence bond representation of singlet excited states of Cyt ......cc.oceeeurenee 36

Scheme 2.6 Schematic representation of the proposed deactivation pathways

forthe excited state of GG AEEIVEIVEE .. s imimssimnmssnmsnissssmin sioms sonsasshTarriets s isam s 38

Scheme 3.1 Structures of (a) 5'-dAMP, (b) 5'-TMP, (c) dApT, (d) TpdA,

(el s L I T costamsoduniaiodntim it s s st 40
Figure 3.1 ps-TRIR of 10 mM 5°-dAMP (pH 7) with kinetic analysis ............ccccevvurernns 44
Figure 3.2 ps-TRIR of 10 mM 5°-TMP (pH 7) with kinetic analysis ............ccccccoerurennnen. 45
Figure 3.3 ps-TRIR of 10 mM dAPdA (DH 7) .ooeiiieieee e 46
Figure 3.4 Kinetic analysis of 10 mM dAPdA (PH 7) wooveeeiieiiiiieeeeeeeeee 47
Figure 3.5 ps-TRIR of 10 MM TPT (PH 7) cveeeiieiieeeeeeeeee e 48
Fignre 36 Kinglic analvsis of 1050 TET (BH 7) st st 49
Fioure 3.7 pe-TRIR of 10 5 dADT (DL T) i vmasmmnnsessomssimmssonomtaisnisbssmnsssssisns 50

Figure 3.8 (a) Kinetic analysis of 10 mM dApT (pH 7) and (b) summary of how the

telirmes seary ek o] [IER TITEY oo oo oo s e 51

Fignte 39 pe-TRIR of 10 58M Tod A LPH 7)) wonemsmnmimmmsasssimmsn s s 22



Figure 3.10 (a) Kinetic analysis of 10 mM TpdA (pH 7) and (b) summary of how the

lifetimes vary with band POSItION .........cceoiiiiiiiiiiiiiciciece e 53
Figure 3.11 CD spectra of dApT, TpdA, 5'-dAMP, 5'-TMP and an equimolar

mixture of 5'-dAMP and 5'-TMP with UV spectra inset ...........cc.ccevvevierinieeeeriesieienn. 55
Scheme 3.2 Structures of (a) 5'-dAMP and (b) 5'-TMP with the numbering system

tar fhie bases and TIDeER HEIHIRT o iiusmmsmminomn i s i s it s s 56
Figure 3.12 '"H-"H COSY 0f 10 MM TPAA (PH 7) weeeveeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 57
Figure 3.13 Variable temperature 'H NMR spectra of dApT (pH 7)

AL, S0 B T P s mnsnmmusmnonssesinsiooss vaiains s i s mes o oy s e s s e 58
Figure 3.14 Variable temperature '"H NMR spectra of TpdA (pH 7)

at 20, 50 aNd 70 PC oot 59
Figure 3.15 Selective TOCSY 'H NMR spectra of (a) dApT and (b) TpdA at 70 °C ...... 60
Figure 3.16 ps-TRIR of 10 mM dApT at 70 °C (PH 7) .eeeeviiiiiiiiiiieeeeeeee e, 62
Figure 3.17 Kinetic analysis of 10 mM dApT at 70 °C (pH 7) weoovveoviiieiiieiceieeee 63
Figure 3.18 ps-TRIR of 10 mM TpdA at 70 °C (PH 7) weeevvevieiiiiiieieeeeeeee e 64
Figure 3.19 Kinetic analysis of 10 mM TpdA at 70 °C (pH 7) ..covovvvviiiieiiiieieeiecee 65
Figure 3.20 ps-TRIR of 10 mM TpdA at 90 °C (PH 7) ..ovvevieeiiieiiiceeeeeeee e 66
Figure 3.21 Kinetic analysis of 10 mM TpdA at 90 °C (pH 7) ..eoeeviiiiiiiiiieeeeeeee 66
Figure 3.22 ps-TRIR of 10 mM [poly(dA-dT) ]2 (PH 7) ceveeeiiiiiiiiiieeeeeeeeee 67
Figure 3.23 Kinetic analysis of 10 mM [poly(dA-dT)], (pH 7) with lifetime table inset..68
Figure 3.24 ps-TRIR of 10 mN poly(dA).poly{dT) (PH 7) .oussmsnsssmmsssmisissssssannessnnssiss 69
Figure 3.25 Kinetic analysis of 10 mM poly(dA).poly(dT) (pH 7) with lifetime

(T30 0o SN W AU SR L N N LUV RS VO PSR ED I SR, 70

Vi



Figure 3.26 3D ps-TRIR spectra with contour plots of (a) 5'-dAMP and (b) 5'-TMP .....71

Scheme 3.3 Overlap in the stacked form of (a) dApdA, (b) TpT, (c) dApT

=1 MG DT T RS S S T————————— 72
Figure 3.27 3D ps-TRIR spectra with contour plots of (a) dApdA and (b) TpT ........... 73
Figure 3.28 3D ps-TRIR spectra with contour plots of (a) dApT and (b) TpdA ........... 75
Figure 3.29 Comparison of the 2 and 20 ps delays for (a) dApT and (b) TpdA ............... 76

Figure 3.30 Result of subtraction of the ps-TRIR spectrum of an equimolar mixture

of 5'-dAMP and 5'-TMP from the ps-TRIR spectrum of (a) dApT and (b) TpdA ............ 77

Figure 3.31 3D ps-TRIR spectrum with contour plot of 10 mM dApT (pH 7)

Figure 3.32 Variation in the kinetic behaviour of dApT at (a) 20 and (b) 70 °C .............. 81

Figure 3.33 Comparison of the kinetic behaviour of dApT at the transient absorption
and bleaching bands at temperatures of 20 and 70 °C ..........cccoeviiiiiiiniiiiicecceee 82

Figure 3.34 3D ps-TRIR spectra with contour plots of 10 mM TpdA (pH 7) at
() TOBIE (DY T U0 i it et o it e s S st S oS 8 e o o 83

Figure 3.35 Variation in the kinetic behaviour of TpdA at (a) 20, (b) 50 and (c) 90 °C ...84

Figure 3.36 Comparison of the kinetic behaviour of TpdA at the transient

and bleaching bands at temperatures of 20, 70 and 90 °C ..........ccceoceiviriiiincnciiiieieens 85
Scheme 3.4 Proposed deactivation mechanism for dApT and TpdA ..o 87
Figure 3.37 Summary of the lifetime trend observed in dApT and TpdA ...............cce. 88

Figure 3.38 3D ps-TRIR spectra with contour plots of (a) poly(dA).poly(dT)
and (b) [POly(dA-AT) ]2 «vvireee e 89

Scheme 4.1 Watson-Crick hydrogen bonded base pairs in [poly(dG-dC)]y .....ccoeovennnnnnn. 93

Vil



Figure 4.1 (a) UV absorption spectra of [poly(dG-dC)], in the B and Z forms

and (b) differenice spectruti (67 = €n) OF The tWo TOIMNS o mamsmmesmsmssnmmsmosmmmn 94
Figure 4.2 ps-TRIR of 5'-dCMP and 5°-dGMP with kinetic analyses .............c.cccoeeuvenn..e. 97
Figure 4.3 ps-TRIR of B-form [poly(dG-dC)], (10 mM, pH7) .....coooiiiiiiiiii, 98
Figure 4.4 Kinetic analysis of B form [poly(dG-dC)], with lifetime table inset ............... 99
Figure 4.5 ps-TRIR of Z form [poly(dG-dC)], (10 mM, pH 7) ..., 100
Figure 4.6 Kinetic analysis of Z form [poly(dG-dC)], with lifetime table inset ............. 101

Figure 4.7 Comparison of (a) B form and (b) Z form [poly(dG-dC)], at 2 and 16 ps ....102

Figure 4.8 Comparative 3D and contour plots for the major transient absorption region

for B- (a) and {c) and Z-DNA (B G0 (@) 1+summssssvmmminsssssassminnen suasmponsnes smssnssnnespssnessnnssseni 104

Scheme 4.2 (a) Watson-Crick G-C base-pairing, (b) and (c) tautomeric products,
(d) proton transfer (e) charge transfer and (f) 'nyt* form for the excited state of
[poly(dG-dC)], with schematic summary of the possible deactivation pathways

for the hydrogen bonded base-pairs after 267 nm excitation ................c.ccoeevevevveveeenenne. 105

Figure 4.9 3D ps-TRIR spectra and contour plots of (a) B form [poly(dG-dC)],
i ot | DOl At O o kb mcs bt s o e st s 107

