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Abstract

The imotif is an alternative DNA secondary structuranotif formed in sequences rich
in cytosine, consisting of four strands,stabilised by hemiprotonated cytosine
cytosine* base pairs. The motiforms in sequences complimentary to the Guadruplex
however, far less is known about the-motif and most research to date has focused on
its application in nanotechnology. Despite this, recent progress in the field has
indicated that the i-motif may be a possible therapeutic target in certain cases. In order
to study this structure in more detail a chemical tool boxof ligands and conditionsis

needed which can be used to probés potential biological function.

Herein the effect of small molecule ligands and cations hadeen investigated. A
previously identified i-motif binding compound BisA has been characterisedn detail
with a range of biophysical experiments, showing that it does bind to themotif but
causes the DNA to corehse. A high throughput screen has been carried ofihding a
number of potential new imotif binding ligands and through a range of experiments,
two lead compounds mitoxantrone and tilorone have been identified with
micromolar affinities from which novel i-motif binding analogues and structure
activity relationships can be developedFinally, the effect of cationson the i-motif has
been studied including a wider selection from across the periodic table than has
previously been investigated. This has shown that at neutral pH, silver (I) ions have the
ability to induce i-motif formation and that this is reversible in the presence ofysteine.
While at acidic pH, copper (Il) ions have the ability to induce hairpirformation
reversibly in the presence of EDTA. This could enable the formation of multiple
structures from the same oligonucleotide sequence in response to different conditions
The combination of these results shouldprovide useful tools to further study the

motif structure.
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concentration oftamoxifen free base. [DNA] = 200 nM hTeloC, buffer = 10
mM sodium cacodylate and 100 mM NaCl at pH 5.5.

3.15: Example CD titration of human telomeriemiotif with increasing
concentration ofcetylpyridiniu m chloride. [DNA] = 10 uM hTeloC, buffer =
10 mM sodium cacodylate and 100 mM NaCl at pH 5.5.

3.16: Example CD titration of human telomeriemiotif with increasing
concentration oftyrothricin . [DNA] = 10 uM hTeloC, buffer = 10 mM sodium
cacodylateand 100 mM NacCl at pH 5.5.

3.17: Example CD titration of human telomericmiotif with increasing
concentration oftamoxifen. [DNA] = 10 uM hTeloC, buffer = 10 mM sodium
cacodylate and 100 mM NaCl at pH 5.5.

3.18: Example CD titration of humanelomeric iFmotif with increasing
concentration ofbromocriptine mesylate . [DNA] = 10 uM hTeloC, buffer =
10 mM sodium cacodylate and 100 mM NaCl at pH 5.5.

3.19: Example CD titration of human telomeriemiotif with increasing
concentration ofalexidine hydrochloride . [DNA] = 10 uM hTeloC, buffer =
10 mM sodium cacodylate and 100 mM NaCl at pH 5.5.

3.20: Example CD titration of human telomeriemiotif with increasing
concentration ofpararosaniline . [DNA] = 10 uM hTeloC, buffer = 10 mM
sodiumcacodylate and 100 mM NaCl at pH 5.5.

3.21: Example CD titration of human telomericmiotif with increasing
concentration of methylbenzethonium chloride . [DNA] = 10 pM hTeloC,
buffer = 10 mM sodium cacodylate and 100 mM NacCl at pH 5.5.

3.22: Example CD titration of human telomeric-motif with increasing
concentration of mitoxantrone . [DNA] = 10 uM hTeloC, buffer = 10 mM
sodium cacodylate and 100 mM NaCl at pH 5.5.

3.23: Example CD titration of human telomeriecmiotif with increasing
concentration oftilorone . [DNA] = 10 uM hTeloC, buffer = 10 mM sodium
cacodylate and 100 mM NaCl at pH 5.5.

3.24: Normalised average change in CD at 270 nmtiiorone with human
telomeric Fmotif, fitted with 1 tol and 2 to 1 binding models. Error bars show
the standard deviation across 2 repeats. [DNA] = 10 uM hTeloC, buffer = 10

mM sodium cacodylate and 100 mM NaCl at pH 5.5.
XViii



Figure 3.25: Change in melting temperature with increasing concentratioyobthricin
with human telomeric tmotif (hTeloC), eMyc imotif, human telomeric &
quadruplex (hTeloG) and duplex DNA. Error bars show the standard deviation
across 2 repeats. DNA 200 nM, buffer = 10 mM sodium cacodylate and 100
mM or 5 mM NaCl. Two points are shown where biphasic melting curves were
observed.

Figure 3.26: Change in melting temperature with increasing concentration of
mitoxantrone with human telomeric tmotif (hTeloC), eMyc imotif, human
telomeric Gquadruplex (hTeloG) and duplex DNA. Error bars show the
standard deviation across 2 repeats. DNA = 200 nM, buffer = 10 mM sodium
cacodylate and 100 mM or 5 mM NacCl.

Figure 3.27: Change in melting temperature with ireasing concentration otilorone
with human telomeric tmotif (hTeloC), eMyc imotif, human telomeric &
quadruplex (hTeloG) and duplex DNA. Error bars show the standard deviation
across 2 repeats. DNA = 200 nM, buffer = 10 mM sodium cacodylate and 100
mMor 5 mM NaCl. Two points are shown where biphasic melting curves were
observed.

Figure 3.28: Change in melting temperature with increasing concentratiotashoxifen
with human telomeric tmotif (hTeloC), eMyc imotif, human telomeric &
quadruplex (hTel&) and duplex DNA. Error bars show the standard deviation
across 2 repeats. DNA = 200 nM, buffer = 10 mM sodium cacodylate and 100
mM or 5 mM NacCl.

Figure 3.29: Change in melting temperature with increasing concentration of
bromocriptine mesylate with human telomeric imotif (hTeloC), eMyc
motif, human telomeric @uadruplex (hTeloG) and duplex DNA. Error bars
show the standard deviation across 2 repeats. DNA = 200 nM, buffer = 10 mM
sodium cacodylate and 100 mM or 5 mM NacCl.

Figure 3.30: Change in meftg temperature with increasing concentration of
pararosaniline with human telomeric tmotif (hTeloC), eMyc rmotif, human
telomeric Gquadruplex (hTeloG) and duplex DNA. Error bars show the
standard deviation across 2 repeats. DNA = 200 nM, buffer = 10sodium
cacodylate and 100 mM or 5 mM NacCl.

Figure 3.31: Sensorgrams of initial binding response tests fomafoxantrone and b)

tilorone with human telomeric tmotif. The sensorgrams are normalised with
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respect to a blank cell containing no DNA. Runnibgffer = 10 mM sodium
cacodylate, 100 mM NaCl and 0.05% tween 20 at pH 5.5.

Figure 3.32: Sensorgrams of initial binding response tests fobemocriptine and b)
pararosaniline with human telomeric +motif. The sensorgrams are
normalised with respect to dlank cell containing no DNA. Running buffer =
10 mM sodium cacodylate, 100 mM NaCl and 0.05% tween 20 at pH 5.5.

Figure 3.33: Sensorgrams of initial binding response tests fortyapthricin  and b)
tamoxifen with human telomeric tmotif. The sensorgramare normalised
with respect to a blank cell containing no DNA. Running buffer = 10 mM
sodium cacodylate, 100 mM NaCl and 0.05% tween 20 at pH 5.5.

Figure 3.34: Example sensorgram faritoxantrone with human telomeric imotif. The
sensorgrams are double refenced by subtracting the response on the blank
flow cell containing no DNA and by subtracting blank injections of just buffer.
Running buffer = 10 mM sodium cacodylate, 100 mM NaCl and 0.05% tween
20 at pH 5.5.

Figure 3.35: Example SPR binding curveii@toxantrone with human telomeric tmotif.
Running buffer = 10 mM sodium cacodylate, 100 mM NaCl and 0.05% tween
20 at pH 5.5.

Figure 3.36: Example sensorgram fdidorone with human telomeric imotif. The
sensorgrams are double referenced by subtractifgetresponse on the blank
flow cell containing no DNA and by subtracting blank injections of just buffer.
Running buffer = 10 mM sodium cacodylate, 100 mM NaCl and 0.05% tween
20 at pH 5.5.

Figure 3.37: Example binding curve fatorone with human telomert i-motif. Running
buffer = 10 mM sodium cacodylate, 100 mM NaCl and 0.05% tween 20 at pH
5.5.

Chapter 4: The Effect of Cations on i-Motif DNA

Figure 4.1: Proposed structures of mismatched base pairs stabilised by Mercury(ll) and
Silver(l) cations.

Figure 4.2: FRET melting curves for human telomeriemotif with increasing
concentration of AgN®at pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodium
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cacodylate and 5 mM NaCFigure adapted from Henry Day et. al. by
permission of The Royal Society of Chdmis

Figure 4.3:Later work showing FRET melting curves for human telomermotif with
AgNQ between 0 and 5 uM carried out by Zoé Waller. [DNA] = 200 nM, buffer
= 10 mM sodium cacodylate and 5 mM Na&gure adapted from Henry Day
et. al. by permissionf The Royal Society of Chemistry.

Figure 4.4: FRET melting curves for human telomeriamotif with increasing
concentration of AgN®at pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium
cacodylate and 5 mM NacCl.

Figure 4.5: FRET melting curves for human teleric imotif with increasing
concentration of NaN®at pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodium
cacodylate and 5 mM NaCFigure adapted from Henry Day et. al. by
permission of The Royal Society of Chemistry.

Figure 4.6: FRET melting curves for humatelomeric imotif with increasing
concentration of NaN®@at pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium
cacodylate and 5 mM NaCFigure adapted from Henry Day et. al. by
permission of The Royal Society of Chemistry.

Figure 4.7: CD spectrum of humatelomeric Fmotif sequence with increasing
concentration of AgN®at pH 7.4. [DNA] = 10 pM, buffer = 10 mM sodium
cacodylate and 5 mM NacCl.

Figure 4.8: Comparison of CD spectra for hTeloC in single stranded (pH 7.4)aodfi
(pH 5.5) conformations to th spectrum of the silver inducedmotif-like
structure. [DNA] = 10uM, [AgND = 100 pM, buffer = 10 mM sodium
cacodylate and 5 mM NaCl at pH 7.4, buffer = 10 mM sodium cacodylate and
100 mM NaCl at pH 5.5.

Figure 4.9: Job plot showing the stoichiometry thie interaction between silver and
human telomeric imotif DNA. Error bars show the standard deviation across
2 repeats [DNA] = @ 20 uM, [AgNG] = 0z 20 uM, Buffer: 10 mM sodium
cacodylate and 5 mM NaCl at pH 7.4.

Figure 4.10: CD spectrum of huma&slomeric rmotif sequence with 100 uM AgN@nd
increasing concentration of {Cysteine at pH 7.4. DNA: 10 uM, buffer: 10 mM
sodium cacodylate and 5 mM NaC€ligure adapted from Henry Day et. al. by

permission of The Royal Society of Chemistry.
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Figure 4.11 Change in molar ellipticity of human telomeriemotif sequence with repeat
additions of 10 eq of AgNand 10 eq of cysteine at pH 7.4. [DNA] = 10 pM,
buffer = 10 mM sodium cacodylate and 5 mM Naklgure adapted from
Henry Day et. al. by permission Bfie Royal Society of Chemistry.

Figure 4.12: Fluorescence spectrum of hTeloC labelled with FAM and TAMRA at pH 7.4
and in the presence of AgNGhowing folding. [DNA] = 100 nM, [AgNIG- 4
MM, buffer = 10 mM sodium cacodylate and 5 mM NacCl.

Figure 4.13 FRET titration of hTeloC sequence folded with AgiN@ith increasing
concentration of l-cysteine. [DNA] = 100 nM, [AghIG- 4 uM, buffer =10 mM
sodium cacodylate and 5 mM NacCl.

Figure 4.14 FRET efficiency showing unfolding of silver stabilisedatif with increasing
concentration of L.cysteine. Error bars show the standard deviation across 3
repeats. [DNA] = 100 nM, [AgN[G= 4 uM, buffer = 10 mM sodium cacodylate
and 5 mM NaClFigure adapted from Henry Day et. al. by permission of The
Royal Society oft@mistry.

Figure 4.15 Change in fluorescence intensity at 515 nm with repeated additions of AgNO
and L-cysteine. [DNA] = 100 nM, buffer = 10 mM sodium cacodylate and 5 mM
NaClFigure adapted from Henry Day et. al. by permission of The Royal Society
of Chemistry.

Figure 4.16 The UV absorbance spectra of the human telomenuatif sequence at 20°C
(folded) and 90°C (unfolded) at pH 5.5. [DNA] = 2.5 uM, buffer = 10 mM
sodium cacodylate and 5 mM NacCl.

Figure 4.17 The UV absorbance spectrum of human telome-motif DNA with up to 6
equivalents of AgN®at pH 7.4. [DNA] = 2.5 puM, Buffer = 10 mM sodium
cacodylate and 5 mM NacCl.

Figure 4.18 The UV absorbance spectrum of human telomesmatif DNA with up to 6
equivalents of AgN&at pH 7.4 after subtractio of an analogous titration of
AgNQin buffer. [DNA] = 2.5 uM, Buffer = 10 mM sodium cacodylate and 5 mM
NacCl.

Figure 419) AQq O3EI OAO AEAEAAZAOAT AA6 AO B( 018Uy
human telomericii T OE £8 A q O 3specti@ AfGumArttelsmA&rioA 1 A /
motif and a hairpin forming sequence at pH 7.4. [DNA] = 2.5 uM, [AGRQ5
KM, buffer = 10 mM sodium cacodylate and 5 mM N&@ure adapted from

Henry Day et. al. by permission of The Royal Society of Chemistry.
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Figure 4.20 FRET melting curves of human telomerimiotif forming sequence at pH 7.4
in the presence of cations which caused folding of the DNA. [DNA] = 200 nM,
buffer = 10 mM sodium cacodylate and 5 mM NaCl.

Figure 4.21 CD spectrum of human telomeriemotif DNAat pH 7.4 with 0.5 mM Y&l
[DNA] = 10 uM, buffer = 10 mM sodium cacodylate and 5 mM NacCl.

Figure 4.22 CD spectrum of human telomeriemotif DNA at pH 7.4 with 80 pM CuCl
[DNA] = 10 pM, buffer = 10 mM sodium cacodylate and 5 mM NacCl.

Figure 4.23 FRETmelting curves for human telomeriemotif at pH 7.4 with 100 uM Y€l
and CuGlat pH 7.4. [DNA] = 200 nM, buffer = 50 mM sodium cacodylate.

Figure 4.24 Example FRET melting data for the human telomermotif sequence at pH
7.4 with increasing concentraons of CuGl [DNA] = 200 nM, buffer = 50 mM
sodium cacodylate.

Figure 4.25 Example FRET melting data for the human telomerimotif sequence at pH
5.5 with increasing concentrations of CuUC[DNA] = 200 nM, buffer = 50 mM
sodium cacodylate.

Figure 426: FRET titration of human telomeric-motif sequence with increasing
concentration of CuGlat pH 7.4. [DNA] = 100 nM, buffer = 50 mM sodium
cacodylate.

Figure 4.27 Comparison of copper difference spectra of human telomeridyc, HIFu |
and PDGFA imotif sequences and the-lgairpin sequence at pH 7.4. [DNA] =
2.5 uM, [Cu@] = 250 pM, buffer = 50 mM sodium cacodylate.

Figure 428, O3 EI OAO AELAZAOAT AA6 AT A OAI PPAO Al
spectra at pH 5.5 of human telomericniotif AT A OOE1 OAO AEA
OAT DPAO A E-AgAnGipH A.A (DNA] A£2.5uM, [AghIG 15 pM,
buffer = 10 mM sodium cacodylate and 5 mM NaCl, [gu€R50 uM, buffer =
50 mM sodium cacodylate.

Figure 4.29 CD spectrum of human telomerienotif sequence at pH 7.4 with increasing
concentration of CuGl [DNA] = 10 uM, buffer = 50 mM sodium cacodylate.

Figure 4.30 CD spectrum of human telomeriemotif with increasing concentration of
CuCtat pH 5.5. [DNA] = 10 pM, buffer = 50 mM sodium cacodylate.

Figure 4.31 Change in Molar ellipticity with increasing concentration of Ca@t pH 5.5.
Error bars show the standard deviation across 3 repeats. [DNA] = 10 uM,

buffer = 50 mM sodium cacodylate
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Figure 4.2: CD spectra of different DNA structuresniotif, single stranded DNA and
hairpin in comparison to hTeloC with 100 eq Cu@t pH 5.5. [DNA] = 10 pM,
buffer = 50 mM sodium cacodylate.

Figure 4.33 CD titration of human telomeric-motif sequere with 100 eq Cu€klnd
increasing concentration of EDTA at pH 7.4. [DNA] = 10 uM, buffer = 50 mM
sodium cacodylate.

Figure 4.34 CD titration of human telomeric-motif sequence with 100 eq CuGInd
increasing concentration of EDTA at pH 5.5. [DNA] = 10 uM, buffer = 50 mM
sodium cacodylate.

Figure 4.35 Change in molar ellipticity with increasing concentration of EDTA at pH 5.5.
Error bars show the standard deviation across 3 repeats. [DNA] =pb,
[CuCt] = 1000 pM, buffer = 50 mM sodium cacodylate.

Figure 4.3%: CD spectrum of human telomeriemotif with repeat additions of 100 eq
CuCi} and 100 eq EDTA at pH 5.5. [DNA] = 10 uM, buffer = 50 mM sodium
cacodylate.

Figure 4.37 Change in molar elfiticity at 287 nm of human telomeric-motif with repeat
additions of 100 eq Cugand 100 eq EDTA at pH 5.5. [DNA] = 10 pM, buffer =
50 mM sodium cacodylate.

Figure 4.38 Proton NMR of the imino proton region of human telomermotif at pH 5.5.

a) in the absence of Gy b) in the presence of 1 mM €uc) in the presence of
1 mM Cd" and 1 mM EDTA. The spectra have been scaled for easier
comparison[DNA] = 10 uM, buffer = 50 mM sodium cacodylate with 5%D

Figure 4.39 Normalised FRET melting curvésr human telomeric imotif with 2100 mM

of group 1 and group 2 cations at pH 5.5. [DNA] = 200 nM, buffer = 10 mM

sodium cacodylate and 5 mM NacCl.

Chapter 5: Conclusions and Future Work

Figure 5.1: Structures of screen hitsitoxantrone andtilorone .
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Chapter 1: Introdudion

1.1 DNA Secondary Structure

The iconic double helix structure of DNAwas first suggestedby James Watson and
Francis Crick in 1953 (figure 1.1a).l Since then,research efforts have foased on
whether DNA can form other structuresand what role they may play in biologyThis
lead to the identification of now welltknown structures including B-, A and Zform
duplexes, hairpins, triplexes, 3vay and 4way junctions and quadruplexesillustrating
that DNA may exist in many different structural forms The Gquadruplex structure in

particular (figure 1.1b), has seen some of the most extensive investigation.

Figure 1.1: a) Watson and Crick base pairiagd the structure of Bform DNA. PDB ID:
1BNAS3 b) Hoaggsteen base pairing in a-&trad and the structure of a @uadruplex
PDB ID: 2LBY¥
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These are four strandedstructur es formed from sequences with a repeating series of
guanine bases thatform a Gtetrad using Hoogsteen hydrogen bonding. These tetrads
are able to stack on top of one another forming the -Guadruplex stabilised by
monovalent cations® Sequences capable of forming these structures have been found
throughout telomeric and promoter regions of the genome, whileBalasubramanian
and coworkers have been able to identify theiexistencein living human cells$® Some
G-quadruplex binding ligands have been shown to be effective nibit ors oftelomerase
and have been used to both up regulate and down regulate oncogeegpressioni0.11
Proteins have also been discovered which bind to-Guadruplex structures indicating

a natural biological role for the structurel2z14

1.2 i-Motif DNA

First proposed in 1993 by Gehring, Leroy and Géron, the i-motif is another four
stranded structure formed from sequences rich in cytosine, fich are complimentary
to Gquadruplex forming sequencest> The structure forms readily under acidic

conditions and is stabilised by hemiprotonated cytosine-cytosinet base pairs, foming

Figure 1.2:The gructure of tetrameric i-motif DNA a) A hemiprotonated cytosine

cytosine base pair, b) the top view of d(ELc) side view of d(T£} showing the major
groove,d) side view of d(T§ showing the minor groove. PDB ID: 225PFigure
adapted from Henry Day et. alsee appendix}®
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two parallel duplexes that intercalate with one another in an antiparallel orientation
(figure 1.2).15 Due to a reliance on acidic pH for the stability of the structure, there is
still some skepticism in the field whether the imotif can form under physiological
conditions. Therefore, the majority of imotif research so far has focused on its
potential uses in nanotechnology. The ability of thenotif to rapidly fold and unfold in
response to changes in pH has enabled it to be used in pH sensifi§,logic operations
for computation,19221 nanomachine$2.23 and nanoscale assembly425 However, much
less is known about the natural occurrence of these structures and wtieer they have

arole to play in biology.

1.2.1 Structure and Topology of i -Motif DNA

The first i-motifs identified were intermolecular structures consisting of four separate
strands of cytosine!> Hemi-protonated cytosine base pairs were identified as early as
196226 and evidence of hairpin secondary structures in cytosine rich sequences was
observed in 198927 Despite this, the identification of an intercalated tetrameric
structure was surprising and the intercalated (i) motif is still one of theonly structures
of this type to have been identified Sequences with two stretche of cytosines can also
form dimeric i-motif structures where two hairpins intercalate.28 More interestingly,
from a biological perspective, natural sequences with four stretches of cytosines
separated byother bases can fold into an intramolecular-motif structure (figure 1.3).
Since the original imotif discovery, a number of crystal structures of intermolecular-
motifs have been reported933 however, there as yet no published examples of

intramolecular i-motif crystal structures.

~
r

Figure 1.3: Tetrameric, dimeric and intr@olecular Fmotif structures.
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c)

5'E

Figure 1.4:A comparison 08'E &5'E imotif structures. a) an NMR structure of
d(5mCC3ECCBACCICC) PDB ID: 1A83,b) a schematic diagram of this 3'Emotif, c)
an NMR structure of the human telomeriennotif d(CCCTAMCCCTACCCUACCCT)
PDB ID: 1ER 35 d)a schematic diagram of this 5'Emotif. Figure adapted from Henry
Day et. al. (see appendid.

The intercalation of the imotif structure can occur in different ways to form two
different topologies. One in which the outermoscytosine pair are from the 3' end of
the sequence and another where the outermost pair are from the 5' end. Filstbelled
R-form and Sform,36 they were later ree-named 3'E and 5'E respectively?”:38 A third
topology denoted Tform is also possiblein which the outermost GC* pair are not
intercalated but this is less stable3® As will be discussed, there are seeral competing
factors affecting imotif stability so whichever of these topologies idavoured for any
given i-motif will be a compromise of these multiple effects, depending on sequence
(figure 1.4).

As well as the 3'E and 5'E classificationsntramolecular i-motifs have also ben
classified by Laurence Hurley and cevorkers based upon the length of the loop
regionsA0i-Motifs with short loops have been described as class | while those with long
loops have been denoted class Il (figure 1.5). Of thenotifs they classified as class Iro
class Il, it was shown that the class II-notifs were more stable, which they
hypothesisedwas due to interactions between bases in the loop regions providing a
stabilising A £EAAO8 (1 xAOAOR *i ET " OAUEA Osndtif COT ¢
in the HIF-1) gene promoter which has unexpectedly high stability, with a transitional
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pH (the pHat which half the DNA is folded and half unfolded) close to neutral (pH:
7.2)41

2-4
bases

Class1 + Class 11

2-3 2-3
bases bases

bases bases

Figure 1.5:A schematic diagram illustrating the difference between short looped Class |
and longer loopedClass Il4motif structures. In this example, the classtiotif is from
the promoterregion of the Retinoblastomancogene (Rb) and the Class-iotif is

from the P1 promoteregion of B-cell ymphoma 2 (BeR).40

1.2.2 Stability of i -Motif DNA

Most investigations into Fmotif stability are driven by the quest to find a natural
sequence that is able to form aninotif structure under physiological conditions of pH

and temperature. It has been shown that the-mmotif can form at neutral pH at low
temperature (TE 1t J#q AOO OEEO E1 EOOAI £# E®18660
Molecular crowding is arother important consideration. The cellular and nuclear
environment is more akin to a gel than simple aqueous coittbns and simulation of

this crowded environment can be achieved using high molecular weight polyethylene
glycol polymers#3 Under these conditions it has been shown that-Guadruplex and

motif structures are both favoured and duplex and single stranded DNA are actively

disfavoured4.45 This is due to an increase in Iga of the N3 position of cytosine which

6
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needs to be protonated. This makes protonation moréavourable at neutral pH and

hence the corresponding-motif is easier to form46.47

Another key factor affecting the favourability of formation of both i-motif and G
quadruplex structures, is their respectivedestabilising effectson the remaining double
helical strand. It has been suggested that a minimum spacing of five base pairs of
unwound DNA is needed between themotif structure and the start of the double helix

in order to maintain the stability of each structure4® What may facilitate thisis the
negative superhelical stress that is induced in the DNA single strand when it is
unwound for transcription. Formation of an alternative secondary structure such as
the i-motif, can relieve this superhelical stress and hencstabilise the DNA strucure
asawhole®®, AOOAT AA (601 AusO coOi 0 xAOA AAIT A
motif and Gquadruplex forming sequences fromtie cMyc oncogene promoter into a
supercoiled plasmid which simulated the negative superhelicity generated during
transcription. 4 Usingenzymatic and chemical footprinting methods they showed the
formation of both Gquadruplex and imotif structures at neutral pH. This indicates a
plausible mechanism for the formation of imotif structures under physiological

conditions during transcripti on.

Under physiological conditions there are a range of different cations present at varying
concentrations. Therefore, the effect of cation concentration on-motif stability is an
important factor to assess. The effects of NaKr and Mg@* on the formation of the
motif in the c-jun proto-oncogene have been studietl. Saxena and cavorkers showed
that initially in solutions of 100 mM Nat at pH 5.7, only duplex DNA was present.
However, in solutions of 100 mM K at the same pH, -motif and Gquadruplex
structures were favoured. When 10 mM Mg and 100 mM Na were assessedri
combination, all 3 structures- duplex, Gquadruplex and imotif were found. Later,
Mergny and ©®-workers showed that at pH 4.8(close to the pk: of cytosine) increasng
the concentration of sodium chloride tol00 mM destabilisedi-motif structure , but that

a further increase in concentration to 300 mM did notdestabilise the structure any
further.5! This effect they showed, was due to the lowering of the pkof the N3 of
cytosine in low salt conditions, making4motif formation mor e favourable at that pH in
low salt rather than high salt concentration. They also showed, that in the presence of

100 mM NacCl at pH 6.4, there was no effect ommotif stability with the addition of 5
7
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mM Mg+, Ca+, Zn?*, Li* or K+ ions. Other recent studies have continued to show a
decrease inthe stability of the i-motif in the presence of a high concentration of cations.
In particular, Sung Eun Kim and caevorkers have shown that Lt ions promote
unfolding of the iFmotif without h indering the folding of the imotif.52 They suggest this
is due to the small ionic radius of L4 (0.7 A) which is small enough to fit between the
cytosine-cytosinet base pairs (1.8 &5) but does not have the ability to facilitate
cytosine base piring itself and hence disruptthe structure. Aside from these few
experiments, little has been done to look at the effect afations on imotif DNA.
Therefore, this topic hasbeen studied as part of his thesis and will be discussed in

detail in chapter 4.

1.3 Biological Significance

Recently, there has been increasing interest in the potential biological significance of
the i-motif. Due to the complimentarity of imotif forming sequences with G
quadruplex forming sequencesinitial research has so far looked at the telomeric and
oncogene promoter regions where uadruplexes have already been well
characterised. The results of some of these studies are described in this section and

show that the i-motif may have potential as a therapeutic target.
1.3.1 Telomeric Regions of Eukaryotic DNA

The telomeric regions of eukaryotic DNA are the repeating sequences of linear double
and single stranded DNA at the end of chromosomes and they are rich in guanine bases
wit h the repeat sequence 58(TTAGGG)-3'. They include a single stranded overhang

of the same sequence at the 3' end which is known to formdbiadruplexes>3 Normally

the telomeric DNA sequence is im complex with several proteins and forms a cap to
the chromosome which protects the DNA from degradation during cell division. This is
known as the telomere. InfagOEA OAT T 1 AOAO AAO 1 EEA A 00!
how many times the cell can dividé4 During each replication, a portion of the telomere

is lost, until eventually there is no telomere left and replication would damage the
coding DNAregion at which point senescenceés triggered. The enzyme telomerase is
able to regenerate the telomeric repeat regionin normal healthy cells, this enzyme is

switched off, conversely, in oveB5% of cancers telomerase is over expresset:5> This

8
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is one mechanism by whicltancer cellscan become immortal, enablinghem to divide

uncontrollably.

It has already been demonstrated thastabilisation of Gquadruplex structures inthe
human telomere can inhibit telomerase$ In fact, there are now a large humber of &
quadruplex binding ligands which are also potent telomerase inhibitors5’ The
complimentary strand of the human telomeric DNA sequence is rich in cytosine with
the ability to form an intramolecular i-motif structure and was one of the first
intramolecular i-motifs to be discovered® It has the sequence 58(CCCTAA)-3' and
forms a class | type of structure with short loop sequences consistingthie 3 TAA bases
that sit betweenthe repeating cytosine tracts, this is defined as a 3:3:3 loop topology.
Loop topology is the number of bases forming the loops between cytosine tracts for
example in figure 1.5, Rb has a loop topology of 2:4:2 whileB has a loop topology
of 8:5:7 VEGF and RET both have 2:3:2 loop topologies but different sequerrées.

Targeting of the human telomeric imotif has also been shown to inhibit telomerase
(figure 1.6).5° Using carboxytmodified single walled carbon nanotubes which bind
specifically to Fmotif structures, Xiaogang Qu and eworkers showed they were able
to inhibit telomerase and induce telomere uncapping, resulting in a DNA damage
response and apoptosis (8e section 1.3.2%° There are several proteins which have
been shown to bind to the &ich sequence of telomeic DNAhowever, it is not certain
whether these proteins are able & bind to the Fmotif structure or whether they only
bind to single stranded DNA©.61

y N A

| Telomerase & My I Telomerasel:l

L

4 y
. . —_ v - \‘«. _— -
Telomerase maintains
telomere length —— Telomerase

inhibited

o. Carboxyl-modified
3‘ overhang Single-Walled
Carbon Nanotubes

Figure 1.6: A schematic illustration of the binding of carboxybdified singlewalled
carbon nanotubes $WNT]9 to the human telomerig-motif and the resultant inhibition

of telomerase which may be as a result of correspondirgu@adruplex formation.
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1.3.2 GenePromoter Regions

One of the most well studied-motifs is that of the sequence within the promoter region
of the cMyc oncogene? This gene codes for a transcription factor with a variety of
different functions in the control of cell cycle pogression and cell growth3 Its
dysregulation is one of several characteristic hallmarks of cancer. TheMtyc promoter
region consists of seven nuclease hypersensitive elemerds NHEs. The NHE Iilis of
particular interest as this is responsible for approximately 90% of eMyc
transcription.®4 The NHE IlL is rich in cytosine bases and is therefore able to form an
i-motif structure, it is also in this Grich region that the transcription factor binding
sites for Sp1l and heterogeneous ribonucleoprotein K (hnRNP K) are fouftdThe ¢
Myc promoter i-motif has a relatively hidh transitional pH of 6.640 In vitro the sequence
forms an Fmotif with a 5:5:5 loop topology, neither class | or class |lutilising eight
cytosine base pair$2 (| x AOAOh , AOGOAT AA (601 AUdO coOi
conditions of negative superhelical stress, such as those generated during
transcription, the c-Myc i-motif can form at neutral pH with a class Il 6:2:6 loop
topology and only using €cytosine base pairg’? The reason for this is, as yet, unknown
but the presence of longer loops may provide additional stability or malge part of any

possible biological role of the imotif.

The P1 promoter of the Bcell ymphoma 2 (Bct2) oncogene has been shown to form a
stable imotif (pHT = 6.6) with a large 8:5:7 loop topology (class 1h9:65 Bcl-2 is over
expressed in many cancers and works to protect the cell against apoptoSfs”’
Interestingly, for the same reason BeR is under expressed in neurodegenerative
diseases such as AlzheihO8 O AT A OAOEET O1T 160 OAOO® OET
Laurence Hurley and ceworkers have studied the Bcl2 i-motif in detail and recently
showed that the rmotif structure is in fact in dynamic equilibrium with a hairpin
structure that is more flexible than the imotif (figure 1.7).69( O O1 AU6 O Cc Ol Ob
identified ligands which bind to the BI-2 i-motif and flexible hairpin structures using

a high throughput screen. They wehon to show thatstabilisation of the i-motif with

the ligand IMC-48 (see section 1.3.3) resulted in an increase in gene transcription,
conversely the hairpin ligandIMC-76 (see section 1.3.3) resulted in a decrease in gene
transcription. The effects on gne expression were seen at both the transcription level

and the translation level and is the first evidence for a possible biological function for
10
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the i-motif.8° This result is particularly interesting as it was previouslyhypothesised

that formation of the i-motif is likely to down regulate gene expression in a similar way

to G-quadruplexes by preventing the binding of transcription factors tothe single
strand. In fact, AOOAT AA (601 AusO ¢cOi Ob Al Ol EAAT ¢
(hnRNP LL) which binds to the two lower loops of the-motif and then unfolds the
structure to activate transcription (see section 1.2.3)% The hnRNP LL protein is
analogous to the hnRNP K protein which binds to the-klyc promoter and it hasnow
beenhypothesisedthat unlike the Gquadruplex, theil T OEAZ | AU AA AT O
gene transcription, acting as a scaffold to enable moréavourable binding of

transcription factors to the crich sequence.

RIC l

o0 SH 6.6 s s
€ —_— —
IMC-76 IMC-48

Increase in
Gene
Expression

Decrease in
Gene
Expression

Hairpin i-Motif

Figure 17: A schematidllustration to show the dynamic equilibrium between the i
motif structure and a flexible hairpin structure in the B& promoter region and the

effect of compoundBMC-48 and IMC-76 on gene expression.

Largely thanks to the work of Laurence Hurley and caorkers, c-Myc and Bcl2 are
the two most well studied promoter imotif sequences. Despite thighere is still a lot
of work needed to cement the -motif as a possible therapeutic target However, an
increasing number of tmotif forming gene promoter seqiences have been identified
and more are currently under investigation. These are most often in promoter regions

where the complimentary Gquadruplex structures have already beerharacterised

11
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A range of different tmotif forming sequences from promoterregions have been listed
in Table 1.1. Many such as retinoblastoma (R®),’2 vascular endothelial growth factor
(VEGF)?3 c-ki-ras,’ c-kit, 7576 n-Myc’” and RET® are part of promoters for oncogenes
which are over expressed in a variety of different cancers. The proximity of the
potential i-motif structures to important transcription start sites offers circumstantial
evidence for an involvement in gene expression and, even if they do not form natuyal
could be investigated as potential targets for ligands. Like-GQuadruplexes however,
the i-motif should not be considered as a solely cancer related target. The identification
of an rmotif forming sequence in the insulinrlinked polymorphic region (ILPR),28.79.80
and a possible imotif structure in the fragile X chromosome repeat sequenc¥,show
that the i-motif could be investigated in the context of other diseases such dmbetes

or fragile Xsyndrome.

Due to the complimentary nature of Guadruplex and imotif sequences, a logical
starting point to look for new i-motifs is in those pramoter regions where G
quadruplexes have already beercharacterised John Brazier and cavorkers have
started to do just this. They examinedhe cytosine rich strands of eKIT, cmyb, hTERT,
PDGFAandHIFp 4 h Al 1 1T £ xEEAE Aquaddplededin tAdir G E 1
strands 4! They showed that all of these sequences were able to foramiotifs at pH 5.0.
More interestingly, they showed that PDGRA and HIFp |  x AI®t# forfn unusually
stable imotifs even at pH 7.0 withTmd O 32larl 27°C respectively. This is surprising
as both these sequences form what would be described as classmatifs with short
1TT D OANOAT ARG O1T AAO (001 AUbThis dodsCdgdindt O

previous evidence whichsuggests that class II-motifs with longer loops are more

T~

stable° However, these particular sequences do havauch longer cytosine stretches

able to form up to 10 (PDGFRA) and 7 (HIFp 1 @ AUOI OET A AAOA bDPA
responsible for this extra stability. It is also not yet clear what the preise folding
topology of these imotifs are and depending on which cytosines are used for the core
i-motif structure, they may in fact have longer loops than expected, witthe loops
containing cytosinesor they may have long flankig regions at the 3' and' endswhich

could also have atabilising effect.

It has been shown that there are over 376,000 putative -Guadruplex forming
sequences in the human genom#&s3 with 43% of all gene and 69% of oncogene

promoters containing a possible Guadruplex84 It is conceivable therefore that there
12
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could be at least as many pative i-motif forming sequences. Howeverthe stability of

the i-motif is much more variable with length and composition of the sequence and no

precise folding rules have yet been formulated. The example of Btland of other

sequences that are able to fon multiple hairpin or i -motif structures adds another

layer of complexity to the possible biological role of the-motif. While Gquadruplexes

are generally favoured within shorter sequences forming compact structures, the

stability of longer looped imotifs and their possible dynamic nature indicates that-i

motifs may require longer sequences to form and it may be the case that there are i

motif forming sequences in regions where uadruplexes are less stable or their

formation is not possible at all.

Name 3 ANOAT AA vo o009
hTeloC  d(CCCTAACCCTAACCCTAACGCT)
Myc  d(CCCCACCTTCCCCACCCTCCCCACCCTCCCC)
Bck2  d(CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT)
Rb  d(GCCGCCCAAAACCCCCCG)
RET  d(CCGCCCCCGCCCCGCCCCGCCCCTA)
VEGFA  d(GACCCCGCCCCCGGCCCGCCCCGG)
ILPR  d(TGTCCCCACACCCCTGTCCCCACACCGCTGT)
ckitas  d(GCTCCCTCCCTCCCTCCTTCCCTCCCTCCC)
ckit  d(CCCTCCTCCCAGCGCCCACCCT)
n-Myc  d(ACCCCCTGCATCTGCATGCCCCCTCCCACCCCCT)
cmyb  d(TCCTCCTCCTCCTTCTCCTCCTCCTCCGTGTCCTCCTCCTCC)
hTERT  d(CCCCGCCCCGTCCCGACCCCTCCCGGGTCCAGGGCCCACCGGGCCCTCCCAGCCCCTC!
PDGFA  d(CCGCGCCCCTCCCCCGCCCCCGCCCCCGCCCCCCCCCCCCC)
HIFp 4 d(CGCGCTCCCGCCCCCTCTCCCCTCCCCGCGCGCCCGAGCGCGCCTCCGCCCTTGCCCG
cjun  d(TAACCCCCTCCCCCTCCCCCCTTTAAT)
Th(rat)y  d(TCTCGTCGCCCTCGCTCCATGCCCACCCCCGCCTCCCTCAGGCAC)

Table 1.1: Example sequences of differentotif structures forming within the human

genomewhich have been investigated in the literatureTeloC and ILPR are both

tandem repeat sequences.

1.3.3 i-Motif Binding Proteins

There are many proteins which are known to bind to @€ich DNA but it is often assumed

that this is either to the double strand or single strand. A protein has been identified in

HelLa cell extractswhich is specific for telomeric repeat equences and sequences with

13
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at least 4 cytosine tracts over other cytosine rich sequences in promoter regions and
d(C22).89 This is circumstantial evidence that theimotif may affect its binding, either
to promote or inhibit, however the binding of the protein has only been tested at pH
7.4 where the imotif is not expected to form. Guéron ando-workers have investigated
the binding of yeast proteins to the yeast tetrahymena sequence and vertebrate
telomeric sequences Bowing binding from pH 6 to 8 using an electrophoretic mobility
shift assay(EMSA 85 unfortunately binding across this pH range means it is not clear

whether the proteins bind to the rmotif, the single strand or both.

The first protein to be identified and characterised as binding to the-motif structure
itself, is the transcription factor hnRNP LL70 In their investigation of the Bct2 i-motif,
Hurley and co-workers used a pull down assay to identify proteins which bind to the
Bcl-2 i-motif. They identified 35 proteins, including 9 with a role in transcription.
hnRNP LL was of particular interest as it is paralog of the RNA binding protein hnRNP

L, havingfour DNA binding domains whichrecognisethe sequences CCCGC and CGCCC
which are found in loops 1 and 3 of the Be2 i-motif. The protein was shown to be
specific for rmotif over a mutant single strand by EMSAat pH 6.8. Surface plasmon
resonance was tha used to measure the binding affinity of the protein for both the Bel

2 i-motif and the Bcl2 single strand, showing that hnRNP LL had a much stronger
affinity (Ka = 19.4 pM) for the rmotif than for the single strand Kda = 69.8 pM). The
spacing of the CCGC sequences that arecognisedby the protein provides further
evidence thattheiil T OE&A EO OEA 1 AOOOAI OAOCAO 1T &£ E
to assess the binding of hnRNP LL to sequences with between 2 and 17 thymine bases
between the two recogition sequences. These experiments showed that a spacing of
13 bases resulted in the strongest binding, this is the same number of bases separating
the recognition sequences in the natural Be2 sequence. Using circular dichroism and
bromine footprinting, it has been shown that hnRNP LL works by binding to the two
lateral loops of the folded tmotif structure, it then unfolds the imotif within the
protein active site to enable transcription. The difference in footprinting patterns
showed that this unfolded form was not the same as the alternative hairpin structure
identified previously.”® Molecular population dynamics experiments were used to
show that on short time scales (60 s) the proteirfavoured binding to the i-motif
structure, whilst on longer time scales (180 s), binding to the single strand was

favoured.8é This supports the hypothesis that the function of the-motif structure is to
14
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act as a scdbld to present the recognition sequences of the protein in the most
kinetically favourable orientation for the protein to bind, after which the protein

unfolds the structure to the most thermodynamically stable singlestrand.

The identification of hnRNPLL is an important discovery in deciphering the possible
biological function of the rmotif. Is it possible that there are hnRNP type proteins or
similar which bind to all i-motifs activating transcription? hnRNP K is a transcription
factor which binds tothe Grich i-motif forming sequence of eMyc83 hnRNP K is very
similar to hnRNP LL butrecognisesCCCT and TCCC sequences with the same 13 base
separation which are found in l@ps 1 and 3 of the dvlyc i-motif.49.87 Hurley and
colleagues have hinted in their work on BeR, that they have seen similar results for
the hnRNP K/cMyc system, but this has not yet been published. However, hnRNP K
has also been shown to bind to telomericinotif forming sequences which also contain
repeats of CCCT but in this case these recognition sites are within the cytosine core
rather than the loop regions®! Lacroix et al. carried out experiments in the pH range
from 6 to 9.2 showing bindng of hnRNP K across this ranget Wwas not ascertainable
from their results whether hnRNP K bound to the single strand and hence unfolded i

i T OEZLA AO OE A whethex ik efePgd doCbind t® the i-motif and hence
stabilisedthei-i T OEA AO EECEAO DP(808 4EA AgAIi Bl A
probably binds to the imotif structure in c-Myc and unfolds it to activate transcription,
whilst in the telomeric region hnRNP K most likely only binds to the single strand.
Further investigation of this case could serve to strengthen the hypothesis that the i
motif in promoter regions can serve to activate transcription, whilst in telomeric

regions can serve to inhibit protein recognition and binding.

Although the discovery of hnRNP LL and other similar proteins suggests that the i
motif may have a natural biological function,this is still a subject that is dividing
opinion in the field and is a long way from being understoodviost recently, Kasturi
Banerjee and ceworkers have identified both Gquadruplex and Fmotif forming
seqguences in the promoter region of the tyrosia hydroxylase (Th) gene that ceinsides

with the binding site of hLnRNP K and they show that this protein activates transcription

of the genes® However, rather than agree i OE ( O0O1 AU O GGRABRKA OO
activates transcription through binding of the imotif, they suggest that formation of

the i-motif blocks the binding of hnRNP K and decreases transcription. They support
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this hypothesis by showing that the compoundTMPyP4 which binds to both G
quadruplex and imotif, has an inhibitory effect on transcription88 It is possible though,
that since the imotif is less stable than the &uadruplex under physiological
conditions, that TMPyP4 is only binding to the Gquadruplex in this case and that the
decrease in gene exmssion is soley through stabiliation of this structure. To fully
understand the role of the tmotif within the Th promoter, a more specific ligand will

be needed to deconvolute the possibly contrasting effects of the two structures.

Even if the imotif turns out not to have a natural role in biology, the fact that this
structure can form under certain conditions, should enable the-motif to be targeted
with small molecules to investigate itdiological effect. At the time of writing, there are
a very small number of imotif ligands in the literature, this is in stark comparison to
the Gquadruplex field where many ligandshave beenidentified.8 Despite this, it has
already been shown that an-motif specific ligand can inhibit telomerase?® whilst
ligands specific for Bcl2 can control gene expressiof? This suggests that the-motif
is a worthwhile target to investigate but a wider range of ligands is required. This is

one of the areas that will be investigied in this thesis.

1.4 Techniques for Investigating i -Motif z Ligand
Interactions

In order to discover new imotif binding ligands, a range of biophysical techniques are
required to identify and investigate any tmotif z ligand interaction. There arealready

a wide variety of experimental methods that have been developed to study ligand
interactions with duplex and Gquadruplex DNA2 However, the application of these
experiments to study the i-motif, poses its own difficulties. In vitro most i-motif
structures are only stable under acidic conditions, therefore to be certain that the
ligand is binding to the imotif structure, assays must be conducted under acidic
conditions. This can have auenching effect on the fluorescence of ligands or labels. It
can also have an effect on the solubility of the ligand and the charge of the ligand may
affect its ability to bind to the structure. Despite these potential problems, a number of
existing methods have been successfully applied to the study ofmotif ligand

interactions and these techniques will be utilised through out this research.
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1.4.1 UV Absorbance Spectroscopy

When irradiated, DNA absorbd ECEO A0 com 11 8 $GA OCWAAEE,
interactions, folded DNAabsorbs differently to unfolded DNA. It is therefore possible

to use UV absorbance to monitofolding or unfolding of the structure. Typically, the

motif shows an increase (hyperchromism) in absorbance at 260 nm and a decrease

(hypochromism) in absorbance at 295 nm when it unfold§!

UV absorbance can also be used to measure binding affinity for compounds interacting
with the i-motif. Many DNA bindingcompounds are UV active due to their planar,
aromatic structure. If these compounds absorb in a different region of the spectrum to
the DNA, then by titrating DNA into the sample and monitoring the change in
absorbance for the compound, a binding affinitgan be measured. This was put to good
effect by Laurence Hurley and cavorkers when they identified the first i-motif binding
compound, the porphyrin TMPyP#£2 They used the absorbance of TMPyP4 at 425 nm
which showed significant hypochromism (33%) upon addition of the sequence
d(AACCQC) as well as a bathochromic shift indicating a binding event. From this data
they were able to measure a binding affinity of 45 uN¢ The dsadvantage to this
method is that ligands which absorb in the same region as DNA cannot be assessed as
it is difficult to deconvolute the change in absorbance that is due to the ligand from that
which is due to the DNA.

