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ABSTRACT

There is a high demand for quadruplex-specific compounds that not only bind preferentially to
quadruplex DNA over duplex DNA, but also bind to one quadruplex motif over other motifs.
Quadruplex structures are recognized as common occurrences in cancer cells, and if a compound
could stabilize this structure, it may serve as an effective anti-cancer treatment with minimal side
effects. In this study, cyanine dyes’ interactions with DNA were analyzed with fluorescence
titrations, UV-Vis thermal studies, circular dichroism titrations, and surface plasmon resonance
(SPR) analysis. With these techniques, binding affinity, DNA stabilization, and conformational
shifts were analyzed to determine if cyanine dyes could act as quadruplex-specific binding
compounds for possible cancer treatments.
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Chapter 1
Introduction
The research in this thesis investigates the binding of cyanine dye derivatives with G-
quadruplex DNA. It is designed to report small molecule binding affinity, mode, and specificity,

as well as analyze the conformational and stability changes in quadruplex and duplex DNA.
1.1 DNA background: How and why we target it

Small molecules and proteins can be chemically tailored to bind to the minor and major
grooves of DNA (see for example, Arya et al. work on neomycin)'. If strong enough
interactions can be formed, it is possible to block access to the hydrogen-bonds, electrostatics,
van der Waals interactions, and shape complementarity required for a particular protein to bind®
(for example major and/or minor groove block). In some cases, we can induce topological or
conformational shifts so large that the groove width or even the bending of the strand will not
conform to normal cellular requirements. For this reason, DNA has been an attractive drug
target: if we can stop DNA replication by targeting a unique sequence, then infectious diseases or

cancer can be treated more specifically than when targeting proteins or RNA.

Current DNA targeting drugs on the market include pentamidine, berenil, and trabectadin.
They can target double stranded DNA in cells by blocking in the major or minor grooves,
intercalating between base pairs, and alkylating in the grooves. Many other DNA targeting drugs
have been proposed, particularly in the last several years with improved instruments for DNA
binding analysis. These drugs are designed to bind in the minor groove by intercalating or bis-

intercalating, or interacting with the phosphate backbone”. Unfortunately most of these proposed



drugs have been unsuccessful due to solubility, selectivity, toxicity, transport to the nucleus or

resistance problems.
1.2 The G-Quadruplex

1.2.1 Shape and corresponding sequences

Unique DNA folding motifs have been identified since Watson and Crick discovered the B-
form DNA structure in 1953. Alexander Rich discovered Z-DNA in 1979, and David Davies
discovered triplex DNA in 1957 and quadruplex DNA in 1962**. The G-quadruplex forms by
interstrand or intrastrand guanines Hoogsteen hydrogen bonding with each other around a cation
in two or more stacked guanine tetrads™®. Currently, five DNA sequences are commonly
investigated when considering quadruplex structures: human telomere (hTelo), c-myc, c-kit, bel2,
kras, etc®. Quadruplex structures form readily in G-rich single stranded DNA sequences when
cations such as K" and Na" are available, so the high salt environment in the nucleus enables
guanine-rich sequences to form the quadruplex structure®. Each of these sequences may form
specific structures dependent on the direction of the phosphate backbone: parallel, antiparallel, or
hybrid structures of parallel and antiparallel”**'°. Some of these motifs are shown in Figure 1.1,
but all are polymorphic and can resituate to form the most stable structure. The guanines are
oriented in only anti conformation in the parallel motif, and a combination of syn and anti
conformations in hybrid and antiparallel motifs'""'*'>. Each of the structures has loops with

varying numbers of base pairs and relative position along the tetrads.



Antiparallel, Bashet Antiparallel, Chair Parallel, Fropaller

Mixed, 3+1

Type 2

Figure 1.1 Examples of quadruplex folding motifs. Top (left to right): antiparallel basket,
antiparallel chair, parallel with propeller loop. Bottom: two types of hybrid structures. All
structures are polymorphic, but these appear to be the most common folding motifs",

1.2.2 Proposed binding modes

Using the differences between each quadruplex structure as well as the unique available
interactions that separate quadruplex DNA from double stranded DNA, compounds can target
the quadruplex by loop binding, end stacking, groove binding, and possibly intercalating'>'®!".
Shown in Figure 1.2, loop binding involves indirect associations both polar and nonpolar. This
typically involves stabilizing the loops, but with no real effect on the overall DNA conformation:
it is typically a weak interaction and is only observed as a secondary binding mode at high

concentration of ligand. End stacking utilizes primarily non-polar n-r stacking on the top or

bottom tetrad; it may shift the conformation, but not significantly'®. Groove binding occurs



when the compounds slide between the phosphate backbone, and can significantly alter the
conformation by pushing the Hoogsteen bonds out of place. Finally, a compound may
intercalate a quadruplex if it slides between the tetrads, greatly altering the structure and forming
n-1 interactions with the guanines. This is most likely too energetically expensive to occur, as
the core cation must be displaced and the strands and loops get in the way in many quadruplex

motifs.

Figure 1.2 Binding modes to G-quadruplex. Blue: loop binding. Red: end stacking. Purple:
groove binding. Green: intercalating.