Figure 4.10 Comparison of ps-TRIR spectra of both forms of [poly(dG-dC)],
at (a) 2 ps and (b) 16 ps time delays following UV excitation .....................coeevnn. 109

Figure 4.11 (a) Lorentzian convoluted fit to the experimental 2 ps data with the
deconvoluted bleach and transient absorption for Z-DNA and

(b) Lorentzian fits through 2-27 ps with the kinetic fit inset ...........cccocooeviiviivieiiceie 110

Scheme 5.1 (a) Mixed-base duplex DNA, (b) A:T:T triplex DNA and

(c) human telomeric sequence quadrupleX DNA .........cccocoovieiiieiiirieiecceee e 116

Figure 5.1 ps-TRIR band positions of the mononucleotides at 2 ps for the spectral
window used in the mixed-base study with table summarizing the contributions

10, fhits M atious Te SONS Of The SPECIIINL .. i «olemiesssinssiammtensasursans inssnasinnian nssss s ane smsasans oo eesis 118



Figure 5.2 ps-TRIR of 5 mM 5-TACGAGTTGAGAATCCTGAATGCG-3" (pH 7) ...119
Figure 5.3 Kinetic analysis of 5 mM 5-TACGAGTTGAGAATCCTGAATGCG-3"...120
Figure 5.4 ps-TRIR of 5 mM 5-CGCATTCAGGATTCTCAACTCGTA-3" (pH 7) ....121
Figure 5.5 Kinetic analysis of 5 mM 5-CGCATTCAGGATTCTCAACTCGTA-3" ....122

Figure 5.6 ps-TRIR of 5 mM 5'-TACGAGTTGAGAATCCTGAATGCG-3" +
' LOGCATTCAGGATTCTCAACTCOTA-S " (PH. 7) i uisuisssisasmmmmmmmssmaussieis 123

Figure 5.7 Kinetic analysis of S mM 5-TACGAGTTGAGAATCCTGAATGCG-3’
and S -EGICATFCAGGATTCTCAACTEETARD (osinsimsmsmmmissmsssssnismiaasms 124

Figure 5.8 Comparison of the 2 ps delay of ODN 1, ODN 2,
annealed ODN 1 + ODN 2 and (ODN 1 + ODN 2)/2 ....c.ooooiieiieieeieeieeie e 126

Figure 5.9 Experimental and calculated TRIR spectra at 2 ps for the

single- (a) and (b) and double-stranded (c) mixed-base oligonucleotides ........................ 127
Figure 5.10 ps-TRIR of 10 mM poly(dA) (pH 7) with kinetic analysis inset ................. 131
Figure 5.11 ps-TRIR of 10 mM poly(dT) (pH 7) with kinetic analysis inset ................. 132
Figure 5.12 ps-TRIR of 6.1 mM poly(dA).poly(dT) (pH 7) .ceveeeeeiiiiiiiiiieie 133

Figure 5.13 Comparison of the 2 ps delay for (a) accumulated and
(b) individual cycles of 6.1 mM poly(dA).poly(dT) ...c.ocoveeerieiieeeeeceeeeeee e 134

Figure 5.14 Kinetic analysis of (a) the 1* cycle and (b) the 4™ cycle of

M e PN E S S ) RUCRNPT SIS S SSSUE VSN MY RSO S e 135
Figure 5.15 ps-TRIR of 6.1 mM poly(dA).poly(dT).poly(dT) after 1 cycle ................... 136
Figure 5.16 ps-TRIR of 6.1 mM poly(dA).poly(dT).poly(dT) after 5 cycles ................. 137

Figure 5.17 Comparison of the 2 ps delay for (a) accumulated and
(b) individual cycles of 6.1 mM poly(dA).poly(dT).poly(dT)......cccvevvieriiniiiiiiiiiine 138

Figure 5.18 Accumulated (a) and separated (b) cycles at all delays
ol B.1 ki polr d A polr AL RPOITTLITT s smsumnssssmmmonn st sssmass s s 139



Figure 5.19 Kinetic analysis of the individual cycles

of 6.1 mM poly(dA).poly(dT).poly(dT) ..ccceeveieiiiieiieie e 141

Figure 5.20 (a) Triplex hydrogen-bonding structure with colour coding indicating the

vibration that corresponds to the band position in (b). (b) Intensity variation at

the main band positions through all five cycles at 2 and 20 P8 ..o sssmncsnsssssesiossnsssssnissins 142
Figure 5.21 ps-TRIR of 5 mM (dA)s (pH 7) with kinetic analysis inset ....................... 144
Figure 5.22 ps-TRIR of 5 mM (dT);s (pH 7) with kinetic analysis inset ........................ 145
Figure 5.23 ps-TRIR of 5 mM (dA)5.(dT)is (PH 7) weveeveeeieeeeeeeceeeeeeeeee 146

Figure 5.24 Comparison of the 2 ps delay for (a) accumulated and

(b) individual cycles of 5 MM (dA)18.(AT) 18 covverrveerieeiieiiieiie ettt 147
Figure 5.25 Kinetic analysis of the 1™ cycle of 5 mM (dA)15.(dT) ..oovovevevieiieecen 148
Figure 5.26 ps-TRIR of 5 mM (dA)1g. (AT g {dT )18 coeresrerscssmasssssnsnssssnssssssssonsassnnsnsessess 149

Figure 5.27 Comparison of the 2 ps delay for (a) accumulated and
(b) individual cycles of 5 mM (dA)15.(AT)18.(dT)1g coovveeeeieeiiiieeeeeeeeeeeeeeeee, 150

Figure 5.28 Accumulated (a) and separated (b) cycles of 5 mM (dA);5.(dT);s.(dT);s ....151

Figure 5.29 Kinetic analysis of the four accumulated cycles

of 5 mM (dA);s.(dT)5.(dT);5 using a (a) single- and (b) biexponential model ................ 152

Figure 5.30 Comparison of the TRIR 2 ps delay profiles and FTIR spectra
of poly(dA), poly(dT), poly(dA).poly(dT) and poly(dA).poly(dT).poly(dT) ......covcn..... 154

Figure 5.31 Comparison of the TRIR 2 ps delay profiles and FTIR spectra
of (dA)lg, (dT)lg, (dA)]g.(dT)lg and (dA)]g.(dT)lg.(dT)18 .................................................. 155

Figure 5.32 3D ps-TRIR plot of 6.1 mM poly(dA).poly(dT).poly(dT)

after (@) 15 Cyele and () 5™ CYCLE c..vuvveeeeeeeeeeee e ee e e e 161
Figure 5.33 ps-TRIR of 5 mM 5-AGGG(TTAGGG)3-3" (pPH 7) eevvevvveeeeireieeiciee 165
Figure 5.34 Kinetic analysis of 5 mM 5-AGGG(TTAGGG)3-3" ..cooiiiieiiiiieeiieee 166



Figure 5.35 ps-TRIR of 5 mM 5"-AGGG(TTAGGG);-3" with 100 mM NaCl .............. 167
Figure 5.36 Kinetic analysis of 5 mM 5'-AGGG(TTAGGG);-3" with 100 mM NaCl ..168
Figure 5.37 ps-TRIR of 5 mM 5'-AGGG(TTAGGG)3-3" with 100 mM KCI ................ 169
Figure 5.38 Kinetic analysis of 5 mM 5'-AGGG(TTAGGG)3-3" with 100 mM KCl ....170
Figure 5.39 ps-TRIR of 5 mM 5'-AGGG(TTAGGG);3-3" with 50 mM SrCl, ................ 171
Figure 5.40 Kinetic analysis of S mM 5'-AGGG(TTAGGG);-3" with 50 mM SrCl; ....172

Scheme 5.2 G quartet structure and the parallel and antiparallel

conformations of the 22-mer human telomeric sequence 5'-AGGG(TTAGGG)3-3" ....... 174

Figure 5.41 Comparison of the 2 ps delay profile of 5 mM 5-AGGG(TTAGGG)3-3"
with no additional salt, 100 mM NaCl, 100 mM KCl and 50 mM SrCl, .......cccovvevreennne... 175

Figure 5.42 Comparison of the TRIR 2 ps delay profiles and FTIR spectra of
S mM 5'-AGGG(TTAGGG);3-3" with no additional salt, 100 mM NaCl,
100 mB KCl and 30 MV BECLS «.commsssmivinsisursrmenmres ey sasis deissinsunessessbaeysiras 177

Figure 5.43 UV spectra recorded for all human telomeric sequence measurements

before and after ps-TRIR €XPEriments ............ccocceeriereenierieniieneenreeseese et sese e 178