1.4.2 UV Melting and UV Difference Spectroscopy

The difference in absorbance between folded and unfolded DNA can be used in
conjunction with a thermal peltier system to carry out DNA melting experiments. By
monitoring the change in absorbance at a particular wavelength (typically 295 nm for
the i-motif) with increasing temperature, the melting temperature of the DNA
structure can be measured which is used to describe the stability of the structuféBy
comparing mdting temperatures of different i-motif sequences, their relative
stabilities can be comparedf performed under the same conditions This was used
recently by John Brazier and colleagues in identifying stablemotifs in sequences
complimentary to known Gquadruplexes?! As well as measuring thermal stability

they also measured the change in UV absorbance with changing pH in order to measure
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the transitional pH (pHr) at which half the DNA is folded and half unfolded, identifying

two i-motifs (PDGFA and HIFp ;f Q x EOE O1 O Adsdrited i &Gign D (
1.3.241

As well as just snply monitoring the change in UV absorbance at a specific wavelength,
Mergny and coworkers have shown that by subtracting the complete UV spectrum of
the folded (low temperature) sample from the spectrum of the unfolded (high
temperature) sample, a new spctrum is generated which they term the thermal
difference spectrum (TDSY3 Mergny et al. carried out this experiment for a wide range

of different structures including AT duplex, GC duplex,-BNA, parallel stranded DNA,
GA DNA duplex, Hoogsteen base paired duple-motif, Gquadruplex and pyrimidine
triplex DNA. The data was taken between 220 and 330 nm, was normalised so that the
i AgeEi O 3! A0Gs8 E p AT A Al OOAAOGAA O1 3! AO8
absorbance at this wavelength. By testing aitiple different sequences which form the
same type of structure they were able to show a great deal of similarity between TDS
spectra of the same structure but clear differences between spectra of different

structures. They have therefore identified the thermatlifference spectrum as a useful

02] i-Motif

Normalised Change in Absorbance (A.U.)

¥ v T v T v T T
220 240 260 280 300 320
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Figure 1.8: UV thermal difference spectrum of human telomengatif at pH 5.5. High
(unfolded) T = 95°C, low (folded) T = 20°C. [DNA] = 2.5 uM, buffer = 10 mM sodium

cacodylateand 5 mM sodium chloride.
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diagnostic tool to identify the type of DNA structure present in solutiof3 The thermal
difference spectrum of imotif DNA (figure 1.8) gives a characteristic positive peak at
240 nm and a negative peak at 295 nm. Thermal difference spectra were used by Jun
Zhou and coworkers to demonstrate imotif formation at neutral pH.42 By taking the
difference between the UV spectrum at 4°C and at 25°C they generated a TDS spectrum
characteristic of the imotif. This, in combination with other experiments, showed that

at low temperature, Fmotif formation could occur at neutral pH#2

1.4.3 Fluorescence Emission Spectroscopy

Analogous to UV absorbancditrations, if the potential ligand has fluorescent
properties, then a binding affinity can be measured by fluorescence emission
spectroscopy. Fluorescaece occurs when a molecule in a singletxcited electronic
state, transitions back to the ground statereleasing energy in the form of ligh4 In
fluorescence titrations, the ligand is excited at a specific excitation wavelength that has
been pre-determined for the molecule. The caresponding emission is then monitored

at a separate emission wavelength as DNA is titrated into the sample. When the ligand
binds to the DNA a change irfluorescence occurs because thbinding effects the
electronic distribution of the ligand. This changein fluorescence can either be an
increase or a decrease depending on the fluorescence properties of the compound and
can depend on the conditions of the experiment such as buffer and pH. If all other
conditions are kept constant, the change in fluorescencean be assumed to be
dependent on the binding of the ligand to the DNA and can therefore be used to
determine binding affinities. The advantage of using this method over UV is that ligands
which absorb in the same UV region as DNA can still be tested. Hwer, the affinity of
ligands which are not fluorescent or do not become fluorescent upon binding cannot
be measured. The application of fluorescence spectroscopy to measure binding to the
i-motif poses its own problems due the effect of pH on fluoresceac The imotif
generally requires acidic conditions in order to formin vitro, typical experiments are
carried out at pH 5.5. wever, many ligands are no longer fluorescent at this pH due
to protonation of the compound, causing a change in the energy ldgeof the

chromophore.
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1.4.4 Forster Resonance Energy Transfer

Another method to use fluorescence spectroscopy is to attach fluorophores to the DNA.
This can enable the monitoring of ligands which are not fluorescent themselves. If two
different fluorophores are attachedto seperate partsof the DNA sequencéhat move
into close proximity upon folding, then the effect known as Forster resonance energy
transfer (FRET) can be exploited. FRET is a physical phenomenon where by the
fluorescence of one fluorophore(the donor) is transferred to a different fluorophore
(the acceptor) % The effect relies on there being a sufficient energy match between the
excited states of the two fluorophores, thigs called resonance. The energy transfer
occurs by a nornradiative mechanism that relies on a dipoledipole interaction
between the two fluorophores and is distance dependent, typically workingn the
range of10 - 80 A9 The efficiency of energy transfer Er) can be calculated from the
change in fluorescence of the donor (equation 1.1) or from the distance between the
two fluorophores (equation 1.2) and hence the change in fluorescenoéthe donor can
be directly related to the distance between the two fluorophore8§® This has already

been put to use in the study of guadruplex ligands for a number of yearg6.97

Equation 1.1: o p —

Equation 1.2: o —-

Where Er is the FRET efficiency}O'Qs the fluorescence intensity of the donor,O'Gs
the fluorescence of the donor in the absence of the acceptdris the distance between

the two fluorophores andRo is the Forster distance (E= 0.5).95

In 1999 Jan-Louis Mergny investigated the use of this technique to monitor the folding
of an intramolecular imotif.98 Using a dual labelled oligonucleotid with the donor
fluorophore FAM (6-carboxyfluorescein) attached to the 5 end and the acceptor
fluorophore TAMRA (6-carboxytetramethylrhodamine) attached to the 3' end (figure
1.9). When the DNA isinfolded, the two fluorophores are sufficiently far apartfor no
FRET to occur (> 10 nm) but when the DNA folds into themotif structure, the two
fluorophores are brought into close proximity, enabling energy transfer from FAM to

TAMRA, resulting in a reduction in the fluorescence signal of FAM. This meanstttiee
20



Chapter 1: Introdudion

folding or unfolding of the DNA can be monitored by measuring the change in
fluorescence of FAM at 515 nm (figure 1.10). This has been used recently by Laurence
Hurley and coworkers who screened a library of compounds and identified-motif
stabilising compounds by a decrease in fluorescence and destabilising compounds by
an increase in fluorescence though he used a different acceptor fluorophore called
black hole quencher (BHQ}?

o
b .

a) ,J b)
HO ‘ 0 ‘ OH N SN

Figure 1.9: Structures of a) donor fluorophoredarboxyfluorescein EAM) and b)

acceptor fluorophore écarboxytetramethylrhodamine TAMRA).

As well as lookingat folding as a result of ligands, the FRET effect can also be used to
measure a melting temperatureof the i-motif. Mergny showed that monitoring the
fluorescence of FAM with increasing temperature results in a sigmoidal curve from
which the melting temperature can be determined in an analogous way to UV melting
curves?1.98 Using this stratergy, Khondaker Rahman andoeworkers were able to
screen over 2000 compounds for interaction with the human telomeric guadruplex,
AAOGAA 11T OEAEO OOAAL MHsOrethde tan ald Ib &pplicok A |
discover i-motif ligands. This was used for the first time by Patrizia Alberti and co
workers to identify the i-motif binding compound BisA showing that BisA stabilised
the human telomeric imotif by +33°C at pH 6.8% This technique holds adantages
over UV melting in that, due to the high fluorescence intensity of FAM, experiments can
be carried out at much lower DNA and ligand concentrations and ligands which absorb
in the same UV region as DNA can also be asses3é@ disadvantage to thistechnique

is that the FRET effect alone does not prove thatmotif formation is occurring, only
that some form of folding is bringing the two fluorophores close together andmotif
formation specifically needs to be shown with a different technique suclas UV

difference or circular dichroism.

21



Chapter 1: Introdudion

pH,
Ligand,
Temperature
400 =
- 350 =
= 1 5
< 3004 =4
£ 250 €
g 2
= 1 @
P 200 o 3
g ] AF =
o 150 b
S 1004 g
= | s
50 =
0 T T T T T T r — T r y v .
500 520 540 560 580 600 620 640 660 30 40 T 50 80 70 80 90
m o
Wavelength (nm) Temperature (°C)

Figure 1.10 Anillustration of Forster resonance energy transfer used in FRET melting

and FRET titration experiments.

1.4.5 Qrcular Dichroism

Circular dichroism (CD) is the physical property of amptically active molecule where

it is able to absorb left and right circularlypolarised light differentially. A circularly
polarised wave is the result of combining two waves which are perpendicular to each
other and are out of phase by 90°. The summatiaf left and right circularly polarised
light results in a planepolarised light wavel0l By the naure of their different
glycosidic bond angles, different DNA secondary structures have different optical
activities and hence exhibit different circular dichroism. CD spectroscopy exploits this
property by measuring the CD signal of a sample (often quoted in molatigticity) with
changing wavelength. Tis gives a specific spectrum depending othe type of DNA
structure and hence can be used as a diagnostic tool to indicate which structure or
structures may be present in the sampl&2i-Motif DNA structure gives a characteristic
CD spectrum with a positive peak at 288 nm and a negative gde at 255 nm (figure
1.11) whereas single stranded DNA gives a spectrum with a positive peak at 275 nm
and a negative pak at 250 nm and is lessptically active, giving a weaker signal. CD

spectroscopy can therefore be used to monitor folding of single reinded DNA to +
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motif and vice versa as a result of changing pH, temperature or ligands. Ligands
interacting with the i-motif do not need to be optically active themselves, as a ligand
binds to the DNA, as well as possibly affecting the conformation of tlReNA structure,

the ligand itself can become optically active through the process of chirality transfer.
This results in a new induced CD signal (ICD). In much the same way as with UV and
fluorescence changes, by measuring the change in CD signal with afiag ligand

concentration, the data can be fitted to obtain a binding constant.

i-Motif

Molar Ellipticity (x 10° deg.cm®.dmol™)
o = N W
=

. ) v ) . L] v ] . 1
220 240 260 280 300 320
Wavelength (nm)

Figure 1.11: Example circular dichroism spectra of single stranded anwbiif DNA.
[DNA] = 10 uM, buffer = 5MM sodium cacodylate, pB.5 (rmotif) or pH 7.4 (SSDNA).

1.4.6 Surface Plasmon Resonance

SurfacePlasmon Resonance (SPR) is a very sensitive technique for measuring binding
affinities by monitoring binding to a target structure attached to a gold film. Usig
oligonucleotides labelled with Biotin (figure 1.12 at the 5' end of the sequence, the
DNA structure of interest (i.e. the4dmotif) can be attached to a streptavidin coated gold
chip due to the very high affinity of streptavidin for biotin (Ka ~0.01 pM).103 Laser light

is passed through a prism onto the underside of the gold at the correct angle to make
plasmons in the gold surface resonate, creating an interference band in the reflected

laser light which is detected. Running buffer continuously flows over the surface of the
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chip and different concentrations of compound are injected into the systemihen a
compound binds to the DNA, itreates a change in the refractive index in the solution
immediately above the gold surface. This affects the resonance of the gold plasmons
and in turn moves the position of the interference band within the reflected laser light.
This is what is measured as the SPR response (figure 1.13). This is a powerful technique
which can measure very hig binding affinities down to picomolar sensitivity. Binding
affinities can be obtained in two different ways. By testing a range of different ligand
concentrations in a titration experiment, and monitoring the response at equilibum
with ligand concentration, a binding curve can be produced and fitted with standard
equilibrium binding models.104 Alternatively the SPR sensorgram itself can be fitted

using a kinetics based model to obtain the association

0
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Figure 1.13 Schematic diagram of a surface plasmon resonance experiment.

24



Chapter 1: Introdudion

and dissociation rates, which can be used to obtain the equilibrium binding affinity.
This technique was used by Laurence Hurley and amorkers in their recent study of
the Bck2 i-motif. They used SPR to determine the strong binding affinity of the
transcription factor hnRNP LL measuring &4 of 19.4 pM at pH 6.59

Aside from measuring birding affinities, SPR has more frequently been used to monitor
folding and unfolding of the imotif under different conditions. Zhi-Xiong Zeng and
colleagues used SPR to indicatemotif formation in the human telomeric sequence as

it inhibited the binding of a single strand binding protein fromE. colil®> Hongwei Xia
and coworkers showed that the density at which the DNA sequence is grafted to the
chip is important, as higher densities prevent imotif formation due to crowding
effects1%6 Final | U 8 EAT CA Th@ve as@uBSBR 1§ mdnifbBinotif folding in a
DNA nanomachine driven by singlevalled carbon nanotubes which selectively induce
i-motif formation.107.108 Despite this though, SPR has not yet been used to measure the

affinity of a small molecule ligand for the imotif.

1.4.7 GelElectrophoresis

Gel electrophoresis can be used to distinguish between different DNA structures and
whether a small molecule, peptide or oligonucleotide sequence is bound to the target
sequence based on their different mobilities through the geP.10° This is often termed
an electrophoretic mobility shift assay (EMSAand is typically used to determine DNA
protein interactions.110 Small single stranded sequences are able to movedlugh the
gel more easily than folded structures. However, small more compact structures are
able to move through the gel more easily than bigger structures. Finally charged
sequences such as DNA will move through the gel more rapidly than neutral sequesice
due to the charge repulsion or attraction from the electrodes. As multiple DNA strands
come together to form a structure, or a protein, peptide or small molecule binds to the
DNA, a complex is formed with a higher molecular weight which therefore movesare
slowly through the gel. There can also be some chargeutralisation occurring as, for
example, a positively charged ligand binds to the negatively charged oligonucleotide.
This again has the effect of slowing down the movement of the sample through the gel.
In comparing gel results, it is important that the same controlample is present in one

of the lanes in each gel which will move consistently under the same conditions. By
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comparing the relative position of the bands to the control sample it can then be
determined whether a change has occurred. Gels can be imaged lpfescenceusing
fluorescently labelled oligonucleotide sequences or dyes, by UV using a dye such as
ethidium bromide to stain the gel or by radioactivity using32P-labelled DNA10 This
technique has been used in a number of studies to showniotif formation including at
neutral pH42 and formation of multiple different i-motifs in the cMyc promoter
sequenceb2 The EMSA has also been used to show binding of proteins tgich single

stranded DN/A0.61 and the Fmotif.70

1.5 Existing i -Motif Ligands

1.5.1 TMPyP4 and BisA

The first compound to be investigated as a potentiatmotif ligand was the porphyrin
5,10,15,20tetra-(N-methyl-4-pyridyl) -porphine  TMPyP4 (figure 1.14)9%2 This
compound is a known Gguadruplex ligand which has already ben shown to decrease
c-Myc expressiont1l inhibit telomerase andtumour growth.112 Hurley and coworkers
investigated TMPyP46 O ET OAOAAOQEI T xEOE OAITI1 AOEA
intermolecular i-motif d(CCCAAT) and d(AATCCQG)?2 They showed, using an
electrophoretic shift assay that not only did TMPyP4 bind to the i-motif but that it
promoted its formation at pH 4.5. Depite this, TMPyP4 had little effect on the melting
temperature of the H | OE TR <20%) and they measured a relatively weak
dissociation constant of 45 uM using UV titrationsSTMPyP4 has a stronger affinity for
G-quadruplex (K¢ = 0.5 uM) and duplex DNAKgd = 1.2 uM) in comparisort13 Finally
modelling experiments, indicated that TMPyP4 bound in a 2:1 stoichiometry by
stacking on the top and bottom of the four stranded structure. The affinity ofMPyP4
for i-motif may vary however, as its interaction with the intramolecular human
telomeric i-motif was assessed, giving Kq of 1 uM, but this result was calculated from
UV melting data so is not directly compariblé14 A similar sequence where adenines in
the loops were substituted with thymines was also studiedshowing a difference in
stoichiometry of binding between the mutant (1:2 and 1:1) and natural (just 1:1)
sequences. This suggests that the adenines in the loop regarthe difference between
the topology of the wo i-motif structures can alter the binding of TMPyP4. In their
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previous work on TMPyP4 with G-quadruplexes Laurence Hurley and ceworkers
showed thatTMPyP4 prefers to bind to intermolecular structures over intramolecular
structures promoting the formation of anaphase bridges down regulating gene
expression and inhibiing telomerasel11112 This may also be the case for-motif

structures, but is yet to be explored.

Figure 1.14 The structure of porphyrin 5,1083,20-tetra-(N-methyl-4-pyridyl) porphine,
TMPyPA4.

The macrocyclic acridine compoundisA (figure 1.15) was the first imotif interacting
compound to be identified using Forester resonance energy transfer (FRET) DNA
melting in 2001 as described in section 1.4.190In this example, they showed thaBisA
had a significantstabilising effect on both the human telomericil T OE £ A OTm D (
also shown to inhibit telomerase with an 1Go of 0.75 M but further explorations of
this ligand were focused on its interaction with other DNA structures. A more detailed
investigation of BisAG O E 1 O A O Andoti BN Alis discEs€eH in chapter 2.

® ©)

N X N
H2 _ H2
NH N HN
® ®

Figure 1.15 The structure of the macrocyclic acridingisA.
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1.5.2 Carboxyl-Modified Single -Walled Carbon Nanotubes

One of the most wellstudied and unusual imotif ligands is carboxytmodified single-
walled carbon nanotubes SWNTsfigure 1.16a). Investigations by Xiaogang Qu and €0
workers in 2006 used a wide range of experiments including FRET, CD, UV melting and
NMR to show that SWNTs could inhibit duplex formation and promote human
telomeric i-motif formation in conditions up to pH 8.0with a significant stabilisation
temperature of +22°C at pH 5.8%7 The carboxytmodified nanotubes were prepared
by sonicating the SYNTs in a mixture of concentrated sulfuric acid and nitric acid (3:1
vol/vol) so it is not clear how many acid groups are present on any single carbon
nanotubel1>This is a particular concern with respect to the pH sensitivity of themotif
structure but Quet al. state that the pH did not changen their experiments.197 Due to
their size (diameter = 1.1 nm97), Qu and ceworkers hypothesisedthat the SWNTs
bind in the 5' major groove of the imotif, enabling the carboxyl groups to reach into
the core of the structure and pick ugavourable interactions with the hemi-protonated
cytosine base pairs. Larger carboxymodified multi-walled carbon nanotubes
prepared in the same way, which are too big to fit into the major groove, were also
tested and shown not tostabilise the i-motif providing further evidence that it is more
than just the presence of acidic groups having an effe& Further studies by the group
showed that SWNTsaccelerated the S1 nuclease cleavage rate and that they are able
to promote i-motif formation at neutral pH under molecular crowding conditions
suggesting they may be able to have an efféotvivo116117- | OO OAAAT Ol Uh
group carried out an extensive study into the biological effects @WNTsbinding to
telomeric i-motif in cancer cells*® They showed thatSWNTSs which are specific for
motif over other DNA structures, are able to inhibit the activity of telomerase (figure
1.6), resulting in DNA damage response, displacement of telomere binding proteins,
telomere uncapping, cellcycle arrest and finally apoptosis. They showed this botim
vitro with an ICsp of 0.27 + 0.02 pg.mit and in living K562 and HeLa cancer cells with
an 1Go of 10.2 £ 0.8 and 7.5 £ 0.45 pg.niLrespectively. They were able to show that
the SWNTsaccumulated in the telomeric regions of nuclear DNA using fluorescently
labelled analogues, which cdocalisedwith a marker for interphase telomeres TRF®?
What is not yet clear is whetler the resultant telomerase inhibition is due to formation
of the i-motif directly, or due to the fact that formation of the imotif and destabilisation

of the duplex will result in concomitant Gquadruplex formation, which is already
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shown to inhibit telomerasell® Qu and ceworkers suggest that this may well be the

case.

HOOC COOH

Figure 1.186 lllustrative structures of a) carboxymodified singlewalled carbon

nanotubes SWNTs b) carboxydimodified graphene quantum dot$&QDs

Carboxytmodified graphene quantum dots (GQDs figure 1.16 b) have also been
investigated as a logical extension of work oSWNTs!1® These were also shown to
both stabilise and promote i-motif formation at up to pH 8.0 by end stacking
interactions with the loops. This was shown for both telomeric and -8lyc i-motif
sequences with stabilisation of +20 °C and +16 °C respectively, dependent on
concentration, but again the precisenumber of carboxyl groups on eaclfGQDis not

certain so maintaining pH is an important consideratiornt20

1.5.3 Bcl-2 Specific Ligands

Two of the most promising ligands for deciphering a potential biological function for
the i-motif are the compoundsIMC-48 and IMC-76 (figure 1.17) which were identified
by Laurence Hurley and cenorkers in 2014.%% Having already shown that the BeP i-
motif forming sequence is in dynamic equilibrium between the-motif structure and a
flexible hairpin structure, they used a FRET based high throhgut screen to screen
the National Cancer Institute (NCI) Diversity set of 1990 compounds for interaction
with Bcl-2 i-motif based on changes in fluorescence at pH 5.BAC-48 showed a
decrease in fluorescence and was hence identified as amotif stabilising compound,
whereasIMC-76 showed an increase in fluorescence and hence was identified as an i

motif destabilising compound. In FRET studies, the two compounds were shown to be
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very specific for the Bcl2 i-motif sequence in comparison to a Be2 mutant sequence,
the ¢Myc i-motif, the VEGF -motif, the Bct2 Gquadruplex and the Bck2 duplex
sequence. Some changes in fluorescence were seen for the VE@GTotif but both
compounds were found to have stronger affinities for Be2 (IMC-48 Kq = 0.49 uM]MC-
76 Kq=1.01 pM)than VEGF [MC-48: Ka = 4.7 uM]MC-76: Ka = 5.73 uM). NMR studies
showed that IMC-48 favoured the formation of i-motif structure while IMC-76
favoured the formation of the hairpin structure. This was confirmed by circular
dichroism and bromine footprinting experiments. The NMR also showed that the two

compounds were antagonistic towards one another.

Figure 1.17: The structures of the B& specific ligands a)MC-48 and b) IMC-76.

IMC-48 did not bind to the c¢Myc i-motif, however, when the eMyc sequence was
mutated so that the central loop had the sameegjuence as BeR, binding did occur.
This demonstrated that the central loop is the binding site folMC-48. Mutations to the
Bcl-2 lateral loops also did not affectiMC-48 binding. As well asthe observed
structural antagonistic effects,IMC-48 and IMC-76 also had opposite effects on B&
gene expression. It has previously beehypothesised that, like the Gquadruplex,
stabilisation of the i-i T OE£L OOOOAOOOA x1I O1I A AAO AO
i AAEET Aouse AT A EAT AA OA OGiorOlIn Eohtrash, HildyAa@A A O
co-workers showed that treatment with IMC-48 actually increased Bcl2 gene
expression wherea IMG76, favouring the hairpin, decreased gene expression. This
effect was seen both at the level of transcription and translation, ith the antagonistic
relationship between IMC-48 and IMC-76 also apparent. As discussed earlier, these
effects on gene expression were shown to be due to the presence of a transcription
factor, hnRNP LL, which binds specifically to themotif and unfolds the structure in
order to activate transcription.”® Importantly, by binding to the central loop of the
motif, IMC-48 does not interfere with the binding mode of hnRNP LL and increases

gene expression by increasing the amount ofmotif available for hLnRNP LL to bind to.
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Conversely,IMC-76 decreases geneexpression by reducing the amount of-motif
structure available for hnRNP LL to bind. Molecular population dynamics experiments
showed thatIMC-48 favoured the Fmotif structure over short time periods (60 s) but
over longer periods (180 s) favoured unfatling of the structure to the single strancP
This is similar to the effect of hnRNP LL (segection 1.3.3) and indicates thatMC-48
may have an activating effect on transcription of its own through unfolding of the i
motif after binding. ( O O1 drdud also testedfour smaller compounds (figure 1.18)
where the positively charged piperidine unit was kept constant and the amide linked
group was varied® Each of these compounds were shown tstabilise the i-motif by
FRET whilstIMC-42 was also tested for its effect on Be® expression and shown to
increase expression o a level comparable withiIMC-48 in MCF7 cells. This suggests it
Is the positively charged piperidine that is important instabilising the i-motif, most
likely through interactions with the negative phosphate backbone, whilst the rest of

the molecule birds to the central loop through Van dr Waals and stacking interactions.

0,0 G0

7664621 7674303
G L Qs
H H
5807642 5348047
(IMC-42)

Figure 1.18 The structures of Be2 binding piperidine derivatives includingMC-42.

Finally, Hurley and coeworkers demonstrated, that in cells resistant to the
chemotherapy drugs etoposide (B95.8 cells) and cyclophosphamide (GRANBA9
cells), codosing with IMC-76 caused chemosensitisation to the drugs as a result of
reduced Bct2 expression. Caspase activity was monitored as a marker for apoptosis
resulting in a 2.5fold and a 1.9fold increase in each cas&! The antagonistic effect of
IMC-48 was also apparent as whetMC-76 and IMC-48 were used in a 1:1 ratio with
cyclophosphamide the chemosensitisation did not occur. Chemosensitisation to
etoposide was also observedn vivo in a resistant lymphoma seere combined
immunodeficient (SCID) mouse model with  GRANFB19 lymphoma xenografts.

Treatment with 6 7 8 mg/kg of IMC-76 resulted in a 20% decrease in Be2 mRNA level
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and a greater 48% decrease at a dose of 10 mg/kg. This was also observed at the
protein level. Cetreatment of the mice with 10 mg/kg of IMC-76 and etoposide

resulted in a 65% inhibition of tumour growth.
1.5.4 Other i-Motif Ligands

There are very few other imotif ligands of note and most have not been investigated
to the same extent as thosealiscussed previously. In most cases they show weak
affinities for the i-motif and poor selectivity over other DNA structure types. For
example the phenanthroline derivatives figure 1.19) have each been shown to be
mildly stabilising ofthei-il T OE /& A O TwA EWEAIthEL) eqj ofligand) with
binding affinities of 4 z 8 pM122 However they have stronger affinity for G
quadruplexes Kda = 1.67 2.5 uM) and slightly weaker affinity for double stranded DNA
(Ka=6.7712 uM).

o e b Ak
g o

Figure 1.19 The structures of the phenanthroline derivatives.

The neomycin -perylene conjugate figure 1.20) showed some degree of affinity for
the i-motif in competition dialysis experiments, measuring a bound concentration of
~1.2 uM which was stronger than other Guadruplexes and duplex tested (~0.2 uM
bound concentraion) but weaker than for telomeric Gquadruplex (~4 uM bound

concentration).123 However these experiments were all carried out at pH 7 where the
i-motif is normally unfolded so it may be that the observed affinity is for the single

strand rather than the irmotif structure itself.
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Figure 1.20 The structure of theaeomycin-perylene conjugate.

Crystal violet (figure 1.21) has been investigated as anmotif ligand by several groups
due to its fluorescent properties upon binding to DNA secondary structures. While
crystal violet had previously been shown to bind to &uadruplex DNA and tafavour
G-quadruplex over double stranded and single stranded DN}&# it had not been
studied as a potential imotif ligand until 2011 when ChungLang Leung and ce
workers developed a DNAbased OR Igic gatel25 Using UV titrations they were able to
measure relatively strong binding affinities forcrystal violet with a model 29 base
sequence d(€T3)3Gs (Kd = 0.83 uM), a 21 bassequenced(CsT3)3G (Ka = 1.4 uM) and
a 17 basesequenced(CT3)3C (Ka = 1.3uM). This shows a trend in affinity consistent
with the trend in i-motif stability of the sequences however, all of these affinities are
significantly stronger than the affinity ofcrystal violet for the comparable 28 base and
21 base Gguadruplex sequences withKib O 1T &£ vo A- AT A cy A-
molecular docking experiments they suggest that crystal violet binds to the simplified
intermolecular i-motif (ACCCT) via end stacking interactions wth a binding energy of
-38.44 kcal.motl.125 More recently, the binding ofcrystal violet to i-motif DNA and its
subsequent increase in fluorescence has beenilised by Zhouet al. as a probe for a
NOTIF lodc gate, consisting of a @uadruplex and Fmotif within the same strand 126

and by Zhanget al. as a probe for a surface based electrochemical ysitch.127
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Figure 1.21 The structure of crystal violeCV.
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Complexes of terbium and ruthenium figure 1.22), which areknown G-quadruplex
ligands, have been investigated as potentialmotif ligands. The amino acid complexes
[Tb2(pL-Cys)(H20)8]Cl2 and [Tbz(pL-HVal)4(H20)g]Cls were shown to bind to
telomeric i-motif at pH 5.5 with comparable affinity K¢ = 22 pM and 30 puM
respectively) to the telomeric Gquadruplex at pH 7.1 Ka = 26 uM and 23 uM
respectively)1286 However, neither complex wasable to stabilise the structures,
showing a small decrease in melting temperature for both theli T O ETA= -@) 5RC and
ruthenium complexes [Ru(bpy) 2(dppz)] 2+ and [Ru(phen) 2(dppz)] 2+ are slightly
more promising as they have stronger affinities than the terbium complexed<{ = 5.6
MM and 1.5 pM respectively) and do natestabilisethe i-motif structure.129.130 However
they are still not specific. [Ru(bpy) 2(dppz)] 2+ has a stronger affinity for the G-
quadruplex (Ka = 0.7 uM vs. 5.6 uM) whildRu(phen) 2(dppz)] 2+ has a comparable
affinity for the G-quadruplex (Kda = 2.1 pM vs. 1.5 uM) all at pH 5.5. However their
increase in fluorescence signal upon binding enable their potential use agdight switch

for G-quadruplex and imotif structures.130

HZOI/II/, IIIIIIIIIIII
Hzo// O 07 \\OHz N
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b
[Tb,(p.-HVal),(H,0)g]Cl.2H,0 [Ru(phen),dppz]**

Figure 1.22:The structures of terbium and ruthenium complexes.

Pyrene or pyrene derivatives may also have potential asmotif ligands. So far they
have not been investigated as free ligands but they havy®een examined as part of
covalent modifications to the tmotif structure. Modification of a terminal adenire base
with pyrene (figure 1.23a) for use as a switch off fluorescent probdor i-motif

formation resulted in a stabilisation T £ OEA O DOOAODCEA Fupther

modification of a terminal adenine and a central loop adenine in a dimeric seques,
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resulting in incorporation of 4 pyrene units into the imotif structure, gave an even
greater stabilisation of +23.5°C at pH 5.832 However, incorporation of the pyrene
modified adenine baseinto the central loop of an intramolecular tmotif resulted in a
destabilising A £ /AATA ©-8.9°®) indicating that stacking on the terminal end of the i
motif is preferable to incorporation inside the small central loop of this sequencés3
These results have been supported bynvestigations of other groupsalso showing
stabilising effects of terminal modifications anddestabilising effects of central loop
modifications. For example, incorporation of the yrene intercalator TINA (figure
1.23b) at the 3 different positions of the central loop of the telomeric-motif resulted

in destabilisation of the structure at pH 5.2 3m =-4.5°C t0-8°C) but very little change
AO P ( TrE®C toj13)134 Finally, a dual pyrene labelled dVlyc sequence (figure
1.23 c) was bothstabilised and destabilised depending on pH and whether an extra
base was incorporatedt3> For the sequence with an additional adenine base, the
terminal pyrenes had adestabilisingA £A£ZAA O A OTml=F65K @t pB 5.0piit 2
stabilising A EEAAO A0 TmECGESIC abgH 7j0)3 Whereas, without an
additional base, the sequence wastabilisedAO AT OHm =b+(.HC 4t pH 5.0 and
+7.1°C at pH 7.0}35

5'-DNAQ O DNA-3'

C) -Ol HO
0—P-0—(CCCCACCCT),CCCC—O0

1
/_/_/_/ ’

O O ) () O

Figure 1.23 The structures of a) pyrene modified adosinep) the pyrene intercalator

TINA, c) the pyrene labelled-Myc sequence.
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1.6 Challenges in i-Motif R esearch

In summary, the imotif is an alternative DNA secondary structure which can fornm
vitro in sequences complimentary to the Guadruplex, in telomericregions and close
to transcription start sites with a variety of different topologies depending on the
length and composition of the sequenc& However, due to the instability of the
structure and its reliance on acidic pH to fornin vitro, there is still a lot of doubt as to
whether the structure is physiologically relevant and therefore the potential blogical
application of the Fmotif has had very little investigation. Work by the groups of
Xiaogang Q6P and Laurence Hurley® have begun to relate some biological effects of
telomerase inhibition and control of gene expression to-motif binding compounds,
suggesting that at least in these special casethe i-motif is a potential drug target and
it is worthy of further investigation. As described in section 1.5, there are relatively few
i-motif ligands in the literature and most are not specific, unlike the @Quadruplex for
which there have been many ligands identi&d.8°® So, in order to study the imotif in

more detail, a better chemical toolbox of ligands is needed.

As Laurence Hurley and cavorkers have shown for Bci2 89 the i-motif may turn out
to be quite a dynamic structure, in equilibrium with other structures and factors that
may affect rmotif stability and this equilibrium, such as the presence of cations, also
need to be investigated. As described in section 1.4 there are a variety e€hniques
available which have been used extensively in the -Guadruplex field and are now
being used to study the imotif. However, applying these techniques to the-mnotif
introduces its own challenges with factors such as fluorescence and solubility thare

strongly affected by pH.

1.7 Aims and Objectives

The aim of this project is to investigate the effect of both small molecules and cations
on the structure and stability of Frmotif DNA. This is in order to identify new imotif
binding ligands which canstabilise the structure and to look at how different cationic
conditions may affect motif formation. The overall objective is to dscover a range of

tools that couldbe used to investigate the chemical biology ofmotif structures.

36



Chapter 1: Introdudion

This work will be carried out in 3 stages described in this thesis. First in chapter 2, the
existing i-motif stabilising ligand, BisA 1% is examined in detail using a variety of
AEI PEUOEAAT OAAETENOAO OEAO EAOA 110 DOA
interaction with the i-motif. This is in order for it to be used as a positive control when
looking for new i-motif ligands. In chapter3, a library of 960 compounds are screened
using a FRET melting assay, for interaction with themotif based on their ability to
stabilise or destabilise the DNA. The purpose of this screen is to discover newotif
binding compounds. Because there areosfew i-motif ligands in the literature, a very
diverse library is used to include a wide variety of structure types and chemical
properties. Finally in chapter 4, the same screening methodology is applied to look at
the effect of different cations on imotif forming sequences both at acidic and neutral
pH to see what effect they have on the stability of the structure. Some small studies
have been carried out previousl§9252 but this is expanded in this thess to include other

physiologically relevant cations not previously investigated.
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Chapter 2: Characterisation of the i -Motif Binding
Compound BisA
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Chapter 2: Characterisation of the-Motif Binding Compound BisA

2.1 Introduction

2.1.1 BisAis a known DNA binding compound

The bisacridine macrocycleBisA (figure 1.15) was first synthesised by MariePaule
Teulade-Fichou in Jear AOEA |, AET 8 O 13CThé ¢bdbp werde papticutanly 8
interested in BisA for its fluorescence properties and developed the compound as a
tool for the selective molecular recognition of mcleosides and nucleotides. The stacked
planar structure of the molecule gave sufficient space between the two acridine units
(7 A137) to allow it to intercalate with a nucleoside or nu¢eotide base resulting in a

change in fluorescence and effectively forming a receptor for these molecules.

Using fluorescence titrations, they showed that the fluorescence dBiSA was
significantly enhanced by 70z 130% in the presence of pyrimidine bass, while in the
presence of purine bases the fluorescence &isA was quenched by 70z 80%. This
change in fluorescence was consistent with both adenine and guanine vs cytosine and
uracil. They also tested the nucleoside as well as the nucleotide mendli- and tri-
phosphates showing the same enhancement or quenching of the fluorescence in all

cases.

After this initial work, the group moved on to investigate the interaction oBisA with
hairpin DNA structures138.139They showed thatBisA had a high binding affinity for the
hairpin sequence d(GCGAAACGC) and selectively stabilised the hairpin structure over
the alternative bulged duplex structure. On@mparing the fluorescence spectra dBisA
bound to the hairpin with the spectra of BisA in the presence of single stranded
adenine sequencesdAs and dAo) as well as adenine monophosphate (AMP) they
I AOAOOAA Q&AL +Drn). Ahey therefore conalded that the binding site of
BisA was the central adenine loop region with the most central adenine likely to be
intercalating between the two acridine units of the structurel3 Using polyacrylamide
gel electrophoresis where the duplex and hairpin structures are clearly visible as
separate bands, they were able to show that increasing amounts BfsA actively
shifted the equilibrium from duplex to hairpin structures.’3® However, they also

showed that higher concentrations oBisA (>25 uM) did cause aggregation of the DNA.
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This was seen in gel experiments where, at lowdisA concentrations, theyobserved
a 1:1 DNABIisA complex which moved freely through the gel, whereas at highd3isA
concentrations, aggregation was indicated by bands not migrating from the well and a

smearing effect of the bands that did migraté3®

In 1998 JeanMarie Lehnand coworkers, exploited the preference oBisA for single
stranded DNA over double stranded DNA to show th&isA could be used for selective
photocleavage of circular single stranded DNA in the presence of supercoiled circular
double stranded DNAL40 Meanwhile, control experiments with MonoA (figure 2.1)
showed equal cleavage of both single and double stranded DNA sequences. Soon after,
the group showed that while BisA preferentially cleaved single stranded DNA over
normal double stranded DNA, it could in fact be used to cleave duplex DNA containing
abasic sitest4! They showed thatBisA formed a 1:1 complex with an abas site
containing duplex and thatBisA stabilisesd OE E O O A f.G-AL4ACA The dinding
site was confirmed by NMR studies showing that one acridine unit intercalated
between the adjacent base pair, while the other acridine unit resided in the pocket
created by the abasic sité42 BisA is also able to destabilise duplex DNA, promoting the
disassociation of the DNA into separate strargd The strong binding affinity oBisA for
single stranded DNA then enable®BisA to effectively compete with single strand
binding (SSB) proteinst43

\/\N AN N/\/
H _ H
N

Figure 2.1: Structure ofhe monoacridineMonoA.

Finally in their most recent work onBisA, Marie-Paule TeuladeFichou and ceworkers
have investigated the interaction ofBisA with mismatched base pairs in duplex
DNA137.144.145 BijsA was tested with 17 base pair duplexes containing a central TT, TC
or TG mismatch ad compared to the matched TA containing duplex. As expected, the
introduction of a mismatched base pair destabilised the duplex and the effect was more
pronounced with TT and TC mispairs, compared to a TG mipair. Addition of up to 2
equivalents of BisA stabilised the mismatched duplexes by up to 7.1°C, restoring the

stability almost back to that of the matched sequence. ConversdbysA had no effect
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on the stability of the matched duplex, indicating a selectivity for mismatch containing
DNA. The moneacidine control compound showed no such selectivity, imparting a

Ol ECEO OOAAEI EOAOQEIT 11 Al OETn=R6Z2BIH* AT A
By looking at the effect ofBisA on permanganate oxidation of thymine in the
mismatched duplexes, they also suggested that binding BisA to the mismatched base

pair results in base flipping of the thymine base out of the double strand into an
extrahelical position, where it is more readily oxidised. This mimicked the effect of base
modifying enzymes such as glycosylases and methyltransfe@s144 This was later
confirmed by electrospray ionsation mass spectrometry studies (ESMS), which
showed that BisA had a much higher affinity for mismatch sequence«{ = 0.5, 0.55

and 3.1 uM for TT, TC and TG respectively) over the matched sequente<10 uM)137

2.1.2 BisA stabilises i -motif and G -quadruplex structures

In the course of their investigations on the DNA binding properties disA JeanMarie
Lehn and ceworkers examined the interaction ofBisA with G-quadruplex and imotif
DNA structures, assessing its potential as an inhibitor of telomerasé? In collaboration
with JeanLouis Mergny, a pioneer in the use of FRET to study theniotif,%8 they were
the first group to identify an imotif stabilising ligand using this technique. Initially
they carried out FRET melting experiments with the human telomeric Quadruplex
sequence (F21GT: FAM'-d(GGGTTAGGGTTAGGEEGGR'-TAMRA) and the
complimentary  human  telomeric  imotif  sequence  (F21CT: FAM
d(CCCTAACCCTAACCCTAAGTAMRA). Comparind@gisA and MonoA they measured
significant stabilisation of both Gquadruplex and H T O ET#& = #156°C and +33°C
respectively) for BisA while MonoA showed no significant change in melting

temperature for either structure.100

UV asorbance spectra foBisA showed a hypochromic affect at 360 nm upon addition
of 21G (24%) or 21C (13%) which they took as indication of a bindingvent. The
spectrum of MonoA also showed some hypochromism suggesting that although
MonoA did not stabilise either Gquadruplex or i-motif structures, it may still weakly
bind. This was confirmed by fluorescence titrations oMonoA, which indicated a weak
binding affinity lower than 108 M-1 but was not determined exactly due to weak signal

variations. The affinity of BisA for i-motif or G-quadruplex was not determined.
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Equilibrium dialysis experiments were carried out to show the speificity of BisA for i-
motif and G-quadruplex structures over other types of DNA and RNA structure. In this
experiment, 19 different nucleic acid sequences/structures are placed in separate
dialysis tubes inside a common ligand solution. This enables thigand to move freely
under the same buffer conditions and bind to multiple different structures. Once
equilibrium has been reached after 24 hours, the concentration of bound ligand is
measured by UWis spectroscopy to give an idea of specificié Alberti and co
workers measured higher bound concentrations forBisA with 3 different G-
quadruplex sequences and the-motif forming sequence pdy d(C)s,in comparison to
duplex DNA, ZDNA, single stranded DNA, triplex DNA and triplex RNA. Howeyer
caution should be taken in interpreting these results as in order to have all structures
present in the same conditions, the equilibrium dialysis expeéments were carried out
at pH 7.0. At this pH the -motif is not expected to form so the measured bound

concentration is almost certainly for the single strand rather than the-motif structure.

The effect ofBisA on duplex formation, as described in seain 2.1.1, has preiously
been investigated butfor a different sequence4s In this study the effect ofBisA on the
telomeric double stranded sequence was assessed. F21GT in itsgu@adruplex
structure was titrated with the complimentary sequence 21C and the increase in
fluorescence of FAM upon uadruplex unfolding and strand hybridisation was
monitored over time with and without BisA. These experiments showed thaBisA is
able to inhibit duplex formation by stabilising the Gquadruplex structure. Conversely,
the control compoundMonoA had no effect on duplex formation. Finally, the ability of
BisA to inhibit telomerase was assessed in a modified TRAP assdy.The telomeric
repeat amplification protocol (TRAP) assesses the ability of the telomerase enzyme to
synthesise telomeric DNA by using the polymerase chain reaction (PCR) to amplify the
telomeric product sequencel4® Inhibition of telomerase can then be observed by a
reduction in the PCR products however, the compound must also be assessed for
inhibition of the Taq polymerase enzyme used in the PCR reaction as a control. Alberti
and coworkers showed thatBisA inhibited telomerase with an 1Go of 0.75 uM, whilst
MonoA did not (ICso >> 10 uM).BisA had a weaker inhibition of Taq polymerase (16

= 2.6 UM) measured at four times the concentration dBisA needed for telomerase
inhibition indicating that the observed result was not due to interaction with Taq

polymerase100
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2.1.3 Aims and Objectives

Despite the imotif field now rapidly growi ng, there are still very few tmotif ligands in
the literature and there isno obvious trend as to what constitutes a goodinotif ligand.
There have also been no other compounds assessed amatif binding ligands with a
similar type of structure to BisA. In this chapter, BisA is synthesisedwith the aim of
fully characterising in detail the effect oBisA on the i-motif structure.In previous work

on BisA, aher experiments such as fluorescence emission spectroscopy and
polyacrylamide gel electrophoresis lave been used to studyOEA AT i b1 OI
interaction with hairpin DNA but not the i-motif, as they have been appliedn this
chapter. As a comparison the compoundonoA, which has been used as a control
throughout the previous work onBisA, has beerested. This will indicate whether it is
simply the acridine unit that has an effect or whether there is something in particular

about the BisA structure that enables its interaction with i-motif DNA.

2.2 Synthesis of BisA and MonoA

As mentioned in section 2.1.1BisA was first synthesised by MariePaule Teulade
Fichou in 1995 (Scheme 2.1)36 This procedure was used as a starting point for the
synthesis of BisA. T h-Diiethyldiphenyl-2-carboxylic acid 3 was prepared from 2
amino-5-methylbenzoic acid and parabromotoluene which are both commercially
available. In Teulade& EAET 06 O mi® wds Ated &ydlised 10 Xhloro-2,7-
dimethylacridine 4 and dechlorinated by hydrogenation to give 2,tlimethylacridine
5. However, attempts to follow this routefailed at this stage asydrogenation of4 did
not produce any product. This is because the cyclisation reaction did not give the 9
chloro-2,7-dimethylacridine 4 but instead produced the 2,7dimethylacridone 8. It has
previously been shown that acridones are effectively reducedsing borane THF
complex to give the acridane and then rexidised to provide the desired acridinel4?
Therefore, thet h-dinGethyldiphenyl-2-carboxylic acid 3 was cyclised by heating to
reflux in concentrated sulfuric acid and the resultant novel 2 -dimethylacridone 8 was
reduced to the novel 2,7dimethylacridane 9 and re-oxidised to the desired 2,7

dimethylacridine 5 (scheme 2.2) The methyl groups were oxidised to aldehyde§ and

43



Chapter 2: Characterisation of the-Motif Binding Compound BisA

the final product 1 was formed by reductive amination with the diethylenetriamine
linker via the imine 7 following Teuladee& EAET 08 O (dwr@mef2A A OO A

Cu/Cul, K2CO3,
n-pentanol,

H3C CO,H CH; 150°C5h
0,
: :NHZ Br i 62%

CO,H

-« W IZ

80% POCIs,
° | reflux 3 h
i) H, Raney Ni,
Ethanol Cl
H3C O \ CH3 ii) FeCI3 H3C O \ CH3
-
~ 0, ~
N 88% N

SeOz,
76% | naphthalene,

o .
2007C 30 min diethylenetriamine, N ~ X SN
DCM/MeOH
OHC O \ CHO 15 h
—
6 =\

”

NaBH4, MeOH,
0°C 3 h,
HCl/ethanol

Z
( N
HN

NH

( )

Scheme 2.1: The synthesisBi$A outlined by MariePaule TeuladeFichoul36

58%
over two steps
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O BH5-THF, FeCls, H,0, EtOH,

N 63% 96% NG

H

8 9 5
Scheme 2.2: Formation of acridines from acridonessng boraneTHFcomplex149

2.2.1 SyntheOE O I-dimetnyldiph@nyl -2-carboxylic acid (3)

The first step in the synthesis oBisA was carried out using a copper catalysed Ullmann
condensation reaction to couple Zamino-5-methylbenzoic acid top-bromotoluene to

D O1 A O AdimethyiidipHenyl-2-carboxylic add 3.136 The starting materials were
heated to refluxat 150°C in npentanol with 1 equivalent of potassium carbonate base
and catalytic amounts of copper and copper iodide. The crude product was purified by
crystallisation from ethanol giving 64% vyield fron 4 crops and characterised byH

NMR.