Figure 1.2 shows an example of an antiparallel quadruplex structure with all theorized
binding modes drawn in. The number of guanine tetrads and orientation of the loops will vary
between quadruplex motifs, but the relative location of binding will remain consistent. That is, a
loop binding compound will interact primarily with a loop, an end stacker will sit on one of the
terminal tetrads, a groove binder will interact with guanines of two or more tetrads, and an

intercalator will displace a cation to interact with two tetrads.



Most compounds that bind to quadruplex DNA, such as TmPyP4, RHPS4, and
Braco19'®!?, have been shown to end stack. They primarily contain conjugated ring systems

intended to n-m stack with the tetrads, as seen in Figure 1.3.

R
|
| | e O m O
CH;080; ( | e
A Aoy
H H

Figure 1.3 Structures of quadruplex-binding compounds. A) TmPyP4 B) RHPS4 C)
Bracol9

Although most quadruplex binding compounds whose binding method has been established
are believed to end stack, groove binding compounds are expected to be more specific in living
cells due to greater nucleic acid recognition by hydrogen bonding. That is, n-m interactions in
intercalating (such as those seen in ethidium bromide) in B-form DNA are non-specific, which is
why many intercalators are toxic. End stacking is also driven by n-m interactions. B-form DNA
minor groove binding compounds target specific hydrogen donors and acceptors, usually those
of adenine and thymine, proposed minor groove binders, such as polyamides, attempt to increase
specificity by targeting guanine®. On this basis, targeting the gooves of quadruplex structures is
highly specific, as no other DNA motifs contain alternating Hoogsteen to Watson and Crick base

.. . 21
pairing between guanines” .



1.2.3 Relevance to cancer

In the early 1990’s, a correlation between G-quadruplex formation and cancer cells was

established**?*

. Upon further investigation, the telomere and several oncogene promoter regions
were identified as sequences that form the quadruplex motif in-vitro. They are currently being
analyzed as forming in-vivo, but in-vitro experiments are done close enough to cellular
conditions that many laboratories are investigating the development of new anticancer agents by
seeking quadruplex-binding compounds®. Cells are defined as cancer cells when they over-
transcribe their DNA, causing over-replication of those cells and certain proteins within them.
Additionally, the normal apoptosis command is either blocked or cannot be followed (depending
on the type of cancer). Quadruplex-binding drugs can inhibit cancer cell growth in various ways,
but have proved to induce apoptosis by different cues such as starving the cells of necessary
proteins specific to cancer. When a sequence cannot be transcribed, the DNA can no longer
form mRNA to create proteins necessary for cell functions. Quadruplex structures occur in RNA

as well and RNA quadrduplex-binding drugs can induce apoptosis by different methods, but this

study focuses on targeting DNA quadruplex.

In cancer cells, the nuclear protein telomerase is overexpressed, leading to a lengthened G-
rich single stranded tail to each chromosome®**. Telomerase is present but inactive in normal
cells®®. Under normal conditions, the length of the telomere decreases until the cell is unable to
copy the DNA anymore, and the cell dies. Due to over-activation of the protein in cancer cells,
the apoptosis command never occurs because there is always a long enough telomere to copy
DNA. The ends of the telomere are single stranded naturally, so it must assume a conformation
that stabilizes the hydrophobic nucleic acids. In normal cells, the telomere does not need to alter

its conformation, but in cancer cells the proposed conformation is the hybrid quadruplex motif



seen in-vitro. If the quadruplex structure can be stabilized in the telomere, then it would cost too
much energy for the cell to unwind it in order to add more telomere. Thus, the cancer cells could

die selectively, as normal cells’ telomeres are not replicated.

C-myc and c-kit are oncogenes and their promoter regions contain G-rich sequences’ . They
exist in all cells, but are overexpressed in cancer cells. Normally, they are read only when
necessary to produce MY C and KIT proteins respectively, or to regulate gene expression.
However, in cancer cells, the Watson and Crick hydrogen bonds of these sequences are broken
more often to be transcribed frequently as single stranded DNA. Though these regions are
double stranded, they have been found to form quadruplex structures in order to control the
transcription and replication®®?. If the separate strands can be stabilized in the quadruplex
structure, they cannot be read by transcription proteins. Then not only the overexpression would
halt, but expression would entirely cease, starving the cells of MYC and KIT proteins. The

cancer cells selectively die as normal c-myc and c-Kit do not readily form quadruplex structures.
1.3 Cyanine dyes

Cyanine dyes are commonly used as fluorophores to monitor binding in the duplex minor

30.31 . . .. . .
groove” . The general structure involves two nitrogen-containing ring systems connected with

a conjugated alkyl linker of varying odd numbers of carbons, shown in Figure 1.4.

Figure 1.4 General structure of cyanine dyes



One of the ring nitrogens is positive, which helps in DNA binding. Cyanine dyes generally
fluoresce above 600 nm, and are commonly used as probes to monitor DNA activity in-vivo™'.
Imaging of near-infrared fluorescing cyanine dyes are used in clinical studies for cancer and

323334 Near-infrared wavelengths are less harmful to living cells: they can

tumor detection
penetrate cell walls and be detected without residual fluorescence coming from the cell. Some of
the commercially available cyanine dyes have been succesfully retained in tumor cells for weeks,
but are readily excreted from normal cells®>. Although entry into cells has been problematic for

some dyes, cyanines are small and thus promising agents to detect’® and perhaps inhibit growth

of cancer cells.