Figure 6.1 (a) Comparison of the size of atoms, nanoparticles and biological entities

and (b) representation of the next generation of multifunctional ‘smart’ nanoparticles ...186

Figuye 6,2 Inverse spinel snchine of MADHEHIE ....ociomsmsmssissinsimsssristsiaiisaiismg 187
Figure 6.3 Electron hopping process between Fe’" and Fe?* ions in the Oy, sites .......... 188
Figure 6.4 Example of electrostatic repulsion using TMA .........ccccooviiiiiiiiiiiiieeee 192

Figure 6.5 Example of possible two dimensional (2D) (using porphyrin) and three

dimensional (3D) (using metal complex) magnetic and fluorescent nanoarrays .............. 196

Scheme 6.1 Schematic for the preparation of (a) TMA stabilized,
(b) silica coated particles and (c) 3-aminopropyltriethoxy silane (APTES) particles ....... 197

Scheme 6.2 Preparation of dopamine modified magnetite nanoparticles ........................ 199

X1



Figure 6.6 XRD of mapnetite nanoparticlen .cueuovsassmmassmsvinssvesssasmpssenassssnses 200
Figure 6.7 TEM image of magnetite nanoparticles with particle size distribution ......... 201

Figure 6.8 TEM image of silica coated (APTES) magnetite nanoparticles
with particle $1z€ diStrTDULION .......ooiiiiiiiiiiiiiii e 202

Figure 6.9 Dynamic light scattering histogram results for (a) tetramethylammonium
hydroxide coated magnetite, (b) silica coated magnetite and

(¢) (3-aminopropyl)triethoxy silane coated MagNEtite ..........cccoeviiviiiiiiiieiiiieiiieeeeeie 204

Figure 6.10 Zeta potential measurement results for (a) tetramethylammonium
hydroxide coated magnetite, (b) silica coated magnetite and

(o) (3-aminopropyDtreithoxy silane coated MATRETIE ..« s mmssmnss ssmmosss vossisssisnsssmnns 205

Figure 6.11 Light scattering results for (a) dopamine modified magnetite with
hydrochloric salt, and (b) after removal of the salt. Zeta potential

measurements (¢) with hydrochloric salt (d) after removal of the salt .............................. 206

Scheme 6.3 Schematic representation the Kaiser test for amino

IO REC s B Ta o P i el - N St SO N SO S 207

Figure 6.12 UV/vis spectra of the formation of RuhemanN's blue after the reaction of
ninhydrin with (a) (3-aminopropyl)triethoxy silane coated magnetite and (b) dopamine

10U DS BHARTIEHIES (.. o sunesmersnsismumssanmmmsssonmusssmnnssesinsssesssssssnsmmnssiusnnsssnsas semvenssns smsn Ry oomss 208
Scheme 6.4 Schematic representation of phenanthroline derivative ligands 1-5 ............ 209

Scheme 6.5 Schematic representation for the synthesis and activation of

Ru(phenlaphety (PEg)a «o.issssssussissunssssssunsssonssrsnsnsosssssesunmsussssssassmensessnssns enssnonsss sesonsy susssanars 211
Figure 6.13 UV-vis absorption emission spectra of Ru(phen),phen’(PFg) ...ccccvvvennnnne. 212

Scheme 6.6 Schematic summary of the routes attempted for the preparation of

acid chloride derivatives of Ru(phen),phen (PFg)a c..oooveviiiiiiiiiiiiiiiiiccc 213
Figure 6.14 New synthetic target complex with dopamine functionality .............ccc...... 215
Scheme 6.7 Synthesis of a modified dopamine synthon ............ccccoooeeiiiiiiiiiiiiiicnenne. 216

X11



Scheme 6.8 Synthesis of a modified bipyridine ligand ...........ccccoceiiiiiiiiiniiiii. 217
Scheme 6.9 Attempted preparation of a dopamine modified ruthenium complex .......... 217
Scheme 6.10 Synthesis of compound 19 via a metal complex precursor ............cccccoe..... 218

Figure 6.15 Comparison of the predicted and experimental electrospray mass

spectra of compPOUNd 19 ......oooiiiiiiiiiiiiiii e 219

Scheme 6.11 Proposed scheme for the attachment of oligonucleotides to

metal oxide nanoparticles such as Fe;sOg4 and TiOg .....ooovviiiiiiiiiiiiiiiiiieee 220

Scheme 6.12 Synthesis of modified dopamine linker for the conjugation of

oligonucleotides to nanoparticle SUrfaces ...........c.coociiiiiiieiieiiiiiiiieecie e 221

Scheme 6.13 Synthetic approach to couple APTES modified particles
with @ ruthenium 18 ... e e 222

Figure 6.16 Single photon counting results for
(a) Ru(phen), (4,4 -dicarboxy-2,2"-bipyridine) (b) APTES modified particles

gingl (e)alobamiris adilied PREIEE osvmamsnnednmmataismime s 223

Figure 6.16 (a) Confocal microscopy image of DNA-Fe;O4-Ru(phen),dppz strings
and (b) enlargement of the fourth string from the left in image (@) ........cccccooeiviiiniin. 224

Figure 6.17 (a) Refinement of image (b) in figure 6.16 and

(b) lifetime histogram analysis for image (&) ........ccooveeeveeeieieiiieiiee e eseeeeseeeaes 225
Figure 6.18 SPC lifetime decay of the DNA-Fe;O4-Ru(phen),dppz
10008 V0BT 1) (T ST NS QRN NP S R SO S SO Yy ISAES R -t S Ol 226

Scheme 6.14 Future directions for this work. (a) Attachment of dopamine modified
ruthenium metal complex to Fe;O4 and Fe;O4@Ti0; particles and (b) Single-strand
oligonucleotide modification of nanoparticles and metal complexes with subsequent

hybridization of the complementary Strands ...........ccceccueeriiriciiiniieniieeee e 228

Figure 8.1 Setup of the ps-TRIR apparatus at the Rutherford Appleton Laboratory ......234

Xiil



Figure 8.2 (a) Probe and reference beam signal profiles with the positions of
atmospheric water absorptions marked, (b) FTIR spectrum of atmospheric water

and (¢) calibration result for the 64 pixel window in part (2) ........cccocveevireeriiiiiiiinieeenens 239

List of Tables

Table 1.1 Summary of the results obtained when mono- and biexponential models

were fit to the bleach recovery at 1600 cm™ from figure 1.8 () .....oovovevveveeeeeereeeereenn. 17

Table 2.1 B3LYP calculated IR vibrational frequencies with principal

INOAE ASEIIDNIEIL . cvevrcesormmussssiomepsia i mespe s Pssaes sy o s s Ay SRR Y3 33
Table 3.1 Proton assignments of 5'-dAMP and 5"-TMP ........cccocviiiiiiiiiiiniiiicee, 56
Table 3.2 Proton assignments of dApT (pH 7) at 20, 50 and 70 °C ........cccoeiiiiiiiiiiinne. 58
Table 3.3 Proton assignments of TpdA (pH 7) at 20, 50 and 70 °C ........cooviieiiiiieeiennne, 59

Table 3.4 Summary of the 'H NMR study to evaluate extent of base-stacking for
dikpT and TpdA at 20. 30 Gl T P ooieianimmimmimisme v v ossmpe e 61

Table 4.1 Comparison of the structural parameters for Band Z DNA .........c..cocoeeenienne. 93

Table 4.2 Summary of observed IR bands and kinetics for 5'-dCMP, 5-dGMP,
[poly(dG-dC)], B form and [poly(dG-dC)] Z form .......c.cooveviiiiiiiiiiiiiiiecieeeeeeeeen 103

Table 5.1 Summary of the lifetimes at the main band positions for

ODN 1, ODN 2 and ODN 1 + ODN 2 ...ccuiiiiiiiiiiiiiieicectceereie e 125

Table 5.2 Summary of kinetic analysis at selected positions for the constituent

mononucleotide units (chapter 3) and all systems studied in this chapter ........................ 153
Table 5.3 Summary of the lifetimes observed for all quadruplex samples ..................... 179

Table 6.1 Comparison of theoretical and experimental XRD peak positions for Fe;O4 ..200