CU/CU', KzCO3,
n-pentanol,

HsC CO,H CHs; 150 °C 5h
T o —
NH, Br 64%

BAEAT A ¢8xdqd 4 EdmetByltliph@riyR-Caboxylit a&d g).h ¢ 6

The 'H NMR was carried out in deuterated chloroform and showed a broad singlet at
9.05 ppm corresponding to the NH proton. The seven amwatic protons were shown in

2 multiplet peaks, the most downfield at 7.82 ppm representing one proton at position
3, with the multiplet at 7.12 ppm representing the other 6 protons. The two methyl
groups are represented by separate singlet peaks at 2.35 &n2.26 ppm. This
corresponded satisfactorily with the published NMR data36

The exact mechanism of the Ullmann condensation reaction still has not been fully
elucidated. In their review in 2010, Elena Sperotto and colleagues discuss the different
proposals in theliterature. 150 Generally, it is thought that the reaction proceedsgia one
of two routes which differ in the order of when oxidative addition and transmetallation

occur (illustrated in schemes 2.4 an@.5). In the first pathway (scheme 2.4)pxidative
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addition of the copper catalyst to the €Br bond of p-bromotoluene occurs first. The
amine group, is then able tsubstitute for the bromine at the copper catalystreleasing
hydrogen bromide. Finally a eductive elimination completes the coupling of the
nitrogen to the adjacent ring and the free acid is obtained in aqueous work up. In the
second pathway (scheme 2.5), the copper catalyst first reacts with the nucleophilic

amine before oxidative addition ocurs with p-bromotoluene and finally reductive

T

Oxidative
Addition

|
N
Br’
H | o
H-N

HBr 2

+ Base

elimination regenerates the catalyst.

O cu®

(8 Reductive
Elimination

NH

Transmetallation

Scheme 2.4: The possible mechanism of the Ullmann condensation reaction used in the

first step of the synthesis @isA.150

©
HoN
+ Base
o o Transmetallation
8 Reductive HI
Elimination

NH

Oxidative

Addition /@/
Br

Scheme 2.5: The alternative mechanism of the Ullmann condensation reaction for step 1.
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Other mechanisms have also been proposed using@uhat is oxidised to Cd", as well

AO [ AAEAT E©dnd ASGHAED ECA-GoEMexdtidh where the oxidation state

of copper does not change. Aadical mechanism was previously disfavoured as early
OOAAKEIAIARESG A@DPAOEI AT OO AE Aoduct] oweRE @edent OE A
computational studies by Buchwald andHouk have suggested that a single electron

transfer mechanism may still occut51

2.2.2 Attempted synthesis of 9 -chloro-2,7-dimethylacridine (4) and 2,7 -
dimethylacridine (5).

0
H4C Cl
’ OH POCI,, he. A Teo 8 o
reflux 3h 3 3
NH
4 5
4
CHs

3
Scheme 2.6: The P@Q&ynthesis of hloro-2,7-dimethylacridine @).

According to Teulade& EAET 06 O 1dindéyldighén@{2-carboxylic acid 3
was cyclised using phosphorous oxychloride to give the-éhloro-2,7-dimethylacridine

4 (Scheme 2.6).t h-dindethyldiphenyl-2-carboxylic acd 3 was dissolved in neat
phosphorous oxychloride and heated under reflux conditiondor 3 hours before the
reaction was concentratedin vacuq washed with 15% ammonium hydroxide solution,
extracted with DCM, washed with water and dried over MgSOThe product was
recrystallised from ethanol and characterised byyH NMR in ¢-DMSO. ThéH NMR
spectrum showed peaks at 8.01 ppm, 7.55 ppm and 7.46 ppm representing the

aromatic protons and the methyl protons were found at 2.41 ppm.

The shifts of these peaks did not match the published example (8.09, 8.07, 7.71 and
2.58 ppm), however there vere the right number of peaks representing the correct
number of protons with the same multiplicities. Therefore the product was taken
forward to the next step of hydrogenation to give 2,tlimethylacridine 5. This was
done by stirring 4 with potassium hydroxide and raney nickel in ethanol under an

atmosphere of hydrogen. After this, the catalyst was removed, the solution was heated
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to 60 °C and FeGlwas added before being allowed to cool. The crude mixture was
washed with 15% ammonium hydroxide and the valme reduced to drynessn vacua
IH NMR indicated that unfortunately no reaction had occurred as there was no new
proton at position 9. In a second attempt to hydrogenatd, Palladium on carbon was
added as an alternative catalyst and the mixture was stied under hydrogen overnight

but this also showed no reaction byH NMR.

Cl i) H,, Raney Ni,
H3C N CHs EtOH, KOH H3C N CHs
>
— —
N i) FeCl;, 60 °C N
4 5

i) Hy, Pd/C

Cl
H3CCH3 MeOH/DMF HsCCHs
>
~ ~
N N
4 5

Scheme 2.7: Attempted hydrogenations e€B®loro-2,7-dimethylacridine @).

The mass spectrum of} after the attempted hydrogenation, gave a molecular ion peak
at m/z = 224.0 which was indicative of the 2,fdimethylacridone compound 8 rather
than the desired product5 (m/z = 208). The NMR of the synthesis @ using POGlwas
re-examined in comparison to compound 8, which showed that the 2,7
dimethylacridone 8 was the actual prodict of the reaction This may be as a result of
the purification procedure as, after a second attempt to producé by this method, the
crude NMR natched that in the literature. However, the NMR after purification by

crystallisation from ethanol matched that of compoundB.

O
N
H

8
Figure 2.2: The structure of 2;@imethylacridone @).
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o Cl
SOClI,, DMF(cat) 1 9 8
—
” 3 : N ‘ 6
4

8
Scheme 2.8: The S@&ynthesis of Ehloro-2,7-dimethylacridine @).

The 2,7dimethylacridone 8 was successfully converted into Shloro-2,7-
dimethylacridine 4 using thionyl chloride as outlined by Atwell and ceworkers
(Scheme 2.8)52 The acridone 8 was dissolved in thionyl chloride with a catalytic
amount of DMF and heated to reflux at 90°C for 1.5 hours. The excess thionyl chloride
was removed by trituration with benzene and the crude product was grified by flash
coloumn chromatography in DCM before being characterised by mass spectrometry
and IH NMR in deuterated chloroform. The mass spectrum gave a peak at m/z =
242.0734, corresponding to the M + Hion for the 35CI isotope and a corresponding
peak with one third the intensity was observed at m/z = 2440704 corresponding to
the 37Cl isotope. ThéH NMR gave a doublet at 8.02 ppm corresponding to the protons
at position 4 and 5, a singlet at 7.97 ppm corresponding to the protons at position 1
and 8and a doublet of doublets at 7.50 ppm corresponding to the protons at position
3 and 6. These protons showed a reciprocated 3 bond coupling to the protons at
position 4 and 5 J= 8.8 Hz) and a long range coupling to the protons at position 1 and
8 (J= 1.6 Hz).

With 9-chloro-2,7-dimethylacridine to hand, it was subsequently submitted to
hydrogenation conditions to convert it to 2,7#dimethylacridine 5. Unfortunately
neither raney nickel nor palladium on carbon conditions succeeded as could be seen
by a13C NMR distortionless enhancement by polarisation transfer (DEPT) experiment,
which reduces thel3C NMR spectrum to just carbons that are attached to protoA%
This did not show the required number of carbon peaks for the desired produé&. The
proton NMR did show some changes but did not show the presenceasf additional
proton for the 9 position. Further attempts to hydrogenate4 were not made, as an

alternative route to 5 was used that is described in sections 2.2.4 and 2.2.5.
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2.2.3 Synthesis of 9-0x0-9,10-dihydro -2,7-dimethylacridone (8).

0
OH Conc. HySOy, 1 o 8
reflux 1h H,C 9 CH,
39% 3 N 6
4 H 5

8

Scheme 2.9: The synthesis ed¥0-9,10-dihydro-2,7-dimethylacridone 8).

T h-dinBethyldiphenyl-2-carboxylic acid3 was cyclised to give8 by heating at reflux in
sulfuric acid for 1 hour (scheme 2.9}>4 The solid precipitate was filtered and
recrystallised from DMF to give8 as a yellow solid. The product is a novel compound

and was fully characterised by mding point analysis, hfra-Red spectroscopy mass
spectrometry, 1H and13C NMR as well as 2D correlated spectroscopy (COSNJR. The
mechanism begins with protonation of the carbonyl oxygen (scheme 2.10), which has

the effect of making the carbonyl carbodh T OA A1 AAOOT DE E-byf&tehds 4 E A
able to attack the carbonyl driven by the conjugation of the nitrogen lone pair into the

ring in an enamine type reaction. The reultant unstable acetalJoses water to give the

enol, which then tautomerises tagive the desired acridone.

@
(" oo ar

HO_ OH

H
o)
OH NS 0OH
OO 0L
N N N
H H H

0 (:OH
—
&
N N
H N

Scheme 2.10: Mechanism of the acid catalysed cyclisation to form the acridone.
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The melting point of 8 was >355 °C similar toother acridones in the literature152 The

IR spectrum showeda peak for the carbonyl bond at 1636 criwith peaks at 2784 and
1479 cm! representing GH and C=C respectively. NMR experiments were carried out
in d5-DMSO, the most downfield peak at 11.59 ppm is a singlet representing theHN
proton. The six aromatic protons are represented by 3 peaks, an apparent singlet at
8.02 ppm for the protons at position 1and 8. A doublet of doublets at 7.55 ppm
representing the protons at position 3 and 6. This shows a-Bond coupling to the
adjacent protons at position 4 and 5 of= 8.5 Hz and along range-A T T AATOG D1 ET C
between postion 3 and6 and 1and 8 of J= 2.0 Hz. The @ aromatic peak at 7.44 ppm

is a doubletfor the protons at position 4 and5, reciprocating the 3 bondcoupling to
those protons at 3 and6 of J= 8.5 Hz. Finally the methyl groups appear as a singlet at
2.42 ppm. Thel3C NMR consisted of 8 peaks, the most downfield at 176.31 ppm
representing thecarbonyl carbon of the acridone. Due to the symmetry of the molecule,
the 12 aromatic carbons were represented by 6 peaks between 110 and 140 ppm while
the methyl carbons were represented bythe most upfield peak at 20.56ppm. An
accurate mass was obtaing using atmospheriecpressure chemical ionisation (APCI)
and was found at m/z = 224.1067 corresponding to the M+Hon, calculated to be m/z
=224.1070.

2.2.4 Synthesis of 9,10-dihydro -2,7-dimethylacridine (9)

BH,-THF D e
2 7
63% : N ®
4 H 5
8 9

Scheme 2.11: The synthesis of 9¢iBydro-2,7-dimethylacridine Q).

The acridone 8 was reducedto 9,10-dihydro-2,7-dimethylacridine 9 by heating to
reflux at 70°C with a slight excess of 1 M borar€HF complex in THF for 1 hour 30
minutes, following a procedure outlined by Nicolas Desboi®® The mechanism of the
reduction is shown in scheme 2.12. The wgtable crude product waspurified by short

flash column chromatography (DCM) and characterised by melting point, IRH, 13C
and 2D COSY NMR before being usedfie next step.
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Scheme 2.12: The mechanism of reduction of the acridmnboraneTHF complex

The melting point was measuredo be 218°C which is much lover than the acridone
pre-cursor. This is consistent WthOEA 11 00 1T &£ Al A AsgsteinifromA AT ¢
losing the carbonyl group which weakens thgossibleA-n OOAAEET ¢ ET OAC
IR spectrum showed peaks at 3400 crhcharacteristic of the NH stretch, the rest of

the spectrum consisted of peaks at 2920 cmt and 1610 cm! for CGH and C=C
respectively and the absence of @=0 peak. The compound was more soluble than the
acridone precursor as the reduction of the carborito aspAAOAT 1T AEIlI EN EOE
stacking capability and the NMR spectra could be obtained in deuterated chloroform.

The compound has a line of symmetry through the central carbon and nitrogen so the
protons at positions 1, 3 and 4 are identical to th@rotons at positions 8, 6 and 5, as

are the two methyl groups. The aromatic protons were shifted significantly ufield

with the protons at position 1 and 8 appearing as a singlet at 6.91 ppm, the protons
metato the amine at position 3 and @ppearas adoublet at 6.87 ppm and the protons

ortho to the amine at position 4 and 5 appear as a doublet at 6.55 ppm. These two sets

of doublets show coupling to one anotherJ= 7.9 Hz) but it was not possible to see the
expected long range coupling between positio 3 and 6 and 1 and 8 under the
experimental conditions. There is a broad singlet at 5.79 ppm representing the NH
proton, the new CH protons at position 9 appear as a singlet at 3.98 ppm and the two

methyl groups appear as a singlet at 2.26 ppm.

Due to the symmetry of the compound, thé3C NMR has 8 peaks, the 6 aromatic carbons
appear between 110 and 140 ppm, the reduced carbon at position 9 appears at 31.38

ppm and the methyl groups appear at 20.59 ppm. The accurate mass was measured
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using APCI and foud an m/z = 210.1277 which corresponds to M+H This
corresponds to loss of oxygen and gain of 2 hydrogens consistent with the expected

structure.

2.2.5 Synthesis of 2,7-dimethylacridine (5).

FeC|3, Hzo, EtOH 1 9 8
HsCCHs 50°C, 1h HscCHs
—_— 2 7
3 o~ 6
5

9
Scheme 2.13: The synthesis of-@ifhethylacridine ).

The acridane9 synthesised in section 2.2.4 is unstable and readily loses a proton in the
presence of a Lewis acid in order to form the more stable aromatic acridine. Therefore,
following the procedure outlined by Desboisi*? the acridane was stirred with an excess
of iron trichloride in a mixture of water and ethanol at 50°C for 1 hour. This afforded
the acridine 5 in a96% yield and was of sufitient purity to use directly in the next step.
The acridine was characterised usingH NMR. This showed a singlet at 8.55 ppm for
the proton at position 9, the two protonsortho to the nitrogen group at position 4 and

5 appear as a doublet at 8.11 ppm. Ehprotons at position 1 and 8 appear as a singlet
at 7.73 ppm and the protons at position 3 and @Gneta to the nitrogen, appear as a
doublet of doublets at 7.59 ppm. Finally the methyl group protons appear as a singlet
at 2.58 ppm. The protons at positio and 5 show a 3 bond coupling to those at position
3 and 6 J= 8.9 Hz) as well as a long range coupling to the protons at position 1 and 8

(J= 1.9 Hz). This is in agreement with previously published specti&$

2.2.6 Synthesis of 2,7-acridinedicarboxaldehyde (6).

SeOZ,
Naphthalene, H 1 9 8 H
HsCCHs 200°C, 5 h oo
R
— 3 ~ 6
N 83% N
4 5
5 6

Scheme 2.14: Synthesis of-Aagridinedicarboxaldehyde ).
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The 2,7dimethylacridine 5 was converted to the dicarboxaldehyde6 according to
Teulade& EAET 06 O 1® The acAdhédd eXidised using selenium dioxide at
200°C with molten naphthalene as solvent. The crude product was purified by washing
with hexane and the remaining naphthalene was removed by sublimation. The product
was characterised by!H NMR. This showed a downfid peak at 10.27 ppm for the
aldehyde protons, singlets at 9.17 ppm for the proton at position 9 and at 8.60 ppm for
the two protons at position 1 and 8 and a multiplet at 8.35 ppm for the remaining 4
aromatic protons. The presence of the aldehyde protorsnd the absence of a peak at
2.58 ppm for the methyl protons clearly demonstrates thedrmation of the product.

This is in agreement withthe spectrum inthe literature.136
2.2.7 Synthesis of 2,5,8,21,24,27-Hexaaza[9,9](2,7)acridinophane ( BisA)

1 9 8
OHC XN CHO HN AN T NH
i) DCM/MeOH _
Pz 6
N 2 days N
4 5 HN
+

2
3
6 NH

*8 HCI
H i) NaBH,4, MeOH,

[ 1 9 8 j
HZN/\/N\/\NH2 0°C 3 h, N SN N
HCl H 2 7 H
3 N/ 6
4 5
1

28%

Sheme 2.15: The synthesis}$,8,21,24,2-Hexa&a[9,9](2,7)acridinophane BisA).

The final product was synthesisedvia reductive amination with diethylenetriamine
according to Teulade& EAET 06 O 1® Diéthyldnata@®iAed was added slowly
drop-wise to the acridinedicarboxaldehydes in DCM and methanol and stirred at room
temperature for 2 days. The resulting imine7 (scheme 2.} was reduced to the amine
(1) by careful addtion of sodium borohydride at °C. The crude product was purified
by repeated washes with different organic solvents and then acidified with
hydrochloric acid to give the 8 x HCI salt in 28% yield. The pure pdoct was
characterised bylH NMR in deuterated water. The most downfield peak at 9.60 ppm
represents the aromatic proton at position 9. The protons at positions 1 and 8 appear
as a singlet at 8.39 ppm, those at positions 3, 4, 5 and 6 appear as two doubh&dt8.21
and 8.09 ppm, showing a 3 bond coupling between thend€ 9.1 Hz). The 8 protons
between the acridine units and the amine linker appear as a singlet at 4.49 ppm. Finally

the protons for the diethylenetriamine linker appear as two doublets at 3.4@nd 3.31
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ppm, showing a 3 bond coupling between themJE 6.0 Hz). This is in agreement with

the published spectral3s

2.2.8 Synthesis of 2,7-(Di-n-propylaminomethyl)acridine (  MonoA)

i) DCM/MeOH 1 9 8

_ NH2 H 2 _ T H
N _ 3 N 6
. 4 5
6 i) NaBH,4, MeOH, 3 HCI

0°C to RT 1.5 h,
1 M HCl in MeOH
28%

Scheme 28: The synthesis of 2(Di-n-propylaminomethyl)acridine MonoA).

Similarly to BisA, the control compound MonoA was synthesisedvia reductive
amination with n-propylamine according to Teulade& EAET 08 0 ® @l AAA
Propylamine was added dropwise to the acridinedcarboxaldehyde 6) and stirred at
room temperature for 2 days before being heated to reflux for a further 2 days to push
the reaction towards completion. The imine product was reduced by stirring with
sodium borohydride at 0°C for 30 minutes and then ataom temperature for a further
hour. The crude product was prepared inthe salt form by washing with 1 M HCI in
methanol and then purified by dissolving in water and washing repeatedly with DCM,
ether, ethylacetate and hexane before being neutralised withaturated sodium
hydrogen carbonate and reextracted with DCM to give the pure product which was re
made into the salt with 1 M HCI in methanol in 28% yield. The pure product was
characterised byH NMR in deuterated water. The aromatic protons were found
between 9.6 and 8.1 ppm with the proton at the 9 position being most downfield at
9.59 ppm. The protons at position 1 and 8 appear as a singlet at 8.42 ppm, the protons
at position 4 and 5 appear as a doublet at 8.28 ppm, while the protons at position 3 and
6 appear as a doublet of doublets at 8.12 ppm. These protons show a 3 bond coupling
to the 4 and 5 position ofJ= 9.0 Hz and a long range coupling to the 1 and 8 position of
J= 1.8 Hz. The methylene protons between the amine and acridine units appearas
singlet at 4.48 ppm. The rpropyl protons appear further up-field in order of their
distance from the amine. NECHCH.CHs appears as a triplet §= 7.8 Hz) at 3.07 ppm.
NHCHCHCHs appears as a sextet)= 7.7 Hz) at 1.69 ppm. N\ CHCHCHs appears
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as atriplet (J= 7.5 Hz) at 0.91 ppm. The characterisation daeompares wellwith the

published spectralsé

2.3 Biophysical Characterisation of BisA with i -Motif DNA

2.3.1 Buffer conditions and the effect of BisA on pH.

As described in the introduction to this thesis, thereliance on hemiprotonated
cytosine-cytosinet base pairs to form the imotif structure means that the stability of
the structure is highly pH dependent. The most stablemotifs are around the @Ka of
cytosine (4.6). Therefore, when assessing potentialmotif ligands it is important that
the buffer is of a sufficient concentration to maintain the pH with addition of ligand. A
decrease in pH could be misinterpreted as a ligand induced stabilisation while an
increase in pH could be perceived as a ligand inded destabilisation.The biophysical
characterisation of BisA was carried out in 3 different pHs firstly, at pH 6.8, this is the
pH at which Alberti and ceworkers carried out their experiments but as this is only
marginally acidic, the imotif is not very stable. Secondly at pH 5.5 where themotif is
more stable and finally at pH 7.4physiologial pH,where the telomeric i-motif is not
normally able to form and exists as a single strand in a random coil structure. Sodium
cacodylate is the preferred buffer as its a is independent of temperature within the
temperature range of our experiments ad has been used previously for-motif
melting studies?3.98 The change in pH of each buffer with the addition of 10 pM and
100 uMBisA was measured (Table 2.1). As can be seen, the change in pH of eactebuf
is minimal and actually increases slightly in the case of 10 uBisA at pH 7.4. Due to
the potential for change in pH, the concentration dBisA did not exceed 100 uM in any

experiment and was kept well below 100 uM for the majority of experiments.
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b (
Buffer ) .
10 pMBisA 100 pMBisA
pH 5.5 -0.02 0.07
pH 6.8 0.01 0.09
pH 7.4 -0.10 0.13

Table 2.1: Change in pH upon additionBiEA to different pH buffers. pt$.5 and pH 7.4
buffer = 10 mM sodium cacodylate 100 mM NaCl, pH 6.8 buffer = 10 mM sodium

cacodylate Error = £ 0.01.

The buffers used throughout the experiments contain 10 mM sodiummacodylate and
different amounts of salt, normally 100 mM sodium chloride (NaCl) is added to
replicate a more physiologically relevant ion concentration. However it was not
entirely clear whether Alberti and coworkers used 100 mM NaCl in their FREmelting
experiments at pH 6.8 andhe addition of salt can have a destabilising effect upon the
i-motif structure.51 As described in section 1.4.5 circular dichroism is an optical
technique that gives a different spectrum dependent on the type of DNA structure
present in solution 102 i-Motif DNA gives a chracteristic spectrum with a positive peak

at 288 nm and a negative peak at 255 nm this can be seen at pH 5.5 in figure 2.3. Single
stranded DNA gives a positive peak at 275 nm and a negative peak at 250 nm (figure
2.3 pH 7.4). As the-motif is already less stable at pH 6.8, it can be seen in figure 2.3

10 -
pH 6.8 0 mM NaCl

— pH 6.8 100 mM NacCl

—— pH 5.5 100 mM NacCl

|——pH 7.4100 mM NaCl

8 -

Molar Ellipticity (x 10° deg.cm® dmol ™)

220 ' 220 ' 2%0 ' ZéO ' 360 ' 350
Wavelength (nm)
Figure 2.3: CD spectra of the human telomermotif sequence in different buffer

conditions. Buffer = 10 mM sodium cacodylate with 0 or 100 mM NacCl.
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that at pH 6.8 with 200 mM NaCl thepectrum resembles that of sSDNA with peaks at
275 and 250 nm showing that no-imotif was detected by CD. Whereas at pH 6.8 with
0 mM NacCl there is a shift in the positive peak towards 288 nm, indicating a small
amount of Fmotif may be present. Thereforeexperiments at pH 6.8 were carried out in
10 mM sodium cacodylate with no additional salt whilst experiments at pH 5.5 and 7.4
still contained 100 mM NacCl.

Although BisA was synthesised as the 8 times hydrochloride salt, thekgd O 1 /&
nitrogens are different and therefore BisA will have a different charge depending on
the buffer conditions. MariePaule TeuladeFichou and colleagues estimated theKa of
the different nitrogens in BisA based on previous experiments oMonoA and a related
naphthalene macrocyclel3¢ Their experiments suggest that the central amine of the
linker has a lower Ka of 2.5-3, whereas the amines at the ends of the linkers have
higher pKa O  1-14& (figu& ©.4). The acridine nitrogen ofMonoA has a fKa of 3.65
and the acridine nitrogens oBisA are likely to be slightly lower due to the polycationic
environment of the cyclic compound. This indicates thaBisA is likely to have a +4
charge in each of the3 buffer conditions and MonoA will have a +2 charge. Thigs
important because the positive charge can affect the compounds affinity for thariotif
through electrostatic interactions and many of the existing-motif ligands discussed in

section 1.5 carry a positive charge.

® ®
2 2
K,=2.53— N7 N SN = N
a " NH2 H H2N H2 ®/ H2

® ® N

”” T H T

Tz N ? pK, = 8.80 T pK, = 9.80

H
pK, = 7.4-10 T Pk, = 3.65
pK, ~3.65

Figure 2.4: Charges @isA and MonoA in experimental buffer conditions. p§ OBidA A&
estimated from a naphthalene analogue and gK OMdna& calculated from pHmetric

titration by Marie-Paule TeuladeFichou and ceworkers136
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2.3.2 FRET melting studies

With BisA in hand, the FRET melting study of TeuladEichou and ceworkers was first
repeated, to see whether the conditions of the experiments gave similar resulBisA
was tested at a concentration of 1 uM against a 200 nM solution of fluorescently
labelled oligonucleotide from the human telomeric region which is able to form ani
motif. (hTeloGrer 5-FAM-d(TAACCCTAACCCTAACCCTAACTANIRAZ). The
samples were prepared in 10 mM sodium cacodylate buffer at pH 6.8 to be consistent
with the previously published examplesi36 In their initial experiments, an increase in
Tm of +33°C was measured foBisA (1 uM) from normalised melting curves. The
melting temperature is defined as the point at which half the sample is unfolded and
half is folded?! In this case, mrmalisation assumes that at the lowest fluorescence
intensity the DNA is completely unfolded and at the maximum fluorescence intensity
the DNA is completely folded. Therefore, the data inverted to a graph of fraction
folded between 0 and 1 versus temperature and the melting temperature is taken at
fraction folded = 0.5. On repeating this procedure an even larger stabilisation was
observed of +53°C (figure 2.5).

=200 nM hTeloC pH 6.8
1.0 4= 1nM BisA

0.8 +
0.6 +

0.4 +

Fraction folded (A.U.)

0.2 -

0.0

1 1 1 1 1 1 ] 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Temperature ( °C)

Figure 2.5: Normalised FRET melting curves showing the fraction folded of human
telomeric Fmotif, with and without 1 pMBisAat pH 6.8. [DNA] = 200 nM, buffer = 10

mM sodium cacodylate.
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However, looking at the raw melting curves (figure 2.6) it can be seen that the addition
of 1 uMBIsA significantly quenches the fluorescence of FAM, only starting to increase
towards 90°C and there is not a complete transition observed under the conditisrof
the experiment. This may be becaudgisA interacts and stabilises the structure to such
an extent that the imotif does not melt in this temperature range, alternatively this
may be due to precipitation or aggregation of the DNA or quenching of thedrescence
due to an interaction between the ligand and the fluorophores. It can also be seen that
the starting level of the fluorescence in the absence BisA is quite high and increases
immediately with temperature. This suggests that the DNA is not fiyl folded under

these conditions, consistent with the low stability of the4motif at pH 6.8.

=200 nM hTeloC pH 6.8

0 =200 nM hTeloC pH 6.8 + 1M BisA

\
~~ 35
=
<
N—r 30_
)
=
[%2)
c 25 =
[
—
[
— 20+
[,
(8}
@
b 15 -
(%]
[
S
O 104
=
LL

5 -

0 T T T T T T T T T T T T T 1

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature ( °C)

Figure 2.6: Raw FRET melting curves for human telomemeatif, with and without 1
MM BisA at pH 6.8. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate.

To investigate this further, a range of concentrations between 0 and 1 uM were tested
(figure 2.7). Hee it can be seen that with increasing concentration, there is an overall
decrease in the fluorescence signal across the temperature range. As an alternative to
normalising the spectra, the first derivative may be taken as a measure of the melting
temperature. Here the minimum point in the curve corresponds to the inflection point
of the melting curve (figure 2.8)%1 This method can only be used for intramolecular
systems and 8ll may not equal the precise melting temperature. A third method of

melting point determination may also be used called théase linedmethod. Here lines
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are drawn tangential to the low fluorescence baseline and the high fluorescence base
line. A line s then draw bisecting the two and where this crosses the data is then taken
as the melting temperature?! However, this method is subjective and it is not a good
choice for mdting curves which are not sigmoidal such as in figure 2.Because one or
more of the baselines cannot be accurately determined. Using the first derivative
method, it can be seen that with increasing concentration @isA, the minimum point

is actually shiting towards lower temperatures, suggesting thaBisA may actually be
destabilising thei-motif at this pH (table 2.2).

== 200 nM hTeloC pH 6.8
0.2nM
0.4nM
0.6 nM

40-—1.0nM /

35 -

45 =

30-
25-
20-
15-
10- V

5 -

Fluorescence Intensity (A.U.)

/

0

1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature ( °C)

Figure 2.7: Raw FRET melting curves for human telomemeatif with 0 z 1 uM ofBisA
at pH 6.8. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate.
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dF/dT (A.U.)

-0.5 =

-1.0

-1.5 -

-2.0

0.5 =

0.0 =

!

-2.5 L] L] L] L]

—— 200 nM hTeloC pH 6.8
0.2nmM
0.4mM
0.6 MM
0.8nmM
—1.0nM

25 30

35 40 45 650 55

60 65 70 75 80 85 90 95

Temperature ( °C)

Figure 2.8: First derivative of FRET melting curves for human telomenwitif with 0 7
1 uM ofBisAat pH 6.8[DNA] = 200 nM, buffer = 10 mM sodium cacodylate.

. 3Tm (OC)
[BisA] (UM)
pH6.8 pHS5.5
0.2 -0.3 -0.3
0.4 -2 -1
0.6 -3 -1.3
0.8 nd* -2.7
1.0 nd* -5.7

Table 2.2: Change in melting temperature with increasirigj$A] at pH 6.8 and pH 5.5.

* nd = not determined as there is no clear inflection polnitt could be >95°(Error = +

0.3°C.

As discussed earlier, the human telomericmotif is not very stable at pH 6.8 Tm =

35°C) soBisA was further tested at pH 5.5 where the-motif is much more stable Tm

= 45°C). The same range of concentrations between 0 and 1 uM were tested against

hTeloGrerin pH 5.5 buffer (figure 2.9). This gave similar results with decreasing

fluorescence signal across the pH range and apparent decrease in melting temperature

(figure 2.10), though the effects were not as pronounced as at pH 6.8 (table 2.2).
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12 =

10 4

Fluorescence (A.U.)

—— 200 nM hTeloC pH 5.5
0.2nmM
0.4mM
0.6 M
0.8mv
—1.0mM

25 30 35 40 45 50 55 60 65 70 V5 80 85 90 95

Figure 2.9: Raw FRET melting curves for human telomereatif with 0 z 1 uM ofBisA
at pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium cacodydaik100 mM NacCl.

-0.4

dF/dT (A.U.)
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=200 nM hTeloC pH 5.5
0.2mM
0.4mv
0.6 nM
0.8nmM
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25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Figure 2.10: First derivative of FRET melting curves for human telomenwtif 07 1
UM of BisAat pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium cacodydaig100 mM

The FRET melting results oBisA at pH 7.4 are also interesting (figure 2.11). At this pH
the hTeloGrer sequence is unfolded in a single strand and gives a high florescence
signal across the temperature range. With increasinBisA concentration, the starting

fluorescence at 25°C deeases. This indicates folding of the DNA and aBisA] = 0.87

Temperature ( °C)

NacCl.
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1 uM a melt curve is observed suggesting that addition dBisA has caused the
formation of a folded structure which melts with increasing temperature. However, it
is not possible to determinefrom these FRET melting results alone, whether the DNA

is folding into an Fmotif structure or an alternative structure.

70 =

—

60 -

50 -

\

40 4

30
= 200 NM hTeloC pH 7.4

Fluorescence Intensity (A.U.)

20

10

0.2mv
0.4mv
0.6 mv
0.8V

—1.0mv
0 +———r—————————r——T————————T— T
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature ( °C)

Figure 2.11: Raw FRET melting curves for human telomemaatif with 0 z 1 pM of
BisAat pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodium cacodydai100 mM NacCl.

Control FRET melting experiments were performed wittthe monoacridine (MonoA)

in order to see whether the observed effects are as a result of the acridine unit itself or
more specific toBisA and hence confirming the results of Alberti and colleagueg® At
pH 6.8, MonoA showed little to no effect on the melting temperature or on the
fluorescence up to a concentration of 1 uM (figure 2.12). At pH 5.5 where thenotif is
more stable, it can clearly be seen thd?lonoA had no effect on the fluorescence or
melting temperature of the rmotif, even at the higher concentrationsfigure 2.13). The
diethylenetriamine linker was also tested at pH 5.5 and shown to have little or no effect,

even at high concentrations (figure 2.14).
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50 =

45 - —

40 -

354
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25 -
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Fluorescence Intensity (A.U.)
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=200 nM hTeloC pH6.8
= 1 nM MonoA
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0

25 3I0 3I5 4IO 4IS 5I0 5IS GIO 6I5 7I0 7I5 8IO 8IS 9I0 9I5
Temperature ( °C)
Figure 2.12: Raw FRET melting curves for human telomemaatif with and without

1 uM ofMonoA at pH 6.8. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate.

12

10 4

= 200 nM hTeloC pH 5.5
= 0.2 "M MonoA
0.4 MM MonoA
0.6 MM MonoA
0.8 "M MonoA
= 1.0 "M MonoA
= 10 mM MonoA

T
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Fluorescence Intensity (A.U.)

Temperature ( °C)

Figure 2.13: Raw FRET melting curves for human telomemaatif with 0 z 10 uM of
MonoA at pH 5.5. [DNA] = 200 nMuKer = 10 mM sodium cacodylate arid0 mM
NacCl.
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12

10 4 &

, —— 200 nM hTeloC pH 5.5
_’/ 1mM DETA
24 10 mM DETA

50 M DETA

Fluorescence Intensity (A.U.)

0

25 310 315 4'O 4'5 5'0 5'5 6'0 6'5 7'O 715 8'0 815 910 915
Temperature ( °C)
Figure 2.14: Raw FRET melting curves for human telomemaatif with 0 z 100 uM of

Diethylenetriamine ODETA) at pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium
cacodylateand 100 mM NacCl.

In summary, repeition of the previously published FRET melting experiments where

the data was normalised (figure 2.5} indicated that BisA significantly stabilised the

i-i T OE &£ 006 A3 Gldweyerslooking at the raw data in detail (figure 2.5

and 2.6) shows that the fluorescence decreases throughout the temperature range and
does not show a melting transition within the temperature range of the experiment.

This could be due tBisAOOAAEI EOET ¢ OEA $.1! O 1 O6AE O
as a result oBisA interacting with fluorophores and quenching fluorescence or it could

be as a result of aggregation of the DNA. In any of these cases, the melting temperature

determined from normalising the data is not accurate.

Using the first derivative of the data provides an alternative measure of the melting
temperature. Here the data indicates thaBisA actually destabilises the imotif (figure
2.8) and this effect is also observed giH 5.5 (figure 2.10) where the imotif is more
stable than at pH 6.8. Conversely the FRET melting data at pH 7.4, starting with the
hTeloC sequence in an unfolded random coil, indicates folding of the DNA with
increasing concentration of BisA (figure 2.11). Control experiments with the
diethylenetriamine linker (DETA) and the monoacridine MonoA) show that these
compounds do not significantly affect the-motif until much higher concentrations are
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used. This is in agreement with Alberti and cevorkers who showed that MonoA did

not stabilise the Fmotif.100

It is clear from these results thatBisA is having an effect upon-motif DNA and
therefore it must be binding to the DNA in some way. However, FRET melting alone
can only tell us whether theDNA is folding or unfolding, i.e. are the fluorophores
iTOET C AT OAO OI CAOEAO 10 AEOOOEAO APAOOS

how the structure of the DNA is changing and for this, further experiments are needed.

2.3.3 (Qrcular Dichroism Experiments

In order to examine in more detail what effectBisA is having on the motif structure

as observed in the FRET melting experiments, circular dichroism spectroscopy was
employed. As discussed in section 1.4.5 and 2.3.1, circular dichroism iseay useful
technique for studying DNA secondary structure and gives a characteristic spectrum
depending on the type of structure present?2 Folded irmotif DNA gives a positive peak
at 288 nm and a negative peak at 255 nm. The CD speah of hTeloC oligonucleotide
(5'-d(TAACCC)-3') was measured at a concentration of 10 uM at pH 5.5, 6.8 and 7.4
(figures 2.15, 2.16 and 2.17) in 10 mM sodium cacodylate buffer (with 200 mM sodium
chloride at pH 5.5 and 7.4)BisA was titrated into the sanple in 1 equivalentaliquots
(10 uM) up to 10 equivalents (100 pM).

6 —— 10 nM hTeloC pH 6.8
—— 1 eqBisA
2 eq BisA
3 eq BisA
4 eq BisA
5 eq BisA
6 eq BisA
7 eq BisA
8 eq BisA
9 eq BisA
—— 10 eq BisA

g A SIS S L

Molar Ellipticity (x 10° deg.cn?.dmol ™)

A+ T T T T
220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

Figure 2.15: CD titration of human telomeriemotif with increasing concentration of

BisAat pH 6.8. [DNA] = 10 uM, buffer = 10 mM sodium cacodylate.
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The CD spectrum at pH 6.8 (figure 2.15) in the absence of any ligand shows the
presence of the imotif structure with a negative peak at 253.5 nm and positive peaks
at 285.5 and 220 nm. AsBisA is titrated into the sample, the spectrum shows a
decrease in molar dipticity and a hypsochromic shift in the positive peak to 278 nm
after addition of 4 equivalents ofBisA. This could be indicative of unfolding of the DNA
however, this change is not aampanied by a shift in the negative peak to 250 nm that
is expected for single stranded DNA. In fact the negative peak shifts in the opposite
direction to 260 nm indicating a different structural change. After addition of more
than 4 equivalents of BisA the positive peak also begins to shift towards higher
wavelengths indicating a further structural change. After addition of 9 and 10
equivalents of BisA, precipitation can be observed with very low molar Hipticity
across the spectrum and with less smoothurves. Other changes are also observed at
lower wavelengths where there is a decrease in molarllgticity at 220 nm and
formation of a new positive peak at 245 nm. This new positive peaik in the same
spectral region aswhere BisA absorbs (248 nm) and cald be an induced CD signal for
the BisA molecule upon its binding to the DNA. These changes in the CD spectrum,
clearly show that BisA is interacting with the i-motif and causing some form of

structural change.

Whether or not the new peak at 245 nm is de to BisA or the DNA, the change in molar
ellipticity shows that BisA binds to the DNA and can be fitted to obtain a measurement

of the binding affinity. The change in molar Bipticity at 245 nm with increasing
concentration of BisA was normalised to givethe change in terms of fraction oBisA
bound between 0 and 1 (figure 2.16). As can be seen, the data does not reach a plateau,
this is because at concentrations above 80 uM, precipitation occurred, causing a large
decrease in molar dipticity. The datawas fitted with a 2 to 1 binding model (equation
2.1) as this gave the best fit of the dat&>

Equation 2.1: —

Where K1 and K2 are the equilibrium association constants for the first and second

binding sites. This gave rise to dissociation constants #b1 = 59.3 uM andKp2 = 96.0
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MM. This indicates thatBisA has a moderate binding affinity for the imotif with two

possible binding sites.

® 245nm
1.0q4——21to0 1 Fit

T 0.6 1

Fraction boun

1 1 1 1 1
0.00000 0.00002 0.00004 0.00006 0.00008
[BisA] (M)

Figure 2.16: Graph to show the fraction bound with increasing concentratioBisA
from the change in molar lipticity at 245 nm at pH 6.8Error bars show the standard
deviation across two repeat$DNA] = 10 uM, buffer = 10 mM sodium cacodylate.

=10 "M hTeloC pH 5.5
1 eq BisA
2 eq Bisa
3 eq Bisa
4 eq BisA

5 eq BisA
6 eq BisA
7 eq BisA
8 eq BisA

9 eq BisA
—— 10 eq BisA

=
o
J

©
L

Molar Ellipticity (x 10° deg.cm’.dmol ™)
N ESN [}

220 2:10 ) 2(150 ) 2;30 ) SCIJO ) 350
Wavelength (nm)
Figure 2.17: CD titration of human telomeriemotif with increasing concentration of

BisAat pH 5.5. [DNA] = 10 uM, buffer = 10 mM sodium cacodydate: 100 mM NacCl.

The CD titration at pH 5.5 (figure 2.17), gave similar final results to the titration giH

6.8. A decrease in molar &pticity, a shift in the positive signal from 288 nm towards
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300 nm, a shift in the negative ginal from 255 nm to 260 nm andhe formation of an

ICD peak, this time at 242 nm were all observed. However, unlike at pH 6.8 thositive

peak moves smoothly towards the higher wavelength rather than first moving towards

278 nm and then back to 300 nm as was seen in figure 2.15. These observations suggest
that in both cases the same or a very similar overall change in structure @urs
howeverAO OEA Ox1 AEEAAOAT O P(80 OEEO 1T AAOGO
of the lower stability ofthei-il T OEZ AO DB( o¢o8ys8 !1T1T OEAO AEEF
is that under the more acidic conditions, precipitation did not occur whik is illustrated

by the much smoother spectrum and the fact that the molar ligticity did not

dramatically drop at highBisA concentrations such as at pH 6.8.

As before, the change in CD signal is indicative BiSA binding to the i-motif and by
fitting the change in molar dipticity a binding affinity can be measured. In this case
the data did reach a plateau (figure 2.18) and was first fitted with the two binding site
model in equation 2.1. This gave dissociation constants Kb1 = 30.8 UM andKp2 = 259
UM suggesting a moderate binding affinity for the first binding site with a much weaker
second binding site. Howevercompared topH 6.8 the data does show a greatategree
of sigmoidal character which means it may be better fitted by the Hill equationThis
fitting not only gives a measure of the binding affinity but also of the cooperativity of
binding meaning that the initial binding ofBisA affects the binding of subsequenBisA
molecules. The data was fitted with equation 2.2 whereK is the equilibrium
dissociation constant, equal to the concentration at which half the binding sites are
occupied156 nis the Hill coefficient which gives a measure of cooperativity, if= 1 there
IS no cooperativity, n > 1 indicates positive cooperativity andn < 1 shows negative

cooperativity.

Equation 2.2: —

Fitting with equation 2.2 gave a better fit of the data and gave rise to a dissociation
constant of Ko = 2.5 uM with a Hill coefficient ofn = 2.3. These results suggests that
BisA may have a much higher affinity for the-motif and that the binding of BisA may

show positive cooperativity.
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Figure 2.18: Graph to show the fraction bound with increasing concentratioBisA
from the change in molar iipticity at 242 nm at pH 5.5Error bars show the standard
deviation across two repeat$DNA] = 10 uM, buffer = 10 mM sodium cacodylated
100 mM NacCl.

At pH 7.4, the imotif is not formed and the sequence takes a random coil structure.
This gives a different CD spectrum to themotif with a positive peak at 275 nm and a
negative peak at 250 nm. WherBisA was titrated with hTeloC at pH 7.4, similar
reductions in signal could be seen at both 275 nm and 250 nm with the formation of a
smaller ICD at 248 nm also occurring (figure 2.19)This data provides supporting
evidence that BisA is not simply destabilising and unfolding the imotif structure
because if that was the case, very little change would be expected wHsA is added

to already unfolded DNA. Here it is apparent that someondensation of the DNA is
occurring, in fact at pH 7.4 and 6.8, visible precipitate was observed at the higher
concentrations of BisA (70 and 80 uM respectively). The presence of an ICD signal
gives further evidence that a binding event is occurring anche compound must bind

to the DNA if it is causing aggregation.
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———10nM hTeloC pH 7.4
1 eq BisA
2 eq BisA
3 eq BisA
4 eq BisA
5 eq BisA
6 eq BisA
7 eq BisA
8 eq BisA
9 eq BisA
—— 10 eq BisA

Molar Ellipticity (x 10° deg.cm’.dmol ™)
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Figure 2.19: CD titration of human telomeriemotif with increasing concentration of
BisAat pH 7.4. [DNA] = 10 uM, buffer = 10 mM sodium cacodydaigt 100 mM NacCl.

To give an indication of whether the signals seen at 24248 nm were indeed ICDs
rather than a signal originating fromBisA in the absence of DNA, the CD spectrum of
BisA was measured at the top concentration (100 uM) in each pH buffer (figure 2.20).
BisA is not chiral so no CD signal is expected howeven all three cases a very weak
negative signal is observed between 240 and 260 nm. The ICD signals in the presence
of the DNA are positive and of a higher magnitude. The presence of a small signal in
this region in the absence of DNA suggests that the ICD seen in figures 2.15, 2.17 and

2.19 could be fromBisA rather than a conformational change in the DNA.
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Figure 2.20: CD spectrum BisAat pH 5.5, 6.8 and 7.4B[sA] = 100 uM, buffer = 10
mM sodium cacodylatand 100 mM NaCl pH 5.5 and 7.4, buffer = 10 mM sodium
cacodylate pH 6.8.

=10 M hTeloC pH 5.5
1leq MonoA
2eq MonoA
3eq MonoA
4eq MonoA
5eq MonoA
6eq MonoA
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Figure 2.21: CD titration of human telomeriemotif with increasing concentration of
MonoA at pH 5.5. [DNA] = 10 uM, buffer = 10 mM sodium cacodydaie100 mM NacCl.

Control experiments were carried out withMonoA which show no change in the CD
spectrumof hTeloC at pH 5.5 (figure 2.21). Therefore,MonoA is binding to the Fmotif
it is not having any effect on the structure at this pH. At pH 6.8 there is a decrease in

signal and a shift in the positive peak from 288 nm to 275 nm suggesting that at $hi
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pH, where the tmotif is less stable,MonoA causes some unfolding of the structure
(figure 2.22). AsMonoA appears to cause some unfolding of the DNA at pH 6.8 iayn

be binding to the DNA, however there were no observable induced CD signals.

= 10 mM hTeloC pH 6.8
leq MonoA
2eq MonoA
3eq MonoA
4eq MonoA
5eq MonoA
= 6eq MonoA
7eq MonoA
8eq MonoA
9eq MonoA
10eq MonoA

Molar Ellipticity (x 10° deg.cmz.dmol‘l)

L] L] L] L] 1
220 240 260 280 300 320
Wavelength (nm)

Figure 2.22: CD titration of human telomeriemotif with increasing concentration of
MonoAat pH 6.8. [DNA] = 10 uM, buffer = 10 mM sodium cacodylate.

Once again the change in molarlgticity as a result of MonoA can be fitted to obtain

a binding curve. Following the same method outlined above fdBisA, the change in
molar ellipticity at 285.5 nm was normalised to give a measure of the fraction of DNA
that is unfolded (figure 2.23) ard this was fitted with both equation 2.1 and 2.2. Using
the 2 to 1 model gave equilibrium dissociation constants dfp1 = 35.5 pM andKpz =
194 pM suggesting a moderate affinity for one binding site and a weaker affinity for a
second binding site. Using th Hill equation gave a better fit of the data at higher
concentrations ofMonoA and was within the error at the lower concentrations. This
fit gave the MonoA concentration at which half the DNA is unfolded (flonoA]so) as
2.58 uM. This suggests a strongerffanity for the structure. The cooperativity was
measured to ben = 2.5 suggesting a positive cooperativityAlternatively, as no change
is seen at pH 5.5MonoA may not be binding to the imotif at all and may just be
increasing the ionic strength of thesample due to its positive charge and hence this

may be the cause of unfolding at pH 6.8.
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Figure 2.23: Average change in molaiigticity with increasing concentration of
MonoA at pH 6.8 Error bars show the standard deviation across two repeats. [DNA] =

10 uM, buffer = 10 mM sodium cacodylate.