The compounds under investigation are derivatives of cyanine dye structures. They have
either three, five, or seven carbon linkers, and the ring systems, in this case, are primarily
indolenes and benzothiozoles. Ring nitrogens have been substituted with varied functional
groups in an attempt to prevent duplex binding. Quadruplex-specific binding compounds have
been the focus of many studies, and have had some success in treating cancer® ~*~°. Thus far,
drugs that reached clinical studies that were developed to target G-quadruplex DNA in cancer
cells have been determined to bind with proteins as well as DNA. Many have been effective
against cancer, such as CX3543, but appropriate dosage cannot be determined due to excess
nonspecific binding®. Cyanine dyes are of particular interest due to high fluorescence intensity;
they can be directly monitored for binding with DNA, proteins, and entire cells. These
compounds could help enrich the biological understanding of G-quadruplexes, and perhaps lead

to highly specific anti-cancer agents or cancer-detecting dyes.



1.4 General methods

1.4.1 Thermal melting UV-Vis absorbance analysis

DNA folding (annealing) and unfolding (melting) can be measured using absorbance at a
constant wavelength of 260 nm for duplex DNA and 295 nm for quadruplex DNA while
temperature is increased. At these wavelengths, the DNAs show the greatest absorbance change
and the resulting curves decrease in absorbance for quadruplex and increase for duplex DNA.
Buffer composition and presence of DNA-binding compounds alter the T,, melting temperature,
or midpoint between fully folded and unfolded. An increase in melting temperature in the
presence of DNA-binding compounds indicates a stabilizing effect of the compound on the DNA
structure. Though a large increase in Ty, does not necessarily imply strong binding affinity,
assessing ATy, (change in melting temperature) values can be used as a screening tool. Examples
of melting curves for A-150 (structure shown in results section) with both quadruplex and duplex

DNA are shown in Figure 1.5.
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Figure 1.5 Example of quadruplex (left) and duplex (right) UV-Vis melting curves.
Experiments done with 3 to 18 pM A-150 (1:1 to 6:1 ratios of compound:DNA) in Tris/K"
buffer on a Varian Cary 300 Bio Spectrophotometer (Walnut Creek, CA) with temperature
varied from 25 to 95 °C with 1 nm slit width. Left: 3 pM hTelo, absorbance taken at 295
nm. Right: 3 pM As hairpin DNA, absorbance taken at 260 nm.

1.4.2 Fluorescence analysis

Atoms absorb energy and can emit it as heat (vibrational relaxation), fast light emission
(fluorescence), or slow light emission (phosphorescence). Most compounds in this study
fluoresce in response to absorption of near-infrared wavelengths of light. As compounds bind to
DNA and bonds are altered, quenching or enhancement occurs, leading to a change in
fluorescence emission. This change can be measured in direct correlation to DNA binding. In
some cases an approximate binding constant can be determined from measuring fluorescence
enhancement as DNA is titrated into a solution of fluorescent compound. Fluorescent
enhancement, or the maximum emission divided by the minimum emission of the titration
(compound saturated with DNA divided by free compound) at a fixed wavelength, is useful to

compare DNA interactions among a family of compounds.
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1.4.3 Circular dichroism analysis of DNA and compound regions

Chiral atoms rotate circularly polarized light in either dextrorototory or levorototory
directions. DNA consists of chiral atoms in the backbone sugars, and as a result, different DNA
structures can rotate light in different patterns. That is to say, A form, B form, Z form, triplex,
and quadruplex DNA can be differentiated using circular dichroism (CD), and by studying
spectral patterns’'. Favorable DNA binding structures can be determined by observing
conformational shifts as compound is titrated into a solution of DNA. DNA rotates light below
300 nm, but compounds can also rotate light if they are bound in a chiral conformation. These

rotational shifts are observed in the compound region near its maximum absorbance wavelength.
1.4.4 Surface plasmon resonance (SPR)

An SPR chip contains DNA immobilized on a thin gold film by biotin or other linkages.
A laser shines on the reverse side of the film, measuring the refractive index at a particular laser
angle of only the gold film and anything attached to it*. That is, when a buffer solution flows
over the film, the laser records a constant refractive index. When a compound or protein is
flowed with this buffer, it may bind to the linked DNA causing a shift in refractive index and

laser angle.
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Figure 1.6 SPR sensorgrams of RU (instrument response units) vs. time and steady state
response fits for RHPS4 with c-myc and hTelo. Biotin labeled DNAs on chip were hTelo 22,
c-myc19, and AATT hairpin. BIAcore 2000 optical biosensor system (GE Healthcare,
Sweden) was used with HEPES buffer with .01% P20. Testing was performed using
regeneration buffer 10 mM glycine at pH 2.5, 200 s injection time, 400 s dissociation time, a
flow rate of 25 pl./min, and a temperature of 25 °C. Experiment done in collaboration with
Dr. Rupesh Nanjuda.

By this method, the exact binding affinity can be recorded by the SPR sensorgram by
comparing the change of refractive index due to the change of contents bound to the chip. Figure
1.6 shows the SPR sensorgrams and steady state analyses of the common quadruplex-binding
ligand RHPS4. The analysis shows similar binding affinities to two sequences, with slightly

higher affinity to c-myc.