X1V



1-MeCyt
2D-IR
3D ps-TRIR
5’-dAMP
5’-dCMP
5"-dGMP
5'-TMP
A

ADC
APTES:
bipy

£

cDh

|
COSY
CPD

Cyt
dApdA
dApT
dApU
DEC
DCM
dCyd
DFG
DIPEA
DMF
DMSO
DNA
EDC
emf
endo

ES

exo

FC

fce
FRET
FTIR
FWHM

GS
HA
HY

List of Abbreviations

1-methylcytosine

2 dimensional infrared

3 dimensional picosecond time resolved infrared
2’-deoxyadenosine 5’ -monophosphate
2’-deoxycytidine 5'-monophosphate
2’-deoxyguanosine 5’-monophosphate
2’-deoxythymidine 5’-monophosphate
adenine

analogue-to-digital converter
3-aminopropyltriethoxy silane

2,2 -bipyridine

cytosine

circular dichroism

conical intersection

correlated spectroscopy

cyclobutane pyrimidine dimer
cytosine
2’-deoxyadenyl-(3-5")-2"-deoxyadenosine
2’-deoxyadenyl-(3"-5")-thymidine
2’-deoxyadenyl-(3"-5")-uridine
N,N’-dicyclohexylcarbodiimide
dichloromethane

2’-deoxycytidine

difference frequency generation
diisopropylethylamine
dimethylformamide

dimethyl sulfoxide

deoxyribonucleic acid
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
electromagnetic field

endocyclic

excited state

exocyclic

Franck-Condon

face centred cubic

fluorescence resonant energy transfer
fourier transform infrared

full width half maximum

guanine

ground state

hexanoic acid

hexylamine

XV



1C

IR

IRF
ISC
IVR
|
LM
LSF
MADA
MCT
MIR
MLCT
MRI

NHS
NMR

OA
OD

ODN

OPA
004
PEG

phen
phen’
PIRATE
PL
poly(dA)
poly(dT)
ps-TRIR
pu

py

RAL
RNA

SPC

TA

TD-DFT
TEM
TEOS

internal conversion

infrared

instrument response function
intersystem crossing
intramolecular vibrational redistribution
ligand centred
Levenberg-Marquardt

Lasers for Science Facility
magnetically amplified DNA assay
mercury cadmium telluride

mid infrared

metal to ligand charge transfer
magnetic resonance imaging

north

N-hydroxysuccinimide

nuclear magnetic resonance

oleic acid

optical density

oligodeoxynucleotide

octahedral

optical parametric amplifier

oleylamine

polyethylene glycol

1,10-phenanthroline
5-(4-carboxybutanamido)-1,10-phenanthroline
Picosecond InfraRed Absorption and Transient Excitation
photoluminescence

polyadenylic acid

polythymidylinic acid

picosecond time resolved infrared

purine

pyrimidine

Rutherford Appleton Laboratory
ribonucleic acid

south

single photon counting

thymine

transient absorption

tetrahedral

time dependent density functional theory
transmission electron microscopy
tetracthyl orthosilicate

XVi1



TFA
TFO
TLC

T™MA
TOCSY
TpdA
TpT
TRIR
TSU

ULTRA
UpA

uv

VC
VT-NMR
VT ps-TRIR
W-C

XRD

trifluoroacetic acid
triplex forming oligonucleotide
thin layer chromatography

tetramethyl ammonium hydroxide

total correlation spectroscopy
thymidylyl-(3"-5")-2"-deoxyadenosine
thymidylyl-(3"-5")-thymidine

time resolved infrared
N,N,N’,N’-tetramethyl(succinimido)uronium tetrafluoroborate

Ultra-sensitive Life science Time-Resolved Analysis
uridylyl-(37-5")-2"-deoxyadenosine

ultraviolet

vibrational cooling

variable temperature nuclear magnetic resonance
variable temperature picosecond time resolved infrared
Watson-Crick

X-ray diffraction

XVil



Date/Event/Venue

Mar. 07

Supramolecular Chem.

TCD

May 07
Seminar
TCD

June 07
ISPPCC
TCD

July 07
Femto8
Oxford, UK.

Sept. 07
COST Meeting
Messina, Italy.

Dec 07
CSCB
TCD

Mar. 08
Oxidative Damage
DCU

April 08
IRDG
DCU

June 08
UP2008
Stresa, Italy.

List of Presentations

Title

Picosecond Transients from Oxidation of
Guanine by a Ruthenium Complex
Intercalated in Double-Stranded DNA

Ultrafast IR spectroscopy of the short-lived
transients formed by UV excitation of
cytosine derivatives

Picosecond Transients from Oxidation of
Guanine by a Ruthenium Complex
Intercalated in Double-Stranded DNA

Ultrafast IR spectroscopy of the short-lived
transients formed by UV excitation of
cytosine derivatives

Development of “2 in 1” Magnetic and
Fluorescent Nanocomposites

Ultrafast IR spectroscopy of the short-lived
transients formed by UV excitation of
cytosine derivatives

Ultrafast IR spectroscopy of the short-lived
transients formed by UV excitation of
cytosine derivatives

Ultrafast IR spectroscopy of the short-lived
transients formed by UV excitation of
cytosine derivatives

Awarded the best poster prize

A Time-Resolved Vibrational Spectroscopy

Study on Adenine/Thymine Based Nucleic
Acid Systems

Xviii

Type

Poster

Oral

Poster

Poster

Oral

Poster

Poster

Poster

Poster



(1)

)

3)

Q)

)

List of Publications

Picosecond Processes in DNA Monitored by Transient Infra-red Absorption
Spectroscopy.

G. W. Doorley, J. M. Kelly, D. A. McGovern, S. Quinn and A. M. Whelan
and K. L. Ronayne.

Central Laser Facilities Annual Report 2005/2006 2006, 129-132.

Ultrafast IR Spectroscopy of the Short-Lived Transients Formed by UV Excitation
of Cytosine Derivatives.

S. Quinn, G. W. Doorley, G. W. Watson, A. J. Cowan, M. W. George,

A. W. Parker, K. L. Ronayne, M. Towrie and J. M. Kelly.

Chemical Communications 2007, 2130-2132.

Picosecond Infrared Probing of the Vibrational Spectra of Transients Formed
Upon UV Excitation of Stacked G-Tetrad Structures.

D. A. McGovern, S. Quinn, G. W. Doorley, A. M. Whelan, K. L. Ronayne,
M. Towrie, A. W. Parker and J. M. Kelly.

Chemical Communications 2007, 5158-5160.

Photooxidation of Guanine by a Ruthenium Dipyridophenazine Complex
Intercalated in a Double-Stranded Polynucleotide Monitored Directly by
Picosecond Visible and Infrared Transient Absorption Spectroscopy.

B. Elias, C. Creely, G. W. Doorley, M. M. Feeney, C. Moucheron,

A. Kirsch-DeMesmaeker, J. Dyer, D. C. Grills, M. W. George, P. Matousek,
A. W. Parker, M. Towrie and J. M. Kelly.

Chemistry - A European Journal 2008, 14, 369-375.

Picosecond Transient Infrared Study of the Ultratast Deactivation Processes of
Electronically Excited B-DNA and Z-DNA Forms of [poly(dG-dC)],.

G. W. Doorley, D. A. McGovern, M. W. George, M. Towrie, A. W. Parker, J. M.
Kelly and S. J. Quinn.

Angewandte Chemie International Edition 2009, 48, 123-127.

X1X



(6)

(7)

®)

)

A Study of the pH Dependence of Electronically Excited Guanosine Compounds
by Picosecond Time-Resolved Infrared Spectroscopy.

D. A. McGovern, G. W. Doorley, A. M. Whelan, A. W. Parker, M. Towrie,

J. M. Kelly and S. J. Quinn.

Photochemical and Photobiological Sciences, 2009, 8, 542-548.

ps-TRIR Covers All the Bases - Recent Advances in the Use of Transient IR for the
Detection of Ultrafast Species in DNA.

M. Towrie, G. W. Doorley, M. W. George, A. W. Parker, S. J. Quinn

and J. M. Kelly.

The Analyst, 2009, DOI: 10.1039/b902108f.

A Time-resolved Vibrational Spectroscopy Study on Adenine/Thymine Based
Nucleic Acid Systems.

G. W. Doorley, D. A. McGovern, R. J. H. Davies, M. Towrie, A. W. Parker,
J. M. Kelly and S. J. Quinn

Springer Chemical Physics, Proceedings of Ultrafast Phenomena XV1, 2009,

in press

UV Excitation of DNA Dinucleotides dApT and TpdA Results in a Long-lived

Excited State Localized on Thymine.

G. W. Doorley, M. Wojdyla, D. A. McGovern, M. Towrie, A. W. Parker,
J. M. Kelly and S. J. Quinn.

Journal of the American Chemical Society, in preparation.