The combined circular dichroism results show that bottBisA and MonoA interact with

the human telomeric imotif but they have differing effects which are also dependent
on pH. At pH 6.8isA causes a change in structure of the DNA which is indicated by the
change in CD spectrunas the positive peak at 285 nm first undergoea hypsochromic
shift which is followed by a bathochromic shiftas more equivalents oBisA are added.
Finally resulting in precipitation after 9 to 10 equivalents. At pH 5.5, the positive peak
of the spectrumundergoes a redshift but there is no precipitation. In both cases the
negative peak shifts towards 260 nm and there is the formation of a new peak at
around 242 to 245 nm This suggests that at both ps] the same overall structural
change is occurring but at pH 6.8 there is a different change, perhaps unfoldingat
occurs as part of the process. This may be because of the lower stability of thraatif

at this pH, making it much more susceptible to unfolding. The peaks at 245 and 242 nm
may be due to the conformational change of the DNA but, Bs&A absorbs in asimilar

UV region (248 nm) there is a good chance that this peak is an induced CD signal arising
from BisA as it binds to the DNABIsA itself only shows a very weak negative signal in
this region in the absence of DNA. UnlikBisA, the CD titration of thei-motif with
MonoA showed no change in the spectrum at pH 5.5 and at pH 6.8 the changes in the
CD indicae unfolding. This suggests thaMonoA may bebinding to the i-motif and has

a destabilising effect on the already unstable structure but it may alscelthe case that
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MonoA is simply increasing the ionic strength of the sample due to its positive charge

and that this is enough to cause unfolding at pH 6.8.

2.3.4 Fluorescence Titration Experiments

Fluorescence emission spectroscopy provides an alternative raps to measure a
binding affinity of BisA for the i-motif. In circular dichroism, the concentration of DNA

is kept constant and the amount oBisA is varied but in the fluorescence titration,it is
the amount of DNA that is varied withBisA constant. Depending on the properties of
the ligand, fluorescence spectroscopy can be carried out at lower concentrations and
can enable the assessment of higher DNA:ligand ratios. 1 pM sampleB&A were
excited at 255 nm and the emission was observdzetween 290 and 490 nm with peaks
at 326 and 426 nm (figure 2.24). The change in fluorescence was measured as
increasing amounts of telomeric imotif (hTeloC) were titrated into the sample. Upon
addition of the DNA, the fluorescence oBisSA can be seen tadecrease, reaching a
plateau at around 15 equivalents of hTeloC tBisA. This decrease in fluorescence is
consistent with previous observations of BisA fluorescence as described earlier
(section 2.1.1) showing thatBisA fluorescence is decreased between 780% in the
presence of purine base$3® The average decrease in fluorescence shown these
experiments is 76%, consistent with TeuladeFichou and cex T OEAOG6 O136 FET /
While the sequence of hTeloC is predominantly rich in pyrimidine bases cytosine and
thymine, each loopof the i-motif contains two adenine bases. It has previously been
shown thatBisA is able to bind to the adenine loops of hairpin DNA8.139This deaease

in fluorescence may therefore be the result disA binding to the adenine bases in the
loops of the imotif. This decreasing fluorescence signal could also be the result of
condensation or precipitation of the DNA andBisA. In the previous FRET anatircular
dichroism experiments which indicate possible precipitation there is an excess BisA
compared to DNA lowever, in this experiment there is an excess of DNA and this means

that there isless likely to be a precipitationeffect.
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— 1 nmM BisA

—— 0.5 eq hTeloC
1409 —15 eq hTeloC
2.5 eq hTeloC
120 4 3.5 eq hTeloC
——4.5 eq hTeloC
——6.5 eq hTeloC
100 ~ 8.5 eq hTeloC
10.5 eq hTeloC
804 ——12.5eqhTeloC
——13.5eq hTeloC
——14.5 eq hTeloC
604 — 155 eq hTeloC
—16.5 eq hTeloC

Fluorescence Intensity (A.U.)

- L] L]
300 320 340 360 380 400 420 440 460 480
Wavelength (nm)

Figure 2.24: Fluorescence titration @isA with increasing concentration of human
telomeric Fmotif at pH 5.5. BisA] = 1 uM, buffer = 10 mM sodium cacodylated 100
mM NacCl.

The change in fluorescence at 426 nm was normalised and fitted with a 2 to 1 binding
model (equation 2.1, figure 2.25) whereKi and Kz are the equilibrium association
constants for the first and second binding sites. This gave an averaga =2.1 + 0.1 uM
and Kp2 = 146 £+ 10.2 pM. This indicates a relatively strong binding affinity for thesl
binding event with a much weaker 29 binding interaction and compares well with the

Ko measured from the Hill fit of the CD titration (figure 2.18Kp = 2.5 pM).

Equation 2.1: —
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Figure 2.25: 2 to 1 Binding curve for the normalised change in fluorescen&aséfwith
increasing concentration of human telomeriemotif at pH 5.5 Error bars show the
standard deviation across three repeaf8isA] = 1 uM, buffer = 10 mM sodium

cacodylateand 100 mM NacCl.

These results provide further evidence thaBisA binds to the imotif. The decrease in
BisA florescence is consistent with prevous examples oBisA DNA binding!3¢ and may
indicate that BisA binds to the adenine loop region of the-motif.138.139 These results
may also be showing condesation of the DNA but as there is an excess of DNA it is
more likely that the decrease in fluorescence isa binding effect. The change in
fluorescence was fitted with a 2 to 1 binding model giving equilibrium binding
constants ofKp1 = 2.1 uM andKp2 = 146 pM. This is in contrast to the binding constant
determined by circular dichroism and suggests a stronger affinity for the first binding
site. However, these different results are not directly comparable as circular dichroism
is carried out at higher BisA concentrations and the two techniquesmonitor two
different properties; change in fluorescence of the ligand versus change in optical
activity of the DNA and ligand.The fluorescence titration is likely to give the more
reliable result because the experimant should not be affected by precipitation at these

ligand:DNA ratios.
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2.3.5 FRET Titration E xperiments

In order to investigate further the structural changes observed in CD experiments, a
FRET titration was carried out. The CD titration at pH 6.8 was unusual in that it showed
an initial shift in the positive peak to the lef and then back to the righ, this might
indicate an unfolding event followed by a different change in structure. As desbed in
section 1.4, by exciting the FRET labelled DNA at 490 nm and taking the emission
spectrum from 500 to 650 nm, the fuorescence of both FAM and TAMRA can be
observed at 515 and 580 nm respectively. When the DNA is folded the emission of FAM
IS expeded to be low, if it unfolds the emission should increase at 515 nm. At pH 6.8
(figure 2.26) the fluorescence of FAM in the absence d@isA is already at an
intermediate level (120 A.U.) compared to the fully folded DNA at pH 5.5 (figure 2.27)
where the fluorescence of FAM is very low (5 A.U.) This suggests that thmotif is not
fully and compactly folded at thispH, as was seen by the incomplete melting curves in
figure 2.7. If folding occurs, the fluorescence of FAM is expected to decrease but the
fluorescence of TAMRA should not change. If the fluorescence of both fluorophores

decreases then this is indicativef precipitation.

160 =
=100 nM hTeloC pH6.8

1 eq BisA
2 eq BisA
3 eq BisA
4 eq BisA
5eq BisA
6 eq BisA
7 eq BisA
8 eq BisA
9eq BisA
— 10 eq BisA
— 20 eq BisA

140 4

120

100 4

Fluorescence Intensity (A.U.)

500 ) 550 5:10 ) 5:50 ) 5;30 ) 6(l)0 ) 6;0 ) 6:10 ) 6:50
Wavelength (nm)
Figure 2.26: Example FRET titration of hTeloC with increasing equivalen®BigA at pH
6.8. [DNA] = 100 nM, buffer = 10 mM sodium cacodylate.

At pH 6.8 (figure 2.26), it can be seen that upon addition &isA, the fluorescence of

FAM at 515 nm increases with a negligible change in the fluorescence of TAMRA at 580
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nm. This is indicative of the DNA unfolding. However, after addition of 5 equivalents of
BisA, further additions of the compound cause the fluorescex of both fluorophores

to decrease, eventually reaching a base level after addition of 20 equivalents. This is
consistent with a condensation or precipitation of the DNAHowever, the decreasing
ratio between FAM and TAMRA (2:1 at 8 eBisA, 1.5:1 at 10 ¢g BisA) does suggest
that folding may be occurring or that the fluorophores are coming into close proximity

during condensation.

At pH 5.5 (figure 2.27), it can be seen that the fluorescence of FAM is already very low
showing that the DNA is completely féded at this pH. AsBisA is titrated into the
sample, there is no increase in the fluorescence of FAM showing that at this pH, the
addition of BisA does not cause unfolding of the-motif. This is consistent with the CD
spectrum in figure 2.17 which unlike at pH 6.8 (figure 2.15)does not show a kift in

the positive peak towards 275 nm In the FRET titration experiment, as the
concentration of BisA is increased, there is a decrease in the fluorescence of both FAM
and TAMRA indicating condensation of th®NA.

35 -
=100 nM hTeloC pH 5.5

1 eq BisA
2 eq BisA
3eq BisA
4 eq BisA
5eq BisA
6 eq BisA
7 eq BisA
8 eq BisA
9 eq BisA
— 10 eq BisA
—— 20 eq BisA
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Figure 2.27: FRET titration of hTeloC with increasing equivalent8A at pH 5.5.
[DNA] = 100 nM, buffer = 10 mM sodium cacodylatel 100 mM NacCl.

These results show thatBisA causes condensation or precipitation of-motif DNA at
both pH 6.8 and pH 5.5. The titration at pH 6.8 is consistent with the CD observations

showing that the DNA begins to unfold before condensation occurs whereas at pH 5.5,
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condensation occurs immedately. With similar shaped CD spectra at the end of both
titrrations it was already hypothesized that the same type of structure is forming at
both pHs.As both FRET titrations seem to show condensation or precipitation of the

DNA it would indicate that tis is also what is being observed in the CD titrations.

2.3.6 UV Titration E xperiments

To further show the interaction betweenBisA and the imotif and to see if there were
other signs of precipitation or condensation, the compound was tested with the DNA
in a UV titration experiment. The absorbance ofTeloC imotif was measured at a
concentration of 2.5 uM at 260 nm (figure 2.28BisA was titrated into the DNA sample
in 1 equivalent aliquots and the sample was mixed. In the first titrations carried out,
the absorbance could be seen to increase withshift in wavelength towards 248 nm,
consistent with an increasing concentration oBisA (figure 2.28). However, there was
also a small but consistent increase in absorbance the base line between 500 and

800 nm, indicative of a scattering effect.

= 2.5mM hTeloC pH 5.5
1.2 = — leq BisA
— 2eq BisA
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Figure 2.28: Example UV titration of hTeloC with increasing concentratiolBisfA at pH
5.5. [DNA] = 2.5 uM, buffer = 10 mM sodium cacodysatd 100 mM NacCl.

To ensure that there was no dust particles in the sample causing scattering, the
titration was repeated but the sample was mixed and centrifuged at 6000 rpm before
measuring each new concentration (figure 2.29).
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Figure 2.29: UV titration of human telomeriemotif with increasing concentration of
BisAat pH 5.5. [DNA] = 2.5 uM, buffer = 10 mM sodium cacodydat100 mM NacCl.

At pH 5.5 (figure 2.29) there is a significant decrease in the absorbance of DNA at 260
nm (figure 2.30). This would indicate the precipitation of DNA which is then separated
from the sample during centrifugation.After addition of 7 equivalents ofBisA a peak

begins to appear at 248 nm which corresponds to the absorbance BfsA itself and

suggests that the majority of the availabl®isA binding sites had been filled.
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Figure 2.30: Change in UV absorbance at 260 nm with increasing concentrati@nsét

at pH 5.5. [DNA] = 2.5 uM, buffer = 10 mM sodium cacodydat&100 mM NacCl.
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Figure 2.31: UV titration of human telomeriemotif with increasing concentration of
BisAat pH 6.8. [DNA] = 2.5 uM, buffer = 10 mM sodium cacodylate.

At pH 6.8 (figure 2.31), there was an initial increase in absorbance at 260 nm which
may be indicative of the imotif unfolding or BisA binding, but is quickly followed by a
similar decrease in absorbance as the concentration BisA is increased, indicatingthe
same condensation of the DNA (figure 2.32). This is consistent with the earlier CD and

FRET titration experiments which also indicate initial unfolding of the DNA at this pH.
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Figure2.32: Change in UV absorbance at 260 nm with increasing concentratidsissk

at pH 6.8. [DNA] = 2.5 uM, buffer = 10 mM sodium cacodylate.
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To see whetherBisA was simply aggregating with itselfan analogous titration was
carried out with just BisA in buffer at both pH 5.5 and 6.8 to check that the absorbance
remained linear according to the Beed_ambert law (equation 2.3 (figure 2.33 & 2.35).
Where Ais the absorbanceRris the molar extinction coefficient cis the concentration
and| is the pathlength ofthe sample which in this case wa 1 cm. This equation shows

that the absorbance oBisA should remain linear with increasing concentration.

Equation 2.3: 0 - wa

3.2 9 —— pH 5.5 buffer
—— leq BisA
—— 2eq BisA
3eq BisA
4eq BisA
—— 5eq BisA
—— 6eq BisA
7eq BsA
8eq BisA
9eq BisA
——10eq BisA

Absorbance (A.U.)
5

T T T T T
200 220 240 260 280 300

Wavelength (nm)

Figure 2.33: UV titration oBisAin the absence of any DNA at pH 5.5. Buffer = 10 mM
sodium cacodylatand 100 mM NacCl.
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Figure 2.34: Change in absorbanceRi§A at 248 nm in pH 5.5 buffer showing i
linear, obeyingthe BeerLambert law. Buffer = 10 mM sodium cacodylaad 100 mM

NacCl.

These results show that aBisA is titrated into the buffer, the absorbance at 248 nm
increases as expected (figure 2.33). It also shows that the absorbance at 260 nm
increases, therefore, it would be expected that addition disA to DNA would result in

an increase in absorbance at 266m, contradictory to what was observed. By plotting
the absorbance at 248 nm with concentration oBisA (figure 2.34) it can be seen that
the data is linear and therefore obeys the Bedrambert law showing, that it does not

aggregate with itself over thisconcentration range.
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Figure 2.35: UV titration oBisAin the absence of DNA at pH 6.8. Buffer = 10 mM

sodium cacodylate.
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Figure 2.36: Change in absorbanceRisA at 248 nm in pH 6.8 buffer showing it obeys

the BeerLambert law. Buffer = 10 mM sodium cacodylate.

The titration of BisA alone at pH 6.8 is very similar to thaat pH 5.5 (figure 2.35). Again
showing that the absorbance at 260 nm with DNA would be expected to increase and
that the absorbance at 248 nm is linear showing thaBisA does not aggregate with
itself at this pH.
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The combined UV titration results are cosistent with the observations made in CDrad
FRET titrations at these pH valuessven though each experiment was carried out at
different DNA concentrations. The UV results indicate that addition @isA at pH 6.8
initially causes the DNA to unfold, aftewhich precipitation or condensation occurs. At
pH 5.5, there is no unfolding observed and the addition dBisA appears to cause
immediate condensation. The UV titrations oBisA alone in buffer show that these
observations are not as a result disA aggregating with itself. In combination with the
experiments carried out in the previous sections, these results provide strong evidence
that BisA causes the condensation of the DNALo further support this working
hypothesis, further experiments such as polyarylamide gel electrophoresis and

dynamic light scattering were used to look for evidence of a condensation effect.

2.3.7 Polyacrylamide Gel Electrophoresis E xperiments

As described in section 1.4.7, gel electrophoresis experiments are a useful tool to show
ligands interacting with DNA structures. As ligands bind to the DNA this increases the
molecular weight of the resultant complex and if binding occurs through an
electrostatic interaction, some charge neutralisation can occur. Both of these changes
can result in the sample moving more slowly through the gel. Aggregation of the DNA
would also be indicated in gel experiments as small single DNA structures are able to
move through the gel much more easily than aggregated5% Polyacrylamide was
used rather than agarose due to the small size of oligonucleotides usd® z 24 bases)

for which polyacrylamide can provide a better resolution.Native polyacrylamide gel
electrophoresis experiments were performed with the labelled oligonucleotide
hTeloGrerso that the gels could be visalised by fluorescence imaging and an tBase
sequence of single stranded DNA was wused as a marker (FAM
GTAAAACGACGGCCA&T G The gek were run in pH 5.5 10 mM sodium cacodylate,
100 mM sodium chloride running buffer at 100 volts for 1 hour 15 minutesThe gels
were carried out underthesenative conditions to reduce the possibility of denaturing
the DNA and of breaking up any complexdermed. Denaturing gels typically include a
component such as urea to disrupt the DNA secondary structure and are run at higher

temperatures andvoltagesis’
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R [BiSA]
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Figure 2.37BisAtitration gel. Lane: 1 = 18 base marker, 2 =1 uM hTeloC, lane8 3
1 uM hTeloC + 1, 5, 10, 15, 20, 25, 30 equivalerissét [DNA] = 1 uM, buffer = 10 mM
sodium cacodylateand 100 mM NaCl pH 5.5, Voltage = 100 V, Time = 1 hour 15 minutes.

The effect of BisA on the mobility of the imotif through the gel was tested by
combining 1 uM hTeloGrerwith O, 1, 5, 10, 15, 20, 25 and®equivalents ofBisA in
lanes 2 to 9 The 18 base marker was placed in lane 1 (figure 2.37). It can clearly be
seen, that with increasingBisA concentration from left to right, the progress of the
band through the gel is retarded and at higheBisA concertrations there is a smearng
effect. This demonstrates thaBisA is binding to the DNA and suggests that there is
condensation of the DNA occurring as the smearing may be caused by different sized
pieces of DNA moving through the gel at défent rates. These results agree with
earlier gel experiments carried out onBisA by SlamaSchwok and ceworkers.139 As
described in section 2.1.1, their gels also showed a retardation and a smearing of the
bands at BisA concentrations above 25 pM. In their experimets, aggregation
happened slowly woer the course of a day. However, in these experiments,
condensation was observed more quickly in the time it took to ad®isA, mix the
sample and run the experiment which only lasted for 1 hour 15 minutes. The
condensation effect may have been accelerated by centrifugation as the samples were
centrifuged at a slow speed (3000 rpm) for 30 second® enable easier loadingonto

the gel.

Control gels were carried out withMonoA and the diethylenetriamine linker (DETA)

(figure 2.38). 1 uM hTelo@Grer was combined with 0, 2, 10, 20, 30, 40, 50 and 60
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equivalents of eitherMonoA or DETAIn lanes 2 to 9 and the 18 base marker was again
placed in lane 1. Double the concentrations were used for the experiments withonoA
and DETAn order to match the equivalentsof each compoundoresent in BisA. Here

it can clearly be seen that the bandsra not retarded and there is no difference in the
bands compared to hTeloC alone. This suggests thitonoA and DETA are not
interacting with the DNA or if they are, they are not affecting the progress of the DNA
through the gel.

e [MONOA] | [ DETA]

a) M 0 2 1020 30 40 5060 b) M 0 2 10 20 30 40 50 60

ittt ot o o o

.

Figure 2.38: aMonoAtitration gel b) DETAtitration gel. Lane: 1 = 18 base marker, 2 =
1 uM hTeloC, lanes9 = 1 uM hTeloC + 2, 10, 20, 30, 40, 50, 60 equivaleisdA
or DETArespectively[DNA] = 1 uM, buffer = 10 mM sodium cacodylated 100 mM
NaCl pH 5.5, Voltage = 100 V, Time = 1t minutes.

These results provide further evidence thaBisA is binding to i-motif DNA but appears
to indicate that higher concentrations oBisA cause condensation or aggregation of the
DNA.The results of the gels in figure 2.38 show that neitheonoA nor DETA have
this same condensation effecat equivalent concentrations toBisA. This implies that
the observed effects are a particular characteristic of thBisA structure, rather than

simply the presence of two acridine units or twdDETA units.
2.3.8 Dynamic Light Scattering experiments

In order to characterise the possible condensation effect oBisA, dynamic light

scattering was used to try and observe the presence of condensed particles. This
89



Chapter 2: Characterisation of the-Motif Binding Compound BisA

technique monitors the reflection of laser light from paticles forming in the solution
and uses this to measure the size of particles formed. This can indicate whether there
is general aggregation occurring, forming a polydisperse mixture of different sized
particles, or if there is more uniform condensation ¢ a particular particle sizel>8 By
measuring the difference in scattering intensity over time, the instrument generates a
correlation function (figure 2.39). The change in scattering over time is related to the
size of the particles formedvia the diffusion coefficient. The largerthe particles, the
slower they diffuse, hence the change in scattering is slower. By fitting the correlation
curves with an exponential function an intensity distribution is calculated which is
centered on the average particle size (figure 2.40). Looking ¢he correlation graph
itself can also give useful qualitative information; if no particles form, the data given
has a very low yintercept, whereas particle formation is shown by a higher yntercept
closer to 1 and a sigmoidal curve. The time at whicthé inflection point occurs is
indicative of the size of the particles formed, bigger particles at longer times. Finally
the gradient of the sigmoidal curve is indicative of how polydisperse the sample is, i.e.
the spread in the distribution of particle sizs. How flat the baseline is of the sigmoidal
curve is indicative of the quality of the data as larger dust particles create an uneven

baseline.

As outlined above for the UV absorbance experiments, the sample was centrifuged at a
relatively slow speed (8000 rpm) before being tested and after each addition dBisA.

For DLS experiments this is important as this process helps remove any much larger
dust particles that may contaminate the sample and give an erroneous result. Dust
contamination is also minimised by passing the sample through a 0.2 um filter and by
rinsing tubes and pipette tips with filtered buffer. A concentration of2.5 pM hTeloC
xAO OAOOAA AO OEA OAI A OEOAA B(B60 jB( uvsl
the previous experiments. h all three cases, the DNA alone, both iamotif form at
acidic pH and as a single strand at neutral pH, showed no patrticle formation (figure
2.39). However, addition of just 1 equivalent oBisA resulted in the formation of a
polydisperse mixture of particles. This is indicated by the increase in the correlation
function (figure 2.39) giving a sigmoidal curve. Interestingly at pH 5.5, the inflection
point of the correlation curves occur at longer times (figure 2.39) indicating that larger
particles are famed. This can be seen in the intensity plot (figure 2.40), where the

distribution of particles is centered at different sizes depending on the pH. At lower pH
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the size distribution of particles formed by DNABIsA aggregation is centered on 600

nm in diameter with a second smaller distribution of particles centered around 100
i1i8 7TEAOAAOh AO OEA EECEAO P(60 OEA bPI PO
100 nm particles with fewer larger particles. This is most likely due to the extra charge
neutralisation of the phosphate backbone that occurs at acidic pH. This enables the
OOOAT AO O AiTiT A ET O A1l T OA DPOI GEIi EOU xEOI
the phosphate backbone is still negatively charged and will cause electrostatic

repulsion between the strands.
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0.8 - +1 eq BisApH5.5r2
o7 ] 2.5mM hTeloC pH 6.8 r1
] e 2.5nM hTeloC pH 6.8 13
0.6 o +1 eq BisApH 6.8r1
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Figure 2.39: Intensity correlation function graph of hTeloC in the absence and presence
of 1 equivalent oBisAat pH 5.5, 6.8 and 7.4. [DNA] = 2.5 yM, buffer = 10 mM sodium
cacodylateand 100 mM NaCl at pH 5.5 and 7.4, buffer = 10 mM sodium cacodylate at

pH 6.8.
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Figure 2.40: Intensity distribution graph showing the size range of particles formed

upon addition of 1 equivalent dBisAto human telomeic i-motif. [DNA] = 2.5 puMyuffer
=10 mM sodium cacodylat@nd 100 mM NaCht pH 5.5 and 7.4uffer = 10 mM sodium

cacodylateat pH 6.8

In a titration experiment (figure 2.41) it can be seen that the size of particles formed

increases when the concentration oBisA is increased up to 10 equivalents (25 uM) as

is illustrated by the increase in time for the inflection point of the correlation curve.
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Figure 2.41: Intensity correlation graph of hTeloC showing formation of increasing

particle size with increasing concentration d@isA. [DNA] = 2.5 uM, buffer = 10 mM

sodium cacodylateand 100 mMNaCl at pH 5.5.
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In analogous control experiments, addition of 1 equivalent oMonoA showed no
particle formation (figure 2.42). This indicates thatMonoA does not cause the DNA to

condense into particles under the conditions of this experiment.
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0.9 + 2.5mM hTeloC pH 5.5 12
e +1eqMonoArl
] +1 eq MonoA r2
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Figure 2.42: Intensity correlation graph of hTeloC showing that 1 equivalentiohoA
does not enable particleofmation. [DNA] = 2.5 uMyuffer = 10 mM sodium cacodylate
and 100 mM NacCat pH 5.5 buffer = 10 mM sodium cacodylaé¢ pH 6.8

The results of the DLS experiments provide the strongest evidence of this investigation
that BisA is causing condensation of the DNA. With these experiments it was possible
to actually observe partide formation and to measure the size distribution of the
particles. These results also demonstrate that on average, larger particles are formed
at pH 5.5 compared to pH 6.8 and 7.4. This is likely to be due to the protonation of the
phosphate backbone whib will reduce electrostatic repulsion between strands. The
fact that only 1 equivalent oBisA was required to cause a condensation effect suggests
that BisA may not be a good ligand to study the potential chemical biology of the i
motif as it is able to ause condensation at low concentrations making it difficult for

biological observations to be made.
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2.4 s this effect specific for i -motif?

Having seen thatBisA may bind to the human telomeric imotif but also appears to
cause the DNA to condense, we next wanted to investigate whether this effect was
specific for the imotif or whether BisA would also cause condensation of telomeric-G

quadruplex or double stranded DNA.
2.4.1 FRET Melting Studies

Analogous FRET melting experiments to those shown in section 2.3.2 for thenotif,
were performed for a human telomeric Gguadruplex and a double stranded sequence
(hTeloGeretand DSrey) at pH 5.5, 6.8 and 7.4. The sequenceegre tested with 0, 0.2,
0.4, 0.6, 0.8 and 1.0 uM concentrations &isA. In each case, it can be seen that the
fluorescence does decrease with increasinBisA concentration but not to the same

extreme as with the tmotif sequence shown in section 2.3.2.

129 —200nM DS pH5.5

0.2mMM
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Figure 2.43: FRET melting curves for duplex DNA with increasing concentratidis#{
at pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium cacodydaik100 mM NacCl.
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Figure 2.44: FRET melting curves for duplex DNA with increasing concentratidis#t
at pH 6.8. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate.
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Figure 2.45: FRET melting curves for duplex DNA with increasing concentratidis#
at pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodium cacodydaig100 mM NaCl.

These results show that at pH 7.4 (figure 2.45RBisA has very little effect on the duplex

there is little change in the temperature of the melting transition there i decrease in

fluorescence suggesting that the DNA does not fully melt within the temperature range
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of the experiment. This may be due to stabilisation of a different or partially folded
structure, but taking into account the previous experiments orBisA, it is more likely

to be a condensation effect.
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Figure 2.46: FRET melting curves for human telomerigq@@&druplex with increasing
concentration ofBisAat pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate
and 100 mM NacCl.
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Figure 2.47FRET melting curves for human telomeriedqaadruplex with increasing
concentration ofBisAat pH 6.8. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate.
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Figure 2.48: FRET melting curves for human telomeriqadruplex with increasing
concentration ofBisAat pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodium cacodylate
and 100 mM NacCl.

A similar pattern is observed for the Gquadruplex, at pH 5.5 and pH 6.8 (figure 2.46
and 2.47) there is a decrease in fluorescence at higher temperatures. However, at pH
7.4 (figure 2.48), sigmoidal melt curves are observed showing the expected increase in
fluorescence upon meing. BisA clearly causes an increase in melting temperature

{ ¥Im=+16°C at 1 uM), which is consistent with the results observed by Alberti and-co
x T OE A O:O= #15C)100 These results suggest thaBisA may have a similar
condensation effecton the Gquadruplex and duplex sequences used in this study but
only under acidic conditions, as at neutral pH, normal melt curves were observed.
However, the Gquadruplex does not have good sigmoidal melting curves at acidic pH

even in the absence dBisA so the structure maybe less stable or only partially formed.
2.4.2 Polyacrylamide gel electrophoresis experiments

To further understand the interaction betweenBisA, duplex and Gquadruplex DNA, a
native polyacrylamide gel was used (figure 2.49). This enables a direct visual
comparison of the effect oBisA on i-motif, G:quadruplex and double stranded DNA at
pH 5.5. Although double stranded and-@uadruplex structures are normally examined
under neutral pH conditions, this would result in the motif sequence unfolding so the

gel neededto be carried out at acidic pH. This is also the pH at which evidence of
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condensation has already been observed (figure 2.37An 18 base marker was placed

in lane 1, as bajre. Lanes 24 contained hTeloC -motif, lanes 57 contained double
stranded DNA and lanes 40 contained hTeloG &uadruplex, each with 0, 1 and 30
equivalents ofBisA respectively. It can be seen that 1 equivalent @&isA has little to no
effect on the novement of the band for each type of DNA, but at highdBisA
concentrations, a retardation and smearing of the band can be seen for each type of
DNA. In particular the band in lane 10 is very faint as a result. This suggests that the

condensation caused byisA is not specific to the imotif.

hTeloC DS hTeloC

| el il [BiSA]
M 01 30 01 300 1 30

e

Figure 2.49: Combinedmotif, Gquadruplex and DS gel at pH 5.5. Lane 1 = 18 base
marker. Lane 24 =1 uM hTeloC +0 eq, 1 eq & 3(BésA. Lane 5 7 = 1 uM duplex +0
eq, 1 eq & 30 eBisA. Lane & 10 = 1 pM hTeloG +0 eq, 1 eq & 3BesA. [DNA] = 1 puM,
buffer = 10 mM sodium cacodylate and 100 mM NacCl.

The gel shown in figure 2.49 provides further evidence to compliment the FRET results
that BisA binds and causes condensation of both-Guadruplex and duplex DNA at
acidic pH. Like the 4imaotif, this is probably a result of the combination of a bis
intercalator as well as the charge neutralisation provided by the acidic conditions. The
bis-intercalation properties of BisA enable it to interact with two separate strands
simultaneously and bring them into close poximity. The acidic conditions protonate
the phosphate back bone which would otherwise cause electrostatic repulsion when

the strands are brought together.
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2.5 Conclusions

In this chapter, the previously identified ligand BisA was synthesised and its
interaction with the i-motif has been investigated in detail with a much wider range of

experiments than previously published!% First the FRET melting experiments carried

out by Alberti and coworkers were repeatedandA EECE OOAAEI H@OAOEI]

+55°C) was observed after normalisation of the data, greater than the published result
{ ¥m= +33°C)100 However, the raw data suggested thaBisA may actually destabilise
rather than stabilise the imotif as indicated by the first derivative where the minimum
which corresponds to the melting temperature can be seen to decrease with increasing
concentration of BisA. Higher concentrations indicated possible aggregation and

precipitation with a base level fluagescent signal throughout the temperature range.

Circular dichroism was used to look at the interaction in more detail. This gave further
evidence ofBisA binding to the DNA and showed that it caused a change in structure.
At pH 6.8 this change in structure appeared to transitiowia a partial unfolding event
whereas at pH 5.5 the change occurred without unfolding. In both cases a new peak
appeared in the pectrum at 242 to 245 nm which could be due to the change in
structure or as a result of an induced CD signal frolisA which absorbs in a similar
region (248 nm). By fitting this change in CD binding constants could be obtained
suggesting thatBisA bound to the DNA with a moderate affinity in the low micromolar
range. The observations made in the CD titrations were supported by FRET and UV
titration experiments, both of which indicated that BisA caused condensation of the
DNA but that at pH 6.8 the DNA bexgn to unfold first. A fluorescence emission titration

of BisA with i-motif DNA provided another measure of the binding affinity under
conditions which were unlikely to favour condensation (excess DNA). This suggested
that BisA bound to the rmotif in a 2to 1 model with a stronger first binding site (o1

= 2.1 uM) and a weaker second binding sit&k62 = 146 uM). Finally, further evidence
that BisA caused condensation of the DNA was provided by polyacrylamide gel
electrophoresis experiments and dynamic lighscattering. This experiment enabled
the particles formed to be measured, showing that larger particles (~600 nm) form at

pH 5.5 while smaller particles (~100 nm) form at pH 6.8 and pH 7.4. Most likely due to
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the protonation of the phosphate backbone redcing electrostatic repulsion as a

barrier to condensation.

The DNA condensation effect dBisA was not restricted to just the telomeric imotif
sequence. FRET melting studies and gel electrophoresis showed similar effects for
BisA with double stranded and Gquadruplex DNA but to a lesser extent. At different
stages in the study, the effects @isA were comparedto the monoacridine compound
MonoA. These experimentsshowedthat it had little to no effect on the tmotif with no
change in melting temperature and little effect on the structure by CD other than to
cause unfolding at pH 6.8 when themotif is already unstable.MonoA alsoshowed no
aggregation effect in gel or DLS experiments. The diethylenetriamine linkBXETAalso
had no effects when tested wits own in FRET melting and gel experiments. Conversely
other bisacridine analogues that are linear rather than cyclic, do appear to cause some
condensation or precipitation effects in FRET melting and CD experiments. The
combination of these results sugests that it is not simply the charge ofBisA
(represented byDETA) that causescondensation and not simply the acridine unit itself

but the combination of both these entities in theéBisA structure.

These initial investigations of the interaction oBisA with the i-motif highlight some of
the potential pitfall of converting FRET melting datato fraction folded in order to
measure the melting temperature as, unless the data gives a sigmoidal curve, this can
cause effects such as condensation or precipitath to be misinterpreted as
stabilisation of the structure. Whilst these results indicate thatBisA is not a good
choice of ligand for investigating the potential biological effects ofmotif DNA, e DNA
condensation properties of this molecule could maké& a very usdul tool in order to
try and obtain a crystal structure. Further work based on this chapter would be to try
and useBisA to form a DNAligand crystal at acidic pH. This would show whether the
DNA changed structure upon condensing or whether uaitiple i-motif structures
condensed together. It would also show where thBisA molecule is bound to the DNA,
enabling the identification of potential binding sites to aid the design of future-motif

ligands.
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Chapter 3: Identification of i -Motif Binding Compounds
Using a FRET Melting Based Screen
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3.1 Introduction

3.1.1 The need for new i -motif binding ligands.

Currently, there are very few imotif binding ligands published in the literature. As
discussed in section 1.5, the majority ofmotif ligands that have been identified often
have stronger binding affinities for duplex or Gguadruplex DNA and impart little
stabilisation on the imotif structure. Despite this, there have been some good ligands
which have enabled an insight into the potential biological functions of themotif. In
particular, carboxyl-modified single-walled carbon nanotubes have shown that
inhibition of telomerase is possible through stabilisation of the telomeric -motif.5°
Whilst Laurence Hurley and ceworkers have identified a ligand specific for the BeR
i-motif which increases expression of the gen®.These results provide strong evidence
that the i-motif is worthy of investigation as a potential trerapeutic target. However,
the i-motif is inherently unstable due to the need for hemiprotonation of cytosine and
in vitro, does not usually form at neutral pH. In order to fully understand thenotif
structure, new high affinity ligands are needed whiclare able to stabilise the structure

sufficiently under physiological conditions.

3.1.2 Aims and Objectives.

In this chapter, a 960 compound library was screened against the human telomeric i
motif via a medium throughput FRET melting assay with the aim of ideifying new i-
motif interacting ligands based on their ability to stabilise or destabilise the structure.
The library was a very diverse groupof known drugs and biologically active
compounds, with a wide range of structure types, molecular weights and chncal
properties. Such a diverse set of compoundgas deliberately chosen because there are
so few existing ligands and as yet there is no obviousmotif binding chemotype.

Therefore, it was important to cover a wide range of options as possiblemotif ligands.
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3.2 The initial screen

3.2.1 Library and screening method

The screen was carried out in collaboration with Camille Huguin using the GéHus
library from Microsource Discovery Sysems Inc. consisting of 960 drug standards with
approval in Europe, Japan or the USA supplied as 10 mM solutions in DMSO which were
diluted to 1 mM in 96 well plates. The compounds were screened against the human
telomeric i-motif (200 nM) in pH 5.5 bufferwith 10 mM sodium cacodylate and5 mM
sodium chloride. These conditions were chosen as they are the same as previous FRET
melting studies on the imotif which have been demonstrated in the literature?®
Sodium cacodylate is an ideal choice of buffer for melting experiments because it&p
remains constant within the temperature range of the experimen$3 pH 5.5 was chosen

as it offers the best compromised ensure formation of a stable-motif structure, whilst

not being so acidic as to completely quench the fluorescence of the fluorophore. A
higher pH such as pH 7.4 was not chosen because at this pH the DNA is unfolded and
although a decrease in fluorescete might be observed, which would indicate folding

of the DNA, the FRET melting data itself does not give information about the type of
structure that is formed. The primary aim of this study is to identify ligands which bind

to the i-motif structure and therefore conditions were chosen in order to be certain

that a stable tmotif is present in solution as a binding target.

The compounds were screened at a relatively high concentration of 100 uM. This is
because there are so few existingmotif ligands in the literature that it is still not clear

what particular structure types and characteristics favour imotif binding. As the

library chosen was a diverse library it was important to choose a high initial
concentration in order to increase the chance of lwserving an interaction and to
maximise the number of possible hits. These initial hits can then be further refined to

find the best compounds through further experiments. After dilution in buffer, the
samples still contain 10% DMSO, which has a destabilig effect on the imotif.
AEAOAEI OAh AEAT CAO E ) Webel caidibeg in@elatiob foGA O O (

control sample containing i-motif in the presence of 10% DMSO
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The potential draw-backs of this screening method are that compounds which bind to
the i-motif but do not alter its melting temperature may be over looked. Thiscreen
also relies on measuring changes in fluorescence of the labelled DNA, therefore
compounds which interact with the fluorophores rather than the imotif may be
incorrectly identified as hits. The FRET meltingscreen does however, offer several
advantages. By using a fluorescently labelled oligonucleotide the screen can be carried
out at much lower DNA concentrations (200 nM) than for example a UV based assay(>1
UM). This is mae cost effective and enables compounds to be tested at much higher
ligand:DNA ratios easily. Using this assay, the samples could also be testedmedium

throughput manner, enabling thecompounds to be screened in a short period of time.

3.2.2 Hit identifi cation

Normalisation of data is a technique where the raw data is transformed so that the
lowest point is equal to zero and the highest point is equal to, this simplifies the
interpretation of the data and makes it easier to compare different data set®y
assuming that the lowest fluorescence corresponds to completely folded DNA and the
highest corresponds to completely unfolded DNA, the normalisation of FRET melting
data gives a graph representing the fraction of folded DNA. The melting temperature is
defined as the point of mid transition and on this basis the melting temperaturerlg2)

IS measured at the point where the fraction folded = 0.5, the point at which 50% of the
DNA is folded and 50% is unfolded. As described in section 2.3.2, it is radtvays
appropriate to assume that the DNA is completely folded or unfolded and using this
method can lead to falsely identified changes in melting temperature if the data is not
a sigmoidal curve. Particularly if the data gives a low fluorescence signalrass the
whole temperature range. Therefore, as well as measurinipe T12, the data from the
screen was analysed by taking the first derivative. As discussed in section 2.3.2, the
minimum in this graph represents a point of inflection in the melting curvewhich
should represent the point of mid transition and hence the melting temperatureTm).9!
This method is only valid for intramolecular systems and still may not represenhe
precise melting temperature. Howevey this method avoids the possible errors that
normalisation of the data can introduce. The third method for determining the melting
temperature, the ®ase lingd method, is not suited to the analysis of melting curves

where one or both baselines cannot be accurately determined.
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The melting temperature derived from the first derivative method was assessed in
combination with the raw melt curves to see that the melting point chosen made sense
and did indeed reflect a tansition in the melt curve. As the compounds were tested at
quite a high concentration, this resulted in a number of them giving a base level
fluorescence signal across the whole temperature range and not showing a melting
transition at all. As has beenllustrated by the previous chapter, this may be the result
of condensation or precipitation of the DNA, however this may also be due to a highly
stabilising effect of the ligand or an interacton with the fluorophore and canna be
verified without further experiments. Therefore for the purpose of hit identification,
ligands which gave a base level fluorescence signal were assumed to haVe & 95 °C
and were included as a hit. Initially 34 hits were identified which gave any degree of
change in melting tenperature. The hit compounds gave a wide spread mTm values
from -13.7 to +47 °C (table 3.1) and included a wide variety of different structures
(figure 3.1). The only trends that were observed between their stabilisation potential
(3Tm) and any structurd or chemical properties was that positive charge and a higher
number of hydrogen bond donors tended to favour stabilisation. This is most likely due
to the fact that the rmotif structure has two very narrow grooves where the phosphate
backbones come intoclose proximity, the sugar phosphate backbone has a large
number of oxygens which can act as hydrogen bond acceptors so molecules with a
larger number of hydrogen bond donors will have more opportunity to form

favourable binding interactions with the structure.
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Compound

3T12 (°Ch

3Tm (°CP

P2C5
POC11
P1A3
POG8
P3A4
POF11
P12B3
P12A6
P4B6
P7D5
P4E9
P11H11
P10B5
P12C5
POH8
P10C8
P8F9
P2A6
P12F6
P6H5
P8G9
P1G6
P12G3
P1C9
P8F8
P11F5
P3A2
PSE4
P3A5
P3A3
P3A8
P6H7
P6HG6
P6G6

Cetylpyridinium chloride
Alexidine hydrochloride

Chlorhexidine

Methylbenzethonium Chloride

Tyrothricin
Pararosaniline Pamoate
Amiodarone hydrochloride
Astemizole
Tamoxifen Citrate
Bromocriptine mesylate
Hexetidine
Tilorone
Benzalkonium chloride
Flunarizine hydrochloride
Mitoxantrone
Clopidogrel sulfate
Fosfosal
Roxarsone
Pyrvinium
Halazone
Cefamandole sodium
Nicotine ditartrate
Geneticin
Sisomicin sulfate
Diacerin
Sertraline hydrochloride
Neriifolin
Oxacillin sodium
1,4-Naphthoquinone
Diazoxide
Rosolic acid
Hexachlorophen
Haloperidol

Gallamine

49
35
31
26
24
19
19
18
16
15
14
13
12

[y
[y

P W W o1 oo o N ©o ©

47
40
38

25.7
24
24.7
7.7
-7.6,19
12.3
17.3
11.3
12.3

13.3
41.3
5.3
5.3

5.3
3.7
4.7

-7.3
-9.3,27.3
-2.3
-10, 4.7

-11.3
-13.7

Table 3.1: Melting temperatures of initial 34 hit compoundsliz = melting

temperaturefrom the normalised data at fraction folded = 0.8rror = + 1°CPTm =

melting temperaure from the minimum of the first derivativeerror = + 0.3°CcA

bimodal melting curve was observed so both melting temperatures were recorded.
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Figure 3.1: Structures of the 34 hit compounti$yrothricin is a peptide mixture.
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Figure 3.1: Stuctures of the 34 hit compoundsPyrothricin is a peptide mixture.
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3.2.3 Potential False Positives and Negatives

As well as the 34 hits, a number of false positives were also identified (figure 3.2)
Although these compounds gave base level fluorescence across the temperature range
which could be due to a high degree of stabilisation, looking at the structures they are
known DNA crosslinking agents and were therefore discounted as the high
stabilisation is likely to be as a result of crosginking 15°. Cadmium acetate also gave a

base level fluorescence signal but is not a small molecule so was also discounted.

O
6]
HsN. NHj H3N, @ O
Pt Pt Cd
cl” Cl HN' o )J\o/ \o)K
O
P2A5 P2D8 P2H4
Cisplatin Carboplatin Cadmium acetate

Figure 3.2: Structures of false positiv€ssplatin and Carboplatin , known DNA cross

linking agents, as well asadmium acetate .

There were also a range of compounds which gave a maximal fluorescence across th
whole temperature range.Looking at their structures (figure 3.3) it is likely that these
compounds are ableto interact with the fluorophores of the labelled oligonucleotide
or in the case oP3A6 may fluoresce themselves under the same excitation coridins

of this experiment due to its similar core structure to FAMThe increase in fluorescence
observed is greater than that observed in other experiments for simple unfolding of
the DNA, giving further support to a possible interaction with the fluorophees. This
means it is not possible, under these experimental conditions, to tell whether they are
interacting with the i-motif at all or what effect they are having and hence are potential
false negatives. To investigate these compounds further, a nélnorescence based

assay would need to be used.
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HOOCwHO o) OHrCOOH Na*
HOOC.__N O O N._ COOH
0

P3 A6
O OH
N
Ho\L Nz /Nl N~ on
POG
N
HO on
OH
HO
P6 D5 P11ES8

Figure 3.3: Structures of potential false negative compounds which gave high

fluorescence signals.

3.2.4 Repeat Testing of Initial Hits

Next, the 34 hit compounds were tested again in 100 mM sodium chloride and 5 mM
sodium chloride buffers to confirm the results of the initial screen. Both salt
concentrations were tested because the-motif is more stable with lower salt
concentration but the higher salt concentration can reduce the effect of more nen
specific electrostatic interactions. Many compounds showed a smaller effect on repeat
screening (table 3.2). This may be as a result of regression toward the mean, a common
occurrence in highthroughput screens¢0 This effect occurs because initial screen data
may contain more error as a reult of testing a large number of compounds. The repeat
results are likely to have less error as a smaller number of compounds have been

tested 161
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Initial 5mM
Compound screen 100 mu repeat
3Tm (°C) 3Tm (°C) 3Tm (°C)
P2C5 Cetylpyridinium chloride 47 Tm >95 Tm >95
POC11 Alexidine hydrochloride 40 Tm >95 Tm>95
P1A3 Chlorhexidine 38 3, 2% Tm>95
P9G8 Methylbenzethonium Chloride 25.7 -1,31.7 38
P3A4 Tyrothricin 24 22.3 41
POF11 Pararosaniline Pamoate 24.7 0.7 Tm >95
P12B3 Amiodarone hydrochloride 7.7 0.3, 1 7.3
P12A6 Astemizole -7.6, 1% -0.7 0.3
P4B6 Tamoxifen Citrate 12.3 1 21.7
P7D5 Bromocriptine mesylate 17.3 -1 Tm >95
P4E9 Hexetidine 11.3 1 14.3
P11H11 Tilorone 12.3 0 50
P10B5 Benzalkonium chloride 8 -1.7, 28 38
P12C5 Flunarizine hydrochloride 13.3 0 0.7
POH8 Mitoxantrone 41.3 33.3 Tm>95
P10C8 Clopidogrel sulfate 5.3 2.7 1.7
P8F9 Fosfosal 5.3 1.3 1
P2A6 Roxarsone 6 13 5
P12F6 Pyrvinium 5.3 -0.3 1
P6HS5 Halazone 3.7 2 1
P8G9 Cefamandole sodium 4.7 0 0.7
P1G6 Nicotine ditartrate 5 2 1.3
P12G3 Geneticin 7 0.3 6.3
P1C9 Sisomicin sulfate 4 0 6.3
P8F8 Diacerin -7.3 0.7 0.3
P11F5 Sertraline hydrochloride -9.3, 27.3 0 -0.3
P3A2 Neriifolin -2.3 0.3 0.3
P5E4 Oxacillin sodium -10, 4.7 0 0.3
P3A5 1,4-Naphthoquinone -6.7 -0.3 0.3
P3A3 Diazoxide -7 0.3 0
P3A8 Rosolic acid -7 0.3 0.3
P6H7 Hexachlorophen -9 -0.3 0.7
P6H6 Haloperidol -11.3 -1.7 -0.3
P6G6 Gallamine -13.7 0 -3.7

Table 3.2: Melting temperatures of 34 hit compounds when in 100 mM and 5 mM,NacCl
10 mM sodium cacodylatbuffersat pH 5.52 A bimodal melting curve was observed so
both 6 O x AOA ExoAAH0QKA A8
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3.2.5 Results

As the compounds had initially been screened at a relatively high ligand concentration
in order to give the best chance of seeing an effect, a minimum change in melting
temperature criteria of £5 °C was set in order to narrow dow the hits to ones with a
significant effect. This reduced the initial 34 hits to 13 lead compounds (figure 3.4).
Here it can be seen that some of the compounds are only stabilising in 5 mM sodium
chloride buffer, while others are highly stabilising in boh salt concentrations. The
structures of the hits are shown in figure 3.5, there are a variety of different structure

types with a range of different sizes and properties.