1.4.5 Binding stoichiometry analysis by mass spectrometry

Mass spectrometry is a technique in which ionized gas molecules are analyzed based on
their masses and charges to attain precise molecular weights. In this project, electrospray
ionization (ESI) is utilized. This method pushes a liquid solution through a tube surrounded by a
current; a taylor cone is formed, ionizing, and then evaporating the liquid solution into smaller

and smaller gasseous particles. The particles fly through a quadrupole and time-of-flight sorter
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so that the detector will retrieve the particles at different times based on their mass to charge
ratio (m/z). ESI is a gentle technique, so it allows compounds with a high enough binding
constant (usually above 10°) to remain bound to the DNA through their flight, and the resulting

spectra can be analyzed to find exact binding stoichiometries of those ligands***.

1.4.6 Isothermal calorimetry (ITC)

DNA binding is dependent on enthalpy and entropy, components of the Gibbs free
energy. Isothermal calorimetry measures the heat absorbed (endothermic binding) or released
(exothermic binding) in binding at the pcalorie level. By examining the thermodynamics of
different compounds, compounds can be analyzed to determine what factors favor quadruplex
over duplex DNA binding®. Enthalpy and binding constants are determined from measuring the

heat change when compound is injected into a DNA solution, and the equations
AG = AH - TAS
AG = -RTInK

are used to calculate entropy and Gibbs free energy.

1.5 Goals

The goal of this study is to determine the optimum chemical features of cyanine dyes so
that they will bind selectively to quadruplex over duplex DNA. Additionally, the hope is to find
dyes that will bind selectively to one quadruplex motif over another. A high level of specificity
in binding could ultimately lead to a low toxicity cancer treatment or cancer detecting dye to be
developed from this information. Although the existence of quadruplex DNA has been known

for decades, the importance of the structure has only recently been investigated. The data

13



collected from the variety of experimental techniques applied in this study to analyze DNA

binding will enrich the growing field of quadruplex chemistry.
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Chapter 2
Experimental
2.1 Materials
Three model DNA sequences were used (Figure 2.1) human telomere (hTelo), c-myc, and
duplex (Integrated DNA Technologies, San Diego, CA). The duplex sequence with binding site
GAATTC was chosen due to the A, T- rich sequence; many duplex binding compounds prefer A,
T- rich sites due to a narrowing of the minor groove. The overall sequence is also a common

recognition sequence, so it is a good model to use for unwanted non-specific binding.

HTelo G4 (22 mers): 5’-AGG GTT AGG GTT AGG GTT AGG G-3°

c-myc (19 mers): 5’-AGG GTG GGG AGG GTG GGG A-3°

Duplex: 5°-CGG AAT TCG CTT TTG CGA ATT CGC-3’

Figure 2.1 DNA sequences tested.

All MH-, A-, and E-initialed compounds were synthesized by Dr. Maged Henary’s
research group (Georgia State University, Atlanta, GA). All SP-initialed compounds were
synthesized by Dr. Lucjan Strecowski’s research group (Georgia State University, Atlanta, GA).
Finally, all In- and Q-compounds were synthesized by Dr. Bruce Armitage’s research group
(Carnegie Mellon University, Pittsburgh, PA). All compound structures can be seen in the

results section.

The buffer used was 10mM Tris base (Fisher Scientific, Fairlawn, NJ), 50mM potassium
chloride (Fisher Scientific, Fairlawn, NJ), with the pH adjusted to 7.5 with hydrochloric acid

(Fisher Scientific, Fairlawn, NJ).
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2.2 Thermal melting UV-Vis analysis

Six quartz cells were prepared so that the first cell was buffer, the second cell contained 3
uM DNA, and the third through sixth cells contained constant 3 uM DNA with varying ratios of
compound: 1:1, 2:1, 4:1, and 6:1 in Tris/K+ buffer. The cells were scanned on a Varian Cary
300 Bio Spectrophotometer (Walnut Creek, CA) for four temperature runs: DNA melting from
25 °C to 95 °C, down to 25 °C for comparison (annealing), back up to 95 °C for melting, then
finally back down to 25 °C. The scans were set at 295 nm wavelength for quadruplex sequences

and 260 nm for duplex sequences, with a slit width of 1 nm.

2.3 Fluorescence titrations

A UV-Vis absorbance scan was first conducted to acquire the excitation wavelength
(Amax)- A 5 uM solution of compound in 1 mL of Tris/K" buffer was scanned from 800 nm to
200 nm at a rate of 60 nm/min with a 1 nm slit width. All DNAs were diluted in Tris/K" buffer.
The human telomere and c-myc DNA were annealed into a quadruplex motif by heating at 95 °C
in the presence of potassium ions in a hot water bath for approximately five minutes, then
allowing the solution to slowly cool to room temperature. Then in a fluorescence cell, an
emission scan of 1 uM of compound in 1 mL of Tris buffer was taken (Varian Cary Eclipse,
Walnut Creek, CA) with appropriate parameters based on the excitation wavelength. An
excitation slit width of 5 nm and an emission slit width of 5 nm (these slit widths generally result
in good signal to noise ratios) were used. Then, 0.05 pM of preannealed DNA was titrated into
the solution and scanned under the same conditions after each addition. The solution was titrated

to saturation, at which the change in fluorescence intensity was nearly zero.
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2.4 Circular dichroism (CD)

A sample of pre-annealed human telomere or c-myc DNA was scanned with 3 uM DNA
in 1 mL of Tris buffer on a Jasco J-810 Spectropolarimeter. The solution was scanned from 700
nm to 230 nm at room temperature with a scan rate of 50 nm/min and a response time of 1
second. Appropriate volumes of compound were titrated into the solution, and scanned after
each addition. The instrumental program averaged two scans for each titration, then the buffer

curve was subtracted using Kaleidagraph.