XX



Table of Contents

ACKNOWIEAZEMENLS .....c..eiiiiiiiiiiiieeiee ettt st esnae s enbeebessesseenbesreeas 1
U T e SO = O Ul U PO S PR PSP i
List of Figures and SChemes ..........cccoiiiiiiiiiiiiieee e v
LAt O THAIATE .. coeons sbiomsing o snren emaditesesi sy sttt e s v s sttt ettt asilen o5 Xiv
List Of ADDIEVIATIONS .......ccccvenmecersurcnsmussusossessessamnressassnsrasesnnessassnsesnsasnosisvssnassnsnsnmssbasssssesnnss XV
LiSt Of PIESENAtIONS ....ccvuviuiiiiiiiieiiisiieieteceteste ettt ettt e be e s eneeae e Xviil
LSt Of PUDECRIIIIE .o ool ot ciisions bebsitommansssmetonsmonsssies Ghditsasicy s s s iemisdaiosas X1X
1 Chapter 1 — Introduction to Nucleic Acids and the ps-TRIR Technique ................. 1
Lot  S3eantal IiTO OG0B O oo semm s s s s AR 1
1.2 Structure of the NUCIEIE ACIAE........coumrreerinsmmmsrmssmsssresssepmansssnts snrsanassssmmeainsmnesosey 2
1.3 Photophysics and Photochemistry of Nucleic ACids ........ccccoevvvieiiiiiieiiiiieeieene 5
14 W¥ibrational Speetrascopy of NUCISIC ABIUS:.cuusmmarismmmsssmumssmsswesmms it 8
15  The TIIR MEGSUTCINBIIE ... e iiissisasnnssssssisssnssssnoms: asiiorn i ise s vasmos i ssiies 10
1.6 - The TRIR Difference Spectrum EXplained.....cusmenssmsusssssinsinssassnssisssvinssssansss 11
L7 Aalyss df the TRIR S OSRIIN wouvmmismkrssssmismissnbmuinbsemusisiio 14
1.8  Aims and Objectives of this WOrk .........c.cocueeviiiiiiiiiiiiccceeeeeeeee i

2 Chapter 2 — ps-TRIR Investigation of Cytosine Derivatives...........ccceccereereereneennnens 19
2l IEEOINCHIEI ot bisiosoms ettt btk e ST R 19
2.2 Motivation for this STUAY .....ccecoviiiiiiiiiiccee e 19
2.3 RESIUIES.........coinieeicrmmaseommsainnessnsnsasasosnasnsansonnes smasnnsass sesmmassmsnsassussssesansssssnsessssnssanmesss 20
2.3.1 2’-deoxycytidine 5'-monophosphate (5"-dCMP) .......ccceviiiiiiiiiiiiiiciiee 20
232 2'-deoxycytidine (ACYd).....coceeveermiiiieiiirieitee et 22

XX1



200 I (L0 seciaisumnsis Sasiiusammm s it s s st s 23
234 1-Niethyletoaing [ 1=MECTE) sumsomnsmmissmmaons o smmssansmsmmommms 26
28 DRI SE CBIL thccrtincsinubibinivea sl s o v B e R T P 28
24.1  Possibilities for the Iong-11ved SPEBIEE. «cxmmmmmmsmnsmmsmmsmemmns e 28
2L, 1 0 ERCIRd SRBHBH L o vt issessosimt s b e s S S SR 28
2.4.1.2  Transient Photoproducts ............coouiiiiiiiiiiiiiiiiiiccceieccceee 24

P J5S TR 607 s <! 1515 Lo 1 S ST 38

3 Chapter 3 — ps-TRIR Study of a Family of Adenine and

Thymine Containing Dinucleotides .............ccccoviiiiiiiiiiiniiiiiicce 40

S N o 40
3.2  Motivation For this STUAY ......c. e aasismmmmmisesmomsassssssassonsasenssmsssssass sssassonssnss 41
B:3 " TBEUIE - cliovnvommistonsoninsmmen e anessss s s s s S S A BT RN S 44
L Mononucleotide systems: S'-dAMP and 5"-TMP.........ccccccooviiiiiiiiii 44
3.3.2  Homodinucleotide systems: dApdA and TpT......c.cccoeeeviiiiiiiiiiiiieiieee 45
3.3.3 Heterodinucleotide systems: dApT and TpdA.......ccccooiiiiiieiiiiiiiiiiiiiee 49
234 | SBEKINY SIS e ssnimmsmnamimpo s s s oS A 54
3.3.4.1  Circular Dichroism Measurements .............ccccceveerirerieenienieseenieseeenes 55

3.3.4.2  Variable Temperature Nuclear Magnetic Resonance Studies

R T B« O U 56

3.3.43  Variable Temperature Time Resolved Infrared (VT ps-TRIR).............. 62
3.3.5  Alternating Polynucleotide System: poly(dA-dT).poly(dA-dT)......c...c....... 67
3.3.6  Non-Alternating Polynucleotide System: poly(dA).poly(dT) .......cccoervenenne. 69
FA  DISCOSEION L. oot oot ssnsbon b s snisisombnis dasisitiinins sk emsivhyiss sy misones sogs i vinss 71
£ SIS e bt o G SR TSR N S CCE SV SO 0 N 0 O 71
342  DIAUBICOMARS .......... oot e oo nomsnsiamenn simsrensinsshepsmnssnsmyss b piomng s smmsass sonmes 72



34.2.1 Homodinucleotides: dApA and TpT .....cooveviiieiiiiiiieeieeeeee 73

3.4.2.2  Heteordinucleotides: dApT and TpdA ........ccoceeviiiiiiiiiiiiiicce 74
3.43  Stacking studies on the heterodinucleotides dApT and TpdA............ccoeeeee. 78
54.3.1 Circular Dichroism MEaBUTCHIEINS «...esiesresssnnsoncasssammsrs ssssnnasinsssnnsasassisns 78
3432 "HNMR MEaSUIEMENLS .......oooorvereanieroneisseeissseissnessessssseesessseiseeees 79
3.4.3.3  Variable Temperature Time Resolved Infrared Measurements ............. 80
3.44  Polynucleotides: poly(dA).poly(dT) and poly(dA-dT).poly(dA-dT)............ 89
3.5 - CORCIISIONN. oo mmmseuommsss oo o s S R i A oA B P 91
4 Chapter 4 — ps-TRIR Investigation of B- and Z-DNA Forms of [poly(dG-dC)], ...... 93
.l IBRERRRHEI. i i s s R e AT 93
4.2 Structural Characteristics of B- v§ Z-DNA .........ccocoiviiiiiieeeeeeeee 94
4.3 Motivation for this StUAY .......coooiiiiiiiiiii e 96
Bk DB s sissinm s s s e e S SR R A G s aaiA3 97
4.4.1 Constituent Bases of the Polymer — 5-dGMP and 5'-dCMP....................... 97
442 B form [Poly(dG-dC)]2 «ceemimieiiiiiieiieeieeie ettt 98
44.3 7 Torin [POIYIAGSAC 5. cacmmrsnesimssmnssnessonnbnon ansnsasnsnmmsonssas sinsassansnsmsssas mmssnsasss 100
4.5 DISCUSSION ...ttt ettt e et e et e e et e e et e enteeeeneeeenneesnneenneeenee 103
4.5.1 Posibilities T tho LIRSS o e s s 105
4.5.2  Deconvolution of High Wavenumber Bleaching Band in Z-DNA............... 109
48  CONCIIBION b s s e S 111
S Chapter 5 — ps-TRIR Study of Biologically Relevant Systems............cccccceevernenens 113
ol TR oo ot o S A5 A 5 AR SR 113
5.2 Mixed Base Single- and Double-Stranded Study...........ccccoooviiiiiiiiiiiiiiiiienns 116
5.2.1 VAL ISPt T, ST TR NI s s oo o oo i ol A 116



5.2.2  TRIR Fingerprint of the Individual DNA Bases...........ccccccooiiviiinnnnn. 117

e B - O R TSR —— 119
5.2.3.1 Single-stranded Mixed Base DNA —
5'-TACGAGTTGAGAATCCTGAATGCG-3" (ODN 1)..cccevvviiiirnnns 119
5.2.3.2  Single-Stranded Mixed Base DNA —
5-CGCATTCAGGATTCTCAACTCGTA-3" (ODN 2)...ccoccvvvrrirnnns 121
5.2.3.3 Double-Stranded Mixed Base DNA —
5'-TACGAGTTGAGAATCCTGAATGCG-3" +
5-CGCATTCAGGATTCTCAACTCGTA-3" (ODN 1 + ODN 2)......123
Fd B D BMRIGIE b avmmmssonos ommmssn i ossh o SR NI 5 Rl s Sa Ay 128
e I T o) R R —— 129
e ARDIER DRIEY o snamirsno i m s A A R KA BAERS R RS 130
W LI ) - covssarm i e R o e ons e o sy dindid 130
ke e R O S — 130
= s SN 11 e S AT O 130
Sl B D B et i it s e e s 131
e b S L PR T i R U AP 133
St PO NPt LI AT |y 136
Dl L s, o e sl ot oot ot i I O s TN 58 144
50 200 1| P e cminin it abumiias batssnmonstomiissemdmmsosismoamemms 145
O Ao R R 312 T M i R NP SR S LT T 146
Jove (OB MU AL N LT T rmemssisiinns sivisemsnalen srnsonionssessros ospmsisdiiny Siminsmbib 149
5.3.2.9 Comparison of All Single-, Double- and