I 00 mM Nacl
s v Nacl

55 -

Change in melting temperature ( °C)

™ L0 <t © o [Te) — — [oo] o] o — ™
5 < Q < oa] w a by hnl Q T m = m
: & & ¢ ¥ E % B 2 2z g % o
e o o o o E o
Compound

Figurex 8 yq #1 1 PAOBOI T A BEBAEAX3£EO Al i1 BT O1T AG
sodium chloride buffer. DNA = 200 nM hTeloC, buffer = 10 mM sodacodylateand
100 mMor 5 mM NaCht pH5.5.
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Figure 3.5: Structures of the 13 lead hit compourfdByrothricin is a peptide mixture.

It should be noted that hittyrothricin

, Is actually a mixture of two different classes of

peptides called gramicidins anayrocidines. The gramicidins are linear and make up

approximately 37% of the mixture while the tyrocidines are cyclic and make up 62%

of the mixture.162 Gramicidin was tested separately as part of the screen and did not
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come out as a hit so it is likely that the resultant stabilisation of themotif is due to the
tyrocidine component buttyrothricin  will continue to be tested as a mixture here for

the purposes of hit validation.

3.3 Dose Response Studies

3.3.1 Dose response versus telomeric i -motif with 100 mM NaCl

To investigate the stabilisation potential of the hit compounds further, a range of
concentrations between 0 and 100 puM were tested for each potential ligand (figure 3.7

Z 3.12 and appendixsection A.]). Care had tdbe taken in interpreting the raw data as
the different concentrations are prepared in buffervia serial dilution from stock
solutions in DMSO and hence each concentration has a different percentage DMSO
content. Therefore analogous dose response studies fpafst DMSO in buffer were
carried out and the change in melting temperature for each ligand at each
concentration was calculated in reference to the respective DMSO control (table 3.3).
An example DMSO dose response showing the destabilising effect of DNESEhiown in

figure 3.6.

20 -
18

16

14 -

12 4
— 200 nM hTeloC pH 5.5 100 mM NaCl
——0.1% DMSO
0.5% DMSO
1% DMSO
2% DMSO
4% DMSO
6% DMSO
8% DMSO
——10% DMSO

10 +

Fluorescence Intensity (A.U.)

o
25 30 35 40 45 50 55 60 65 70 75 80 85 90 9

Temperature ( °C)

Figure 3.6: Example FRET melting curves for human telomenwtif with increasing
percentage of DMSO. [DNA] = 200 nM hTeloC, buffer = 10 mM sodcodydateand
100 mM NacCht pH 5.5.
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Hi 3Tm (OC)
It
io0pM  8OpM 60pM  40pM  20puM 10pM S5puM 1 puM
Chlorhexidine 3.2 5.2 4.0 25 0.5 0.5 -0.2 0.2
Cetylpyridinium
Tm>95 Tm>95 Tm>95 Tm>95 Tm>95 0.0 -0.2 0.2
chloride
0.0,
tyrothricin -0.2 0.3 0.0 -0.2 0.2 0.0 0.2
17.2a
Tamoxifen citrate 3.0 3.3 2.3 0.8 0.0 0.0 -0.2 0.2
Hexetidine 0.5 0.2 0.7 0.5 -0.3 0.0 -0.2 0.2
Bromocriptine
0.5 -0.3 0.0 0.3 -0.2 0.2 0.0 -0.2
mesylate
Alexidine
] 31.7 27.3 22.0 18.0 3.0 1.5 -0.2 -0.2
hydrochloride
Pararosaniline
0.5 0.2 0.5 0.2 -0.2 -0.2 0.0 -0.2
pamoate
Methylbenzethonium -1.7, -0.8, 0.2, 0.2,
35.8 0.2 0.0 -0.2
chloride 18.82 17.32 15.0» 14.0¢

Mitoxantrone
31.0 30.0 27.2 21.2 12.5 0.5 -0.3 -0.2

hydrochloride
Benzalkonium -1.0, -1.2, -0.3, 0.2,
0.3 0.3 -0.2 0.0
chloride 18.32 17.3» 18.(» 15.2a
Tilorone 1.0 0.7 1.0 0.5 0.5 0.3 -0.2 0.0
Aiodarone
] 3.2 1.5 0.3 0.7 -0.2 0.2 0.0 -0.2
hydrochloride

Table 3.3: Average change in melting temperature with change in concentration of hit
compounds? A bimodal melting curve was observed so both melting temperatures were

recorded.Error = + 0.3°C.

Example FRET melting curves for compounds with the most significant effects are
shown in figure 3.7 to 3.12. Example FRET melting curves for the remaining
compounds are shown in the appendix(section A.1l) Hexetidine (P4E9 and
Aiodarone hydrochloride (P12B3) showed no significant change in melting
temperature at any concentration and had little effect at 5 Ml salt concentration so
they were no longerconsidered as hits and weraliscounted from further experiments.
However, chlorhexidine (P1A3), tamoxifen citrate (P4B6), bromocriptine
mesylate (P7D5), pararosanilone pamoate (P9F11)and tilorone (P11H11), which
also did not show significant stabilisation, were taken forward due to their high

stabilisation in 5 mM salt conditions.
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Figure 3.7: Example FRET melting curves for human telomenwiif with increasing
concentration ofcetylpyridinium chloride .[DNA] =200 nM hTeloC, buffer = 10 mM
sodium @codylateand 100 mM NacCht pH 5.5.

The results for cetylpyridinium chloride  (figure 3.7) show that at concentrations
above 10 puM, the DNA does not melt within the temperature range of the experiment
as the fluorescence signal stays at a minimum from 25 to 90°C, ostarting to increase
slightly at 95°C. This may mean thahe ligand has ahighly stabilising affect onthe i-
motif and that if the experiment could continue to higher temperatures, a normal
melting transition would be observed. Alternatively the very lowfluorescence signal
may be as a result of precipitation of the sample as discussed in chapter 2. This makes
it very difficult to measure a melting temperature and it is not possible to determine
which of these two effects are being observed without usingnaalternative experiment
such as circular dichroism that can give information about the actual structure of the
DNA. For the purposes of comparing this compound to the other hits therefore, the
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Figure 3.8: Example FRET melting curves for human telomenwiif with increasing
concentration ofalexidine hydrochloride .[DNA] = 200 nM hTeloC, buffer = 10 mM
sodium @codylateand 100 mM NacCht pH 5.5.

Unlike the previous examplealexidine hydrochloride (figure 3.8) does show small
increases in fluorescence and it is at this point where the melting point has been
measured. However, after these small increases, the fluorescenlbegins to decrease
again and remains at a low intensity showing that the fluorophores are still in close
proximity to one another. This suggests that the DNA may be only partially unfolding
and then reforming into an alternative conformation or that sone ligand induced
precipitation occurs but not until the DNA has begun to unfold. This means that the
melting temperature determined from this data may not be an accurate representation
of the complete melting of the DNA but instead indicates at what tempature the DNA

is beginning to unfold.

The data in figure 3.9 fomitoxantrone indicates that this is a very good example of a
stabilising ligand which does not appear to cause any precipitation within the
conditions of the experiment as the fluorescencetil increases to high intensity levels
close to that of the control sample in the absence of ligand (black line). The temperature
of the transition point of the curves can clearly be seen to increase as the concentration

of mitoxantrone increases and thegradient of the transition also appears to become
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Figure 3.9: Example FRET melting curves for human telomenwiif with increasing

concentration ofmitoxantrone .[DNA] = 200 nvhTeloC, buffer = 10 mM sodium

cacodylateand 100 mMNaClat pH 5.5.

shallower. This indicates that the DNA also melts more slowly and over a wider
temperature range than in the absence of any ligand. The curves only show one
transition point suggestingthat only one DNA conformation is present in the sample.
From these results it can be seen thatetylpyridinium chloride , alexidine
hydrochloride andmitoxantrone are the most strongly stabilising hits as these cause
the biggest increase inTmx EOE AT 1 AAT OOA O EJ=1+5017 180 B@AT A
21.2°C respectively at 40 uM). Howevemitoxantrone is the most promising of the
three as it gives the clearest melting transitions with no observable precipitation. The
other two compounds may e highly stabilising but the data suggests that they may
also cause some precipitation or change in conformatioiihese two compounds do not
give a clear dose response and instead provide sudden changes in melting temperature.
CD spectroscopy will be useth section 3.4 to examine the effect of these compounds

on the i-motif structure in more detail.

The compounds that show the next highest changes in melting temperature are
tyrothricin  (3Tm=+17.2°C at 100 puM)nethylbenzethonium chloride } ¥m=+15°C

at 40 uM) andbenzalkonium chloride (3Tm = +15.2°C at 40 uM). These compounds
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are interesting as they show bimodal melting curves. Initially the fluorescence
increases upon the first melting transition but then decreases again before the second
melting transition. This suggests that in the presence of these compounds, there is
more than one conformation of DNA in solution with different stabilities under the
conditions of the experiment. The fact that the fluorescence increases and then
decreases again befa the second melt implies that one conformation of the DNA may
be partially or completely unfolding before the sequence then refolds into a different

structural form with a higher melting temperature stabilised by the ligands.

—— 200 nM hTeloC pH 5.5 100 mM NaCl
—— 1M P3A4
5mM P3A4
6] 10mmP3ag
|—20mv P3a4
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Figure 3.10: Example FRET melting curves for human telomenwiif with increasing
concentration oftyrothricin .[DNA] = 200 nM hTeloC, buffer = 10 mM sodium
cacodylateand 100 mM NaChat pH 5.5.

Tyrothricin  only shows this bimodal melting curve clearly (figure 3.10) at a
concentration of 100 uM but there is also a small fluctuation in the curve at 80 uM. At
lower ligand concentrations there is no change in the melting curve at all suggesting
that tyrothricin is only interacting with the i-motif to a significant extent at high
concentrations.However, since tyrothricin is a mixture of peptides, it is likely that only
one or a small number of the constituent peptides interacts with the-motif and these
will be at a much lower concentration than the mixture as a whol@lternatively, the

constituent peptides may each have a number of weak interactions that accumulate to
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give the observed effect at higher concentration3.he first melting transition is almost
the same as the-motif in the absence of the ligand, suggesting that this transition is for
the i-motif structure, whereas the second transition is for an alternative structure with
a higher melting temperature that is stabilised by or forms as eesult of the peptide
binding.
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Figure 3.11: Example FRET melting curves for human telomenwiif with increasing

concentration ofmethylbenzethonium chloride .[DNA] = 200 nM hTeloC, buffer = 10
mM salium cacodylateand 100 mM NaCét pH 5.5.

Methylbenzethonium chloride (figure 3.11) and benzalkonium chloride (figure
3.12) show very similar effects totyrothricin (figure 3.10) but the changes in the
melting curves begin at a lower ligand concentration (40 uM). Again the first meitg
transition occurs at almost the same temperature as themotif alone and implies that
this melting event is that of the #motif structure without any stabilising effect from the
ligand and that it is the second melting point that represents an alternate
conformation. Interestingly, in both examples, the change in fluorescence for the first
transition is reduced at higher concentrations to the point that at 80 to 100 uM there
is almost no observable melting transition at all. This implies that the twatructures
may be in equilibrium and that increasing concentrations of ligand shift the
equilibrium towards that of the alternative structure. This structure could be a
different i-motif conformation, a partially folded structure or a hairpin.

120



Chapter 3: Identification of tMotif Binding Compounds Using a FRET Melting Based
Screen

—— 200 nM hTeloC pH 5.5 100 mM NacCl
— 1nM P10B5

] 5mM P10B5

16 - 10 nM P10B5

|—— 20 mv P10B5

14 40 mM P10B5

60 mM P10B5

18 -

12 4=— 80 nM P10B5
{— 100 nM P10B5

Fluorescence Intensity (A.U.)

0

25'3IO'3'5'4'0'4'5'5'0'5'5'610'615'710'715'8'0'8'5'9'0'915
Temperature ( °C)
Figure 3.12: Example FRET melting curves for human telomenwiif with increasing
concentration ofbenzalkonium chloride .[DNA] = 200 nM hTeloC, buffer = 10 mM
sodiumcacodylateand 100 mM NacCht pH 5.5.

One factor that may have an effect is thamethylbenzethonium chloride ,
benzalkonium chloride and cetylpyridinium chloride  consist of quaternary
ammonium cations attached to lipophilic hydrocarbon chains and hence have the
ability to form micelles. This is where multiple compounds in a polar solution such as
water, can group together to form a spherical structure where the piophilic portion of
the molecules align together in the centre of the sphere, leaving the hydrophilic part of
the molecule on the surface where it interacts more favourably with the agueous
solution. These structures occur spontaneously at higher ligand noentrations as it is
more favourable for the lipophilic groups to interact with one another, rather than the
surrounding solution. The ligand concentration at which spontaneous micelle
formation occurs is called the critical micelle concentration (cmc) ath this can vary
depending on the solution conditions such as buffer and salt concentration. The cmc
for these compounds is unknown in these buffer conditions and therefore it is unclear
whether these compounds will be forming micelles at the concentrationthat are being
tested.
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3.3.2 Discounting the effect of citrate and pamoate counter ions.

As tamoxifen and pararosaniline have been tested as citrate and pamoate salts
respectively, it is important to ascertain that the observed stabilisation is as a result of
the ligand rather than of the pamoic or citric acid. To do thisamoxifen free base and
Pararosaniline chloride were tested. As pamoic acid is an aromatic compound with
OEA A A EstakOitUs likely that it is able to bind to DNA so this was alsedted
separately (figure 3.13). From these results it can be seen that pamoic acid has no effect
on the melting temperature of the imotif, so the stabilisation effects observed for

pararosaniline pamoate (P9F11) are due to thepararosaniline moiety.

12 -

10 +

DMSO control
— 1 mM Pamoic acid
5 nmM Pamoic acid
10 mM Pamoic acid
— 20 mM Pamoic acid
40 mvl Pamoic acid
60 M Pamoic acid
— 80 mv Pamoic acid
100 M Pamoic acid
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Figure 3.13: Example FRET melting curves for human telomenwiif with increasing
concentration ofpamoic acid[DNA] = 200 nM hTeloC, buffer = 10 mM sodium

cacodylateand 5 mM NaCht pH 5.5.

For tamoxifen , in 100 mM salt conditions the free basdfigure 3.14) was more
stabilising of the Fmotif than the citrate salt with a maximum average stabilisation
bl OAT DEdt12.59Cxzompared to 3°C at a concentration of 100 pM. tAmoxifen
citrate only contains one citrate molecule per tamoxifen, it can be assumed that
tamoxifen is at the same concentration in both cases. This suggests that the citrate
may have been having some effect to cause the lower magnitude of stabilisation.
Therefore, from here on, the free base form admoxifen (P4B6fb) was tested rather

than the citrate salt form.
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Figure 3.14Example FRET melting curves for human telomerimotif with increasing

concentration oftamoxifen free base[DNA] = 200 nM hTeloC, buffer = 10 mM sodium

cacodylate and 100 mM NacCl at pH 5.5.
3.3.3 Dose response versus telomeric i -motif with 5 mM NaCl

Having narrowed down the list of hits from 13 to 11 by exclsion of hexetidine and
aiodarone hydrochloride , dose response studies were also carried out against the
human telomeric Fmotif in 5 mM salt conditions for comparison (table 3.4). Although
11 hits are under consideration, only 9 hits were tested as the structures of some of the
compounds are so simila that it was assumed they would have similar effects. In
Particular chlorhexidine andalexidine hydrochloride are both bisbiguanides. While
cetylpyridinium chloride  and benzalkonium chloride are both quaternary amine
compounds with an aromatic head and dong aliphatic tail. Hence onlyalexidine

hydrochloride and cetylpyridinium chloride  were tested.
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Hit 3Tm (QC)
i
o0uyM  80uM 60pM  40pM  20pM 10puM  5uM 1 uM
Cetylpyridinium
) 47.7 47.7 47.7 44 47.7 47.7 -0.3 0.0
chloride
Tyrothricin Tm>95 Tm>95 Tm>95 40.7 18.7 0.0 0.0 0.0
Tamoxifen free base 17.0 15.8 13.5 10.5 2.7 0.3 0.2 0.2
Bromocriptine
6.7 6.0 4.7 0.3 0.3 0.3 0.3 0.0
mesylate
Alexidine
) Tmn>95 Tm>95 Tm>95 Tm>95 Tm>95 Tm>95 3.7 0.0
hydrochloride
Pararosaniline
) 4.7 4.0 4.0 4.7 0.3 0.0 0.3 0.3
chloride
Methylbenzethonium -0.7
Tmn>95 Tm>95 Tm>95 Tm>95 16.7 -0.3 -0.3
chloride 14.02
Mitoxantrone Tm>95 Tm>95 Tm>95 Tm>95 Tm>95 45.3 44.3 -1.3
0.3,
Tilorone Tm >95 Tm>95 Tm >95 Tm >95 -1.7 -0.7 43 0.0
a

Table 3.4: Change in meltingmperature with change in concentration of hit
compoundst A bimodal melting curve was observed so both melting temperatures were

recorded.Error = + 0.3°C.

As was seen in section 3.2.5, most of the compounds are more stabilising in the 5 mM
NaCl buffercompared to the 100 mM NacCl buffePararosaniline andbromocriptine

only give a small stalisation at higher concentrationshowever tilorone , which had

no significant stabilising effect in 100 mM salt conditions, is significantly more
stabilising. This suggests thattilorone binds through more electrostatic interactions

as a high cation concentration would reduce this effectMethylbenzethonium
chloride still gave rise to a bimodal melting curve but at a lower concentration than
previously (10 pM). While tyrothricin  only showed a very small change in
fluorescence before the melting transition at 20 pM. This suggests that the alternative
DNA conformations that these compounds may be stabilising are even more favoured

under these conditions.
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3.4 Effect of Hits on i-Motif Structure: Qrcular Dichroism

In order to see what effect the hit compounds were having on themotif structure,
circular dichroism was used. As discussed in chapted and 2, circular dichroism is a
very useful tool for looking at structural changes in DNA as different structures give
characteristically different spectral®2 The human telomeric imotif was tested at a
concentration of 10 uM with increasing number of equivalents of ligand, up to 20
equivalents (figure 3.15 z 3.23). However, if precipitation occurred before 20

equivalents,further aliquots of ligand were not added.
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Figure 3.15 Example CD titration of human telomeriemotif with increasing
concentration ofcetylpyridinium chloride .[DNA] = 10 puM hTeloC, buffer = 10 mM
sodium @codylateand 100 mM NacCht pH 5.5.

The CD spectrum otetylpyridinium chloride  with the i-motif (figure 3.15 shows a
decrease in signal at both 255 nm and 288 nm suggesting a decrease in the amount of
i-motif structure present in the sample buho unfolding is observed as there is no shift

in the pea&k towards 275 nm. There washo indication of precipitation from observation

of the sampleand there wereno scattering effects which would be demonstrated by
the appearance of signals above 320 nrihlowever, these scattering effects were not

always observed withBisA in chapter 2which did cause condensatiorand it is likely
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that the general decrease in molar ellipticity across the spectrum is indicative of

precipitation.
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Figure 3.16 Example CD titration of human telomeriemotif with increasing
concentration oftyrothricin .[DNA] = 10 uM hTeloC, buffer = 10 mM sodiuacadylate
and 100 mM NaCht pH 5.5.

Although the CD spectrum otyrothricin  (figure 3.16) does not showsuch a large
decrease in molar dipticity as the previous example, precipitation was observed at a
concentration of 100 uM (10 eq). The increasinglyegative peak in the spectrumat
220 nm is likely to be due to the compound itself as the tyrocidines, a major constituent
of tyrothricin have been shown to give a negative CD signal between 210 and 220

nml162
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Figure 3.17 Example CD titration of human telomeriemotif with increasing
concentration oftamoxifen . [DNA] = 10 uM hTeloC, buffer = 10 mM sodium cacodylate
and 100 mMNacClat pH 55.

The CD spectrum oftamoxifen (figure 3.17) with the i-motif gives a very similar
spectrum totyrothricin  with a decrease in molar dipticity at 255 and 288 nm. In this
case howevertamoxifen is not chiral and there is no peak forming at 220 nm. As with
tyrothricin , precipitation could be observed byeye at higher concentrations and this
may berepresented in the CD spectrunby the small decrease in molar ellipticity. This
suggeststhat tamoxi fen does not have a significant effect on themotif structure up

to 10 equivalents
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Figure 3.18: Example CD titration of human telomeriemotif with increasing
concentration ofboromocriptine mesylate .[DNA] = 10 uM hTeloC, buffer = 10 mM
sodium @codylateand 100 mM NacCht pH 5.5.

The CD titration of hTeloC withbromocriptine mesylate (figure 3.18) showed very
little change up to 10 equivalents (100 puM) but began to show precipitation at this
point which can be seen by the presence of a signal at 380 to 400 nm. A DNA sample
should not give any signal in this region and this signal is a result ofattering effects.
Higher concentrations oforomocriptine were not tested as precipitation had already
occurred. The fact that the compound does not change the signal at 288 nm suggests
that it may not be binding to the imotif at all under these conditionsor that if it does

so, then there is ngperturb ation of the structure to alter its conformation. In earlier
FRET melting experimentgTable 3.2 and 3.3romocriptine had little to no effect in
buffer conditions containing 100 mM NaCl but did cause a bakee fluorescence signal

in 5 mM NacCl conditions. This suggests that the higher salt concentration may prevent

any potential binding.
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Figure 3.8: Example CD titration of human telomeriemotif with increasing
concentration ofalexidine hydrochloride .[DNA] = 10 uM hTeloC, buffer = 10 mM
sodium cacodylatand 100 mM NaCét pH 5.5.

In figure 3.19, the CD spectrum shows significant changes upon addition @txidine
hydrochloride with not only a decrease in molar 8ipticity but a shift in the peak
towards 300 nm. This is similar to the CD spectra observed for the condensation effects
of BisA in chapter 2 (figure 2.15) and was accompanied by visible precipitatiort may
well be the case that for compounds such abromocriptine , tamoxifen and
tyrothricin , for which precipitation was observed but there is little change in the CD
spectrum, the observed precipitation is merely the ligand itself precipitating from the
buffer solution. Whereas, in the case @ilexidine hydrochloride or other compounds
where the precipitation is accompanied by dramatic changes in the CD spectrum, this
suggess that the compound does alter the conformation of the DNA and the observed

precipitate may be the complex of the DNA and ligand.
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Figure 3.20 Example CD titration of human telomeriemotif with increasing
concentration ofpararosaniline .[DNA] = 10 uM hTeloC, buffer = 10 mM sodium
cacodylateand 100 mM NaCht pH 5.5.

Figure 3.20shows a slight decrease in signal at 288 nm that is most likely a result of
dilution and is not significant. This indicates that ifpararosaniline is binding to the
motif, it does not have any effect on the structural conformation that is significant
enough to be observed by CD. This implies thaararosaniline may not bind to the
motif at all or if it does, that it is through an electrostatic or stacking interaction on the
outside of the structure. Any binding within the loops, grooves or the core ttie i-motif

is likely to cause at least a small disturbance to the structur&ike bromocriptine in
figure 3.18, pararosaniline only showed significant effects in FRET experiments in
buffer containing 5 mM NaCl. Therefore the combined FRET and CD experinsen
suggest that the higher salt concentrations are inhibiting any possible binding

interactions from taking place.
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Figure 3.21 Example CD titration of human telomeriemotif with increasing
concentration ofmethylbenzethonium chloride .[DNA] = 10 uM hTeloC, buffer = 10

mM sodium acodylateand 100 mM NaCét pH 5.5.

The CD spectrum omethylbenzethonium chloride  with the i-motif (figure 3.21) is
very similar to that of cetylpyridinium chloride  which is perhaps unsurprising as
they share some similarities in their structures and both contain quaternary
ammonium cation centres. This common functionality may be key to the compounds
interaction with the i-motif and like cetylpyridinium chloride  (figure 3.15) no
precipitation was observed despite a decrease in molar Igbticity that suggests there

is less tmotif structure present in solution. As both these compounds are able to form
micelles, it may be the case that under the conditions of the experiment, micelles are

being formed which interact with the imotif instead of the individual compound.
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Figure 3.2: Example CD titration of human telomeriemotif with increasing
concentration ofmitoxantrone .[DNA] = 10 uM hTeloC, buffer = 10 mM sodium
cacodylateand 100 mM NaCat pH 5.5.

Although mitoxantrone did not appear to cause any precipitation in FRET melting
studies, at the higher concentrations used for CD spectroscapgrecipitation was
observed at 10 and 1%quivalents(figure 3.22). This was observable by the naked eye
and is apparent in the CD spgrum where the signal at 288 nm decreases and shifts
towards 300 nm. Like figure 3.18 foralexidine hydrochloride this indicates that
mitoxantrone is binding to the Fmotif and forming a complex which may have a
different structure upon condensation and pecipitation. There are also significant
changes in the spectrum between 220 and 280 nm which may be as a result of
scattering or due to structural changesMitoxantrone is still a promising compound

to investigate however as it does not cause precipitatioat lower concentrations (50
uM).
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Figure 3.8: Example CD titration of human telomeriemotif with increasing
concentration oftilorone .[DNA] = 10 uM hTeloC, buffer = M sodium acodylate
and 100 mM NaChat pH 5.5.

Finally the CD titration of tilorone with the i-motif (figure 3.23) does not show a
significant decrease in the signal at 288 nm and no precipitation was observed. In fact
there is an increase in signal at 270 nm showing the formation of an ICD with increasing
concentration oftilorone . This indicates binding and can basedto measure a binding

affinity.

By fitting the change in molar dipticity with increasing concentration of ligand, a
binding affinity can be measured. The change in molar lgdticity at 270 nm was
normalised, which transforms the data so that the lowst point is equal to zero and the
highest is equal to one, this gives a measure of the fraction of ligand bound to the DNA.
The data was then fitted with both 1 to 1 and 2 to 1 binding models (equation 3.1 and

3.2). The two models gave very similar fitsfigure 3.24) resulting in similar Kid O &l O
first binding site (table 3.5) but the 2 to 1 model with a very weak affinity for the second

binding site gave a slightly better fit.

Equation 31: — ——— 1 to 1 bindingmodel
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Equation 3.2— 2 to 1 binding model

Where Ka is the association constantKi and Kz are association constants for binding

site 1 and 2 respectivelyKq is the reciprocal ofKa.

® 270 nm
1to 1fit
—2to 1 fit
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Figure 3.21: Normalised average change in CD at 270 nmtitarone with human
telomeric Fmotif, fitted with 1 tol and 2 to 1 binding models. Error bars show the
standard deviation across 2 repeats. [DNA] = 10 uM hTeloC, buffer = 10 mM sodium
cacodylateand 100 mM NaChat pH 5.5.

Binding affinity (uM)
ltol Kd 14 +£10
Ka1 17 +£10
Ka2 1478 + 2077

2tol

Table 3.5: Binding affinities dflorone for telomeric imotif from CD titrations.The

error given is the maximundifference between the average and individual data

These results indicate thattilorone has amoderately strong affinity for the i-motif
with dissociation constants (d) measured in the low micromolar range. Wilst the 2
to 1 binding model may give a marginally better fit, the very high dissociation constant

for the second binding site and the sintarity of the Kq for the first binding site to the

134



Chapter 3: Identification of tMotif Binding Compounds Using a FRET Melting Based
Screen

one given by the 1 to 1 model suggests that there is only one significant binding site for

tilorone with the human telomeric i-motif. This binding affinity is comparable to those
identified for other existing i-motif ligands such as the terbium complexes discussed in
section 1.5.4 Kda = 22 pM and 30 pM) but is not as strong as the affinitjorone has
for double stranded DNA (1.05 pM for poly(dAdT)), though this was measured under
different conditions.163 Astilorone has not beenshown to bind to the Fmotif before

this does still suggest that it is a good starting structure to develop analogues from.

3.5 Variation in stabilisation potential

After excluding alexidine hydrochloride for its precipitation effects as well as
cetylpyridinium chloride  and methylbenzethonium chloride , which may be
forming micelles, the six remaining compounds were taken forward for further study.
Dose response studies were carried out to assess whether there was any degree
selectivity in the hits stabilising effect compared to other DNA structuresThe dose
response experiments were repeated with 3 different structures. Firstly the-dlyc i-
motif, as described in section 1.3.2is an oncogene promoter imotif sequence
Therefore thisrepresents a different form of anticancer target to that of the teimeric
i-motif. This i-motif has a different structure to hTeloC with larger loops and the
sequence 5TCCCCACCTTCCCCACCCTCCCCACCCIE Ca#tandly, the hits were
tested against the human telomeric €uadruplex sequence. This is the complementary
strand to the i-motif forming the very different G-quadruplex structure. As discussed
in section 1.1,telomeric G-quadruplexes have been shown to inhibit telomerase and
being complimentary to the imaotif, it is not yet clear what the dynamics between the
two structures are. The telomeric Guadruplex sequence is 5
GGGTTAGGGTTAGGGTTA&GGRinally, the hits were tested against a double
stranded sequence 5TATAGCTATAHEG(18)TATAGCTATA3'. This sequence was
chosen because it has been used previously in the litéwae by a variety of groups in
comparison to the Gguadruplex.164.165 |deally the hit compounds would have some
degree of selectivity for the imotif structure over other types of secondary structure

and may also be selective between different types ofmotif.
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In figure 3.25 to 330 the change in melting temperature with increasing concentration
is plotted for each of the 6 potential ligands. This is to see whether there is any variation
in the ability of the ligands to stabilise the different DNA structures at different
concentrations. However, care should be taken when comparing the maximum change
in melting temperatures that are reached at higher ligand concentrations as double
stranded DNA has a higher melting point than either the-motif or the G-quadruplex
under these conditions. This means there is a narrower range of temperature between
the melting point and the maximum sca of the experiment of 95°C sonly a lower

i AGEI| @dis passible(~ 30°C).
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Figure 3.5: Change in melting temperature with increasing concentratiof
tyrothricin  with human telomeric tmotif (hTeloC), eMyc imotif, human telomeric G
quadruplex (hTeloG) and duplex DNEtror bars show the standard deviation across 2
repeats.DNA = 200 nM, buffer = 10 mM sodium cacodylatel 100 mM or 5 mM NacCl.

Two points are shown where biphasic melting curves were observed.

The combined FRET melting results fayrothricin  (figure 3.25) show that in 100 mM
salt conditions, this cyclic peptide is not strongly stabilising of the telomeric-motif
except at a concentration of 100 uM where a biphasic melting curve was observed,
hence there are two data points on the graph. Conversely inrBM salt conditions,
tyrothricin is highly stabilising, reaching maximum possible stabilisation potentials

just above 40 uM. What is interesting is that for the-Myc i-motif, there was very little
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difference in stabilisation under the two salt conditionswith the structure being highly
stabilised under both conditions. This suggests that the interaction with the telomeric
I-motif is perhaps more electrostatic because a higher salt concentration will disfavor
this. Whereas the interaction with eMyc may beless electrostatic with the larger loop
OANOAT AAO AllTT xET¢ DAABEGT AAAAORA K OI A1 B
residues intyrothricin  peptides. These results also indicate thatyrothricin is highly
stabilising of the Gquadruplex and duplex DM reaching maximum stabilisation
potentials at higher concentrations (>80 puM). ldwever, there is some degree of
preference atconcentrations of 20 uM, where tyrothricin is around 20 degrees more
stabilising of i-motif and Gquadruplex sequences than of dupx. While at 40 uM,
tyrothricin is a further 25 degrees more stabilising of the-motif than of the G
quadruplex.
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55 = c-Myc 100 mM
c-Myc 5 mM
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Figure 3.28: Change in melting temperature with increasingpncentrationof
mitoxantrone with human telomeric tmotif (hTeloC), eMyc rmotif, human telomeric
Gquadruplex (hTeloG) and duplex DNEtror bars show the standard deviation across
2 repeatsDNA = 200 nM, buffer = 10 mM sodium cacodylatel 100 mM or5 mM NacCl.

The results for mitoxantrone (figure 3.26) again show that the compound is
stabilising of all the DNA structures tested. This is not surprising however, as it is
known to bind to duplex DNA as part of its inhibition of topoisomerase 1§6 and its flat

planar structure is similar to many other Gquadruplex ligands8® The data suggests
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that even at higher concentrationsmitoxantrone is more stabilising ofhTeloC imotif
in 5 mM salt conditions compared to 100 mM salt conditions but is highly stabilising of
c-Myc i-motif under both conditions. Again this may be as a result of the larger loops
enabling better access for the compound to interact with the bases the structure.
Some degree of preference can be observed at low concentrations up to 5 whiere
mitoxantrone stabilises ¢cMyc and hTeloC-motifs in 5 mM salt conditions far more
than the other structures.

—®— hTeloC 100 mM

—@®—hTeloC 5 mM
50 4 c-Myc 100 mM

1 c-Myc 5 mM °
45 ] hTeloG

40 4—e—duplex /

Change in Melting Temperature ( °C)
&

[P11H11] ( mM)

Figure 3.Z: Change in melting temperature with increasing concentratiaf tilorone

with human telomeric tmotif (hTeloC), eMyc irmotif, human telomeric @uadruplex
(hTeloG) and duplex DNArror bars show the standard deviation across 2 repeats.
DNA = 200 nM, buffer = 10 mM sodium cacodylatel 100 mM or 5 mM NaCTwo

points are shown where biphasic melting curves were observed.

Although tilorone is known to bind to duplex DNA, only a small stabilisation of dupk
DNA was observed (figure 3.2Y. The sequence used in this study is-A rich and
tilorone has a preference for AT rich DNA183 therefore, the compound is likely to still
be binding to the DNA but without affecting the melting temperature significantlyln
these results, it can be seen thdtlorone has very little effect on either the telomeric
or c-Myc i-motif structures in buffer containing 100 mM NacCl but is much more highly
stabilising in buffer containing 5 mM NaClTilorone does show some stabilisation of

the ¢Myc i-motif in 100 mM NaCl at 100 uM where biphasic melting curves were
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observed but this is still not of the same magnitude as the stabilisation in 5 mM NacCl.
Pleasngly, despiteO E 1 1 OplahaAdiri@ture, the compound does not stabilise the -G
quadruplex to the same extent as the-motif however this may again be due to the
higher salt concentration. It is apparent from these results thatilorone is more
stabilising of the imotif than other structures at concentrations of 20 to 40 uM making
it a worthwhile lead to follow, even ifit is assumedthe interaction is more electrostatic

in nature.
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Figure 3.8: Change in melting temperature with increasing concentratiarf
tamoxifen with human telomeric +motif (hTeloC), eMyc imotif, human telomeric
quadruplex (hTeloG) and duplex DNEtror bars show the standard deviation across 2

repeats.DNA = 200 nM, buffer = 10 mM sodium cacodylatel 100 mM or 5 mM NacCl.

Tamoxifen does not stabilise the imotif to the same extent as the previous three
compounds discussed (figure 3.8), however what is pleaing is that it shows no
stabilisation of duplex DNA and even shows a small destabilisation of theg@adruplex
though this is likely to be within error of the experiment. Also, the observed
stabilisation of the imotif is less affected by the differencen salt concentration
compared to some of the other hits. The reason for this specitiz is most likely due to
the three dimensional structure of tamoxifen . Although the structure oftamoxifen
consists of threephenyl rings around a carbonrcarbon double bad, the structureas a
wholeEO 11 O DBl AT AO x E Qystenie” Thid meads it & @EsAikelj th A
stack ontop of the Gquadruplex andis too large to beable to intercalate into duplex
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DNA. Howeverthe smaller phenyl rings are probably more able to slot into the loops
ofthei-l T OE £ OT -stadKing iGterddt®nsmith the loop bases.
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Figure 3.29 Change in melting temperature with increasing concentratiarf
bromocriptine mesylate with human telomeric tmotif (hTeloC), eMyc imotif, human
telomeric Gquadruplex (hTeloG) and duplex DNEtror bars show the standard
deviation across 2 repeatNA = 200 nM, buffer = 10 mM sodium cacodylae 100
mM or 5 mM NacCl.

Bromocriptine mesylate shows only small stabilisation of the telomeric imotif (6.7°C
at 100 uM) in buffer ontaining 5 mM NaC (figure 3.29). The compound shows almost
no stabilisation of the other DNA structures with only a very weak stabilisation of 1.7°C
for the c-Myc irmotif in 100 mM NaCl conditions. This suggests thdtromocriptine
does not interact strongly with the imotif and most likely does so with a norspecific
electrostatic interaction. This is why it shows much smaller effects in higher salt
conditions as a higher concentration of sodium ions will disrupt the possible
electrostatic interaction with the positive bro mocriptine molecule and reduce its
ability to bind to the DNA.
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Figure 3.30 Change in melting temperature with increasing concentratiarf
pararosaniline with human telomeric tmotif (hTeloC), eMyc imotif, human telomeric
Gquadruplex (hTeloG) and duplex DNEtror bars show the standard deviation across
2 repeatsDNA = 200 nM, buffer = 10 mM sodium cacodylatel 100 mM or 5 mM NacCl.

The results for pararosaniline (figure 3.30) show that it provides only a small
stabilisation of the imaotif in low salt concentration buffer and gives a higher degree of
stabilisation to the Gquadruplex. Although this is also still lower than other
compounds such asnitoxantrone , tilorone and tyrothricin . In some ways this is
surprising because pararosaniline has a very similar structure to crystal violet
(figure 1.21) which is a known tmotif binding compound (K¢ = 0.87 1.4 uM)125.127
However the stabilisation potential of crystal violet was not assessed so, like
pararosaniline , it may not stabilise the imotif to a large extent. Equally,
pararosaniline may still have a good binding affinity for the imotif despite not
causing a large increase in stability. This highlights a drawback to screening femiotif
ligands based on their ability to stabilise thestructure as some compounds which bind

to the i-motif but do not affect its stability may be overlooked.

Unfortunately it is clear from these results that the most stabilising compounds
tyrothricin , mitoxantrone and tilorone also seem to stabilise @uadruplex and

s x oA s~ A~

and as discussed, some of these compounds are already known to bind to double
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stranded DNA. However, each of these three ligands do appear to impart a gexat
stabilisation on the Fmotif than other structures at lower concentrations. The other
compounds tamoxifen , bromocriptine and pararosaniline do not stabilise G
quadruplex or double stranded DNA to the same extent but these compounds are also
less strongly stabilising of the imotif. From these results,mitoxantrone is the most
promising ligand in terms of stabilisation potential as it imparts the greatest increase
in melting temperature with concentration of ligand compared to the othersTilorone
and tamoxifen show the greatest degree of selectivity for the-motif over G
quadruplex and duplex, particularlytamoxifen , which does not stabilise duplex oiG-
quadruplex at all.Pararosaniline andbromocriptine are the least stabilising of the 6
ligands. The fat that bromocriptine only increases the melting temperature of the-i
motif in low salt conditions suggests that it interactsvia a non-specific electrostatic
interaction. However, the comparison opararosaniline with crystal violet highlights
that compounds may still bind to the imotif even if they do not stabilise the structure
and therefore these compounds will still be included in experiments to measure

binding affinity.

3.6 Measuring the Binding Affinity

Having narrowed down the initial list of 34 compunds, which showed some effect on
the melting temperature of the imotif, to 6 lead compoundsthe next step in the
investigation was to measure a binding affinity of the ligands for themotif. This can

be done using a range of different methods as disssed in section 1.4, such as UV/Vis
absorbance spectroscopy, fluorescence emission spectroscopy and surface plasmon
resonance. Earlier in this chapter (section 3.4) the binding affinity aflorone for the
telomeric i-motif was measured using circular diclhoism (figure 3.24). This gave &q

of 14 uM, assuming a 1:1 binding model. In both UV and fluorescence titrations, the
absorbance or emission of the compound is observed as increasing concentrations of
DNA are added and the change in the spectrum is monied. UV titrations generally
only work well if the compound itself absorbs in a different part of the spectrum to the
DNA which absorbs in a range with a maximum aroun@60 nm. Gherwise it is difficult

to deconvolute which changes are a result of bindghand which are simply an increase

in concentration of the UV active components. Fluorescence titrations do not have this
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drawback because if it is unlabeééd, the DNA is not fluorescent. However this does rely
on the ligand having some degree dluorescence.Surface plasmon resonance does not
have these constraints as this experiment measures the effect of a binding event on the
plasmons within a gold surface and therefore does not depend on any spectroscopic

properties of either the target strucure or the binding molecule.

3.7 Surface Plasmon Resonance Studies on Tilorone and

Mitoxantrone

Having been unable to measure a binding constant for the hits by fluorescence
emission or UV absorption titrations, surface plasmon resonance (SPR) was used to
measure their binding affinities. This is a highly sensitive technique as described in
section 1.4.5 that measures binding interactions of compounds with a target that is
immobilised on the surface of a gold chip. A binding event results in a change of
refractive index above the chip surface which affects the resonance of surface plasmons
in the gold chip and is therefore measured as a binding response. Importantiyis
means that the measurement of a binding response does not rely on any spectroscopic

property of the target or the compound being tested.

3.7.1 Preparation of the chip

The chip used was a streptavidin coated sensor chip purchaséwm GE Healthcare.
This chip was chosen because biotinylated DNA can then be easily attached to the chip
surface dueto the extremely high affinity of biotin for streptavidin (K¢ ~0.01 pM).168
The chip surface is divided into four separate flow cells which are in series with one
another, this enables the simultaneous testing of ligands against op 3 different DNA
targets. The firstcell was left blank as a control to account for any nespecific binding
to the chip surface. In this experiment, the timan telomeric imotif sequence(5'-
Biotin-d(TAACCCTAACCCTAACCCTAAGE)as immobilised on flowcell 2 and the
c-Myc onmgene promoter Fmotif sequence (5'-Biotin-
d(CCTTCCCCACCCTCCCCACCCTC@GUT@A) flow cell 3 in order to compare the
affinity of the hits for these two different i-motif structures. Finally, to look for

specificity for i-motif over double stranded DNA a 22 base pair duplex sequence {5'
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Biotin-d(GGCATAGTGCGTGGGTAGC)3' with its complement 5'-
d(GCTAACGCCCACGCACTAT&)®as immobilised on flow cell 4, leaving flow cell

1 blank as a control.

3.7.2 Initial binding response tests

Having prepared the chip surface, each compound was first tested at a concentration

of 10 uM to see whether there was a binding response.
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Figure 3.31: Sensorgrams of initial binding response tests fomipxantrone and b)
tilorone with human telomeric tmotif. The sensorgrams are normalised with respect to
a blank cell containing no DNA. Running buffer = 10 mM sodium cacodyE6 mM
NaCl and0.05% tween 2@t pH 5.5.

Mitoxantrone (figure 3.31a) gave the clearest binding response. The response shows
a sharpincrease with a steep gradient after the ligand is injected which indicates a fast
association rate ka). The response levels off showing that equilibrium is reached and,
after continuous flow of running buffer, the response decreases as the compound
dissociates. The shallower gradient indicates a slower dissociation ratdkd) than the
association This is good because it indicates that theompound binds strongly as it
does not become unbound as quicklyTilorone (figure 3.31 b) gave a much lower
magnitude binding response suggesting it has a weaker affinity for thennotif. The
response curve showed a sharp increase in the association phase and a sharp decrease
in the dissociation phase indicating that the compound has fast association and

dissociation rates.
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Figure 3.32: Sensora?aéﬁs of initial binding response tests fobr%%g)criptine and b)

pararosaniline with human telomeric tmotif. The sensorgrams are normalised with

respect to a blank cell containing no DNA. Running buffer = 10 mM sodium cacodlylate
100 mM NaCl and.05% tween 2@t pH 5.5.

In contrast, the compoundsbromocriptine and pararosaniline both showed almost
no response at all (figure 3.32). This suggests that they do not bind to theniotif with
any significant degree of affinity. These compmds also showed very limited ability to
stabilise the rmotif structure. The SPR studies were carried out in buffer containing
100 mM NaCl so it may be that the compounds would show a greater binding response
in the low salt conditions but this is likelyto be a more nonspecific electrostatic
interaction. Because of this, these two compounds were not taken forward to try and

measure their low binding affinities.
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Figure 3.33: Sensorgrams of initial binding response tests fotyajthricin and b)
tamoxifen with human telomeric tmotif. The sensorgrams are normalised with respect
to a blank cell containing no DNA. Running buffer = 10 mM sodium cacodyldi® mM

NaCl and0.05% tween 2@t pH 5.5.
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Finally the compounds tyrothricin and tamoxifen showed some umsual and
anomalous sensorgrams (figure 3.33). These effects are due to the DMSO content of the
sample because of the low solubility of the compounds. DMSO imare densesolvent
than water and introduction of DMSO into the system creates a large bulk rattive
index change when it moves across the surface of the chip, this is not an effect of DMSO
binding to the chip or the DNAbut a change in the composition of the buffer mixture
which results in an anomalous response measurement and it is not possiliteclearly
measure the binding response of the compounds. This can be accounted for by using
DMSO in the running buffer and performing a solvent correction to calibrate the
instrument to the presence of DMSO, however, no more than 10% DMSO can be used
in the running buffer due to incompatibility with the plastic seals and tubing within the
instrument. Despite 10% DMSO being used in the initial FRET screen it was found that
tyrothricin  precipitated at a concentration of 100 uM in the SPR running buffer with
this percentage of DMSO. Although in FRET melting studi¢gamoxifen appeared to
stabilise the rmotif more than other structures, showing a greater degree of selectivity
than the other compounds, it still shows only a weak response in tHeéPR experiment.

Therefore it was nottaken forward for further analysis.

From these results,mitoxantrone and tilorone have been identified as the most
promising i-motif binding compounds with the biggest binding responsesThe fact that
they are both water soluble also enables their binding affinity to be determined
without the need to correct for DMSO Therefore, these compounds were taken

forward in order to try and measure binding affinities for the imotif by SPR titrations.

3.7.3 Determining the binding affinity of mitoxantrone for i -motif by SPR.

After completing the initial binding response tests discussed in section 3.7.2, a titration
was carried out over a wider range of concentrations in order to measure an accurate
binding affinity. A large spread of concentraons between 0 and 100 pM was used in
order to give the best chance of reaching a plateau and of having concentrations both
above and below theKp as this gives the most reliable determination of affinity. The
change in response over time as the compoundas injected was plotted for each
concentration to give a sensorgram (figure 3.34). The increase in response for each

concentration plateaus out before finally decreasing again as the compound dissociates
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and this point represents the equilibrium point.By measuring the dange in response
at the plateauwith increasing hit concentration, the data can be fitted to obtain the
equilibrium dissociation constant (Kp).194 For each concentration, two curves are
shown. These are repeat iections from the same sample and are used to show the
reproducibility of the sensorgram69 The software uses both sets of data when fitting
to find the Kowith a 1 to 1 binding model (equation 3.3. An example binding curve for
mitoxantrone with human telomeric i-motif is shown in figure 3.35.Further examples
are given in the appendix (sectiorA.2). The data wa double referenced by subtracting
both the response from the blank flow cell and by subtracting a series of blank
injections that do not contain any compound. This accounts for nespecific bindingto

the chipd €hirface.