2.5 Surface plasmon resonance (SPR)

Fifteen solutions of compound ranging from 1 nM to 10 uM were injected over a
streptavadin-coated chip containing three immobilized biotin-labeled DNA’s (hTelo, c-myc, and
AATT) on a BIAcore 2000 optical biosensor system (GE Healthcare, Sweden). The solutions
were made with filtered and degassed HEPES buffer (10 mM HEPES, 50 mM KCI, 3 mM
EDTA, pH 7.2) with .01 v/v of P20 (surfactant). A 200 s injection time, 400 s dissociation time,
flow rate of 25 puL./min, and temperature of 25 °C were used. The regeneration buffer used was
10 mM glycine solution (30 s injection, pH 2.5). The steady state response fits were calculated
using a two site fit*:
1= (KiCriee + 2KiKoCoree?)/(1 + KiCiree + KiKsChiee’)
where K, and K; are equilibrium constants for two types of binding sites, r = RU/RU ., and
Ciree 1s the concentration of the compound in equilibrium with the complex which is fixed by the

concentration in the flow solution.
2.6 Electrospray ionization mass spectrometry

A sample of concentrated c-myc was desalted in 0.1 M ammonium acetate buffer (Fisher

Scientific, Fair Lawn, New Jersey) pH 6.8 to prevent sodium adduct peaks. A dialysis bag was
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prepared with DNA, and the solution was allowed to sit, chilled for at least seven days during
which the buffer solution was changed every other day. Solutions were made with 10 umol c-
myc in ammonium acetate buffer with 10% methanol (Fisher Scientific, Fair Lawn, New Jersey)
with varying ratios of compound to DNA: 0:1, 1:1, 2:1, 4:1, and 6:1. The solutions were tested

on the Waters Micromass Q-TOF micro in negative ion mode with a capillary voltage of 2500 V.
2.7 Isothermal calorimetry

Solutions of compound (0.2 mM) were injected 30 times into solutions of DNA (0.02
mM ). All solutions were degassed at 25 °C for 15 minutes. TRIS/K" buffer was used in the
reference cell. The injections were monitored at 25 °C with a reference power of 1 pcal/s, an
initial delay of 300 s, and a stirring speed of 290 (VPC-ITC). The first injection was 2 pL for 4
sec, with a spacing of 300 s, and a filter period of 1 s. The remaining 29 injections were 10 uL

volume for a duration of 20 s, with a spacing of 300 s, and a filter period of 1 s. The data was

analyzed by VPViewer 2000 software.
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Chapter 3
Results on Families of Compounds

3.1 Benzothiozole cyanine dyes

Benzothiozole cyanine dyes are known to bind to duplex DNA, forming hydrogen bonds
in the minor grooves: sulfurs with the bases and nitrogens with the backbone. This study includes
some benzothiozole dyes with varied nitrogen substituents and linker systems. The general
structure of the dyes tested is shown in Figure 3.1. In general, these compounds prove to bind
weakly with minimal selectivity to quadruplex sequences. However, several binding trends are

identified. The structures and thermal melting data are shown in Table 3.1.

Figure 3.1 General structure of benzothiozole cyanine dyes synthesized by Dr. Strekowski
et al (Georgia State University, Atlanta, GA).
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Table 3.1 Benzothiozole dyes thermal melting data (AT,,) with hTelo (°C)

hTelo

Duplex

1:1 | 2

1 | 4:1

6:1

1:1

2:1

4:1

6:1

A

0.6

1.3

2.7 | 3.7

0.6

0.6

1.1 *

0.4

3.1

56 | 6.6

0.0

2.1

57 | 4.7

A~

0.0

0.6

0.6 | 1.6
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2.6

5.6

13.1

17.8 § 0.4

34

8.5

12.5

0.6

0.2

0.7

0.2

1.2

0.2

0.6

4.2

17.6

22.7

9.0

12.0

12.1

13.1

4.5

10.0

15.1

19.1

5.6

6.1

11.0

12.0

0.9

0.9

24

4.0

3.0

9.2

9.2

10.5

0.0

0.7

0.8

1.8

1.9

2.8

8.6

9.8
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Note: Some compounds were not tested with duplex due to poor stabilization of quadruplex.