Tripls-Stranded LI TS .....dommbusdonsmsonrsotunsgon sl bysstssobiridse 153

XX1V



5.3.2.10 Comparison of All Single-, Double- and

Triple-Stranded Infrared Band Structures ............ccoocoeiiiiiiiiiiiiciicnnn. 153

5.3.3  DISCUSSION ettt sttt et 156
5.3.3.1  Single-Stranded DNA: poly(dA) and (dA)1g....ccooveveerueerireiieniieenenene 156
5.3.3.2  Single-Stranded DNA: poly(dT) and (dT)ig....cccocveerveeriiieiniieniienienn 158
5.3.3.3  Double-Stranded DNA: poly(dA).poly(dT) and (dA);s.(dT)g ...c.ce..... 159

5.3.3.4  Triple-Stranded DNA: poly(dA).poly(dT) .poly(dT)

and (dA) 8.(AT)18.(AT) 18 weeveeeeerieeieeierie e 161

.38 - CONCIIBUOIG. .. v coromrsromesumsssens syt prmmneis sy s sensmir s s sss mes s sempasp L sssmxes 163
5.4  Human Telomeric Sequence Quadruplex Study ..........cccoovviiiiiiiiiiiiiiiiieiieee 164
54.1 117 65 T I S M N PSS S Uyt S 164
o SN -1 SO S0 R R RSO e 1 BT TODU it St 165

S 2] e addinenal Sall . rcatsrasnnnnimiaisesn el 165
8423 . 100 MM NECL i ssisssssmmsmnsimsimmisissatsssmmbsmmmmiomtsat sttt 167
SAS . LOBINE KU eiilin i bl 169
8424 S0 BrCl. . aamimrmsmms s S 170
543  DISCUSSION ...eitiiiiiieeieeeiiet ettt et ettt et et ettt ene e ene s 173
Sl O IR soiaosen S s st el i el AR AT 180
5.0  Overall ConcliSIDI. ..cmsmisssmissmsemsissssinssrmmonmsssims s st ismtsne 181
6  Chapter 6 - Bimodal Nanoparticles for Biomedical Applications............cccccoeeunee. 184
Oill, VOO IO et it s o S N AT B RSB 184
6.1.1 Nanoscience — The Next Big Thing! ........cccooiiiiiiiiiiiie 184
6.1.2  Magnetite — Structure and Magnetic Properties ............cccccceevvviiiiiennennenn. 187
6.1.3 Synthetic Methods for the Preparation of Magnetite............ccccecueevieeneenen. 189

XXV



6.1.3,1 Co-precipitation Method. . .osousnsnmmspnamosasessspassmmmms 190

6.l4  Coating and Stabilization of PArCles. ..o 191
6.1.5  Labelling Biological Materials with Luminophores..............cccccccuevinnnnn. 193
6.1.6 = “Two iti Dag’ Iron Oxide Nanocomiposites 16 Date ... caussesssssssmsssmarnss 194
6.1.7  Applications of Iron Oxide Nanocomposites...........cccecuevrerierieniiienieeenens 195
6.1:8 - Al and Objeetives 0F th1s Wotk.owsmomessmmmsmsismenssmpsmsssrs 195
6.2  Synthesis of Iron Oxide Nanoparticles...........cccoeveviniiieniiiininiiiiiicnieciceeee 197
6.2.1 - Prepatation of FesOy NaBOParlieles .. osmummmsmmsmaosssssmmmsssssmis 197
6.2.2  Preparation of Silica Coated and APTES Modified Fe;O4 Nanoparticles...198
6.2.3  Preparation of Dopamine Modified Fe;O4 Nanoparticles.............cccoceeeennee 199
6:3 . Charaetetization of Iran Oxide NanoPaIitles. ..o s 199
6.3.1 Characterization of Fe;04 Nanoparticles .........ccccooiiiiiiiiiiiiiiiiiiiiices 199
6.3.2 Characterization of APTES Modified Fe304 ..ovvvviiiiiiiiiiiiiieeeee 201
6.3.3  Dynamic Light Scattering — Sizing and Zeta Potential Measurement
of Fes Oy, Fesu@ 810, and FE O APTES ......coinosuinsssenmnssnssssssusnnsonsos 203
6.3.4  Dynamic Light Scattering — Sizing and Zeta Potential Measurement
of Dopamine-Modified Fe3;O4 Nanoparticles..........cccoovivoiiiiineiiinienenee, 206
6.3.5  Reactivity of the Amino Modified Particles — The Kaiser Test................... 207
64 - Livand apd Cofnples SYTDESEE .vsimesimsmiissmmaissasmiss b ismmmassiss 209
6.4.1 Synthesis of Phenanthroline Derivatives .............cccceeeviiiiieiiieeecciiieeeeie. 209
6.4.2  CompleX SYNthESES .....cccuiiriiiiieiieieiieie e 210
6.4.3  Activation of Complex 7 for Conjugation ............cceecverveereeerueerieniieeieannes 212
G- Uanugatol ESpetiiiemts. . . xs it i i 213
6.5  New Coupling Strategy Utilizing Dopamine .............ccceeceruerenieninnienieeieneenes 215
6.5.1  Approach 1 — Synthesis of a Dopamine Modified Bipyridine Derivative...215
6.5.2  Approach 2 — Synthesis of the Dopamine Modified Complex

via a Melal Cotaplon ProCrSBil. . msmssmumssmsiisn o ssmsmsasbsmimes i 217

XXV1



6.6  Linker for the Attachment of Oligonucleotides to Nanoparticle Surfaces.......... 219

6.7  “Two in One’ Magnetic and Fluorescent Photophysical Studies........................ 221
6.7.1 Conjugation of Amino Modified Fe;O4 and Ruthenium Complex 18......... 221
6.7.1.1  Lifetime ADNALYSIS ........coneerveesrreromsrnsemsnsnernsrssessonasssases eassansasssnss snassnanss 222
6.7.2  Magnetic and Fluorescent DNA Strings.........cccccevvvevieniienieniniieeiieneeeeee 223
6.8 ConehiBions and FaniEe WO ..o 226
7 - Chapter 7 = Conglusions and FUlire PerSiEtiVeE .oexsewsmsmsnsasssssssisnmmsimmisssss 224
e R T e e e U b o e S o et 229
7.2 Conclusions from the TRIR Work .........ccocceoniiiniiiniiiiiieiieeee e 229
7.3  Coneclusions from the Bimodal Nanoparticle WOTK ........ocswusssmssssisiassonssassinnse 233
8 Chapler 8 - Experiniental SCCHON . aismisiamsansemimsmssimmssinsbaiss s 234
Bl TR BEOHOE.aaniedn s s b e R 234
8.1.1 The TRIR APAratus.........ccoveiiiiieiiieeeiiee e e eaeeeeenee e 234
8.1.1.1 T E LR LN orscsnssmmmsccoonsinisscn s A S A BB ol 234
o e S N i - R O S U OIS 239
8.1.1.3  The Detectors, Multiplexer and Analogue-to-Digital Converter ......... 235
8.1.1.4  Data Acquisition and Processing..........cccceeveevuearieiiieniienienieiieeeeee 236
gl Saniple Consdrraliond . oeussmumsnmsimsiamsmam s R 237
8100 - Sample Prepatation. .c.onmvsosmmsnmomsrsimmmissnman oo s 237
Sided  Bpoeun Al IR ION ves s susomsivss s s s s 238

8.2 Buniodal NaBOFartieles S@OHOTL. ... msrssarrsssmsmmsnrr susmmmsrisssmssiis sk i sl s 240
8.2.1 Nanoparticle Preparations ....ss-.isssessssssssssmsmmasssosmasssssvenpos sspsnsamnsesoissmnions 240
8.2.1.1  Preparation of TMA Stabilized Magnetite Nanoparticles.................... 240