Equation 3.3: 'Y

<o et apo g
oot ¥ g

Where Req is the response at equilibrium,Rmax is the response at saturationKa is the
association constant and Jlitoxantrone ] is the concentration of the compoundnis a

constant to factor forsteric interferenceand is set to 1 assuming a 1 to 1 binding model.

The equilibrium dissociation constanto —.
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Figure 334: Example sensorgram fanitoxantrone with human telomeric tmotif. The
sensorgrams are double referenced by subtracting the response on the blank flow cell
containing no DNA and by subtracting blank injections of just buffer. Running buffer =
10 mM sodim cacodylate 100 mM NaChnd 0.05% tween 2@t pH 5.5.
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Figure 3.35: Example SPR binding curve fioitoxantrone with human telomeric
motif. Running buffer = 10 mM sodiunacodylate 100 mM NaChnd 0.05% tween 2t
pH 5.5.

Mitoxantrone Binding Affinity

Ko (UM)
hTeloC 11.0+4.3
c-Myc 15.0+6.5
Duplex 19.8 £3.0

Table 3.6: Average binding affinities from 1:1 affinity fithe error given is the

maximum differencebetween the average and individual data.

These results (table 3.6) show thamitoxantrone has a moderately strong affinity for
the i-motif with dissociation constants in the low micromolar (Ko = 11 and 15 uM for
hTeloC and eMyc) range and a similar though slightly better affinity for the imotif
structure over duplex DNA in this experiment. These affinities are of a similar
magnitude to the affinities of existing imotif ligands such as the pbnanthrolines (4 to

8 uM)122 and terbium complexes (22 to 30 uM¥28 This offers a good starting point for

further development of analogues with better affinity and specificity.
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3.7.4 Determining the binding affinity of tilorone by SPR

After measuring low micromolar Ko O mEbx@ntrone , the binding affinity of
tilorone was measured using the same procedure. This compound however has a
weaker affinity for the i-motif and at the top concentrations, the sensorgrams do not
plateau sufficiently suggesting that they havenot reached equilibrium before
dissociation occurs. An example sensorgram for the human telomerinotif is shown

in figure 3.36. The result of this is that when the data is fitted, the curve does not
plateau (figure 3.37) and this creates a greater erroin the determination of the

binding affinity as illustrated by the greater variance between the two repeats.

—0.39 "M P11H11
0.78 MM P11H11
1.56 nM P11H11

200 A

180 4 —— 3.125 M P11H11
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Figure 3.36: Example sensorgram fllorone with human telomeric tmotif. The
sensorgrams are double referenced by subtracting the response on the blank flow cell
containing no DNA and by subtracting blank injections of just buffer. Running buffer =

10 mM sodium acodylate 100 mM NaCand 0.05% tween 2@t pH 5.5.
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Figure 3.37: Example binding curve ftitorone with human telomeric fmotif. Running

buffer = 10 mM sodiumacodylate 100 mM NaCand 0.05% tween 2@t pH 5.5.

Tilorone Binding Affinity
Ko (UM)
hTeloC 157.9+80.9
c-Myc 862.4 £ 684.7
Duplex 147 +4.3

Table 3.7: Averageibding affinities from 1:1 affinity fit. The error given is the

maximum difference between the average amdlividual data.

These results (table 3.7) show thatilorone has a much weaker affinity forimotif than
mitoxantrone (Ko = 158 uM vs. 11 pM) and has a stronger preference for double
stranded DNA Kb = 14.7 pM). This is unsurprising agilorone is known to bind to
double stranded DNA and the affinity that was measured in these experiments is
actually slightly weaker than that measured previously in the literature by other
methods (Kb = 1.05 M for poly(dA-dT) and Kb = 7.30uM for poly(dC-dG))163 Despite
this, neither tilorone nor mitoxantrone have previously been shown to bind to the-i
motif and they offer two new imotif binding chemotypes which could be used as a

starting point for development of analogues with improved binding to the-motif and
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could enable structure activity relationship studies to look at what features favour-i

motif binding.

3.8 Discussion

In this chapter, a library of 960 known biologically active compounds has been
screened against the human telomericmotif using a FRET melting based assay. The
initial screen identified 34 compounds which caused some change in the melting
temperature of the DNA. This list of compounds were reducetb six lead compounds
through a series of FRET and circular dichroism studies. These six compounds were
tested by SPR and finally, binding affinities in the low micromolar range were
measured for two of the compunds mitoxantrone (Ko = 11 yuM) andtilorone (Kb =
158 uM). Mitoxantrone is clearly the better of the two compounds in terms of affinity
and is the primary hit from the screen Although these two compounds are not novel
structures themselves, they have near been identified as imotif binding ligands
before. Bothmitoxantrone and tilorone are flat planar molecules with the ability to
intercalate into DNA but it is this characteristic that enables them to stack on top of G
quadruplex or i-motif structures also. In further work on this project, it may be possible
to increase the selectivity of these compounds by adding different side chains to the
core structure which are able to pick up more specific interactions within the loop
region of the imotif. The identification of two new i-motif binding ligands is of
importance to the field of imotif research as they provide two new structure types
which may be used as starting points for development of novel ligands with improved
affinity and selectivity for the structure. In the future, analogues of these ligands may

then be used as tools to probe the potential biological functions ocfmotif structures.

These results have also highlighted that the FRET melting assay can be used to screen
libraries of compounds fa interaction with the i-motif. This method holds particular
advantages for identifying compounds based on their ability to stabilise or destabilise
the structure. The use of FRET also has advantages over UV melting for example,
because lower concentratios of DNA and ligands are required and compounds which
may absorb in the same UV region as DNA can still be examined. However, this study

has highlighted several drawbacks. Some compounds may interact with the
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fluorophores rather than the DNA or they may floresce themselves with the same
excitation wavelength. For these compounds it is not possible to tell from the FRET
assay whether they are interacting with the DNA or not. Another drawback is that for
many compounds or for higher concentrations of most aopounds, the results did not
give sigmoidal melting curves making it difficult to accurately determine a melting
temperature. Finally, by focusing on changes in melting temperature, this method may
overlook compounds which bind to the imotif but do not alter the melting
temperature. More recently, an alternative FRET based screening method has been
used by Laurence Hurley and cavorkers to identify a compound interacting with the
Bcl-2 i-motif.5° Their method did not look at the melting of the DNA but looked at the
change in fluorescence at room temperature as an indication of whether thamotif is
favoured (low fluorescence) or disfavoured (highfluorescence). This may be a better
screening method as it holds many of the advantages of FRET melting but does not

overlook compounds which do notchange the melting temperature.

Although these compounds proved not to be selective for themotif, this is not a great
surprise when screening a library of compounds with existing biological activity. For
examplemitoxantrone is a DNA intercalator used in chemotherapy for the treatment
of a range of cancers including breast and lung cancer, melanoma, lymptay leukemia
and prostate cancer. The dru@ mechanism of action is to inhibit the enzyme
topoisomerase 11170 The function of this enzyme is to cleave the phosphate backbone
and rejoin new DNA, relieving torsional stressn the process,mitoxantrone inhibits
this process by intercalating at the cleavage site and trapping the complé&i.
Mitoxantrone has also been shown to inhibit telomerase with an Bgof 2 uM172 This

is particularly interesting as inhibition of telomerase has also been demonstrated as a
result of stabilising the telomeric rmotif.5® These results suggest the possibility that
mitoxantrone may inhibit telomerase by binding to the imotif as well as through
binding to the Gquadruplex. However, further experiments would be required to

demonstrate this.

Tilorone is an antviral agent that works by inducing the interferon response and has
been shown to bind to AT rich double stranded DN&3.173.174 \While more recently,
analogues oftilorone have been investigated for their anticancer activity’>176 The

interferon regulatory factor (IRF) genes code fotranscription factors which activate
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the transcription and production of interferon and their promoter regions are rich in
cytosinel’” For example, the Sp1l binding site393 to -362 bases from the start site of
while the Sp1 binding site-383 to -350 bases from the start site of the IRR2 gene has
the sequence 5GCGGOGCE&CCCAECCCGGACCGACTE3' 178 Although in these

experiments,tiloro ne only showed weak binding affinity for the human telomeric and

c-Myc i-motifs, the compound may well have a stronger affinity for different-motif
structures. As an example, this possibility has been demonstratddU , AOOAT A A
group when they identified a Bcl-2 i-motif binding compound that is very specific and
does not interact strongly with other i-motifs such as eMyc$® It has not yet been
investigated whether there are any sequences capable of formingriotifs within the
IRF gene promoter regions but if there were, then the effect dilorone on these

structures could be investigated as a possible new mode of action.

Further work should also be carried out to investigate the interaction ofyrothricin
with the i-motif structure. Tyrothricin is a natural product produced by the gram
positive bacteria Bacillus Brevisand is involved in the regulation of sporulationt’® As
mentioned earlier, tyrothricin is a mixture of peptides called gramicidins and
tyrocidines and has antibacterial properties due to its ability to lyse the cell
membranel62 |nterestingly it has been shown that tyrocidine acts to reduce
superhelical stress in plasmids and it was theorised that this is due to intercalation of
the aromatic residues into the DNA79.180 However, as mentioned in chapted, it has
also been shown that formation of the -motif can reduce superhelical stresg?

Although it was not possible to accurately mesure a binding affinity oftyrothricin by

SPR, it is clear that there is some response which is masked by the effect of DMSO.

Likewise, the fact that the compound gave rise to bimodal FRET melting curves with a
higher melting temperature clearly shows thatthere is some interaction between
tyrothricin and the imotif that is worthy of investigation. A key aspect of this would
be to separatetyrothricin into its constituent peptides and test them separately as it
may be that only one of these is responsibléor the effect, or that they may have a
higher magnitude affect individually than as a mixture. The early investigations into
tyrocidine by Bohg et. ak79.180 were published before the imotif was identified so if a
strong binding affinity for the i-motif was shown it would be worth investigating

whether the effect of tyrocidine on superhelicity is linked to stabilisation of the-motif.
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4.1 Introduction

4.1.1 The effect of cations on i-motif forming DNA sequences

As discussed briefly in chapter 1, the effect of cations ormotif DNA is animportant
consideration due to their abundance under physiological conditions. Despite this,
there have been relativey few investigations in to theeffects they may haveon i-motif
stability. Saxena and cavorkers have investigated the effect of Ng K and Mg?* ions
on the cjun i-motif forming sequence3° Their work showed no Fmotif formation in the
presence of 100 mM Nabut the i-motif did form in the presence of K and Mg@*. This
work supports an earlier study by JearLouis Mergny shaving that even at pH 4.8
(close to the [Ka of cytosine, 4.6), the presence of 100 mM NacCl destabilised the i
motif.51 However, they showed that increasing the sodium ion concentration further to
300 mM did not further destabilise the structure. At pH 6.4 in the presence of 100 mM
Na*, the addition of 5 mM Mg, Ca&+, Zr¢*, Lit or K+ also causedno additional
destabilisation of the structure. This may be due to the already highly unstable nature
of the i-motif at this pH and in the presence of a higher concentration of Navhich

could outweigh the effect of adding otbkr cations.

More recently, the effect of Lt has been studied in more detai#? Sung Eun Kim and
colleagues have shown that Etiions do not prevent imotif formation, but do promote
unfolding of the structure at concentrations between 30 and 500 mM. In contradiction
to the earlier studies, they showed using a sagie-molecule FRET experiment that
analogous concentrations of Naand Kt ions did not destabilise the imotif. However,
their experiments were carried out between pH 6 and 6.4 where themotif is already
less stable. They suggested that the reason*ldegabilises the imotif is due to its
smaller size (0.7 A) whch enables it to fit in the centre otytosine-cytosinet basepairs
that have an N3 to N3 distance of 1.8 & yet it is unable to support cytosinecytosine
base pairing because it does not have the low energyaibitals needed to coordinate
to both cytosine nitrogens and cannot sufficiently replicate the effects of a proton.oN
other extensive investigations have been carried out into the effect of cations cmiotif
DNA and, with the exception of Z#, these works have focused on group 1 and 2 cations

and neglected transition metal and group 3 cations, several of which are loiblogical
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relevance. Cations can interact with DNA in a variety of different ways, not just
facilitating bonds between bases but also with the phosphate groups, with oxygens in
the sugar moieties and between bases due to interactions with nitrogen lone ipgand

O E Asystems. All of these interactions can affect the stability of the DNA structure and
could favour one structure over another.Therefore a wider screen of a variety of
different cations would be an important step towards fully understanding tle effect of

cations on kmotif forming DNA sequences.

4.1.2 Metallated DNA

Metallated DNA is the incorporation of metal ions into DNA structurés1.182|t js a topic

that has seen a surge in recent research due to its potential applications in electronics
and nanotechnology.A range of different cations have been studied including zinc,
copper, nickel, mercury and silver, mostly with the aim of incorporting a number of
metal-mediated base pairs into double stranded DNA3.184 This has enabled
applications as molecular wires and sensordMost of theseapplications have utilised

noni AOOOAT OAAOAGe O1F AET A OF OEA 1 AOAI EI
containing a sequence of consecutive imidazolag-imidazole base pairs has been
solved by NMRL8! Non-natural substitutes for bases are also popular as they can
include multi dentate ligands which bind much more strongly than the natural DNA

bases!s>

Akira Ono and ceworkers showed in 2007 that mercury ions bound specifically to T
T mismatched bases forming a very stable-Hg!)-T pair which stabilised double
stranded DNA (figure 4.1)186 They were able to observé>N z 15N coupling across this
bond using NMR and most reently obtained a crystal structure of duplex DNA
containing two consecutive FTHg!D-T base pairsls2.187.188 Another group have also

shown that mercury ions can facilitagé T-T mispairing in a DNA polymerase reactiog?

As well as FT base pairs stabilised by mercury it has also been demonstrated that
silver cations can stabilise €190 GA and GT mismatches!91.192 Akira Ono and
colleagues showed that both silver and mercury cations were able to stabilise aTC
mismatch in duplex DNA by around 4 °C and 7 °C respectively (figure 413) Later, it

was shown that silver cations were able to stabilise a-& mismatch, enabling the
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formation of a full length replication product by a DNA polymerase using a template
containing cytosine and dATR?2 In the absence of silver, the polymerase reaction was
stopped at the cytosine position and if the system was inverted so that the template
contained an adenine base, no incorporation of cytosine occurred even in the presence
of silver. The group hypothesised that the @ mispairing occurs by using the
Hoogsteen face of adenine and that when adenine is incorporated into the primer it is

unable to rotate sufficiently to enable this interaction (figure 4.1).

?/iiN- -ng"-Nij\g (_< N--Ag* --N>_>

sugar/ O (0] \sugar sugar sugar
T-Hg?*-T C-Ag -C
anti-parallel

0 HoN NH, @) sugar
>—N
7
;/ N--Hg?*-N N 4 \N——Ag+—~N\ Vi

R o

sugar O sugar sugar @] H,oN
T-Hg?*-C C-Ag*-C
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NH, 2N /Nm 0
7 N 74 . / \
N---Ag"--N_ N--Ag™--N
/N \”N\ /N« %N\
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C-Ag*-A T-Ag*-C

Figure 4.1: Proposed structures of mismatched base pairs stabilised by Mercury (I1) and

Silver (1) cations.

Of these structures, only the FH@?*-T base pair has been structurally elucidatedby
NMR and Xray crystallography 182188 As Akira Ono and ceworkers have been looking
at these base pairs in the context of double stranded DNA, the structures they have
proposed have the bases orientated in the same way as natural base pairs in an anti
parallel duplex with both deoxyribose units on the same side. In the context of nen
duplex DNA structures the strands may interact in a parallel direction such as in the
structur e of the tmotif.35 In this case the pairs form in the reverse orientatiori?!
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4.1.3 Silver stabilises C-C base pairs

As a follow up to their previous work on mercury mediated thyminethymine base
pairs in DNA, more specific researchas been carrie out by Akira Ono and colleagues
who showed that silver (I) cations are able to bind specifically to <€ base pairs and
stabilise a GC mismatch containing duplex (figure 4.1}%0 They then utilised this
discovery to produce a DNA based sensor for silver cations where the presence of silver
stabilises the formation of a DNA hairpin usig GC mismatched pairs. The hairpin
sequence is labelled with two fluorophores which show FRET upon hairpin formation.
This work has been applied by other groups to DNA based sensors for silver as well as
the amino acid cysteinea strong chelator of siver.193 Ratherthan a DNA hairpin, Wan

Yi Xieet. al.used silver to promote formation of duplex DNA between two separate
strands. One of the strands was labelled with a FAM fluorophore next to the cytosine
base and upon formation of the cytosinéAgr-cytosine base pair he fluorescence was
guenched due to a photoinduced electron transfer (PET) effect. In the presence of
cysteine, the silver is chelated and no longer facilitates the-C mismatch base pair
resulting in strand dissociation and an increase in FAM fluorescené® The same

group went on to utilise this effect in the design of a DNA based logic gateé.

Some investigations have already been published on the interaction between the i
motif and silver but these have only looked at the formation of silver nanoclusters
rather than stabilisation of the imotif itself. Small nanoclusters of silver have strong
fluorescent properties and are synthesised using oligonucleotide templates which
enable the formation of clusters with different emission wavelength4? Bidisha
Sengupta and colleagues used two differentmotif forming sequences (dTACG)4 and
(dGA2)3Cr to template the formation of silver nanoclusters with red or green
fluorescence depending on experimental conditions. They showed that formation of
clusters with red fluorescence were favoured at acidic pH when themotif is stable
and that clusters with green florescence were favoured at basic pH when themotif
sequence is expected to be unfolded. Interestingly, they show using size exclusion
chromatography that the DNA forms a folded-motif conformation at acidic pH, but
that at higher pHs the strandcluster conjugate appears to take the same type of

structure.195 This is an early indication that silver cations may enablemotif formation
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and Sengupta et. al. postulate that aAmotif like structure may be forming as the DNA

wraps around the silver clusters.

Wei Li and coeworkers have also completed a seriesf studies on the imotif as a
template for silver nanocluster formation, in comparison to other DNA secondary
structures, namely single stranded DNA, -Guadruplex and duplex19z198 Their results
suggest that the imotif is a better template than Gquadruplex and double stranded
DNA, stabilising nanoclusters for a longer period of tim&2 They used UV melting to
measure a decrease in melting temperature of the dimeriemotif d[CsAsCs] from Tm =
43.5 °C toTm = 34.4 °C upon addition of Agwhich they suggest is due to th binding of
Ag" to the N3 of cytosine and disrupting the &4*-C base pairing. At pH 7.0 they
recorded CD spectra which suggests possiblamotif formation with a shift in the peak
from 275 nm to 287 nm upon addition of Ag or Ag, which they explain is dueto
formation of GAg-C base pairg?¢ With these hints and suggestions atinotif formation

in the presence of silver, a specific study into whether silver catits stabilise rmotif

formation was necessary.

4.1.4 Aims and Objectives

As described in section 4.1.1, so far only a small number of investigations have been
carried out to look at the effect of different cations on-motif formation and these
studies have only focused on a small selection of group 1 and group 2 cations. Akira
Ono and ceworkers have looked in more detail at metaimediated base pairs showing
that mercury (lI) and silver (I) ions are able to stabilise 3T and GC base pairs
respectively. However, the focus of their work has been on duplex and hairpin DNA
structures and no other secondary structures. The interaction betweenmotif forming
oligonucleotide sequences and silver (I) cations haseen studied in the context of
silver nanocluster formation (section 4.13), which hasindicated the presence of folded
structures at above neutral pH Despite this, no detailed investigation has been carried
out to look at i-motif formation in the presence of silver cations. This is the aim of the
first part of this chapter. In the second part of the chapter, this work is extended to look
at the effect of a wide range of other cations from across the periodic table, many of

which are of biological relevance, rather than just group 1 and 2 cations which have
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been studied previously. e objective of this research i$o give a fuller understanding

of the effect of different cationic conditions on-motif formation.

4.2 The Effect of Silver (I) | ons on i-Motif Forming DNA.

4.2.1 FRET melting

Using the established FRET melting experiment used in chapters 2 and 3, the human
telomeric i-motif forming sequence (hTeloC) was tested in 10 mM sodium cacodylate,
5 mM sodium chloride buffer to investigate the interaction between silver cations and
i-motif forming DNA. A low salt concentration was used so thatng effects of silver
cations were not overwhelmed by the presence of a large amount of sodium ions.
Previous FRET studiesvith in the Waller group were carried out with up to 1 MAgNGQ,
which showed that even at anAg+ concentration of 100 uM, the DNA did not melt.
Therefore in these experiments, a range of concentrations of Agbl@ere tested
between 0 and 100 pM. AgNOwas used because thisadt is very water soluble,

whereas other
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Figure 4.2: FRET melting curves for human telomerimotif with increasing

concentration of AgN®@at pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodicacodylate
and5 mM NaClFigure adapted from Henry Day et. #° by permission of The Royal
Society of Chemistry.
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salts such as the halides have a much lower solubility. At pH 5.5 the hTeloC sequence
forms a stable motif structure, while at pH 7.4 the oligonucleotide exists as a random
coil. Therefore silver (1) cations were tested at both pHs to show any effects on an
existing i-motif structure and to see whether silver could induce DNA folding. This

would be apparent by a decrease in fluescence signal as shown in figure 4.2.

At pH 7.4, it can be sen that in the absence of anyiklver cations, there is a high
fluorescence signal and no melting transition, consistent with the DNA taking a random
coil conformation (Figure 4.2. During the experiment, as the concentration of silver
ions is increased, there is a decrease in fluorescence signal, indicating that the
fluorophores are coming into close proximity. This indicates that a folding event has
occurred and at a AgN®concentration of 1uMa melting transition can be observed
with Tm = 65 °C indicating that a stable folded structure has formed which then melts
with increasing temperature. At 5 pM the folded DNA is strongly stabilised only
beginning to melt at temperatures above 80 °C and aven higher concentrations, there

is a low intensity fluorescence signal which does not show any sign of melting within
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Figure 4.3:.Later work showingFRET melting curves for human telomerigrotif with
AgNQ between 0 and 5 pMarried out by Zoé Waller[DNA] = 200 nM, buffer = 10 mM
sodium cacodylatend 5 mM NaClFigure adapted from Henry Day et. &° by

permission of The Royal Society of Chemistry.
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the temperature range of the experiment Tm > 95°C). Laterstudies within the group
examined the change in melting temperatureat pH 7.4 between 0 and 5 uM silver
nitrate (figure 4.3). These results showed a progressive increase in melting
temperature with increasing silver nitrate concentration until at 4 and 5 yuM, the folded

DNA does not melt within the temperature range of thexperiment.

These results suggest that the presence of silver cations can induce the DNA to fold and
that increasing concentrations of Agincrease the stability of the structure. It is not
possible to tell from the FRET melting experiments alone, whether or not the folded
structure is actually an imotif. The low intensity fluorescence at 100 pM Agmay also

be the result of precipitation & has been shown in the previous chapters.
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Figure 4.4: FRET melting curves for human telomerimotif with increasing
concentration of AgN®@at pH 5.5[DNA] = 200 nM, buffer = 1M sodiumcacodylate
and5 mM NacCl

At pH 5.5, in the absence of silver (I) ions, themotif shows a single melting transition
at Tm =47 °C figure 4 4). With the addition of silver nitrate, at low concentrations there
was no change in melting temperatre, but at concentrations of 5 uM and above,
biphasic melting curves are observed with two melting temperatures, one lower than
the i-motif alone (Tm = 43 °C) and one at a higher temperaturelt = 65 °C) consistent

with the decrease in melting temperatureobserved by Yan Fu and cworkers.19
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Interestingly, the higher melting pointis the same as that observed at neutral pH in
figure 4.2, suggesting that the same structures or ones with similar stability are
forming in both cases. The presence of biphasic melting curves indicates that two
different conformations of DNA are presentThe lower melting temperature could be
an otherwise normal rmotif formed using cytosineH*-cytosine base pairs that has
simply been destabilised by the presence of a higher salt concentration. Whilst the
higher melting temperature may represent an alternéive structure such as an-motif

or hairpin stabilised by cytosineAgt-cytosine base pairs. Alternatively one or both
melting temperatures may represent alternative structures stabilised by different
mixtures of GH*-C and CGAg+-C base pairs.
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Figure 4.5: FRET melting curves for human telomerimotif with increasing
concentration of NaN®at pH 7.4. [DNA] = 200 nM, buffer = 10 mM sodicacodylate
and5 mM NaClFigure achapted from Henry Day et. &P° by permission of The Royal
Society of Chemistry.

To account for any effects from the nitrate anion, sodium nitrate was tested at the same
concentrations in both pH 7.4 and pH 5.5 bufferas a control figure 45 and4.6). From
these tests it can be seen that the nitrate anion did not induce any folding of thenotif
sequence at pH 7.4 and had no effect on the stability of theniotif structure at pH 5.5.
This shows that the observed stabilisation of the-motif sequence infigures 42 and4.4
is solely due to the presence of Agations.
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Figure 4.6: FRET melting curves for human telomerimotif with increasing
concentration of NaN®at pH 5.5[DNA] = 200 nM, buffer = 10 mM sodiwacodylate
and5 mM NaClFigure adapted from Henry Day et. #° by permission of The Royal
Society of Chemistry.

In summary, the FRET melting data demonstrasgthat at pH 7.4, when the DNA starts
in a random coil conformation, increasinghe concentration of silver (l) ions causes
the DNA to fold into an increasingly stable structure. At pH 5.5 where themotif
structure is already stable, addition of increasing amounts of silver (I) ions leads to the
appearance of biphasic melting curvessuggesting the presence of two different
structures with different stabilities. As already described, these results are clearly due
to the presence of the silver cations rather than the nitrate anion as control
experiments with sodium nitrate showed it had no effect. These FRET melting results
clearly show that silver (I) ions interact with the human telomeric tmotif forming
sequence. To investigate this interaction in more detail, further experiments are

required which are discussed in the next sections

4.2.2 Circular Dichroism

As discussed in previous chapters, circular dichroism spectroscopy gives a specific
signal dependent on the type of DNA secondary structure present in solution and

therefore enables the monitoring of structural change$%2 The CD spectrum of single
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stranded DNA has a positive peak at 275 nm and a negative peak at 250 nm. The CD
spectrum of the imotif is significantly different with a positive peak at 288 nm and a
negative peak at 255 nm. The DNA was tested at ancentration of 10 uM in 10 mM
sodium cacodylate 5 mM NaCl buffer at pH 7.4 (figure 4.7). These conditions were
chosen so that any observed changes in structure could be related to the apparent

folding effect that was seen in the FRET melting experiment figure 4.2.

Molar Ellipticity (x 10° deg.cm’.dmol ™)

L] L] L] L] 1
220 240 260 280 300 320
Wavelength (nm)

Figure 47: CD spectrum of human telomerignotif sequence with increasing
concentration of AgN®at pH 7.4. [DNA] = 10 pM, buffer = 10 mM sodigacodylate
and5 mM NacCl

In the absence of silver () ions, the DNA gave a spectrum with a positive peak at 275
nm and a negative peak at 250 nm indicative of a random colil structure (figure 4.7).
Silver nitrate was titrated into the sample in 1 equivalent portions up toa
concentration of 10 equivalents (100 uM). With increasing concentratiosmiof Agf, the
spectrum clearly shows a structural changewith the positive peak undergoing a
bathochromic shift from 275 nm to a broad peak at 288 nm while the negative peak
also shifts from 250 nm to 260 nm (figure 4.7, this is indicative of formation of an 4
motif-like structure. As well as these changes, the moladigticity at 220 nm switches
from positive to negative and there is the appearance of a new positive peak at 24rh.
Whilst the other peaks are characteristic of-motif formation, it is unlikely that a silver
stabilised i-motif structure would give an identical CD spectrum to an acid stabilised i

motif due to the need to accommodate the Agation (figure 4.8). Thedistance between
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cytosine base pairs in the-imotif is 1.8 A35 whereas the Ag-N distance in Ag(NH)2NOs
has been shown to be 2.07 &0 This means the distance between cytosines in aAgy'-
C base pair could be more than double that of a normaimotif, which would affect the
glycosidic bond angles responsible dr the optical activity observed in the CD

experiment.
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Figure 4.8: Comparison of CD spectra for hTeloC in single stranded (pH 7.4)rantifi
(pH 5.5) conformations to thepectrum of the silver inducedmotif-like structure.
[DNA] = 10uM, [AgN€) = 100 pMpuffer = 10 mM sodium cacodylatnd 5 mM NaCht
pH 7.4 buffer = 10 mM sodium cacodylatnd 100 mM NaChat pH 5.5

The observed CD spectrunof hTeloC in the presene of Ag at pH 7.4,is remarkably
similar to that published by Jiangjiexing Wu and cavorkers as part of a study on the
growth of fluorescent silver clustersi®? Their spectrum of the imotif with increasing
concentration of silver also showed the formation of a new peak at 240 nm. Another
investigation published by Yan Fu ad colleagues looked at &C-rich DNA as a
template for silver nanocluster formation, their CD data for the sequencei@&Cs shows
bimolecular i-motif formation at pH 5.0 with and without silver cations, while at pH 7.0
the sequence @l 4«&i-CGAsCr shows a slift to 287 nm in the presence of Agwhich could
indicate i-motif formation in the C-rich strand.1% They also measure a CD spectrum of
just GA4C at pH 7.0 which shows a random coil conformation but the presence of Ag

results in peaks at 287 nm, 260 nm and 240 nm consistent with the spectrum figure
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4.7. These observationsupport the suggestion that imotif formation is occurring in

the presence of silver cations at neutral pH.

In order to measure the stoichiometry of the interaction with silver, the method of
continuous variation binding analysis was used to create a Jgibot (figure 4.9).201 A
series of samples wee prepared where the ratio of Ag:DNA was varied between 0:1
and 10:1 but the overall concentration of DNA + Agvas kept constant at 20 uM and
the CD spectrum of each sample was measured. An analogous set of samples with the
same DNA concentrations butn the absence of Agwere also tested this data was
subtracted from the first set to give the change in molarlgpticity as a result of the
silver () ions. Plotting the change in molar ellipticityat 275 nm against the molar ratio

of DNA gives a graph wh a change in gradient which corresponds to the stoichiometry

of the interaction, this is known as a Job ploto!
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Figure 4.9: Job plot showing the stoichiometry of the interaction between silver and
human telomeric #motif DNA. Error bars show the standard deviation across 2 repeats
[DNA] = 0z 20 uM, [AgNG] = 07 20 pM, buffer =10 mM sodim cacodylateand 5 mM

NaClat pH 7.4.

To calculate the stoichiometry the data was fitted with two linear lines of best fit which
intersect. Solving the two linear equations simultaneously gives the molar ratio of DNA
at the inflection point, which can then be converted into a stoichiometry. Analysis of

these results led to an average stoichiometry of 4:1 APNA. This is surprising as there
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are 6 possible cytosinecytosine pairs in the imotif so it is reasonable to expect tht
the stoichiometry would be 6. However, the average stacking interval between
cytosine pairs in a normal imotif structure is 3.1 A35 but the distance between silver
() ions in a duplex containing silver imidazole pairs was shown to be between 3.79
and 4.51 A181 This suggests that incgporation of 6 cytosine-Ag-cytosine base pairs
would cause significant perturbation of the structure and may be unfavourable. This
result suggests that not all the possible cytosinédg-cytosine pairs need to form in
order to stabilise an imotif-like structure. That may be because only 4 cytosir&gt-
cytosine pairs, provide enough stability or it may suggest that the silver is stabilising
the structure in a different way, perhaps by forming a nanocluster which the DNA then

wraps around in an imotif-like formation.

4.2.3 Reversibility

In previous published studies on the interaction of silver and cytosine it has been well
documented that changes can be reversed by the use of cysteine to chelate the silver
and remove it from the CAg*-C pairl%4 For example, Wan Yi Xie and colleagues used a
double granded DNA probe as a sensor for silver based on the formation ofAg-C
base pairs which caused the quenching of a fluorescent label upon formation of the
double stranded DNA but in the presence of cysteine, this change was reversed,
restoring the fluorescencel®3 They later applied this method to produce a DNA based
logic gate for the detection of silver (I) ions and cystein&4 Around the same time,
Chun-Xia Tang and ceworkers also developed a different double stranded DNA based

electrochemiluminescent sensor for the recognition of silver and cystein®?

In order to examine whetherL-cysteine could be used to reverse the apparertmotif
formation induced by silver ions, a CD titration was carried out on the human telomeric
i-motif sequence in the presence of 10 equivalents of Agwith increasing
concentrations of L-cysteine in 1 equivalent portions. It can be seen from the resultant
spectrum (figure 4.10) that L-cysteine did effectively reverse the changes caused by
silver with a shift in the positive peak back to 275 nm, the negative peak back to 250
nm and a disappearance of the positive peak at 240 nm. After addition of 10 equivalents
of L-cysteine shown in purple,the CD spectrum is almost identical to the starting

spectrum of sngle stranded DNA, shown in gre.
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Figure 4.10: CD spectrum of human telomermotif sequence with 100 uM AgN@nd
increasing concentration of {ICysteire at pH 7.4. DNA: 10 uM, buffed® mM sodim
cacodylateand 5 mM NaClFigure adapted from Henry Day et. #° by permission of

The Royal Society of Chemistry.

Having seen hat equimolar amounts of cysteine can reverse the changes induced by
silver and return the DNA to its single stranded form, drther addition of silver was
then able to return the DNA to the folded form. It was then shown that repeated
addition of silver and cysteine could repeatedly fold and unfold the DNA. This could be
seen in the CD spectrum itself and the molarlgticity was measured at 250 nm and
261 nm after sequential addition of 10 egAg" and 10 eq. cysteine showing repeated
changes in the molar dlpticity (figure 4.11). This suggests the possibility that silver
and cysteine could be used as an alternative switch mechanism for the controllable
folding and unfolding of rmotif DNA rather than changing pH which is what has been
used throughout other published exampleg9 The recognition of silver and cysteine
by the telomeric +motif sequence could also be developed as a sensor for silver or

cysteine similar to other examples involving hairpin or duplex DNA®0.193,194,202
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Figure4.11: Change in molarlkpticity of human telomeric tmotif sequence with repeat
additions of 10 eq of AgNf&nd 10 eq of cysteine at pH 7.4. [DNA] = 10 uM, buffer = 10
mM sodium cacodylatand 5 mM NaClIFigure adapted from Henry Day et. &9 by

permission of The Royal Society of Chemistry.

These results show that the apparent folding and change in structure of the telomeric
sequence in the presence of silver (1) cations is reversible by addition of equal amounts
of L-cysteine. Not only did the addition of cysteine return the CD spectrum to that
previously shown for single stranded DNA but it was possible to repeatedly fold and
unfold the DNA by successive additions of silver (I) ions and cysteine. This is importan
as the process needs to be reversible for it to find use in a nanotechnology application

such as the sensing of silver or cystein@s3.194
4.2.4 FRET Titration E xperiments

As described in section 1.4.4, another way in which the folding of the DNA can be
monitored is by using the fluorescently labelled DNA in a FRET titration experiment.
By exciting the FRET labéd human telomeric rmotif sequence at 490 nm and
measuring the fluorescence emission from 500 to 650 nm, the fluorescence signal from
both the FAM and TAMRA fluorophores can be monitored simultaneously at 515 nm

and 580 nm respectively (figure 4.12). Ulke the FRET melting experiments, this
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allows the observation of folding in real time. Upon addition of silver nitrate, the
spectrum shows a decrease in fluorescence of FAM while the fluorescence of TAMRA
does not change (figure 4.12). This indicates alfbng event, bringing the fluorophores
into close proximity so that Forster resonance energy transfer can occur. The fact that
the fluorescence of TAMRA does not change provides further support that this is a
conformational change rather than a precipitatbon event as this would result in a
decrease in fluorescence of both FAM and TAMRA.
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Figure 4.12: Fluorescence spectrum of hTeloC labelled with FAM and TAMRA at pH 7.4
and in the presence of AgNGhowing folding. [DNA] = 100 nM, [AgNIG= 4 uM, buffer =
10 mM sodium cacodylatand5 mM NacCl.

In previous work carried out in the Waller groupby Camille Huguina FRET titration
was carried out to show the folding of hTeloC with increasing concentratiaof silver
nitrate at pH 7.4. Fromthis experiment a positive cooperativity (n = 3.3) was
determined and the concentration of silver (I) ions at which half the DNA was folded

and half unfolded was also measured ([Agso = 1.9 uM).

The reversibility of folding using cysteine was also seen in FRET titrations. The
telomeric sequence vas folded at pH 7.4 by addition of 4 uM AgNOThe folded DNA
was then titrated with increasing concentrations of kcysteine. This caused an increase

in the fluorescence of FAM at 515 nm indicatingniolding of the DNA (figure 4.13. As
171



Chapter 4: The Effect of Cains on FMotif DNA

can be seen, the fiorescence returned to starting levels after addition of 5 uM of-L

cysteine suggesting that the DNA was completely unfolded.
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Figure 4.18: FRET titration of hTeloC sequence foldeih AgNQ, with increasing
concentration of Lcysteine. [DNA] = 100 nM, [AgBIG: 4 uM, buffer = 10 mM sodium

cacodylateand 5 mM NacCl.

The change in fluorescence can be used to give the FRET efficiency using equation 4.1
Where "0 is the fluorescene intensity of the donor fluorophore FAM andCO is the
fluorescence intensity of FAM in the absence of the acceptor fluorophore TAMRA which
is taken as the fluorescence of FAM when the DNA is fully unfolded before any addition
of Agr. This gives adecreasing curve, indicating unfolding(figure 4.14). The FRET
efficiency was fitted with equation 4.3 to obtain the [Cysteinep and the cooperativity

of the interaction.

Equation 4.1: O p —

Equation 4.3: — 0

Where K is the ligand concentration at which half the DNA is unfolded ([Cysteing)
and n is the Hill coefficient.Ais a constant @A = start + (endstart) values). Using this

method, [Cysteine}o = 3.5 UM was measured and&ery high positive cooperativity of
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n =9 was calculagd. This indicates that an excess afcysteine is needed to unfold the

structure.
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Figure 4.14 FRET efficiency showingnfolding of silver stabilised-motif with
increasing concentration of icysteine. Error bars show the standard deviation across 3
repeats. [DNA] = 100 nM, [AgN[G: 4 uM, buffer = 10 mM sodiucacodylateand 5 mM

NaCl Figure adapted from Henry Day etl.&#° by permission of The Royal Society of
Chemistry.

The repeat reversibility of folding which could enable switch functionality was also
observed in the fluorescence at 515 nm with a slight decrease in fluorescermeer time
likely to be due to dilution (figure 4.15). The fluorescence of FAM was monitored at
515 nm as sequential additions of 4 uM cAgNGs and 4 UM of cysteine were added to
the i-motif sequence. This resulted in a decrease in FAM fluorescence aftedaidn of
silver nitrate and an increase after addition of cysteine indicating folding and unfolding

respectively.
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Figure 4.5: Change in fluorescence intensity at 515 nm with repeated additions of
AgNQ and L-cysteine. [DNA] = 100 nM, buffer = 10 mM sodicewodylateand 5 mM
NaCl Figure adapted from Henry Day et. #° by permision of The Royal Society of
Chemistry.

The FRET titration carried out previously in the Waller group indicates that the binding
of silver (I) ions to the DNA is cooperativerf = 3.3) giving an [Ad]so = 1.9 uM. These
results show that the addition of cyseine does unfold the DNA, giving further support
for the observations made in circular dichroism experiments, and is also highly
cooperative (n = 9). In this experiment, the concentration of cysteine at which half the
silver structure was unfolded ([Cyskine]so) was determined to be 3.5 uM. This would
suggest that slightly more cysteine than silver is required to unfold the structure. This
may be because the first additions of cysteine will bind to the excess ‘Agns in
solution before binding to the Ag ions that are bound to cytosine. As described in
section 4.2, these FRET experiments can only demonstrate that folding is occurring but
cannot give information about the type of structure formed. The circular dichroism
spectra in section 4.3 suggest thaan i-motif-like structure is forming but also shows
some differences in the spectra compared to a normal acid stabilisedniotif therefore
more evidence is needed to support the hypothesis that anmotif-like structure is

forming.
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4.2.5 UV Difference Spectroscopy

To further investigate the type of structure formed, the change in UV absorbance of the
DNA was measured with increasingoncentrations of silver (I) ions. Whether folded
or unfolded, DNA gives an absorbance peak at 260 nm. However, due to the diffee

in stacking interactions, the absorbance spectrum of folded and unfolded DNA is
different. Whilst the absorbance at 260 nm changes very little, when folded, the
absorbance of theimotif is decreased between 220 and 260 nm and increased at 295
nm. This can be observed in the spectra of the human telomeriecnotif forming
sequence at low temperature (20°C) and at high temperature (90°Ghown in figure
4.16.
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Figure 4.16 The UV absorbance spectra of the human telomemnuaatif sequence at
20°C (folded) and 90°C (unfolded) at pH 5.5. [DNA] = 2.5 uM, buffer = 10 mM sodium
cacodylateand 5 mM NacCl.

The human telomeric sequence in its unfolded form at pH 7.4 was titrated thi silver
nitrate. This showed that with increasing concentratios of silver cations, the
absorbance of the imotif forming sequence increased at 260 nm with an isosbestic
point at 255 nm (figure 4.17). This increase in absorbance does indicate a change in
structure while the isosbestic point indicates that there are only two spaes involved
in the absorbance, dr example folded and unfolded DNA. The isosbestic point was
maintained up until 6 equivalents of Agwere added, after which pointthe absorbance

continued to increase with increasing silver concentration but the isosbestic point is
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lost. This indicates that any structural change of the DNA is likely to be completed after
addition of 6 equivalents of silver and that the further increases in absorbare seen

with greater concentrations are due to the silver nitrate or scattering effects.
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Figure 4.17 The UV absorbance spectrum of human telomeniaatif DNA with up to 6
equivalents of AgN®@at pH 7.4. [DNA] = 2.5 yuM, Buffer = 10 mM sodranodylateand
5 mM NacCl

As mentioned, the normal folding and unfolding of the-motif does not show an
increase in dsorbance at 260 nm (figure 4.1% so on first appearance, the change in
UV absorbance with silver may not be indicative of a folding event. However, after an
analogous titration of silver nitrate alone in buffer is subtracted from the data, the
resultant spectrum (figure 4.18), does show very little change at 260 nm as well aseéh
decrease at 220z 260 nm and the increase at 295 nm that is expected for a folding

event. The subtraction is necessary to discount the absorbance effect of silver nitrate.
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Figure 4.18 The UV absorbance spectrum of human telomemmgatif DNA with up to 6
equivalents of AgN&at pH 7.4 after subtraction of an analogous titration of AgN®
buffer. [DNA] = 2.5 uM, Buffer DImM sodium cacodylatand 5 mM NacCl.

To look at the type of folded structure forming, the UV difference spectrum was
measured? As described in chapter 1, in 2005 Jeabouis Mergny and ceworkers
published an investigation showing that taking the difference baeteen the UV spectra
of folded and unfolded DNA gives a spectrum with a specific signhal dependent on the
type of DNA structure present in the solution. In Mergnj O 8 wokkith@yduged thermall
melting in order to measure the spectra of both folded (low tmperature) and unfolded
(high temperature) structures.?3 Here the DNA is being folded by the addition of silver
cations, therefore the technique was adapted. To generate the difference spectrum,
first a titration of AQNQ alone in buffer was subtracted from the ttration with DNA to
discount any effects not due to binding. Then the spectrum of folded DNA (6
equivalents of Ag) was subtracted from the spectrum of unfolded DNA (0 equivalents
of Agd8 4 EEO CAGEADAIGRAI DA AL wnkh dan B vEE@@O A
similar way to circular dichroism to indicate the type of DNA structure forming with

addition of silver cations.
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hairpin forming sequence at pH 7.4. [DNA] = 2.5 pM, [AgINOL5 pM, buffer = 10 mM
sodiumcacodylateand5 mM NaClFigure adapted from Henry Day et. & by

permission of The Royal Society of Chemistry.

The silver difference spectrum has a positive peak at 245 nm and a negative peak at
293 nm and is similar to the thermal difference spectrum of the acid stabilisedmotif
which also has peaks in this region as uktrated by Mergny et al. for a variety of
different i-motif sequences®® This suggests that formation of an-motif type folded
structure is occurring. However, with the human telomeric sequence it is possible that
the silver cations are only stabilising ahairpin folded structure rather than an rmotif

like structure. To investigate this a control UV difference experiment was carried out
using the sequence SH(CTCTCTTCTCTTCATTTTTCAACACAACAEALY This

particular sequence was chosen because it is the same as the one used by Ono and
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colleagues, which is known to form a hairpin in the presence @&&g* ions and, the
sequence does not have the necessary tracts of cytosine to enabtadtif formation.

The control gave asignificantly different spectrum (figure 4.19b) with a peak at 260

nm and a much smaller negative peak at 295 nm. This UV difference resembles those

I £ (1TTCOO0AAT AODI A @iowevErl Mergdy@id ind dock atQi@O A U
thermal difference spectra of hairpn DNA and, as already discussed, this particular
sequence is known to form a hairpin in the presence of silvéP9 The difference
between these spectra indicates that structure other than a hairpin is formed ly

addition of silver (l) ions to the sequence

These results have again shown that the human telomeriemotif forming sequence
forms a folded structure in the presence of silver (1) ions at neutral pH. This supports
the results of experiments in sectiong}.2 to 4.5. The UV difference spectra for silver is
an application of the thermal difference spectroscopy method outlined by Mergny and
co-workers. These spectra demonstrate that the folded structure is not that of a simple
hairpin and shows greater simibrity to the thermal difference spectrum of the imotif.
This provides greater evidence in support of the CD spectra, suggesting that the folded

DNA forms an imotif-like structure in the presence of silver.

4.2.6 Summary of effect of silver (I) ions on i -motif forming DNA.

In summary, a number of investigations by Akira Ono have shown that Agations
stabilise cytosinecytosine base pairs by selectively binding to the N3 of cytosine. Here
the hypothesis that this property could enable silver cations to stalbide imotif
formation at neutral pH has been tested with a range of biophysical experiments. The
addition of silver (1) ions to the human telomeric tmotif forming sequence was shown
to induce folding of the DNA m FRET melting experiments and FRET titrabin
experiments with earlier work in the Waller group demonstrating a cooperative
binding (n = 3.3) with an [Agf]so = 1.9 uM. Folding was also observed in circular
dichroism experiments and UV titrations with the CD and UV difference spectra
providing evidence of formation of an imotif-like structure. UV difference
spectroscopy was also used to rule out the formatioof a simpler hairpin structure.
The differences between the CD spectrum of the folded structure and that of a normal

acid stabilised imotif were not unexpected. This is because of the effect of
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incorporating larger silver ions into the structure that will distort the conformation of
glycosidic bonds. This is supported by the stoichiometry of 4:1 which was measured
by CD indicating that less silver (I) ions are needed than the 6 cytosine pairs expected
for a normal i-motif. This suggests that either only &£ytosine-Ag+cytosine pairs are
required for the structure to form, or that the silver cations stabilise the structure in a
different way, perhaps by resting between cytosine base pairs or by forming a
nanocluster which the DNA can wrap around. Finally theeversibility of this structure
formation was demonstrated using cysteine to chelate the silver (I) ions. This process
was also shown to be cooperativen= 9) with slightly more cysteine required to unfold

the structure ([Cysteinelso = 3.5 uM).