Thermal melting shows that stabilization of the quadruplex is dependent on both the
linker as well as the substituents. That is, when comparing SP-1-79 (heptamethine linker) to SP-
1-98 (pentamethine linker), it appears that the shorter linker length fits the shape of the
quadruplex to induce a better stabilization. This is supported by the thermal melting results of
SP-1-80, which is far more rigid with the linker ring so the compound cannot bend to fit the
DNA shape; the binding drops to nearly zero. When chlorine is attached on the pentamethine
linker, as in SP-1-93, the stabilization increases even further. Finally, looking at SP-1-79
compared to ring substituent alterations SP-1-99, SP-1-116, and SP-1-117, the cationic
substituent appears to stabilize best when it has the small trimethyl amine substituent. No error
is shown for thermal melting data because it is used as a screening tool; the error is
approximately £ 1 °C, but enough solutions are tested for each compound that an approximate

stabilization is determined.
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on many of these compounds, but they bind too poorly to obtain accurate fits. Fluorescence
titrations confirm binding; the titration of hTelo into a solution of SP-1-93 is shown as an

example in Figure 3.2. A slight red shift and a fluorescence enhancement of 2.3 are observed.

Fluorescence Intensity

Figure 3.2 Results of fluorescent titration on Varian Cary Eclipse (Walnut Creek, CA) in

700

600

500

400 f

Dyes with longer linker lengths tend to be sensitive to heat and light: SPR was attempted

SP-1-93 HT Fluorescence

1uM SP-1-93
— 0.05uM HT
—— 0.LuM HT
— 0.15uM HT
—— 0.2uM HT

—— 0.35uM HT
—— 0.4uM HT
—— 0.45uM HT

— 0.6uM HT

660 680 700 720 740
Wavelength (nm)

760 780 800

TRIS/K" buffer. Slit widths were 5 nm (ex) and 5 nm (em). A, was 630.0 nm and hep, Was
taken from 650 nm to 800 nm. 1uM SP-1-93 was titrated with 0.05uM increments of hTelo.
Fluorescence enhancement was 2.3.

3.2 Asymmetric Cyanine Dyes

isoquinoline by a trimethine linker. The nitrogen substituents are varied with sulfonate,

carboxyl, and trimethyl amine groups. The general structure is shown in Figure 3.3. At the

Asymmetric cyanine dyes tested in this study include an indolene linked to an

experimental pH, the sulfonate and carboxyl substituents are negative in solution, lessening the

overall charge, and based on the thermal melting data shown in Table 3.2, weakening the

stabilization of quadruplex DNA.
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Figure 3.3 General structure of asymmetric cyanine dyes. Synthesized by Dr. Bruce

Armitage et al. (Carnegie Mellon University, Pittsburgh, Pennsylvania).

Table 3.2 Asymmetric dyes thermal melting data (AT,,) with hTelo (°C)

1:1 | 2:1 | 4:1 6:1
InQ(3)PRO

49 | 48 | 11.5 15.5

06 | 1.6 | 2.2 52

06 | 06 | 2.5 2.7

06 | 2.1 | 0.6 1.2

(Erroris =1 °C)
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Fluorescence titrations support the melting stabilization for InQ(3)PRO, InQ(3)PROSOs’,
and InQ(3)PROCOQ, but differed with InQ(3)SO;" as shown in Table 3.3. While InQ(3)PRO
and even InQ(3)PROSO3" show some DNA conformational shift (Figure 3.4), the CD titration of
InQ(3)SO5" shows no DNA change. Therefore, the fluorescence change is most likely due to
stacking of compound on the DNA*®. All of these dyes show nearly no fluorescence when free

in solution, so the large enhancement is due to a small initial fluorescence intensity.

Table 3.3 Asymmetric dyes fluorescence enhancement (Fsaturated/Fcompouna) With hTelo

InQ(3)PRO 52.8
InQ(3)PROSO;” | 3.5
InQ(3)PROCOO™ | 6.2

InQ(3)SO5 15.8
INnQ(3)PRO CD INQ(3)PROSO3 CD
25 \ \ 25 : \ \
—HT
A —11
20
15
3 _
g 10 g
3 8
5 |
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250 300 350 400 450 500 T 250 300 350 400 450 500
wavelength (nm) wavelength (nm)
Figure 3.4 CD titrations done with 3uM DNA on the Jasco J-810 Spectropolarimeter in
Tris/K+ buffer. The solution is scanned from 230 nm to 700 nm at 25 °C with a scan rate of
50 nm/min, slit width of 1 nm, and a response time of 1 second. 3uM of MH-5 was titrated
for each scan. A) Titration of InQ(3)PRO into hTelo. B) Titration of InQ(3)PROSOj into
hTelo.
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Shown in Figure 3.5, the SPR steady state response fit confirms some binding to both
quadruplex structures, but proves to be extremely weak and difficult to fit to a specific model.
Although the two methyl groups on the indolene group seem to block duplex binding (based on
thermal melting and SPR studies), the quadruplex binding with these compounds is clearly weak

(less than 10° M™).
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Figure 3.5 SPR steady state response fits for InQ(3)PRO with c-myc and hTelo. Biotin
labeled DNAs on chip were hTelo 22, c-myc19, and AATT hairpin. BIAcore 2000 optical
biosensor system (GE Healthcare, Sweden) was used with HEPES buffer with .01% P20.
Testing was performed using regeneration buffer 10 mM glycine at pH 2.5, 200 s injection
time, 400 s dissociation time, a flow rate of 25 pL./min, and a temperature of 25 °C.
Experiment done in collaboration with Dr. Rupesh Nanjuda.