XXVil



8.2.1.2  Preparation of Silica Coated Magnetite Nanoparticles.............c..oceen... 240

8.2.1.3  Preparation of APTES Modified Magnetite Nanoparticles.................. 240
8.2.1.4  Preparation of Dopamine Modified Magnetite Nanoparticles.............. 241
8.2.2  Ligand and Complex Syntheses for Ru(phen),phen” approach................... 241
8.2.2.1  Preparation of 5-amino 1,10-phenanthroline (2) ..........cccceoevvirninnnn. 241

8.2.2.2  Preparation of 4-0x0-4-(1,10-phenanthroline-5-ylamino)butanoic

8.2.2.3  Preparation of 5-(4-carboxybutanamido)-1,10-phenanthroline (4) —
TOULE 1 oottt 242

8.2.2.4  Preparation of 5-(4-carboxybutanamido)-1,10-phenanthroline (4) —

1 1 S S, 243
8.2.2.5  Preparation of Ru(phen);Cly (6) ......c.coceevveiiiiiiiniiniiniiniciccicee, 244
8.2.2.6  Preparation of [Ru(phen)phen ](PFe)2 (7)...ccovviniiniiniiiiiiiiiiiee, 244

8.2.2.7  Activation of (4) to give the corresponding N-hydroxysuccinimido

8.2.2.8  Activation of (7) to give the corresponding N-hydroxysuccinimido

8.2.3  Ligand and Complex Syntheses Toward a Dopamine Modified
Ruthenium COmPlex ..cmemcuspsmsssssnsresmsssssnsssamsssnssnssssssssspesspstssrosmusssns 246

8.2.3.1  Preparation of N-tert-butoxycarbonyl-3,4-
dihydrasyiphenvlelDylaminel Ll . coowiiammmmmmsmssmnstmnmsnmmomses 246

8.2.3.2  Preparation of N-zert-butoxycarbonyl-3,4-dibenzyloxyphenylethylamine

LT i ccmimesinistan s e s i R A A R T AR R 246
8.2.3.3  Preparation of 2-(3,4-bis-benzyloxy-phenyl)-ethylamine (12)............. 247
8.2.3.4  Preparation of 4,4"-dimethyl-2,2"-bipyridine (13).........ccccceerverveneenne. 247

XXViii



8.2.3.5  Preparation of 4,4 -dicarboxy-2,2"-bipyridine (14)...........cccceevurenncnen. 247
8.2.3.6  Preparation of 4,4 -bis(chlorocarbonyl)-2,2"-bipyridine (15).............. 248

8.2.3.7  Preparation of N4,N4'-bis(3,4-bis(benzyloxy)phenethyl)-
2,2’-bipyridine-4,4"-dicarboxamide (16)..........cccceeverrreirereenieenrenneenne. 249

8.2.3.8  Preparation of [4,4 -dicarboxy-2,2 -bipyridine]bis(1,10-phenanthroline)-
rutlienaem (L I HIONI00 TE7) .o mounsommmiinntnoaimpicas s i 249

8.2.3.9  Preparation of [4,4-dichlorocarbonyl-2,2"-bipyridine]bis(1,10-
phenanthroline)-ruthenium (II) dichloride (18).........ccccoviiiiiiinninins 250

8.2.3.10 Preparation of [N4,N4 -bis(3,4-bis(benzyloxy)phenethyl)-2,2"-
bipyridine-4,4"-dicarboxamide]bis(1,10-phenanthroline)-
vutheniung {1 OIehIGHIAe LV) . caimmsmnemmiiumsicetssmommissweisambmss 250

8.2.4  Syntheses Toward a Modified Dopamine Linker for
Nanopartizies and OlipoRuclenfades. ... cuumissosissrrmisismsiesiissimomn 251
8.2.4.1  Preparation of 2-(fert-butoxycarbonylaminooxy) acetic acid (20)....... 251

8.2.4.2  Preparation of 2,5-dioxopyrrolidin-1-yl 2-

(tert-butoxycarbonylaminooxy) acetate (21)........cccoceeeviiiieinieiniiencnnens 252

8.2.4.3  Preparation of fert-butyl-2-(3,4-dihydroxyphenethylamino)-
2-0x0ethox yearDamate (22 ). .. ssuusmsnsissmmsmmesswssssonssvsssnsmsesssasisnssmss 232

8.2.5  Preparation of ‘2 in 1” NanoCOMPpPOSItES ..........ccuererruerireeriieiiiisiieiieseeeenes 253

8.2.5.1 Preparation of APTES Modified Fe;O4 —Ru Metal

COIeR N D OIRPOS IS i iiisos s 253

8.2.5.2  Preparation of Dopamine Modified Fe;04 —Ru Metal

Comnpleh NehoeDiPoRIIES . ubmmmimmmisemmssiiimsmnb s 253

8.2.5.3  Preparation of Fe304 —Ru Dye — DNA Nanocomposites ..................... 254

3.3 Experinenial Procedures and TeehnlQues ....oovmninsmrmsmsssmsominsmesismcsine 254
8.3.1 20T Ty o 5 T SRS S————— 254



P, 1HIE Lyt CITOMOBRIAIIY it i i 254

8.3.3  Size Exclusion Chromotography ...........cccccevviviiiiiiiiiiiiiiiiiiiiciccce 255
8.3.4  'Hand "C Nuclear Magnetic Resonance SpectrosCopy ............c.covurrrrunns 255
8.3.5  UV-vis AbSOrption SPECtrOSCOPY ....covveuvirurerireiiiiiieiieiiieiiie e 255
8.3.6 Steady State Excitation and Emission SPECtrOSCOPY ......cccsssssssasssacssessanesesss 239
8.3.7  Fourier Transform Infrared SpectroSCOPY......ceevuiiriiiiiiiiiniiiiiieirecice 255
838 @ Electrospray Nass Speclitiielly .. oo usmissssmsssimmeeisssssnng 253
8.3.9  Circular Dichroism SPectroSCOPY ....ccueeruverieeriiiniiiiiieeiie e 256
I LT ST B O 256
8501 Transmmesion Blooton NIETOBBDIIN usmsssimnsessassomssss sommmtamssosomss s 256
8.3.12 Dynamic Light Scattering and Zeta Potential Measurements...................... 256
8.3.13 Time Correlated Single Photon Counting (SPC) Spectroscopy...........c...... 256
R < B T e i D S O S 257
Appendices
111 o RS = RO TP L OO A3.1-A3.20
1 o RS U S TN AS5.1-A5.40

XXX



Chapter 1

Introduction to Nucleic Acids and the
ps-TRIR Technique



1.1 General Introduction

The nature of the electronic excited states of DNA is currently a rapidly expanding area of
scientific curiosity. Not just mere subjects of academic interest, DNA excited states play a
pivotal role in DNA damage. Unravelling the complex nature of DNA photophysics has
been the motivation of many research groups for years but as yet the complete picture has
not been fully revealed. A lot of experimental work has emerged throughout the last half
century or so since Watson and Crick revealed the true structure of genomic DNA." With
each new generation of results from new and superior techniques, have come additional
insights into the electronic properties of the DNA bases upon excitation. However, the

jigsaw puzzle is far from complete.

Exposure of DNA to ultraviolet (UV) radiation can result in deleterious effects with

210 Solar UV radiation is the primary cause of

profound biological consequences.
non-melanoma skin cancers, and with the continued depletion of the ozone layer,
incidences of skin cancers are ever-rising. Photocarcinogenesis, which is today a major
growing health concern, results from photochemical damage to DNA caused by the direct
absorption of UV light. The nucleobases absorb strongly in the UV and this facilitates the
production of excited states, which are the first step in the complex chain of events which
may or may not culminate in photolesions/photodamage. Understanding the excited states
formed and their subsequent reaction or relaxation dynamics is of fundamental importance
but it is not a trivial issue. One goal of photophysical investigations has been to appreciate
how electronic excited states produce photochemical outcomes. This is complicated by the
fact that in order to counteract the potentially harmful effects of UV radiation exposure,

organisms have developed highly sophisticated and complex mechanisms to dissipate the

excess energy.

However, there are still numerous questions that remain unanswered with regards to the
remarkable stability of DNA toward harmful external influences, and this study seeks to
unravel some of these secrets using the relatively new and sophisticated technique of

picosecond time resolved infrared (ps-TRIR) spectroscopy.