The abiity to reversibly fold and unfold i-motif forming sequences at neutral pH with
addition of silver cations and cysteine could have a number of applications. The
reversible folding of the rmotif due to changes in pH has been used in a range of
nanotechnology applications and these results offer an alternative switch
mechanism?203 As well as applications focusing on the folding of the DNA, these results
also offer the potential for kmotif sequences to be used in cysteine sensing applications
such as those previously published based on double stranded DRER194 1t is still not
clear exactly where and how the silver ions are located within the structure and how
the overall conformation of the DNA is different to that of an acid stabilisedmotif.
Further work is needed using NMR or Xay crystallography to get a clearer idea of

what the silver induced structure looks like.

4.3 Screening other cations

As discussed in section 4.1.1, only a small number of mostly group 1 and 2 cations have
been studied for their dfect on the stability of Fmotif DNA. After showing that silver
cations are able to stabilise the formation of an-motif like structure at neutral pH, the
next stage in the investigation was to look at the effect of other cations omiotif DNA.

For this purpose, a selection of 26 different cations were screened using a FRET melting
assay against the telomeric-motif at pH 7.4 and pH 5.5table 4.1). The cations were
from a variety of groups including 1, 2, and 3, the transition metals and the lanthanisle

and hence have a range of different charges and ionic radii. The selection also includes
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cations of biological importance from the IrvingWilliams series including Mr¢#+, Co2*,
Ni2*, C#* and Zr#+. This series describes the stability of complexes of thergt row
transition metals and is important in a biological context as it reflects the different
binding affinities of proteins for these cations?94.205 Unfortunately Fe2*, which is also
part of the series, could not be tested as the available salt, iron (II) chloride, was not

soluble enough. However, iron (lll) chloride wasoluble enoughto be tested.

Salt Cation Group
AICk Alz+ 3
BaCh Baz* 2
CaCi Cea~ 2
CdCt Ca* ™
CsCl Cs 1
CoCh Co ™
CuCt Cu ™

Ga(NQ)s Ga* 3
HoCk Hos+ L

IN(NQOg)s  In3* 3
FeCh Fes+ ™
PbAc P2+ 4
MgCb Mg+
MnCk Mn2+ ™
HgAe  Hg*  TM
NiCk Ni2* ™

KCI K+ 1
RbClI Rbr 1
RuCk Rus+ ™
SmC} S+ L
SrCh Sr2+ 2
TIAC TI* 3
ThCh Tha+ L
YbCh Y3+ L
YCh Y3+ ™

ZnAc Zn2+ ™
NaAe Acetate Control

Table 41: Table of salts tested in the FRET melting screen. TMamnsition Metal, L =

Lanthanide.
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The cations were tested at concentrations of 100 mM, 1 mM, 100 uM and 10 puM in 10
mM sodium cacodylate, 5 mM sodium chloride buffer the same as has been used
previously in section 4.2. Most of the salts used were chlorides nitrates with the
exception of P+, Hg*, and Zri*, for which the acetate salt was used. Nitrate has
already been shown not to effect-motif formation earlier in this chapter (figure 4.5 &
4.6) and chloride is used throughout all our buffeconditions with no apparent effect

on i-motif formation. However, the effect of the acetate anion has not been examined,
therefore sodium acetate was also tested as a control. The cations were screened at pH
7.4 in order to look for induced folding of theDNA at neutral pH, similar to that seen
for silver. They werealso screened at pH 5.5 as themotif is already formed under
these conditions and this enables any stabilising or destabilising effects on theniotif

to be observed.

After the initial screen, several hits were identified which seemed to cause folding at
neutral pH. These were: AlIG|] CuCl, Ga(N@)s3, HoCt, SmG], ThCs, YbC4, YC}, HgAe
and ZnAe (Table 4.2). These cations caused folding at concentrations between 0 and
100 uM and mos produced base level fluorescence signals, where the DNA does not
melt, at 100 uM which may indicate strong stabilisation or precipitation. The cations
all have a charge of +2 or +3, enabling them to effectively counteract the negative
charge of the phospate backbone. Of particular interest are copper, mercury and zinc,
which have the same linear coordination geometry as silver, suggesting that they may
be able to bind to cytosine base pairs. In fact, mercury has already been shown to

stabilise T-T and T-C base pairs as described in section 4.112.
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Cation Concentration (uM)  Tm (°C)

Al3+ 100 65.8
Cw+ 10 57.2
Ga* 100 725
Hos+ 10 81.8
S+ 10 63.8
Ths+ 10 78.8
Yie+ 10 >95
Y3+ 10 925
Hge* 10 61.5
Zne+ 100 76.5

Table 4.2: Melting temperatures of folded DNA as a result of diffeations. [DNA] =
200 nM, buffer = 10 mM sodium cacodylate 5 mM sodium chloride. The error indhe T

valuesis + 0.3 °C

70 - == 200 nM hTeloC pH 7.4
— —— 100 M AI**
) 10 mM Cu#*
s 60 = 100 mM G&™*
> T~ —— 10mMHo*
D 50 - — 10 MM Sm*
GC) 10 mM Tb*
= 10 nM Yb*
£ 40-
° —10 MM Y*
o — 10 MM Hg*
qC) 30 4 — 100 MM Zn**
o
"
2 2
o -
= -
L

10

/
/
0

25 3IO 3I5 4IO 4I5 5IO 5:5 6I0 6I5 7I0 7I5 8I0 SIS 9I0 9I5
Temperature ( °C)
Figure 4.D: FRET melting curves of human telomerimiotif forming sequence at pH
7.4 in the presence of cations which caused folding of the DNA. [DNA] = 200 nM, buffer =
10 mM sodium cacodylatand 5 mM NacCl.

Figure 4.20 shows the melting curves induced by the addition of the cations from table
4.2 to the hTeloC sequence at pH 7.4. Some cations seemed to have more of an effect,
causing folding at 10 uM while others only caused folding at 100 uM. As the DNA is

normally unfolded at pH 7.4, it is not possible to measure a melting temperature in the
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absence of the cations, however at acidic pH, themotif normally has a melting
temperature of 46°C. These cations have significantly higher melting temperatures
suggesting they 6rm very stable structures. Full results from the cation screen can be

found in the appendix(section A.3)

The effect of the cations on the DNA was tested by circular dichroism in order to see
what type of structure may be forming or if precipitation was occurring. Unfortunately,
due to the higher concentration of DNA required for CD compared to FRET experiments
(10 puM vs. 200 nM) testing the cations at the same concentrations as FRET {80
MUM) resulted in very little change in the CD spectrum, whilesting at the same number
of equivalents required much higher concentrations of cation (&4 5 mM). At these
concentrations, precipitation was apparentin the presence of H&", Sn$+, T+ and Y3+
but the addition of Al3*, G&* and Zr#* did seem to inducei-motif formation. However,
after testing the pH of the cations in the 10 mM sodium cacodylate buffer at this high
concentration, the pH was not maintainedvhen greater than 100 uM of ions were
added Therefore the observed change tomotif structure is most likely a result of
decreasing pH rather than stabilisation by the catins themselves and thes&ere not

investigated further.

S 54
ol —— 10 MM hTeloC pH 7.4
g 44—05mm YC|
S
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Figure 4.2.: CD spectrum of human telomerignotif DNA at pH 7.4 with 0.5 mM YLl
[DNA] = 10 pM, buffer = 10 mM sodiuwracodylateand 5 mM NacCl
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More promisingly, Y3+ showed a small shift towards 280 nm in the CD spectrum at a
concentration of 0.5 mM figure 4.21) but the spectrum still indicated some
precipitation. This concentration equated to 50 equivalents, the same number of
equivalents at which a stabilisation effect was seen in FRET melting experiments, yet
it was still below the concentration wherechanges in pH occurred. Ctishowed a small
shift at 80 uM (igure 4.22). This is a comparable concentration to that used in FRET
melting experiments where an effect was seen (100 pM) but represents fewer
equivalents due to the higher DNA concentratiom CD YCi maintainedapH ¢ 7 at 1
mM and CuCl maintained a pH of 7.2 at 100 uM compared to pH 7.3 for the buffer

initially, so these cations were taken forward for further study.

71— 10V hTeloC pH 7.4
44——s80mv cuc

34

2 4

14

0

T T T T T T T T T 1
220 240 260 280 300 320

Molar Ellipticity (x 10° deg.cm’.dmol ™)

Wavelength (nm)

Figure 4.2: CD spectrum of human telomerianotif DNA at pH 7.4 with 80 pM CuCl
[DNA] = 10 pM, buffer = 10 mM sodiuracodylateand 5 mM NacCl
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Figure 4.23 FRET melting curves for human telomerienotif at pH 7.4 with 100 uM
YCgand CuGlat pH 7.4. [DNA] = 200 nM, buffer = 50 mM sodium cacodylate.

In order to enable testing at higher catiorconcentrations without changing the pH, the
concentration of sodium cacodylate in the buffer was increased from 10 to 50 mM. In
these buffer conditions, the pH still showed a decrease but could be maintained at
neutral or above at up to 4 mM Cu@l(pH = 697) and 7 mM YQ (pH = 7.02).The
drawback of this change is that the higher concentration of sodium ions could mask the
effect of a lower concentration of another cationTo ensure that the cations still had a
stabilising effect on the imotif sequence n the new buffer concentrations, they were
re-tested by FRET melting at 100 uMfigure 4.23). Here ¥* no longer showed any
folding effect on the DNA, whilst C# still showed a decrease in fluorescence indicating

folding.

In summary, after carrying out aFRET melting screen of 26 cations, 10 of them
appeared to cause folding of the DNA at pH 7.4 Al Cy+, G&*, HG*, Sn¥+, Tk, Y3+,
Y3+, Hg* and Zr#*). Further testing of these hits by CDshowed that several caused
precipitation (Ho3+, Sn¥*, T3+ and YI#*), while others (AlI3*, G&" and Zr¢+) did indicate
i-motif formation but this was due toadecrease in pH. Unfortunately H¢ could not be
tested due to the insolubility of the available salt leaving 3% and C@#* as the only
cations which did show small shifts in the CD at concentrations that did not
significantly alter the pH. In order to carry out further experiments at higher cation

concentrations, the concentration of the buffer was increased to 50 mM in order to
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maintain the pH above neutralHowever, repeat FRET melting experiments on3Yand
Cuw?*in the new buffer showed that only copper (ll) ions still caused an apparent folding
event. Therefore, only copper (ll) ions have been taken forward for further

investigation which is discussed in setion 4.4.

4.4 The Effect of Copper (Il) 1ons on i-Motif Forming

Sequences.

Having screened a range of different cations for stabilisation of the telomeriemnotif
sequence at neutral pH, Cawas the only cation from the screen that still appeared to
stabilise a folded structure without reducing the pH below neutral. To investigate this
further, preliminary experiments have been carried out using FRET melting, UV
difference and drcular dichroism spectroscopy. FRET melting alone can indicate
folding, give information about the stability of the structure and the number of
structures in equilibrium, but these other experiments are neededin order to give

more detailed information about the type of structure that is being formed

441 FRETmelting

In section 4.3,the cations were screened at concentrations of 100 mM, 1 mM, 100 uM
and 10 puM in 10 mM sodium cacodylate buffewith 5 mM NaCl,showing stabilisation
between 0 and 100 uM. This result was confirmed in the new 50 mM sodium cacodylate
buffer by repeating the experiment with 100 uM of Cé&* and at this concentration the
DNA did not melt within the temperature range of the experiment. Therefore a range
of different concentrations of copper (1) cations were tested between 0 and 100 uM at
pH 7.4 figure 4.24) and pH 5.5 (figure 4.25 to examine whether the stabilisation
shows a dose responseAt pH 7.4the data indicates the onset of folding with a decrease
in fluorescence at a Cit concentration of 10 uM. At 40 uM the DNA appears to be folded
at 25°C and thereis an apparent melting transition atTm = 68°C which suggests the
formation of a stable folded structure. At higher concentrations the fluorescence is
guenched throughout the temperature range of the experiment. This could be due to

high stabilisation or aggregation of the DNA. Conversely at pH 5.5, there appears to be
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a slight decrease in melting temperature from 46.2°C to 45.5°C at [CeiCE 20 uM,

however, as the concentration of Cu€ls increased there is still a low fluorescence

intensity. This couldbe as a result of stabilising an alternative structure or could again

be due to precipitation.
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Figure 4.24 Example FRET melting data for the human telomermotif sequence at

pH 7.4 with increasing concentrations of CuC|[DNA] = 200 nM, buffer = 50 mM sodium
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Figure 4.25 Example FRET melting data for the human telomermotif sequence at

pH 5.5 with increasing concentrations of CWC|[DNA] = 200 nM, buffer = 50 mM sodium

cacodylate.

As described in section 4.2.4, further indication of folding can be seen in FRET titration

experiments. As the DNA folds, the two fluorophores come into closegximity and the
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fluorescence of FAM is quenched so it is expected that there will be a decrease in the
fluorescence signal for FAM at 515 nm. However the fluorescence of TAMRA at 580 nm
should not decrease. However, in figure 4.26t can be seen that theignals of both FAM

and TAMRA decrease. This would suggest a precipitation effect.
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—1leqCU"
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Figure 4.26 FRET titration of human telomericinotif sequence with increasing

concentration ofCuCt at pH 7.4. [DNA] = 100 nM, buffer = 50 mM sodium cacodylate.

The FRET melting results indicate that at pH 7.4, the addition of increasing
concentrations of copper (ll) ions leads to a decrease in the fluorescence signal
suggesting the formation of aolded structure. At a Cé* concentration of 40 uM the
folded structure shows a melting transition with a melting temperature Tm) of 68°C
which is much higher than an acid stabilisedmotif (Tm = 46°C) implying a more stable
structure. A FRET titration at pH 7.4 also indicates folding of the DNA initially but, at
higher concentrations of Ca* the fluorescence of both FAM and TAMRA decrease
which indicates that precipitation is occurring. At pH 55, where the imotif is already
folded, the FRET melting experiments suggest that increasing concentrations of copper
(I1) ions destabilises the tmotif structure giving lower temperature melting transitions
but the fluorescence remains low after this trasition. There is not an obvious ™
melting transition so it is not clear whether this effect is due to formation of another
more stable structure as was seen with silver () ions. It is clear from these resslthat

the oopper (Il) ions do interact with the i-motif structure and that they do induce
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folding at neutral pH but further experiments such as UV difference and CD are

required to give information about the type of structures forming.
4.4.2 UV Difference

Following the same procedure as described to show folding in the presence of silver
cations (section 4.4), UV differencespectra were produced from UV titrations of
different i-motif forming sequences in the presencef copper (Il) ions. UV titrations
were carried out with the human telomeric rmotif sequence as well as promoter region
i-motif sequences from thec-Myc, HIFp | AT A-A @efiesTese imotif sequences
are interesting becausehey are quite different to the telomeric i-motif. For example,
the ¢Myc i-motif (5'-CCCCACCTTCCCCACCCTCCCCACCEICa&longer loops
(section 1.3.2), whereas the -motifs formed from the HIFp | 5'-}
CGCGCTCCCGCCCCCTCTCCCCTCCEGLCGL and PDGFA (5'-
CCGCGCCCCTCCCeeaGLeeeeaeeeceecaeeeeexnce sequences  have  longer
cytosine tracts, as described in section 1.34262 As described in section 4.2.5, the UV
difference spectra for each sequencdi@ure 4.27) was generated by subtracting the
titration of just Cu2+ in buffer from the titration in DNA then subtracting the spectrum

at the plateau (folded) fran the starting spectrum (unfolded).

1.1-. — c-Myc
1.01 X C-hairpin
0.9 hTeloC
0.8 / HIF-1a
0.7 —— PDGF-A
0.6 4
0.5 4
0.4
0.3
0.2
0.1-:

0.0 —\
014 \7/’,
-0.2 -

0.3
-0.4

Change in Absorbance (A.U.)

L] L] L] L] 1
220 240 260 280 300 320
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Figure4.27: Comparison of copper difference spectra of human telomer®lyc, HIFL J
and PDGFA i-motif sequences and thel@irpin sequence at pH 7.4. [DNA] = 2.5 uM,

[CuCt] = 250 uM, buer = 50 mM sodim cacodylate.
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Figure 4.38: 03 E1 OA O AEAEAAOAD BAARG pHATEA AnE Ahérkal différénce

spectra at pH 5.5 of human telomeridiT OE &£ AT A OOAT A ADA IAE BEIE

A E £/EADBHaiiA at pH 7.4. [DNA] = 2.5 pM, [AgNIG 15 uM, buffer = 10 mM
sodium cacodylatand5 mM NacCl, [Cug]l= 250 uM, buffer = 50 mM sodium
cacodylate.

4EAOA OAT BPPAO j))aq EIT AEEEAOAT Ashggedidd A OO
that a similar structure is being formed from each sequence. The spectra are
OECT EEZEAAT Ol U AEAZAZAOAT O &EOI I OEA OEAOI Al
thei-il T OE&A OEI x1 ET OAAOEIT1T 181 AT A pkdtrinODAT U
of the Ghairpin sequence shown in figure 48.1 © A A£OOOEAO Al i PAOI
AE ££A OAT A-Aairpinifofing §eduengte was measured which again showed
significant similarity, sharing a peak at 260 nm.This suggests that rather than
stabilising the i-motif, Cl#* may in fact stabilise formation of a hairpin structure
instead. To investigate this further, circular dichroism was used to give a more detailed

view of the possible structural changes.

4.4.3 (Qrcular Dichroism

Circular dichroism was used to look at the change in structure caused by addition of
copper (1) cations. The copper (lI) cations were titrated into a solution of 10 uM

hTeloC both at pH 7.4, to give an indication of the folding effects observed in FRET
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melting experiments, andat pH 5.5 to look for any evidence of a change in structure

from the i-motif.

= 10 MM hTeloC pH 7.4
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Wavelength (nm)
Figure 4.29 CD spectrum of human telomeriganotif sequence at pH 7.4 with increasing

concentrationof CuCl. [DNA] = 10 puM, buffer = 50 mM sodium cacodylate.

At pH 7.4, the high concentrations of Carequired to replicate the same ratio as in the
FRET melting experiments resuktd in precipitation (figure 4.29). This can be seen by
the decrease in mahr ellipticity across the whole spectrum and by the fact that the
curves themselves are less smooftshowing possible interference from precipitate. A
small bathochromic shift in the positive peak is observed from 275 nm to 280 nm but
the other peaks do no show any shift in wavelength. This small shift may again be due
to precipitation as has been observed previously in the CD spectraBisA in chapter
2.
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Figure 4.3: CD spectrum of human telomeriemnotif with increasing concentration of
CuCiat pH 5.5. [DNA] = 10 puM, buffer = 50 mM sodium cacodylate.

However, in contrast & pH 5.5 no precipitation occurred and the spectrum showed a
gradual change with increasing cpper concentration with the peak showing a
hypsochromic shift from 288 nm to 276 nm (figure 4.3). The negative peak also
showed a shift from 255 to 250 nm while the peaks at 220 and 200 nm showed a
decrease and increase respectively. The speai also hasmultiple isodichroic points
indicating that there are two structures in equilibrium with one another. After addition

of 100 equivalents of C&", the spectrum is very similar to that of single stranded DNA.
However, the FRET melting data suggests that coppdoes not simply unfold the DNA
as this would be indicated by an increase in the fluorescence intensity with increasing

copper concentration and ths is not observed in the CD experiment

By plotting the change in molar dipticity at 288 nmwith increasing concentration of
CuCt at pH 5.5 (figure 4.3), the data can be fitted to obtain the [Cl]so for the change
and the cooperativity of the interaction using equation 4.3. WhereK is the
concentration at which half the structural change has occurred ([©+*]s0) and n is the
Hill coefficient. Ais a constant A = start + (enestart) values).Fitting this data gave a

[Cuz*]s0 = 378 uM and a Hill coefficient = 2.8 showing positive cooperativity (> 1).
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Equation 4.3: — 0

® Molar elipticity at 288 nm
1¢ —— Hill Fit

Molar Ellipticity (x 10° deg.cm’.dmol ™)

T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

[CuCl] (mM)

Figure 4.3: Change in Molar é&bticity with increasing concentration of Cu€ht pH 5.5.
Error bars show the standard deviation across 3 repeats. [DNA] = 10 uM, buffer = 50

mM sodiumcacodylate.

Comparing the CD spectra of the different structures (figure 423 shows that there is
a slight difference between the spectrum of the single strandednnotif sequence and
that observed for the imotif sequence with 100 equivalents of Cit. The largest
positive peak only shows a slight difference in wavelength (280 nm) compared to the
random coil (275 nm). However, what is striking is that this same small difference is
also observed for the €hairpin sequence under acidic conditions, which sbuld form a
hairpin. The rest of the spectrum has a lower molarlgpticity than the single strand
and is similar to some CD spectra of hairpins published in the literatu®é Finally,
there is an increase in molar Bipticity at 200 nm in both the Chairpin sequence and
in the presence of copper (1) ions, which is not observed in the spectra of eithemotif

or single stranded DNA. This provides further evidence that copper cations may

stabilise the formation of a hairpin structure in i-motif sequences.
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—— 10 mM hTeloC pH 5.5 (i-motif)
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Figure 4.2: CD spectra of different DNA structuresniotif, single stranded DNA and
hairpin in comparison to hTeloC with 100 eq Cu@&t pH 5.5. [DNA] = 10 uM, buffer = 50

mM sodium cacodylate.

These results provide further support for the results seen in sections 4.4.1 and 4.4.2.
At pH 7.4 the CD titration indicates that copper (ll) ions cause precipitation of the DNA
but at pH 5.5 noprecipitation occurs and it is clear that the addition of C# causes the
iI-motif to change to a different structure. This could explain the observed
destabilisation in the FRET melting experiments at pH 5.5. The resultant CD spectrum
after addition of 100 equivalents of copper (Il) ions shows subtle differences to the
spectrum of unfolded random coil structure and shares similarities with the spectrum
of the Ghairpin sequence. This offers further evidence in support of the UV difference
spectra suggestiig that copper (1) ions are able to promote the formation of a hairpin
structure within i-motif forming oligonucleotide sequences under acidic conditions

where the i-motif would ordinarily be formed.

4.4.4 Reversibility

In order to see whether the changes induced by copper cations were reversible, the CD
sample was titrated with equal equivalents of ethylenediaminetetraacetic acid (EDTA).
This resulted in complete reversal of the spectral changes and a return to the spect

previously obtained for the Fmotif or single stranded structures.
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—— 10 MV hTeloC pH 7.4 + 100 eq C§*
10eq EDTA
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Figure 4.33 CD titration of human telomeric-motif sequence with 100 eq Cu@ind
increasing concentration ®EDTA at pH 7.4. [DNA] = 10 uM, buffer = 50 mM sodium

cacodylate.

At pH 7.4, it can be seen that there is an increase in molaligdicity across the spectrum
and there is a shift in the positve peak from 280 nm to 275 nmcorresponding to the
spectrum previously obtained for the random coil structure. The spectrum also
becomessmoother. This indicates that addition of EDTA was able to +dissolve the

sample and afforded the single stranded DNA structur@igure 4.33).

At pH 5.5, (figure 4.3) there isa decrease in molar éipticity at 200 nm, an increase at
220 nm, a decrease and a shift from 250 to 255 nm as well as an increase and shift from
276 to 288 nm. These changes are the opposite to those seen for copper and return the
spectrum to that previously obtained for the imotif. This suggests that the addition of
EDTA is able to reverse the change induced by copper and switch the structure back

from a hairpin form to an imotif form.
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Figure 4.3: CD titration of human telomeric-motif sequence with 100 eq Cu@ind
increasing concentration of EDTA at pH 5.5. [DNA] = 10 uM, buffer = 50 mM sodium

cacodylate.
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Figure 4.35 Change in molar lépticity with increasing concentration of EDTA at pH
5.5. Error bars show the standard deviation across 3 repeats. [DNA] = 10 uM,GuCl
1000 pM, buffer = 50 mM sodium cacodylate.

As with the data in figure 4.3, the change in molar Hipticity with increasing

concentration of EDTA can be plotted to gara sigmoidal curve (figure 4.3p Fitting
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this data with equation 4.3 gave a [EDT}8 = 531 pM and a cooperativity oh = 5.2
indicating that slightly more EDTA than C&t is required for the reversal.

—— 10 mM hTeloC pH 5.5
—— 100 eq CU™* (1)

10 9—— 100 eq EDTA (1)
100 eq CU* (2)

8 100 eq EDTA (2)
1— 100 eq CU* (3)

6 - 100 eq EDTA (3)

Molar Ellipticity (x 10° deg.cm’.dmol ™)

| v L] v L] v L] v L] v L] v 1
200 220 240 260 280 300 320
Wavelength (nm)

Figure 4.3: CD spectrum of human telomerignotif with repeat additions of 100 eq
CuCiand 100 eq EDTA at pH 5.5. [DNA] = 10 uM, buffer = 50 mM sodium cacodylate.

Molar Ellipticity (x 10° deg.cm’.dmol ™)

Cw* EDTA Cuw* EDTA Cuw* EDTA

Figure 4.37 Change in molar lépticity at 287 nm of human telomeric-motif with
repeat additions of 100 eq CuGind 100 eq EDTA at pH 5.5. [DNA] = 10 pM, buffer = 50

mM sodium cacodylate.
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Figure 4.3 and 4.37demonstrate that the DNA can be repeatedly switched from the i
motif structure to the apparent hairpin structure at pH 5.5 with repeated additions of
Cw* and EDTA. This is important as it offers a different kind of switchable motion to
the normal folding and unfolding that could be used in nanomotor or logic gate
applications21.22 This result is also interesing as the dynamics between-motif and

hairpin formation have been shown to be important in the work of Laurence Hurley

and coworkers on the Bcl2 promoter region but has yet to be fully understood®?®

4.4.5 NMR studies on copper (ll) ions with i -motif DNA

Proton NMR studies were carried out in collaboration with Dr Colin MacDonald. The
change in structure between a hairpin and an -motif has previously been
demonstrated using NMR by Laurence Hurley and ewmorkers investigating the
structure dynamics within the Bck2 promoter region.8® The central imino protons

which stabilise the cytosineH*-cytosine base pairs in a normal-motif structure give a
characteristic peak in'H NMR at around 15.5 ppnd In HurleU AT A AT 1 1 AAC(C
they showed that on moving from an-motif to a hairpin structure, the imino proton

peak is lost and a new peak forms at 1213 ppm indicating the formation of a hairpin.

In order to gain further evidence of a structural transformation in tmotif DNA on
addition of copper (ll) ions, a 1D'H NMR experinent was carried out (Figure 4.38.
The human telomeric sequence was prepared at a concentration of 10 uM in pH 5.5 50
mM sodium caodylate buffer with 5% D20 to enable the NMR instrument to obtain a
solvent lock. The spectrum was obtained over 1 hour before 100 equivalents (1 mM)
of CuCt was added and the spectrum taken again over 2 hours. Finally 100 equivalents

(1 mM) of EDTA was dded and the spectrum taken for a third time over 1 hour.
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Figure 4.38: Proton NMR of the imino proton region of human telomerimbtif at pH
5.5. a) in the absence of ub) in the presence of 1 mM €uc) in the presence df mM
Cuw*and 1 mM EDTAThe spectra have been scaled for easier comparifohA] = 10
UM, buffer = 50 mM sodium cacodylate with 5%@

The spectrum in the absence of copper (II) ions (figure 4.38a) clearly shows a peak at
15.5 ppm which correspond to the central imino protons of the cytosineH*-cytosine
base pairs. The peaks at-20 ppm represent the other protons on the bases in the
sequence. After addition of 100 equivalents of Cutfigure 4.38) the spectrumhas less
resolution and the peaks becomenuch broader. This is due to the presence of the €u
ions which are paramagnetic. However, it can clearly be seen that there is an apparent
reduction in the peak at 15.5 ppm corresponding to the-inotif, while there is the
formation of a new peak at 12.5pm. This peak indicates a change in structure and
may be representative of the protons in a DNA hairpin as suggested by Hurley ett%l.
Taken on its own, it is not certain precisely which protons this peak represents,
however, in conjunction with the UV difference and circular dichroism spectra, this
spectrum provides further evidence to suggest the formation of a hairpin structure.
Finally after addition of 100 equivalents of EDTA, the spectrum becomes clearer, the
peak at 12.5 ppm disappears while the imino proton peak at 15.5 ppm remainbut
with lower intensity (figure 4.38c). This suggests that EDTA is able to reverse the
changes in the spctrum induced by copper. This provides further support for the

reversibility of the changes that have been demonstrated by circular dichroism.
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4.4.6 Summary of effect of copper (1) ions on i -motif forming DNA

After it was initially identified as a hit from ascreen of 26 different salts, copper (I1)

ions have been shown to interact with-motif forming DNA sequences. At pH 7.4 where

the DNA is unfolded, FRET melting experiments suggested that?Ccaused the DNA to

fold and UV difference experiments indicatedhat the folded structure was not an 4
iTOEEZ AOGO T AU AA A EAEOPET OUPA OOOOAOOO
OEi E1 AOEOEAO xEOE OEA OOEI OAO AEEEAOAT A,
However further FRET titration and circular dichrasm experiments at this pH showed

that the addition of copper (ll) ions also resulted in precipitation. More interestingly,

at pH 5.5 the addition of copper did not result in precipitation and, circular dichroism
experiments also showed the formation of goossible hairpin structure. This was
further supported by NMR experiments which showed a reduction in the imino proton

peak at 15.5 ppm and the appearance of a new peak at 12.5 ppm which may be
indicative of hairpin formation.®® In both CD and NMR experiments the structural

changes were shown to be reversible upon addition of EDTA.

These results are particularly exciting because the dynamics beégn hairpin and
motif structures have been shown to be important in the case of the B2lpromoter
region but have not been investigated fully? As well as this, most nanotechnology
applications of rmotif DNA have relied on the structure changing from unfolded to
folded, whether this be to create nanomechanical motion, or for sensing and logic gate
applications 293 The ability to reversibly change from one folded structure to a different
folded structure offers the possibility of a different switch system and a different type

I £ O AABAGEEAMAIG )T AT T AET AGET 1T -motif @fningd E A
sequences to fold and unfold in response to changes in pH, or in response to silver and
cysteine as shown in section 4.2further work on this project could enable the
development of switdhes or logic gates with multiple inputs and outputs using the same

oligonucleotide sequence.
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4.5 Group 1 and 2 cations destabilise the i -motif

As mentioned in the section 4.3, the cations were also tested at pH 5.5. Whilst the hits
at pH 7.4 generally poduced base level fluorescence signals, it was apparent that the
cations from group 1 and group 2 had a destabilising fefct on the imotif (figure 4.39).
Group 1 cations; potassium, rubidium and caesium as well as group 2 cations;
magnesium, calcium, stratium and barium were tested as part of the screen in 10 mM
sodium cacodylate buffer with 5 mM sodium chloride. At a cation concentration of 100
mM they all showed a destabilising effect on themotif (table 4.3). In order to try and
complete the set of goup 1 cations and to compare the results to previously published
examples, lithium and sodium were also tested. However, francium, beryllium and
radium were not tested because they were not available and all three are highly toxic,

particularly in the case of francium and radium which are radioactive.

1.0 4
—
D 084
<
o ——200 nM hTeloC pH 5.5
Q 06- PR S
o —— 100 mM LiCl
g 100 mM NaCl
S 044 100 mM KClI
c 100 mM RbCI
.g —— 100 mM CsCl
S o024 — =100 mM MgCl,
i 4 100 mM CaCl},
00d—= S 100 mM SrCl,
100 mM BaCI2

o B B BN B BN BN BN BN BN RN RN R R |
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature ( °C)

Figure 4.39 Normalised FRET melting curves for human telomermotif with 2100 mM
of group 1 and group 2 cations at pH 5.5. [DNA] = 200 nM, buffer = 10 mM sodium
cacodylateand 5 mMNacCl
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[Salf =100 MM Tm(°C)  &Tm (°C)

LiCl 458 -0.7
NaCl 455 -1.0

KCl 45.2 -1.0
RLCI 44.2 -2.0
c<l 445 1.7
MgCh 43.2 -3.0
CeCh 38.2 -8.0
SICh 405 -6.0
BaCk 38.8 7.3

Table 4.3: Change in melting temperature of human telomermatif with 100 mM of

group 1 and group 2 salts. The error in thenValues is + 0.3 °C.

These results give support to previous reposd in the literature that Li* ions destabilise
the i-motif,52 as well as N&, K- and Mg* and shows that this is also the case for other
group 1 and 2 cation0-51 At pH 7.4 the group 1 cations have no effect on the unfolded
DNA. The group 2 cations do cause a small decrease in fluorescence at 100butMhis

is not to base level suggesting it is not a folding event and there is no change with
temperature. These results are only preliminary and are carried out at a pH where the
i-motif is already stable. Further work could be carried out to see whethéhese cations
promote unfolding of the Fmotif using circular dichroism and FRET titrations at a pH
closer to the transitional pH of the structure. This work offers important information
to those working in the imotif field about what factors affect imotif stability
particularly when choosing buffer conditions for example in the design of anmotif

screen or assay.

4.6 Conclusions

In the first part of this chapter, the interaction between silver cations and an-motif
forming sequence has been investigatl, demonstrating that they are able to fold the
DNA into an imotif-like structure at neutral pH. This effect was oberved usingFRET
melting and FRET titration experiments, circular dichrasm and UV difference spectra
summarised in section 4.2.6. Sincehese investigationswere completed, the results

have been supported by published results from other groups. Iryna Goncharova has
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studied the effect of silver cations on the stability of €€, GG and GG base pairs using
electronic and vibrational circular dichroism.207 Her results showed that silver (1) ilns
enabled the stacking of cytosine base pairs at pH 10 that resembled the spectra of
stacked cytosineH*-cytosine base pairs in the-imotif. Matias Berdakin and ceworkers
took a different approach, comparing the structure of &\g*-C base pairs to &1*-Chase
pairs in the gas phase using infraregmultiphoton dissociation spectroscopy?08.209
Their results showed that the two types of base pair are both planar and share the same
keto-amino structure with glycosidic bonds in the trans form. One difference they did
observe is in the angle of the glycosidic bonds in the &y*-C base pair compared to the
hemiprotonated pair. This difference in glycosidic bond angle may be one contributing
factor to the difference in CD spectra observed in section 4.2.2 as the optical activity
that is responsible for the circular dichroism spectra of DNA are i@sult of changes in
glycosidic bond orientation. In contrast to these published examples, TiAGing Zhao
and colleagues have looked at the interaction betweenmotif and silver in the
formation of silver nanoclusters at acidic pH. Their CD data indicateat at acidic pH,
silver disrupts the i-motif and favours the formation of an antiparallel 4 stranded
structure.210 This may be supported by the FRET melting experiments carried out at
pH 5.5 in section 4.2.1 (figure 4.4) which shows a small decrease in melting
temperature for the first melting transition which is likely to be that of the motif,
while there was a second, higher melting transition corresponding to a different
structure. However, the CD spectrum they published does not resemble that observed
at neutral pH in figure 4.7 as it does not havéhe positive peak at 240 nm and the

strongly negative peak at 260 nm.

The formation of an tmotif-like structure was also shown to be reversible using
cysteine to chelate the silver. These results have a number of implications. The fact that
silver enables the formation of an imotif like structure at neutral pH could enable the
study of the structure and investigation of compounds interacting with the structure
at neutral rather than acidic pH. The reversibility of the folding with cysteine could be
usedas an alternative switch mechanism for-motif nanotechnology applications such
as motors and switches which have so far relied on changes in pH to create the required
structural change?93 Since this work was carried out, the use of silver to form an i
motif-like structure has already been applied to the design of a logic gate with OR and

INHIBIT functionality that relies on both H* and Ag as inputs tothe system?11 When
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combined with a fluorescent ligand that is selective for the-motif, this work has been
applied to the design of a i-motif based sensor for silver (I) ions with an estimated
0.25 nM limit of detection?12 These results provide good evidence that addition of
silver (1) ions results in a structure similar to thei-motif rather than a hairpin. Other
applications in sensing ofboth silver and cysteinecould be developed particularly
utilising the FRET effect of a dual labelled oligonucleotide, similar to examples that
have already been published based on doubleranded DNA193.194 |t is worthwhile to
note that whilst the results strongly indicate the formation of an-motif type structure,
they also show some differences compared to a normal acid stabilisegnotif. It is
therefore not clear exactly how the silver cations stabilise this structurg are they
forming cytosine-Agt-cytosine base pairs or are the silver ios sitting between base
pairs or forming a nanoclwster around which the DNA folds7 o investigate this in more
detail, structural studies wil be required using NMR tobuild up a model of the
structure or ideally a crystal structure would be obtained whichcould show precisely

where the silver ions interact with the DNA.

Havinginvestigated the effect of silver cations on the formation ofinotif DNA, a wider
investigation of the effect of different cations on-motif DNA was undertaken. A
selection of 26different cations including those from groups 1, 2 and 3, the transition
metals and the lanthanides, were screened by FRET melting at pH 5.5 and pH 7.4.
Initially it could be seen that the group 1 and 2 cationd.i+, N&, K-, Ry, Cs, Mg+, Cé&*,
Sr+and Ba2* destabilised theil T OE £ A O A ATmOAE AA Q. % dadeBOThis 3
expands on previous work by Saxen#, Mergny ! and Kim>52 Further work could be
carried out using circular dichroism or FRET titrations to see if these cations promote
the unfolding of the imotif, particularly at the transitional pH of the structure. These
results have important implications as several of these cations are found in biological
conditions and are routinely used in buffers to vary the ionic strength. This information
could be important in choosing conditions for the design of experiments onmotif
DNA.

The FRET screen at pH 7.4 identified 10 cations which seemed to show folding of the
DNA. These were A, Cu+t, Ga+, HG+, Sn¥+, TR+, YIB+, Y3+, Hg* and Zr#+. Interestingly,
Cw*, Hg* and Zr#* share the same linear coordination geometry as Agvhich could

enable them to facilitate GC base pairs effectively. However when testing the cations
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by CD, the majority caused precipitation of the DNA and lowered the pH at the high
concentrations needed so they were noinvestigated further. C#+ was the only cation
that was investigated in greater detail as it showed some signs of change in the CD at
lower concentration and still caused folding of the DNA in a higher concentration buffer
that maintained the pH. Hg" could not be tested due tothe low solubility of the
mercury salt used and would be worth investigating in thduture with a more soluble

salt such as Hg(Cl9): used by Ono and cavorkers.

In the second half of this chapter the effect of copper (Il) ions oamotif forming DNA
was examined in more detail By completing an analogous set of experiments to those
used on the silver (1) interaction, the results suggest that copper (Il) cations are able to
initiate and stabilise a change in structure from an-motif to a hairpin at acidic pH,
summarised in secton 4.4.6. The structural changes observed were also demonstrated
to be reversible with the addition of EDTA enabling the structure to be repeatedly
switched from i-motif to hairpin form. However, aswith the silver (I) stabilised
structure, it is not clea from these experiments exactly how the copper ions interact
with the DNA. A high concentration of Cli (1000 uM) is required to effect the changes,
therefore it is unlikely that the Ci#*is only simply stabilising GC base pairs, as far more
copper (1) ions are needed than the number of bases present. Again further work is
required using NMR or Xray crystallography to fully characterise the copper stabilised
structure. For example, NMR experiments have been used previously to identify metal
ion coordination sites in the loop regions of a DNA minihairpir13 It is also not clear
how the DNA rearranges itself when moving from the-motif to a hairpin structure.
Recently, molecular dynamics simulations have been used toodel the unfolding of
the i-motif,214 therefore similar experiments could be used to shed light on the way the

structure changes during this transition.

The dynamic equilibrium between hairpin and imotif have already been shown to be
important in a biological AT T OA@08 , AOOAT AA ( 601 AmbEfO C(
formed within the Bcl-2 promoter sequence showed that stabilisation of the hairpin
resulted in down regulation and stabilisation of the imotif resulted in up regulation of

gene expressiorf® Therefore the effect of C&r could be a useful tool to study this
relationship as it could be used to desigm vitro assays to assess the binding bgands

to both the i-motif and hairpin structures formed from the same oligonucleotide
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sequence. Without the use of copper to alter the structure, different sequences would
be needed to form the two structures which may in itself affect the binding of pential
ligands. Finally, the ability to reversibly alter the structure of DNA from the-motif to a
hairpin rather than just to and from unfolded DNA could provide useful applications in
nanotechnology as it may offer a different kind of mechanical actuain. As has been
described the ability of silver to form an imotif-like structure has already been applied
to the design of a logic gatét! With the additional reversible effects of copper (ll) ions,

it may now be possible to design switches and logic gates which respond to multiple
input signals of protons, silver (1) ions and copper (ll) ions that give multiple outpts

of single strand, tmotif and hairpin structures, all with the same oligonucleotide
sequence. This will be of special interest to those working in the fast growing field of

DNA based logic operations and nanotechnology.
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5.1 Overall Conclusions

This thesis has described investigations into the effect of small molecule ligands and
cations on tmotif DNA. In chapter 1 the current research into the biological role of i
motif structures has been reviewed highlighting the factors that show theinotif is a
promising target worthy of investigation while illustrating how little work has been
done in comparison to more well established DNA structures such as tfequadruplex.
This provided the backgroundfor the work described in this thesis which aimed to
discover nenv chemical biological tools tointeract with i-motif DNA structures. These
could be wsed in the future to study the possible biological functiorof the i-motif in

more detail.

In chapter 2, an existing imotif ligand BisA was investigated. Thisigand was chosen

in order to be used as a comparison when looking for newmotif ligands. BisA was

one of the first Fmotif ligands to be identified using a FRET melting assay but no other
data was shown to support thist% Therefore, in this work a range of different
biophysical techniques were used to look at the interaction betweeBisA and the
motif in more detail for the first time. First the FRET melting experiments oBisA were
repeated at pH 6.8 and after normiising the data produced comparable results to
those shown by Albertiandcex | OEAOO xEOE Al ADPDPAOSOFKICO OC
However, the raw FRET melting data showed a decrease in fluorescence signal across
the temperature range of the experiment inlicating that the DNA did not melt at up to
95°C or that aggregation of the DNA had occurred. To look at this in more detail circular
dichroism was used. This technique has not been used to look at the interaction
between BisA and the Fmotif before. Interestingly this showed an ICD signal foBisA
which suggests a binding event and later a binding affinity was measured using
fluorescence titrations (Kp1 = 2.1 pM,Kpz = 145.9 uM). Howeverthe rest of the CD
spectrum showed a decrease in themotif signalsindicating condensation of the DNA.
This was further supported by UV titrations showing a decrease in absorbance at 260
nm and by polyacrylamide gé electrophoresis which showed retardation and
smearing of the band@ associated withBisA binding. Finally dynamic light scattering
was used to measure the formation of condensed particles, showing that bigger

particles form at pH 5.5 compared to pH 6.8 and 7.4. The condensation effects were
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also apparent with Gquadruplex and double stranded DNAControl experiments were
carried out with the mono-acridine (MonoA) and the linker molecule
diethylenetriamine (DETA) andthese did not show the same condensation effectbhis
indicates that it is the combination of two acridine units in the molecule, not just the

positive charges, which causes this condensation effect.

After identifying the problems with the known i-motif ligand BisA, it unfortunately was
not suitable to be used as a comparison when looking for newmotif ligands but did
highlight the issue of condensation and how this can affect the biophysical techniques
used to investigate imotif-ligand interactions. With this inmind, in chapter 3 a diverse
library of 960 known biologically active compounds was screened by FRET melting to
identify new i-motif ligands based on the ability of the ligand to stabilise or destabilise
the structure. This resulted in 34 hits which were arrowed down to 13 after setting a

A OE OA Ok A +5iCAThese hits were further reduced down after concentration
dependence studies and circular dichroism experiments to 6 lead compounds. These
were tested against different DNA structures by FRET melting and tested for binding
by SPR.

From this screentwo new i-motif binding compounds were identified;tilorone and
mitoxantrone (figure 5.1). Bothare already known DNA binding compounds but have
never before been shown to interact withimotif DNA163.171 The two compounds were
shown to stabilise the DNA and binding affinies were measured by surface plasmon
resonance in the low micromolar range Ko = 157.9 pM and 11.0 pM respectively).
Since mitoxantrone has a much stronger binding affinity thantilorone it can be
considered as the key hit from the screen. Whilst neithergand showedany sdectivity
in their binding, mitoxantrone in particular provides a good starting point to develop
novel analogues with better affinities and selectivities which are different to existing i

motif ligands.

In chapter 4, the focus moved oo the interaction of metal cations with imotif DNA.
It has previously been shown that silver cations stabilise cytosineytosine base pairs
which lead to the hypothesis that silver may enable the formation ofmotif structure

at neutral pH where the stucture can be formed utilising cytosineAg-cytosine base

pairs instead of the cytosineH*-cytosine base pairs which do not readily form at this
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high pH. This hypothesis was tested using FRET melting which showed folding at
neutral pH. CD titrations then iowed formation of an imotif like structure. FRET
titrations showed the cooperativity of the interaction with an [Agko = 1.9 uM. After
this, the folding was shown to be reversible using cysteine to chelate the silver, thus

providing an alternative switch mechanism for control of tmotif folding at neutral pH.

Finally, the last part of chapter 4 extended the investigation of cations to screen 26
different cations from groups 1, 2 and 3 as well as the transition metals and
lanthanides. This screen showedhat the group 1 and 2 cations destabilise themotif
supporting work previously carried out on Lithium, sodium, potassium and
magnesium and extending the study to include other group 1 and 2 cations not
previously investigated>9z52 As well as this, copper (Il) was identified for its ability to
cause folding at neutral pH but as shown by CD experiments does not form amatif
structure. In fact, it appears to favour formation of a different folded structue. A
combination of UV difference CD and NMRxperimentsall indicate that this structure

is likely to be ahairpin. Like the effect of silver, the effect of coppawas also reversible
using EDTA and offers an alternative folding and unfolding mechanismhich could be

useful in nanotechnology applications.

5.2 Future Work

The most obvious priority for future work is to begin designing and testing analoguse
based on screen hit compounds order to improve affinity and selectivity for the i-
motif over other secondaryDNA structures. Both the ligandgfigure 5.1) have a core
planar structure with attached aliphatic chains. This provides the opportunity to vary
the number and position of the chains,te length of the chains and how manlydrogen
bond donors or acceptors are present.For example, adding another two aliphatic
chains to mitoxantrone in the 5 and 8 positions may inhibit intercalation and
disfavour duplex binding thus improving selectivity. Meanwhile, increasing the length
of the chains at the 1 and! positions and increasing the number of hydrogen bond
donors and acceptors within the side chains coulcenable a greater degree of
interaction with loop regions in the imotif and hence improve affinity With the

methods established in this thesis, analpues can quickly be tested by FRET melting to
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look for stabilisation and compared to other structures such as the-Guadruplex or

duplex.

OH © HN4\/\N/\/OH ) K
H

Figure 5.1: Structures of screen hitsitox antrone andtilorone .