3.3 Indolene cyanine dyes

A number of symmetric indolene cyanine dyes were tested, and they expanded on results
from the benzothiozole and asymmetric cyanine dyes. The two methyl groups on the indolene
ring systems prove to essentially eliminate duplex binding (of the sequences tested), and any

negatively charged groups prove to consistently limit binding to both quadruplex and duplex.
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3.3.1 Trimethine cyanine dyes

The general structure of the trimethine dyes used in this study is shown in Figure 3.6.

Figure 3.6 General structure of trimethine dyes synthesized by Dr. Henary et al (Georgia
State University, Atlanta, GA).

Although there are many successful compounds in this study, binding progress required
narrowing down substituents that eliminate quadruplex binding, duplex binding, or both.
Thermal melting data shown in Table 3.4 clearly demonstrates sulfonate and carboxyl groups on
any part (ring systems, linker, or, sidechains) of the cyanine dye structure eliminate binding to
both types of DNA. DNA is a highly negative structure, and quadruplex is tightly packed with
negative charges. Sulfonate and carboxyl groups are negatively charged at the buffer pH, and
repel the compound from its target sequence. The thermal melting data also demonstrates
slightly negative ATy, values (a minor destabilization of the quadruplex structure) in the cases of
E-4 and E-8 which both contain aromatic sidechains: large ring nitrogen substituents also
showed poor binding for benzothiozole compounds. This destabilization is most likely due to

both the lessened overall charge as well as the hydrophobic substituents.
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Table 3.4 Trimethine dye thermal melting (AT,,) data (°C)

Human Telomere I Duplex
1:1 | 2:1 | 4:1 6:1 Qg 1:1 | 2:1 | 4:1 | 6:1
1.5 | 1.1 | 0.6 1.2
0.6 | 1.1 | 2.6 7.2
1.0 | 1.6 | -39 *
E-6
L1
O N TN 0.6 | 0.1 | 02 | *
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00 |-04] -14 | 43

1.6 | 41 | 87 | 13.7 0 09 |-02] 18

10| 52| 142 | 237Q-0.1 | -1.0 | -1.0 | -0.1

30 | 7.0 | 14.6 * 00 | 00 |-1.0| *

Ngr N 26 | 66 | 172 | 208 g 1.0 | 1.1 | 1.1 *

* Experiment showed too much noise to accurately calculate Ty,
(Erroris £1 °C)
Note: Some compounds were not tested with duplex due to poor stabilization of quadruplex.
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Based on the melting temperature data, halogens linked onto the indolene ring systems
prove to greatly increase stabilization among these compounds. Trimethine compounds increase
in DNA stabilization as the attached halide increases in size. These compounds consistently bind
well to quadruplex and have nearly no binding to duplex A, T-rich sequences. 4:1 ratios are
considered in analyzing binding due to assumed binding site saturation based on presumed two-
site binding. As thermal melting data is best analyzed as a screening tool, multiple compound to
DNA ratios are tested, but the 4:1 ratio is compared to maintain consistency. In many cases,
ATy, values continue to increase steadily until 6:1 compound to DNA ratio when interacting with
hTelo. This may be indicative of compounds self stacking along the DNA. SPR confirms that
despite aggregation problems, the compounds bind better to hTelo than to duplex DNA, but still
with binding constants less than 10’ M™'. However, the compounds are found to bind strongly to
c-myc as seen in SPR steady state response fits in Figure 3.7 (K>10° M™"). Thermal melting data
is difficult to collect accurately for c-myc due to its high melting temperature. Compounds often
increase the melting temperature beyond measurable values with this DNA. Salt concentrations
may be lowered to decrease the c-myc melting temperature, but cellular conditions as well as
quadruplex formation require salt. Thus, lowering salt concentrations is not always a desirable
comparison. Nonetheless, a strong correlation is observed between thermal melting screening

data and SPR proven binding affinities to c-myc.
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Figure 3.7 SPR steady state response fits for trimethine dyes with c-myc and hTelo. Biotin
labeled DNAs on chip were hTelo 22, c-myc19, and AATT hairpin. BIAcore 2000 optical
biosensor system (GE Healthcare, Sweden) was used with HEPES buffer with .01% P20.
Testing was performed using regeneration buffer 10 mM glycine at pH 2.5, 200 s injection
time, 400 s dissociation time, a flow rate of 25 pL./min, and a temperature of 25 °C.
Experiment done in collaboration with Dr. Rupesh Nanjuda.

No trend in fluorescence enhancement can be distinguished, as demonstrated in Table

3.5. All dyes increase emission far more when titrated with c-myc than with hTelo, but exact

enhancement is primarily dependent on free compound fluorescence emission (minimum

fluorescence intensity). All of these dyes show very high fluorescence intensities, and increase

to nearly (and sometimes over) the amount of emitted light that the fluorometer detects under the

standard assay. All compounds increase fluorescence intensity when bound to DNA. MH-5

fluorescence titrations are shown in Figure 3.8.
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Table 3.5 Fluorescence enhancement (Fsaturated/Feompouna) 0f trimethine dyes