1.2 Structure of the Nucleic Acids

Deoxyribonucleic acid (DNA) is a long linear chain polymer, encoding genetic
information, that is comprised of just four subunits, the nucleotides. These units were
isolated in the early twentieth century by chemical degradation studies and today their
structure is known.'' Figure 1.1 shows the four bases of DNA: adenine, thymine, guanine
and cytosine. The bases are planar and are divided into two sub-groups, the pyrimidine
(py) bases {cytosine (C) and thymine (T)} and the purine (pu) bases {adenine (A) and
guanine (G)}. Substitution at the 1-position (py) / 9-position (pu) with a hydrogen atom is
termed the free base, while substitution with a ribose ring (figure 1.1) is termed a
nucleoside. Individual nucleoside units are joined together in a nucleic acid in a linear
manner through a negatively charged phosphate backbone. Substitution of the base with a
ribose and phosphate results in a nucleotide unit. Watson-Crick hydrogen bonding occurs
between the complementary base (A:T ; G:C), and this plays an integral part in the
stability of DNA structures. There are two hydrogen bonds between the A:T base-pair
and three between the G:C base-pair.

H

/A

1 N—HulmN 3 }

/
R 3.2 21
/> \
N—H"O R
-
G C 2'-deoxy-nucleotide

Figure 1.1 The nucleobases, adenine (A), thymine (T), guanine (G) and cytosine (C) with
Watson-Crick hydrogen bonding shown and the ribose and ribosyl phosphate groups.



The non-planarity of the sugar is referred to as the pucker. Due to the sugar ring’s desire
to attain the most energetically stable conformation either the C2" or C3” will pucker out
of the plane of the sugar. In practice, both carbon atoms are found to shift geometry to a
certain extent and form a ‘twist’ conformation. The resulting structures are termed
C2’-endo, C3 -exo (South (S) conformer) and C3’-endo, C2’-exo (North (N) conformer),
where endo and exo are endocyclic and exocyclic respectively. Direct correlations have
been found between the observed sugar pucker and backbone secondary structure

conformation in oligo- and polynucleotide systems.

A final important structural consideration of the nucleotides is the conformation about the
glycosidic bond. This is the bond between the nucleobase and the 1’-position of the
deoxyribose. The glycosidic torsion angle, x, is defined in terms of four atoms for the
bases: 04'-C1°-N9-C4 for purines and O4’-C1’-N1-C2 for pyrimidines. This angle
defines whether a base is in the anti or syn conformation, where anti: -120 > x> 180° and
syn: 0 <y <90°. The anti conformation is preferred for A, T and C nucleotides, whereas a
G nucleotide unit displays a small preference for the syn conformation. In the anti
conformation the base is directed away from the sugar, while in the syn arrangement the
sugar and base overlap. Unsurprisingly, there are correlations between the sugar pucker
and torsional angle. Syn glycosidic angles are not found with C3’-endo puckers due to

steric interactions between the base and the sugar.

As previously mentioned, the nucleotide units are joined together through the negatively
charged phosphodiester backbone linkage. The bases are attached to the 3" or 5" positions
of the sugar. Figure 1.2 shows an example of this linkage for a short strand containing the
four DNA bases. Chain direction is frequently expressed with the 5” or 3" labels so as to
eliminate ambiguity when describing a sequence. The complementary strand forms
hydrogen bonds to the first strand and the linkage runs 5°-3" to 3°-5’, as illustrated in
figure 1.2. In the double-stranded form, DNA adopts a helical structure. The
right-handed form, known as the B form, is the most common. However, conformational
changes can be induced, for example conversion into the left-handed
Z form upon addition of salt. Metal cations interact with the negatively charged phosphate
backbone and can stabilize the helix. There are base-stacking interactions between
adjacent bases (separated by 3.4 A in B-DNA) in the helical structure, and these
interactions are thought to be key to electron and charge distribution within the helical

polymer. Higher order multi-stranded structures such as triplex and quadruplex DNA are



also found in biological systems, and base-stacking and hydrogen-bonding motifs are

central to the stability of such architectures.' 112 These structures will be considered further

in chapter 5.

Figure 1.2 Complementary DNA strands showing the phosphodiester backbone,
base-pairing, and hydrogen bonding (purple dashes).

Non exchangeable hydrogen atoms have been omitted for clarity.



1.3 Photophysics and Photochemistry of Nucleic Acids

It is well established that exposure of DNA to UV light can result in photoadducts,z"o with
the prevalence and distribution of such photoproducts being dependent on the intensity and
wavelength of the incident radiation. Figure 1.3 gives the absorption spectrum of DNA,
with maximum absorbance at 260 nm, and indicates that the excited state(s) that may be
produced and subsequent photoreactivity is indeed a function of the wavelength of the
incident light. In the UVA region (320-380 nm) there is no absorption. The higher energy,
UVB radiation (290-320 nm), is absorbed to a greater degree, but the majority of DNA
absorptions occur in the UVC region (190-290 nm).

1.2
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Figure 1.3 UV absorption spectrum of DNA.

Upon absorption of a photon by a pyrimidine or purine base, there are several possible
outcomes, some of which are illustrated in figure 1.4. Initially, a Franck-Condon excited
state is produced. Ultrafast internal conversion of the nucleobases is the predominant

nonadiabatic process facilitating recovery to the ground state with theoretical studies

14

emphasising the importance of this processes. " The nucleobases fluoresce extremely

weakly with very low quantum yields, and this has led to the conclusion that their excited
states must be very short-lived."” In recent years, ultrafast laser spectroscopy has provided

many new insights into the excited states of the nucleic acids. Femtosecond transient

5,16,17

. . & 18,19
visible absorption’

and fluorescence upconversion = measurements have shown

sub-picosecond excited state lifetimes for the bases and mononucleotides despite the



> 4 eV gap between the vibrationless levels of the electronic ground state, Sy, and the
emitting state. The intrinsic photostability provided by such short excited singlet state
lifetimes of the DNA and RNA bases, may be responsible for their selection as the building

blocks of the genetic code.

A ) Excited state processes e
P >» Proton transfer

FC Electron transfer

Energy

>

Molecular rearrangement / nuclear motion

Figure 1.4 State diagram illustrating possible ultrafast processes in DNA following
UV excitation. Key: FC — Franck-Condon, IC — Internal Conversion, ISC — Intersystem

Crossing, VC — Vibrational Cooling, F — Fluorescence and P — Phosphorescence.

Strong vibronic coupling between the 'mn* and 'nm* states may occur if the energy gap
between the states is small enough so that the states are almost considered to be
degenerate. The strong coupling of electronic and nuclear motions results in internal
conversion through a conical intersection into the 'na*.'® In recent years, conical
intersections have been proposed in many studies as facilitating ultrafast nonradiative

decay in DNA.!3141620-40



Intersystem crossing (ISC) to the triplet state is expected to occur in very low yield
(Disc < 0.01) as a result of the rapid single-state(s) dynamics.*! Triplet states in DNA have
been known to exist for many years42 and have more recently been successfully sensitized
for the nucleotides using high energy triplet sensitizers, that facilitate triplet-triplet energy
transfer and hence generate the state in high yields.*> It is now suggested that the triplet
state may be a precursor to or directly involved in DNA damage, more specifically the

. s v 2 9.40.44-4
production of cyclobutane pyrimidine dimers.’ S

In addition to electronic transitions nucleic acids also undergo vibrational cooling.
Vibrational cooling is the process by which the molecule after returning to the ground state
(Sp) dissipates the excess vibrational energy in order to return to the lowest vibrational
level. Redistribution of the energy among the available vibrational modes, known as
intramolecular vibrational redistribution (IVR), and intermolecular vibrational energy
transfer to solvent molecules, returns the ‘vibrationally hot” molecule to thermal
equilibrium with the surrounding solvent. This process was first identified for the

'737 and later characterized by

nucleotides by transient absorption (TA) methods
picosecond time resolved infrared (ps-TRIR).*® Recently, the solvent dependency of this
process was probed for the nucleobases, and it was clearly demonstrated that the efficiency
with which the molecule vibrationally cools was greatest for solvents with a dense network
of hydrogen bonds.** This is presumably due to the fact that the hydrogen bonded solvent
molecule, interacting with the polar groups of the nucleobases, is adept at intermolecularly

transferring the excess energy tc neighbouring hydrogen bonded solvent molecules.

Once formed, an excited state species may undergo reaction, either inter- or
intramolecularly. Tautomerization has been widely proposed for both isolated bases and
base-pairs with single and double proton transfer and charge transfer states all being
considered.?®*'*%%%77 As we shall see later in chapter 2, tautomerization is particularly
important for the reactions of the pyrimidines such as cytosine. Theoretical studies have
argued that tautomerization is critical to relaxation mechanisms of the excited states.
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