Another hit from the screen worthy of investigation istyrothricin . Although its
binding affinity could not be measured by SPR, it is clear from the FRET melting
experiments that tyrothricin has some effect on the-motif structure. Tyrothricin
itself is actually a mixture of different peptides called tyrocidines and gramicidin&s2
These need to be separated using HPLC or synthesised separately so that they can be
tested individually. It may be that one of the compounds has a more significant effect
than the mixture as a whole or the separate compounds may have opposing effects.
Several reports by Hansjurgen Ristow and colleagues have looked at the interaction
between tyrocidine and gramicidin and DNA suggesting that tyrocidine forms a tight
complex with DNA which is disrupted by gramicidirg15.216 They have also shown that
tyrocidine reduces torsional stress in DNA by forming a complex and altering DNA
conformation with an effect on the regulation of sporulation which involves DNA
replication.179.180 These investigations were carried out before the -motif structure
was proposed but suggest that tyrocidine does have an effect on DNA structure and

could be of interest in the context of the-motif.

Aside from looking at analogues of the screen hit compousdit is also important to
look at different i-motifs. For example tilorone showed only a weak affinity for the
human telomeric rmotif however it may have a higher affinity for a different imotif
structure. 4 E1 T O nddd & &ction as an antiviral agenis to induce the interferon
response but it is not clear precisely how it achieves this. The promoter regions of the
interferon regulatory factor genes are rich in cytosine and may well contain a potential
i-motif forming sequence. The interferon regulabry factors are transcription factors
which control the expression of interferon, therefore the possibility of an-motif in the

IRF promoter region could be investigated as a possible mode of action for tilorone. As
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well as this specific example, there iguite a lot of variety even between the relatively
small numbers of imotif structures that have been identified. In particular they vary
in their loop length and sequence which could significantly affect the binding of a
ligand. It is therefore important to test the hit compounds and any analogues against a
range of different rmotif structures as some may have better affinities and specificities
than others. For exampldMC-48 identified by Laurence Hurley and colleagues was not
only specific for rmotif but was specific for the Bcl2 i-motif over other i-motifs such
as VEGF and-Myc 59

The library screened in this work was quite small in comparison to other available
libraries and whilst its diversity enabled the inclusion of a wide variety of different
structure types it was difficult to see any trends in the types of ligands which maynd
to the i-motif. Now, having established methods for screening libraries against the i
motif, larger libraries could be screened to enable trends irmotif binding compounds
to be identified and more focused libraries of compounds analogous to the hit
compounds could be screenedo increase the number of chemical biological tools
available to study the tmotif and look at structure activity relationships. Another
drawback of this screen is that, despite initially identifying 34 interacting compounds,
this resulted in only 2main leads due to problems such as precipitation and possible
micelle formation. Whilst this in itself is a reasonablehit rate from a comparatively
small compound library, this couldbe improved by screening dibrary with better

characteristics such as solubility

Throughout this thesis, the primary experiment for identifying an interaction with
motif DNA has been FRET melting, identifying compounds based on their ability to
stabilise the DNA shown by an increase in melting tempature. However this
precludes the possibility of compounds which bind to the-motif but do not increase
its melting temperature. A different screening method such as that used by Laurence
Hurley and coworkers could be used to look at-motif interaction by change in
fluorescence®® By testing at the transitional pH where the imotif and the unfolded
DNA are in equilibrium, a decrease in fluoresence would indicate a shift in the
equilibrium towards i -motif formation whilst an increase would suggest the opposite.

Rescreening the compound library by this alternative method may provide some
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additional hit compounds which can shift the equilibriumtowards i-motif but did not

necessarily increase the melting temperature of an already stablemotif structure.

As described above, in chapter 4, the effect of different cations was investigated and it
was shown that silver cations are able to stabiliseghe formation of an imotif like
structure at neutral pH. Further work in this area would be to apply this property for
use as an alternative switch mechanism to fold the-motif without the need for
changingthe pH. Therapid folding of the irmotif after decreasing pH has led to its use
in a variety of nanotechnology applications which could now be extended to included
Agt+as a trigger293 This hasbeen illustrated recently with the design of OR and INHIBIT
logic gates based on the-motif structure using both H* and Ag as inputs?ll Here
Yunhua Shi and cavorkers used a fluorescent probe to detectmotif formation in the
presence of K or Ag+ or both. As well as performing logic operations, the sensing of
silver (1) ions has also been shown using armotif forming sequence combined with a
fluorescent probe, enabling detection of silver ions at nanomolar concentratior?4? In
the next part of the chapter, it was shown that unlike silver, copper cations stabilise
the formation of a different type of structure within i-motif sequences which is likely
to be a hairpin. This is exciting as it means that using the same oligonucleotide strand,
three different structural conformations can be formed: single strand, hairpin and-i
motif depending on the different concentrations of M, Ag or Cl2*. This is likely to be

of interest to those working in the field of nanotechnology applications, enabling the

design of logic gates or switches with multiple inputs and outputs.

Another potential hit from the cation screen that is worthy of further investigation is
mercury. This appeared to cause folding of the DNA in FRET melting experiments at pH
7.4 with a melting temperature of 61.5°C (at [Hg] = 10 uM). Unfortunately this could
not be investigated further because the salt HgAavas notsufficiently soluble. A more
soluble salt such as Hg(CKp; used by Akira Ono and cavorkers,186 could enable the
testing of Hg+ with i-motif by CD and UV difference spectroscopy to further

understand its effect on tmotif DNA.
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6.1 General Experimental

Chemical reagents were used as supplied unless otherwise stated and were of general

purpose grade. Solvents were purchased from either Sigra#sdrich or Fisher.

NMR spectra were acquired on aBruker Ultrashield Plus 400 MHz spectrometer and
analysedusing TopSpin 3.1. Deuterated solvents were used as indicated and at ambient
probe temperature (300 K). The notation used for splitting patterns intH-NMR are:
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and broad(br). The sgnals

AOA CEOAT AO | OAlI BAO ED, poviédinHERE Al OPI E

IR spectra were acquired as neat samples on a Perkin ElImer Spectrum BX-IRl

system with Spectrum v5.3.1 software.

Mass spectra were obtained from the EPSRCs National MaSpectrometry Service
Centre at the University of Swansea using atmospherressure chemicalionisation
(APCI).

TLCwas carried out on MerckKieselgel60 Fs4 plates and spots werevisualisedunder
UV-light.

Flash chromatography was carried out using Aldrich 60 silica gel at room

temperature under a positive pressure of air.

Melting Points were measured on an Electrothermal melting point apparatusising

open capillary tubes.

Oligonucleotides both labelled and unlabelled (table 6.1) were purchased from
Eurogenteg purified by rpHPLC. Solid DNA samples were dissolvedMilliQ water to
make stock solutions of 100 uM for labelled and thM for unlabelled oligonucleotides.
Using the extinction coefficients provided for each sequencénal concentrations were
confirmed by UV absorbance at 260 nm with Banodrop ND-1000 spectrophotometer
instrument. These stocks were then diluted in the appropriate buffers for further

experiments.
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Name 3ANOGAT AA vo o009

hTeloC d(TAACCCTAACCCTAACCCTAALCCC

hTeloG d(GGGTTAGGGTTAGGGTTAGGG)

D& d(TATAGCTATAHEG(18) TATAGCTATA)

c-Myc d(TCCCCACCTTCCCCACCCTCCCCACCCTCCCCA)
C-hairpin d(CTCTCTTCTCTTCATTTTTCAACACAACACAC)

HIF-p | d(CGCGCTCCCGCCCCCTCTCCCCTCCCCGCGO)

PDGFA d(CCGCGCCCCTCCCCCGLreeeaeeeeeaeececcececececcecececcee)
hTeloGrer FAM-d(TAACCCTAACCCTAACCCTAACTANIRA
hTeloGrer FAM-d(GGGTTAGGGTTAGGGTTAGGSYIRA

DSrer FAM-d(TATAGCTATAHEG(18) TATAGCTATAITAMRA
c-MycrreT FAM-d(TCCCCACCTTCCCCACCCTCCCCACCCTaBMRN

18 base marker
hTeloGiotin
c-MycCaiotin
DSsiotin

DS compliment

FAM-d(GTAAAACGACGGCCAGTG)
Biotin-d(TAACCCTAACCCTAACCCTAACCC)
Biotin-d(CCTTCCCCACCCTCCCCACCCTCCCCA)
Biotin-d(GGCATAGTGCGTGGGCGTTAGC)
d(GCTAACGCCCACGCACTATGCC)

Table 6.1: Sequences udkdoughout this research2 The double stranded sequence

consists of two complimentary 10 base sequences linked by an 18 unit hexaethylene

glycol (HEG) polymer.

Annealing DNA. Where stated, samples were thermally annealed by heating to 95°C

in a heat block before being allowed to cool to room temperature slowly over night. In

general the sequences were annealed if forming duplex or-guiadruplex structures

was required. The tmotif forming sequences were annealed at pH 6.8 bunh general

were not annealed at pH 5.5 because formation of themotif structure is rapid under

the acidic conditionsand therefore was not necessaryThe imotif forming sequences

were also not annealed Wken tested at pH 7.4 where the random coil structure was

required.

FRET melting experiments were carried out on aQlAgen Rotegene Q PCR machine

using QIAgen PCR tubes. The following fluorescently labelled oligonucleotide

sequences were usethTeloGret, hTeloGrer, DSrer, GMycrret(table 6.1). In a typical

experiment, 400 nM solutions of labelled oligonucleotide sequence were made up in

the appropriate buffer. The donorfluorophore FAM was 6carboxyfluorescein, the
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acceptor fluorophore TAMRA was 6carboxytetramethylrhodamine. Ligand stock
solutions were made up in either water or DMSO and then diluted to the appropriate
concentrations in buffer by serial dilution. Cation stock solutions were made up in
water. 10 pL of DNA solution were combined with 1QL of ligand or cation solution
and the samples heated from 25 to 95°C at a rate of 1°C per minute. The samples were
excited at 470nm and the fluorescence of FAM was monitored &10 nm using a green
filter at 1°C intervals. The final data was analysed ugy QIAgen Rotegene Qseries

software, Microsoft Excel andDrigin Pro 9.1

Fluorescence titrations were carried out on a Perkin Elmer LS55 fluorescence
spectrometer using a quartz cuvette with a 10 mm path length. For FRET titrations, the
appropriate FRET labelled oligonucleotide was diluted to 100 nM in either pH 5.5 or
pH 7.4 buffer. The sample was excited a#90 nm and the fluorescence emission
measured from500 z 600 nm allowing the monitoring of emission peaks for both FAM
(515 nm) and TAMRA 680 nm). Ligand or @tion solutions were diluted in buffer and
titrated into the sample in small aliquots using a Hamilton syringe or a pipette. The
sample was mixed in the cuvette using a pipette and the fluorescence measured. The
spectra measured & the averag of 3 scans. Fordand fluorescence titrations, stock
solutions of ligand were diluted in buffer and both the emission and excitation spectra
were measured 00 z 800 nm) to find the most appropriate excitation and emission
wavelengths. The concentratiorof ligand, slit width and scan speed wereptimised to
give the best spectrum for each ligand. Small aliquots of DNA were titrated into the
sample using a Hamilton syringe or a pipette and the change in fluorescence of the
ligand was measured. The data vganalysedusing Spekwin 32 Microsoft Excel and
Origin Pro 9.1

Circular dichroism experiments were carried out on a JASCO -810
spectropolarimeter, under a constant flow of nitrogen using a quartz cuvette with a 1
mm path length. In a typicakexperiment, hTeloC oligonucleotide was diluted in pH 5.5,
pH 6.8 or pH 7.4 buffer to a concentration of 10 uM. Sample volumes were 200 pL.
Aliquots of ligands or cations were added using a Hamilton syringe or a pipette and the
samples were scanned from 400im to 200 nm using a data pitch of 0.5 nm, a scan
speed of 200 nm.mirt, a response time of 1 s and a slit width of 2 nm. Each spectrum

shown is the average of 3 scans. Each sample had a scan of the appropriate buffer
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subtracted from it. The spectra werezero corrected at 320 nm and corrected for the

effect of dilution. The data was analysed using Microsoft Excel a@aigin Pro 9.1.

UV Absorbance titrations were carried out on either a Hitachi U3010
spectrophotometer or an Agilent Technologies Cary 60 WVis spectrometer as
described, using a quartz cuvette with a 10 mm path lengtlyV melting experiments
were carried out on anAgilent TechnologiesCary 60 UWVis spectrometer with a
Quantum Northwest TC 1 temperature controller For UV absorption titrations,
unlabelled oligonucleotide sequences were diluted in either pH 5.5, pH 6.8 or pH 7.4
buffer and the absorbance measured from 200 to 400 nm or from 200 to 800 nm. Small
aliquots of ligand or cation were titrated into the sample using a Hamilton syringer a
pipette and the change in absorbance monitored. An analogous titration of ligand or
cation in just buffer was also carried out and subtracted from the titration with DNA.
Data was baseline corrected by subtraction of the spectrum of just buffer armtro
corrected at either 400 or 800 nm as describedl he data was analysed using Microsoft

Excel andOrigin Pro 9.1.
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6.2 Experimental for Chapter 2

6.2.1 Synthesis of BisA and MonoA.
These steps were carried out following literature procedure$36.149.154

P h-dirBethyldiphenylamine -2-carboxylic acid (3)

3

H,C CO,H
0
5 NH

1

2-amino-5-methylbenzoic acid (5.013 g33.2 mmol, 1.1 eq),p-bromotoluene (5.177 g,
0.0302 mol, 1 eq)potassium carbonate (4.14 g30.2 mmol, 1 eq), copper iodide (95
mg) and copper powder (94.8 mg) were disslved in n-pentanol (dried over molecular
sieves,15 mL) andwas heated to refluxat 150°C with vigorous stirring overnight. The
hot reaction mixture was filtered through celite and thenwashed thoroughly with
methanol. The dark filtrate was acidified withé M hydrochloric acid then left in the
fridge overnight. Product crystals were collected by filtration and recrystHised from
ethanol. The remaining dark filtrae was reduced to dryness, ralissolved in DCM and
filtered through a short silica column (100% DCM) until the fractions were clear. The
yellow fractions were combined and reduced to gi® the crude product which was
crystallised from ethanol to give3 as ayellow solid (4.64 g,64% from 4 crops)

1H NMR (CDCiQ w ppm: 9.05 (1H, NH, br s), 7.82 (IHArH, m), 7.12 (6H, AH, m),
2.35 (3H, ®i3, s), 2.26 (3H, B3, s). This is consistentwith the literature. 136
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9-0x0-9,10-dihydro -2,7-dim ethylacridone (8)

1 0 8
HsC 9 CH,4
LT
3 N 6
4 H 5

8

1 h-Dirdethyldiphenylamine-2-carboxylic acid 3 (2.27 g, 9.42 mmol, leq) was
dissolved in concentrated sulfuric acid (25 mL) and heated to refluat 100°C for 1
hour.154 The readion was then allowed to cool and poured over ice water (20 mL). The
yellow precipitate was filtered and washed with water. The insoluble material was
collected and recrystalised fran DMF to give the pure product8 as a yellow solid
(0.814 g 39%from 3 crops)

m.p.: > 355°C,R: 0.29 (eluent: 100% DCM)

IH NMR (DMSQ] 1 pgpm: 11.59 (1H, NH, s), 8.02 2H, ArH 1 and 8 aps), 7.55 (H, AH
3and 6, dd, = 8.5Hz,» = 2.0Hz), 7.44 (H, AH 4 and 5 d,J= 8.5Hz),2.42 (6H,CHs,
s). Assignments were confirmed by 2D COSY NMR# . - 2 | $cp@n: 176.31
(1C,C009), 138.87 (2C ArQ), 134.70 C, AC1 and 8, 129.77 (2C ArC), 125.04 @C,
ArC3 and6), 120.21 QC, AC2 and 7), 117.21 C, AC4 and5), 20.56 2C,CHz). IR:
2785 cm! (GH), 1637 cm! (C=0), 1480 cm?! (C=C)HRMS (APCI): Calculated for
Ci5H1401N1 ([M+HA]): 224.1070. Found: 224.1071.
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9-Chloro-2,7-dimethylyacridine (4)

Cl
1 8
HsC J CH,4
2 N 7
3 N/ 6
4 5

4

Acridone 8 (106.7 mg, 0.478 mmol) was dissolved in thionyl chloride (1 mL) with 1
drop of DMF and heated to reflux at 90°C for 1.5 hou#& After which, the mixture was
reduced in vacug washed with benzene and reduced to drynes® vacuoto give a
yellow solid. The crude product was purified by flash column chromatogphy (100%
DCM) to give theyellow product as a solid(122.7 mg, impure due to remaining DCM
IH NMR (DMSd w ppm: 8.02 (2H, AH 4 and 5, dJ= 8.8 Hz), 7.97 (2H, Ad 1 and 8,
ap s), 7.50 (2H, Ad 3 and 6, dd,2 = 8.8 Hz,2 = 1.6 Hz), 2.50 (6H, B3, s) (This
corresponds with the literature 136). HRMS (APCI): Calculated for GsHi3Ni1Ch
([M+H"]): 242.0731. Found: 242.0734
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9,10-dihydro -2,7-dimethylacridine (9)

1
e 22 _CHs
2 7
3 N 6
4 H s
9

The acridone8 (640 mg, 2.87 mmol, 1 eq) was suspended in anhydrous THF (11 mL)
under nitrogen. 1 M BoraneTHF complex (3.44 mL, 3.44 mmol, 1.8q) was added
drop-wise and thereaction was heated to refluxunder nitrogen overnight. 3 M aqueous
hydrochloric acid solution (20.8 mL) was added before the mixture was basified with
saturated sodium carbonate solution (88 mL). The mixture was extracted with DCM (3
x 50 mL), dried over magnesium sulfateand reducedin vacua The unstable product
was quickly purified on a short column (eltent: 100% DCM) and reducedn vacuoto
give a white solid 376 mg,63%).

m.p.: 218°C,Ry: 0.78 (100% DCM)

IH NMR (CDCiq H ppm: 6.91 (2H,ArH 1 and 8,s), 6.87 (2H AH 3 and 6,d,J= 7.9
Hz), 6.55 (2H AH 4 and 5,d, J= 7.9 Hz), 5.79 (1H, N, br s) 3.98 (2H, €29, s), 2.26
(6H, Hs, s).Assignments were confirmed by 2D COSY NMRC NMR (CDCGI cppm:
138.03 (2G ArC), 129.57 (2C ArC), 129.12 (2C ArC), 127.40 (2C ArC), 119.86 (2C
ArC), 113.21 (2C ArQ), 31.38 (1C,CH2 9), 20.59 RC,CHs). IR: 3400 cnr! (N-H), 2920
cmt (GH), 1610 cm! (C=Q, 1510 cm! (C=G. HRMS(APCI): Calculated for @GsHisN1
(IM+H+]): 210.1277. Found: 210.1277.
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2,7-dimethylacridine (5)

1 9 8
HsC X CH,
2 7
3 N/ 6
4 5
5

The acridane9 (376.2 mg,1.8 mmol, 1 eq) was stirred in &hanol (47 mL) and water
(9.5 mL) with iron trichloride (1.42 g) at 50°Cfor 1 hour. Saturated sodium bicarbonate
solution (81.47 mL) wasthen added and the mixture extracted with DCM (3 x 5L),

dried over magnesium sulate and reducedin vacua This gave the yellow product

(358.3 mg,96%), which was used in the next step without purification.

1H NMR (CDCGQ w ppm: 8.55 (1H,ArH 9,s), 8.11 (2HArH 4 and 5d, J= 8.9 Hz), 7.73
(2H, ArH 1 and 8, aps), 7.59 (2H,ArH 3 and 6,dd, & = 8.9 Hz,b = 1.92 Hz), 2.58 (6H,
CHs, s). This is consistent with the literature which gavgCDCk, 200 MHz): 8.56 (1H,

s), 8.12 (2H, dJ=9.0 Hz), 7.73 (2H, s), 7.61 (2H, &+ 9.0 Hz), 2.58 (6H, s}36

2,7-acridinedicarboxaldehyde (6)

H H
1 9 8
07 N 7o
3 N/G
4 5
6

2,7-Dimethylacridine (337.4 mg, 1.63 mmol, 1 eq),etenium dioxide (397.9 mg, 3.59
mmol, 2.2 eq) and aphthalene (1.627 g, 12.7 mmol, 7.8 eq) were heated slowly to
200°C in a heat block and stirred. The reaction was monitored by TLC (100% DCM).
When the starting material was exhausted~5 hours), the mixture was dissolved in
DCM and filtered through celite. The filtrate was reducenh vacug washed wih hexane
and reduced to dryness. Excessaphthalene was removed by sublimation at 20TC to
give the pure yellow product6 as an amorphous solid319 mg, 83%).

IH NMR (CDG) 11 ppm: 10.27 (2H, GO, s), 9.17 (1H, A 9, s), 8.60 (2H, AH, s), 8.35

(4H, ArH, m).This is consistent with the literature 136
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2,5,8,21,24,27-Hexaazal9,9](2,7)acridinophane (1 BisA)

1 9 8
HNT X 7 NH
L, o
NH 5 HN
*8 HCI

[ 1 9 8 j
3 N/ 6
4 1 5

2,7-Acridinedicarboxaldehyde (100 mg, 0.426 mmol, 2 eq) was dissad in a mixture
of DCM and nethanol (34.1 mL, 1:1v/v) under nitrogen. Diethylenetriamine (45.9 { L,
43.88 mg, 0426 mmol, 2 eq) in DCM and ethanol (341 mL, 1:1 v/v) was addeddrop-
wise and the reaction stirred at room temperature under nitrogen for48 hours. The
mixture was thenreduced to drynessin vacuoat 25°C washed with diethyl ether and
redissolved in a solution of DCM and ethanol (25.6 mL, 1:2v/v). Sodium borohydride
(48.3 mg, 1.278 mmol, 6 eq) was added to the solution @Cthen stirred for 3 hours.
The resultant mixture was reducedin vacuo and redissolved in water (7 mL) and
extracted with a solution of DCM and methanol (4 XL0 mL 9:1 v/v). The combined
organic extracts were dried and reduced. The residues were dissolved in water wash
repeatedly with ether and DCM. 6 M hydrochloric acid (20QL) was added and the
solution reducedin vacuoto give the pureyellow green produd as the 8 XHCl salt 63.1
mg, 28%).

IH NMR (D20) = ppm: 9.60 (2H, AH, s), 8.39 (4H, A, s), 8.21 (4H, AH, d,J=9.09
Hz), 8.09 (4H, AH, d,J= 9.09 Hz), 4.49 (8H, NHE2Ar, s), 3.40 (8H, NHB>, t,J= 6 Hz),
3.31 (8H, NH@EI2, t,J= 6 Hz) Thiscompares well with the literature which was carried
out on a lower sensitivity instrument (D20, 200 MHz): 9.84 (2H, s), 8.54 (4H, s), 8.24
(8H, q), 4.57 (8H, s), 3.48 (16H, 3}
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2,7-(Di-n-propylaminomethyl)acridine (2 MonoA)

1

9 8
2 7
H3 _ 6H
N
5

4
*3 HCI
2

2,7-Acridinedicarboxaldehyde (48 mg, 0.20 mmol, 1 eq) was dissolved in a mixture of
DCM and methanol (62.5 mL, 1:1 v/v) and added dropwise to a solution of- n
propylamine (0.62 g, 0.45 mL, 10.5 mmol) in methanol (6.2 mL) under argon and
stirred at room temperature for 48 hours. The mixture was reducedn vacuoto give a
yellow solid with some red/brown side products. The mixture was redissolved in
methanol (100 mL), the yellow solid was soluble but the red/brown méerial was not
soluble. Sodium lorohydride (18.3 mg, 0.483 mmol, 2.3 eq) &ws added to the
suspension at OC and the reaction stirred at 0°C for 30 minutes then for a further hour
at room temperature until TLC showed the reaction to be complete. The mixture was
reducedin vacuoto a yellow solidthen re-dissolved in water (5 mL) and extracted with

a mixture of DCM in methanol (40 mL 40:1 v/v). The organic extract was washed with
water (3 x 5 mL) and the aqueous layer was extracted with DCM (3 x 15 mL). The
combined organic extracts were dried over MgSQand reducedin vacua The crude
product was again redissolved in methanol and centrifuged to remove insoluble red
material. The methanol supernatant was reduceah vacuoto give a yellow/brown oil.
The product was washed with 1 M hydrochloric acid in methaol (5 mL) thenreduced

in vacua Half theMonoA salt (26.2 mg) was dissolved in saturated NaHG@ mL) and
extracted 8 times with equal volumes of DCM, dried over Mg®énd reducedin vacuo
to give the pure yellow green solid which was ranade into the sdt form by dissolving

in 1 M hydrochloric acid in methanol (2 mL) and reducing to drynesi vacuo(24 mg,
0.056 mmol, 28%).

IH NMR (Dx0) 1 1ppm: 9.59 (1H, AH 9, s),8.42 (2H, AH 1 and 8,aps), 8.28 (2H, AH

4 and 5,d,J=9.03 Hz),8.12 (2H, AH 3 and 6,dd, 2 = 9.03 Hz,» = 1.83 Hz),4.48 (4H,
NH.CH2ArH, s),3.07 (4H, CHCH2NHg, t,J= 7.78 Hz),1.69 (4H, G12CHNH2z, m), 0.91
(6H, GH3CH., t,J= 7.46 Hz). This compares well with the literaturgD20, 200 MHz):
9.78 (2H, s), 8.46 (2H, s), 8.24 (4H, q), 4.47 (4H, s), 3.03 (4H, t), 1.65 (4H, m), 0.87 (6H,

t).136
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6.2.2 FRET Melting Experiments

FRET melting experiments were carried out as described in section 6.1. hTetaEr
oligonucleotide was used at pH 5.5 and 7.4 without annealing but at p&i8 was
thermally annealed, hTeloGrerand DSreroligonucleotide sequences were thermally
annealed,all at a concentration of 400 nM. A stock solution dBisA was made up in
water at a concentration of 10 mM and then diluted to the appropriate concentration
in buffer by serial dilution. 10 pL of DNA solution were combined with 10 pL dBisA
solution giving final concentrations of [DNA] = 200 nM andBisA] = 0, 0.2, 0.4, 0.6, 0.8
and 1puM.

6.2.3 Circular Dichroism Experiments

Circular dichroism experiments were carried out as described in section 6.1. 200 uL of
10 uM unlabelled hTeloC oligonucleotide washermally annealed in either 10 mM
sodium cacodylate buffer (pH 6.8)pr used immediatdy without annealing in 10 mM
sodium cacodylate 100 mM sodium chloride buffer (pH 7.4nd 5.5. 1 equivalent
aliquots of BisA were added, up to a concentration of 100 uM using a Hamilton syringe
and the samples were mixed with a pipette before being scanned from 400 nm to 220

nm.

6.2.4 Fluorescence Titration Experiments

Fluorescence titrations were carried out as described in sedn 6.1.BisA was diluted

to a concentraton of 1 uM inpH 5.5 buffer. The sample was excited at 255 nm and
emission spectra taken from 265 to 500 nm with a slit width of 5 nm and a scan speed
of 500 nm.minl. Unlabelled hTeloC DNA was titrated into the sgpfe in 1 equivalent
portions using a Hamilton syringe, the sample was mixed with a pipette and the change

in fluorescence at the emission wavelength agf26 nmwas measured.

6.2.5 FRET Titration E xperiments

FRET titrations were carried out following the proceduwe outlined in section 6.1.

Fluorescently labelled oligonucleotide hTelogretwas diluted to 100 nM and annealed
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in pH 6.8 buffer containing 10 mM sodium cacodylate or diluted in pH 5.5 buffer
containing 10 mM sodium cacodylate and 100 mM sodium chloridend used
immediately without annealing. BisA was titrated into the sample in small aliquots up

to a concentration of 2 uM using a Hamilton syringe. The sample was excited at 490 nm
and the emission spectrum taken from 500 to 660 nm. This enabled the moniiag of
the change in fluorescence of both FAN515 nm) and TAMRA 580 nm).

6.2.6 UV Titration Experiments

UV titrations were carried out on a Hitachi U3010 spectrophotometer as described in
section 6.1. A matched cuvette containing buffer was used as a reflece sample.
Unlabelled hTeloC imotif was diluted in 10 mM sodium cacodylate 100 mM sodium
chloride buffer (pH 5.5) or thermally annealed in 10 mM sodium cacodylate buffer (pH
6.8) and diluted to a concentration of 2.5 uM and a volume @D0 uL. Aliquots of BisA
were added with a Hamilton syringe and the sample mixed with a pipettelnitial
titrations were carried out without centrifugation but in later titrations the sample was
centrifuged at @00 rpm before scanningto remove dust The samples were scanned
from 200 z 800 nm. The change in absorbance of DNA with increasingisA
concentration was plotted at 260 nm. An analogous titration of judBisA in buffer was

carried out and the change in absorbance &isA was plotted at 248 nm

6.2.7 Polyacrylamide Gel Electrophoresis Experiments

hTeloGrerlabelled DNA was diluted to 1 uM in pH 5.5 10 mM sodium cacodylate 100
mM NacCl buffer without annealing. For titration gels, samples ofmotif DNA were
combined with 0, 1, 5, 10, 15, 20, 25 &30 equivalents ofBisA, in lanes 2 to 9. Control
gels were carried out showing the effect of increasing concentrations éonoA and
DETA. For these gels, samples ofmotif DNA were combined with 0, 2, 10, 20, 30, 40,
50 and 60 equivalents oMonoA or DETA in lanes 2 to 9. Acomparison gel was carried
out to directly compare the effect ofBisA on i-motif, Gquadruplex and duplex DNA
structures. For this gel tmotif, double stranded and &Gyuadruplex DNA sequences
were combined with 0, 1 and 30 equivalent®f BisA in lanes 2 to 10 respectivelyThe
samples were transferred to anative 15% polyacrylamide gel and run at 100 Volts for

1 hour 15 minutes in pH 5.5 10 mM sodium cacodylate 100 mM sodium chloride buffer.
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An 18 base single stranded sequence labelledth FAM was used as a marker in lane
1 for all the gels (table 6.1)Gels were made by combiimg 30% acrylamide/bis solution

(5 mL) with water (4.5 mL), 10 x TBEpH 8.0 buffer (0.5 mL) and 10% ammonium
persulfate (100 uL) before addition of tetamethylethylenediamine (4 uL) and being
allowed to set for approximately 1 hour.The gels were imaged on a FujiFilm LAS000
dark box using 460 nm excitation and a Y515 filter with a ¥4 second automatic

exposure.

6.2.8 Dynamic Light Scattering Experiments

Dynamic light scattering measurements were carried out on a Malvern Zetasizer
Nanoseries NaneZS instrument using a quartz cuvette with a 10 mm path length. For
pH 5.5 experiments, unlabelled hTeloC DNA was diluted in pH 5.5 10 mM sodium
cacodylate 100 mMNaCl buffer and used immediately. For pH 6.8 and pH 7.4
experiments, unlabelled hTeloC DNA was diluted in pH 6.8 10 mM sodium cacodylate
or pH 7.4 10 mM sodium cacodylate 100 mM NacCl buffer and thermally annealed. In all
cases, the DNA was diluted to 2.5Muand the buffers,BisA solution and final sample
were filtered through 0.22 um gringe filters to remove any particulate matter 1
equivalent aliquots of BisA were added with a Hamilton syringe and centrifuged at
6000 rpm for 3 minutes again to remove dus then measured. The sample was
irradiated at 633 nm and the scattering was measured at an angle of 173°. The
presented results are the average of 3 scan$he datawas analysed using Malvern

Zetasizer Software v6.34, Microsoft excel and Origin Pro 9.1.
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6.3 Experimental for Chapter 3

6.3.1 Initial FRET melting screen

The initial FRET melting screen was performed in collaboration with Camille Huguin.
hTeloGrer labelled oligonucleotide was diluted to 220 nM and annealed in 10 mM
sodium cacodylate buffer &pH 5.5 with 100 mM sodium chloride. The 960 compound
library was provided as individual 1 mM stock solutions of each compound in DMSO. 2
puL of compound stock solution was combined with 18 puL of DNA to give a final
concentration of [DNA] = 200 nM and [Lignd] = 100 pM. Control samples were
prepared of just DNA in buffer and DMSO with DNA in buffer. The 960 compound
library was tested 70 compounds at a time following the same procedure as described
in section 6.1. The data was analysed using Regene Q sees software and Microsoft
Excel.Initial Hits were repeated in 10 mM sodium cacodylate buffer at pH 5.5 with both
100 mM and 5 mM sodium chloride concentrations following the procedure outlined

above and in section 6.1.
6.3.2 FRET dose response

Hit compoundsfrom the initial screen were repeated against hTelofzerand compared

to c-Mycrretat pH 5.5, hTeloGerand DSrerat pH 7.4 in 10 mM sodium cacodylate
buffers with both 5 mM sodium chloride and 100 mM sodium chloride salt conditions.
The experiments were carried out as previously described in section 6.1. Hit
compounds were diluted in buffer by serial dilution and tested at concentrations of 1,

5, 10, 20, 40, 60, 80 and 100 uM. For the initial dose response study with hTeloC in 100
mM salt conditions, coitrol samples were made with 0.1, 0.5, 1, 2, 4, 6, 8 and 10%
DMSO. For later dose response studies a control of just 10% DMSO was used. The data

was analysed using Rot@ene Q series software and Microsoft Excel.

6.3.3 Circular Dichroism

CD experiments were carried out as described in section 6.1. Unlabelled hTeloC
oligonucleotide was diluted to a concentration of 10 uM in pH 5.5 10 mM sodium

cacodylate 100 mM sodium chloride buffer. Hit compounds from the screen were
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titrated into the sample using a Hamilton syringe, mixed with a pipette and were tested
at concentrations of 10, 50, 100, 150 and 200 uM. If precipitation occurred at lower
concentrations then higher concentrations were not tested. The samples were scanned
from 220 to 400 nm.

6.3.4 Surface Plasmon Resonance (SPR) Experiments

SPR experiments were carried out on a Biacore T200 instrument from GE Healthcare
using aseries Sstreptavidin (SA) coated gold chip. Throughout all the SPR experiments
a pH 5.5 running buffer was used contaimg 10 mM sodium cacodylate, 100 mM
sodium chloride and 0.05% Tween 20, which was filtered and degassed before use.
Biotinylated DNA hTeloGiotin, c-MyCaiotin Sequences (Table 6.1) were diluted to 1 pM in
running buffer. Biotinylated double stranded DNA wasproduced by combining a
biotinylated oligonucleotide DSsioiin With its complimentary strand DScomp at 1 M in
pH 5.5 running buffer and thermally annealed. The chip was primed with running
buffer and the detector was then normalised using the BIA normaing solution
containing 70% (w/w) glycerol. The biotinylated oligonucleotides were bound to the
streptavidin chip surface usng the immobilisation wizard in the Biacore T200
software. This includes a conditioning of the chip surface with three 60 s washe$ 1

M NaCl and 50 mM NaOH at a flow rate of 10 pL.nibefore injection of the DNA at
the same flow rate. An approximate response of 500 RUaw set as a target for
immobilisation and flow cell 1 was left blank. hTeloC was injected over flow cell 2
(522.0 RU), eMyc was injected over flow cell 3 (492.9 RU) and DS DNA was injected
over flow cdl 4 (507.1 RU). After immobilisation, the system (excluding the chip
surface) was washed with a solution 060% isopropyl alcohol in 50 mMNaOHand 1

M NaCl. Mitoxant rone and tilorone were tested for binding to each flow cell
simultaneously using the affinity run wizard in the Biacore T200 softwareBoth
compounds were diluted in running buffer from 10 mM stock solutions in water to
concentrations of 100, 50, 25, 12.55.25, 3.125, 1.56, 0.78, 0.39 and O uM by serial
dilution. The compounds were tested by injecting each concentration starting with the
lowest and finishing with the highest and measuring the response for each of the four
flow cells. Samples were injectedor 120 s at a flow rate of 30 pL.mid. After each
injection the chip surface was regenerated by two 60 s injections of 1 M sodium

chloride and the chip surface washed with running buffer fo60 s. The flow rate was
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maintained at 30uL.min1 throughout. Before the compounds were injected, 3 startup
cycles were carried out, these are blank injections of just buffer, followed by 2
regeneration injections of 1 M NaClEach concentration was repeated with a second
injection to ensure reproducibility and all experiments were carried out at 25°CThe
response data was double referenced by subtracting the 3 startup cycles and injections
of just buffer. Non selective binding to the chip surface was accounted for by
subtracting the responsefrom the blank flow cell. The average equilibrium respon®
for each concentration was fitted using thaffinity fit from the Biacore T2 evaluation
software v2.0,assuming a 1:1 binding model. Thiglata was then presented using
Origin Pro 9.1. Thekod O A A O AretheEaiefadeof two experiments.
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6.4 Experimental for Chapter 4

6.4.1 FRET Melting Experiments

FRET melting procedures were carried out in accordance with the procedure described
in section 6.1. Silver nitrate and sodium nitrate stock solutions were made up atMin
water and were diluted in buffer containing 10 mM sodium cacodylate and 5 mM
sodium chloride at either pH 5.5 or pH 7.4 by serial dilution. Silver nitrate and the
control sodium nitrate were tested at concentrations of 0.5, 1, 5, 10, 25, 50 and 100 uM.
For the cation screen, metal salts were also prepared in water at 1 M and diluted hret
same buffer conditions. The library of salts were tested at concentrations of 10 pM, 100
MM, 1 mM and 100 mM. Dose response studies on Ciére carried out in 50 mM
sodium cacodylate buffer at pH 5.5 and 7.4 at concentrations of 1, 5, 10, 20, 40,880,
and 100 pM.

6.4.2 Circular Dichroism Experiments

CD titrations were carried out following the procedure described in section 6.1. Silver
() ion experiments were carriedout in 10 mM sodium cacodylate5 mM NaCl buffer at
pH 7.4. Silver nitrate was titratedinto the solution of 10 uM hTeloC by addition of 1
equivalent aliquots using a Hamilton syringe up to a concentration of 100 uM (10 eq).
The sample was mixed thoroughly with a pipette and the CD spectrum taken from 220
to 400 nm. Copper (I) ion experimems were carried out in 50 mM sodium cacodylate
buffer at pH 5.5 and 7.4. Copper (Il) chloride was titrated into the sample inOl
equivalent aliquots up to a concentration of 1 mM (100 eq), mixed thoroughly and

scanned from 200 to 400 nm.
6.4.3 Reversibility wi th Cysteine and EDTA

The reversibility of DNA folding with silver by addition of cysteine was carried out
using CD as described in section 6.1. Aghi@as titrated into the sample in 1 equivalent
steps by addition of 0.2 pL aliquots using a Hamilton syrireg After addition of 10

equivalents of AgNG@, L-cysteine was titrated into the sample in 1 equivalent steps by
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addition of 0.2 pL aliquots. The repeat reversibility of folding was shown by sequential
addition of 10 equivalents of AQN®(2 pL) and 10 equivdents of L-cysteine (2 pL) to
10 uM hTeloC in pH 7.4 buffer. The change in CD was monitored at 250 and 261 nm.

Analogous experiments were carried out to reverse the effects of €uusing
ethylenediaminetetraacetic acid (EDTA). Cu€lwas titrated into the sample in 10
equivalent steps by addition of 2 yL aliquots. After addition of 100 equivalents of Cu(l
EDTA was titrated into the sample in 10 equivalent steps (0.2 pL) up to a concentration
of 1.5 mM (150 eq). The repeat reversibility was demonstratedybsequential addition

of 100 equivalents of CuGI(20 pL) and 100 equivalents of EDTA (2 yL) at pH 5.5. The
change in CD was monitored at 287 nm.

644 #1171 OET 61 OO 6AOEAOEIT "ETAETC j*T A60OQq !
Continuous variation binding analysis was carried out usingcircular dichroism
spectroscopy to measure the stoichiometry of the silveDNA interaction. Samples of
DNA and AgN®were diluted in pH 7.4 buffer, keeping the total concentration of DNA
+ AgNQ constant at 20 uM but varying the individual concentrations Db DNA and
AgNQ between 0 and 20 pM, with the ratio of AgDNA changing in 1 equivalent steps.
A second set of samples were prepared with the same concentrations of DNA but
without Agrto be used as a control andhte molar ellipticity of both sets of datawere
measured. The spectra of the DNA only control samples were subtracted from the DNA
+ Ag- samples to give the change in molarkipticity due to Ag*. The change in CD signal
at 275 nm was plotted versus the mole fraction of DNA to give a job plot. Timlection
point of the job plot corresponds to the stoichiometry and was determined by a linear
fit of the two parts of the graph and solving their equations simultaneously to find the

intersection point using Microsoft Excel.

Repeat 1:
W T OWOPT P QYW TR X NG T PTG
CT18 wT o® XX PFP QYD P T G

W, TRITICQ
“ moxp®?

CO0O6 ¢cm ™ w o
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COoQ cmo® pa@

CYo DG QO *&%" &

Repeat 2:
W CBOOYPPCPOW T UL WY T QWU
C CROOUE LT PP C p oD @ WU

.. M@ upy
) Tt
“© @po™®
CO06 ¢cmm@m T

Co6Q cmtT poO

CYo DG QO +—?"T ) 1

Average:
W oBWWPPP T pWWY TR U @XTHG GG
CoBtwY@mugyx PRT P WG GG

L. Ttis)pwxn&
Cw C®RTULW n

CO0O6 ¢cmm@m Tt
CoQ c¢mtT po

CYo £ Q H"T » 1

6.4.5 UV Titrations and Difference Experiments

UV titrations with Ag* were carried out on a Hitachi U3010 spectrophotometer. Either
hTeloC or Ghairpin unlabelled oligonucleotides were diluted to 2.5 pM in pH 7.4 10
mM sodium cacodylate 5 mM sodium chloride buffer and used immediately without
annealing. Up to 6 equivalent®f AQNQ was titrated into the sample in aliquots using

a Hamilton syringe and the UV absorbance spectra measured from 29300 nm at
room temperature. An equivalent titration of AQNQ in buffer alonewas also recorded.
Both titrations were zero corrected at 400 nm and the absorbance spectra of the
titration of AgNQs in buffer was subtracted from the spectra of the titration of AQN®
in DNA. The UV difference spectrum for silver induced folding was calculated by

subtracting the folded spectrum (in the pesence of 6 equivalents AgN$p from the
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unfolded spectrum (DNA in the absence of AgND The resultant spectrum was zero
corrected at 320 nm and normalised to give a maximum change in absorbance of 1 as
described in the literature.®3 UV titrations with Cu?* were carried out on an Agilent
Technologies Cary 60 U\is spectrometer following the same procedure with the HIF

p | h $hTeloC and @airpin sequences. The data was analysed using Microsoft
Excel and Origin Pro 9.1.

6.4.6 FRET Titration Experiments

Reverse FRET titrations using cysteine were carried out following the procedure
outlined in section 6.1. Fluorescently labelled oligonucleotide hTelo@erwas diluted

to 100 nM in pH 7.4 buffer containing 10 mM sodium cacodylate and 5 mM sodium
chloride and usedmmediately without annealing. 5 uM AgN®was added immediately

to fold the DNA before kcysteine was titrated into the sample in small aliquots up to a
concentration of 5 uM using a Hamilton syringe. The sample was excited at 490 nm and
the emission spectum taken from 500 to 650 nm. This enabled the monitoring of the
change in fluorescence of both FAM5@5 nm) and TAMRA 680 nm). The FRET
efficiency (Erre1) was calculated for each of 3 repeat experiments using equation 6.1.
Where "CO is the fluorescerte intensity of FAM in the absence of TAMRA. Repeat

reversibility was shown by consecutive addition of 5 uyMAgNQ and 5 pM cysteine.

Equation 6.1: O p —

FRET titrations were also carried out with CuGlfollowing the same procedure.

hTeloGretwas diluted to 100 nM in 50 mM sodium cacodylate buffer at pH 7.4 before
CuCt was titrated into the sample in small aliquots. First 1 equivalent then in 10
equivalent portions up to 100 eq and finally in 50 equivalent portions up to a final

concentration of 500 eq (50 uM).

6.4.7 Biophysical NMR Experiments on Copper (Il) ions with hTeloC

Biophysical 1H NMR experiments were carried at in collaboration with Dr. Cdin

MacDonaldusing a Bruker Avance 111800 MHz spectrometerequipped with an HCN
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inverse triple resonance zgradient probe. The resonance signal of the solvent water

was suppressed using the 1D Watergate sequence consisting of a symmetricalzx 9
22219 pulse train inversion elementx EOE OEA ET OAODPOI OA v Al A
a maximum in the imino proton region. The solvent resonance which was minimized

was set onrresonance at the transmitter offset.The hTeloC oligonucleotide sequence

was diluted to a concentration of 10 uM in pH 5.5 50 mM sodium cacodylate buffer
containing 5% DO. The spectrum of hTeloC alone was measured over 1 hour after
which 1 mM of CuGlwas added and the spectrum acquired over 2 hours. FinaltymM

EDTA was added and the spectrum takesgain for 1 hour. The spectra were acquired

and processed using OOEA 06O 41 P3PET O £#OxAOA DPAAEA(
analysis
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A.1 FRET Melting Dose Response Curves For Screen Hits

Example FRET melting curvésr human telomeric imotif with increasing concentration

of Ligand. [DNA] = 200 nM hTeloC, buffer = 10 mM sodium cacodylate and 100 mM NaCl

at pH 5.5.
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Figure A.1.1Chlorhexidine.
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Figure A.1.2Tamoxifen citrate .
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Figure A.1.3Hexetidine.
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Figure A.1.4Bromocriptine mesylate .
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Figure A.1.5Pararosaniline pamoate .
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Figure A.1.6Tilorone hydrochloride
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Figure A.1.7Aiodarone hydrochloride .



A.2 Further Example SPR Binding Curves

Example binding curves fanitoxantrone andtilorone . Running buffer = 10 mM sodium
cacodylate, 100 mM Na@hd 0.05% tween 20 at pH 5.5.

® Equilibrium response
1:1 fit
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Figure A.2.1Mitoxantrone with the human telomeric imotif.
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Figure A.2.2Mitoxantrone with the cMyc promoter tmotif.
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Figure A.2.3Mitoxantrone with duplex DNA.
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Figure A.2.4Tilorone with the human telomericimotif.
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Figure A.2.5Tilorone with the c-Myc promoter imotif.

1609 o Equilibrium response

140 1:1 fit

= =
o N
o o
1 1

©
o
1

60

Response (R.U.)

40 -

20 4

_20 1 1 1 1 1 1
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10™

[P11H11] (M)

Figure A.2.6Tilorone with duplex DNA.



A.3 FRET Melting CurvesFor The Cation Screen

FRET melting curves for human telomeriemotif with increasing concentrations of
different metal salts. [DNA] = 200 nM hTeloC, buffer = 10 mM sodium cacodylate and 5
mM NacCl at pH 7.4 (left) and pH 5.5 (right).

——200 nM hTeloC pH 7.4 —— 200 nM hTeloC pH 5.5
——10mM AlC, —— 10 M AIC,
804 100 MM AICI, 124 100 MM AICI,
—1mM AIC], — 1mM AIC],

= 704 =

= —— 100 mM AICI, S 104 —— 100 mM AICI,
< <

T 604 =

= 2

2 z oo

g %01 [}

2 2

IS IS

o 40 o 6

Q Q

5 5

o 304 o

%] ] 4 4

I <

o 204 o

= =

(TR w 2

0 -__—_\/_
0 0

T T T T+ T T T T T T T+ T T 1 T T T T T T T T T T T T 1
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Temperature ( °C) Temperature ( °C)

Figure A.3.1: AlGI
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Figure A.3.2: BaGl
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Figure A.3.3: Cagl
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Figure A.3.4: Cd¢el
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Figure A.3.5: Co€l
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Figure A.3.6: CsCl
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Figure A.3.7: Cugl