hTelo | c-myc

MH4 | 1.7 7.7

MHS | 1.6 4.6

A-138 | 2.7 54

A-134 | 2.0 4.1

MHS5 HT Fluorescence MH5 cMyc Fluorescence
350 1 T . 1 ; 1 1
A : : 1uM MH5 B | § § 1uM MHS
Py : : ———— 0.05uM HT : : : —— 0.05uM cMyc
: ‘ i i 0.1uM HT — 0.1uM cMyc
300 o [ SV, N [ o ———— 0.15uUM HT || 800 —— 0.15uM cMyc
: ; ; 0.2uM HT ——— 0.2uM cMyc
250 o 777777777777777777777 77777 0.35uM HT I 0.35uM cMyc
z 0.4uMHT || £ 600 0.4uM cMyc
S ; ; 0.45uM HT S — 0.45uM cMyc
£ 200 e I A 1 N [ N
8 - : 8
= ——— 0.6uM HT g 0.6uM cMyc
o 9 | |
Q150 [ R e o 400 TR (G AR oo e =
S E ‘ i
[ 8 :
200 ] : Np e s .
T
0 =
600 650 700 560 600 640 680
Wavelength (nm) Wavelength (nm)

Figure 3.8 Results of fluorescent titration on Varian Cary Eclipse (Walnut Creek, CA) in
TRIS/K" buffer. Slit widths were 5 nm (ex) and 5 nm (em). Ae was 520.5 nm and A, was
taken from 530 nm to 730 nm. A) 1uM MH-5 titrated with 0.05uM increments of hTelo. B)
1uM MH-S titrated with 0.05pM increments of c-myc.

Isothermal Calorimetry (ITC) experiments were performed to test the SPR and
fluorescence preference in binding c-myc over hTelo. ITC is known to under-estimate binding
constants for strong binding compounds in comparison with other techniques such as SPR, which
is true for these compounds shown in Figure 3.9 with corresponding results shown in Table 3.6.

These tests consistently show a single binding site, which is inconsistent with the equation that
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best fits the SPR data. ITC measures heat from binding, so a second, or perhaps nonspecific

binding site may show no heat change. Mass spectrometry proves this assumption to be correct.

Shown in Figure 3.10, one binding site is preferred, but a second binding site can occur in high

compound to DNA ratio conditions.
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Figure 3.9 ITC Titrations of 0.2 mM MHS into 0.02mM DNA. VPC-ITC with VPViewer
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2000 software was used. Reference cell and solutions contained TRIS/K" buffer. 30
injections were measured at 25 °C with reference power of 1 pcal/sec and 300 s spacing

time. A) c-myc B) AATT duplex. Experiment done by Nancy Kilpatrick.

Table 3.6 Thermal data for MH-5 binding

Oligomer | Stoichiometry | K (M'l) A H (cal/mol) | A S (cal/mol C°) | A G (cal/mol)
c-myc 1.11 +£0.01 1.19E+06 | -3190 +40 17.1 -8278.85
hTelo Weak binding- unable to fit

A>T, No binding
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Figure 3.10 Electrospray Ionization mass spectrometry results from Waters Micromass Q-
TOF micro in ammonium acetate buffer. Spectra taken in negative mode with voltage of
2500 mV. MHS with c-myc mass spectra with 10% methanol. A) 10uM c-myc B) 2:1 ratio
C) 4:1 ratio.

Circular dichroism experiments are done to determine binding mode, but, the spectra
consistently show nearly no spectral changes in the DNA region. However, the dihalogenated
compounds consistently show an induced CD in the dihalogenated compounds’ absorbance
region, shown in Figure 3.11. This is most likely due to self stacking as cyanine dyes are known
to do, so the CD ratio is not the binding ratio; the compound chirality may change as the
compounds stack on the quadruplex, but these are weak interactions due to the high compound to
DNA ratio. When compounds are titrated into an hTelo solution, a small shift from hybrid to
antiparallel structure is observed. In addition, a large induced CD is observed that saturates at an
8:1 compound to DNA ratio. Due to confirmed 2:1 binding, this can only result from
compounds stacking as J- or H-aggregates. A compound-only CD titration was done to
determine if the compounds are stacking in solution or with the DNA: no induced CD is

observed. Therefore, the compounds must aggregate on DNA with low stability so they do not
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remain stacked in the ionized gas form required of mass spectrometry. A slight positive induced
CD is seen in titrations with c-myc, but no change is observed in the DNA region indicating that
the compounds do not alter the conformation of c-myc, and only stabilizes the antiparallel form
of hTelo. Loop binding and sometimes end stacking are recognized as binding modes that

disturb structures the least, but stacking usually occurs along grooves.

MH-5 cMyc CD

MH-5 HT CD

cMycn
"""""""""""" 7l — Liln
2:1n
3:1n
4:1n

CD (mDeg)
CD (mDeg)

Wavelength Wavelength

Figure 3.11 CD titrations done with 3 pM DNA on the Jasco J-810 Spectropolarimeter in

Tris/K+ buffer. The solution is scanned from 230 nm to 700 nm at 25 °C with a scan rate of
50 nm/min, slit width of 1 nm, and a response time of 1 second. 3 pM of MH-5 was titrated

for each scan. A) Titration of MH-5 into hTelo. B) Titration of MH-5 into c-myc.

Many of these compounds show great stabilization of the quadruplex motif in thermal
melting data, and quadruplex specificity in SPR and ITC. Loop binding is the least specific
mode of binding to quadruplex, so the compounds are most likely end stacking on both hTelo
and c-myc. However, so much is still unknown about quadruplex binding that more

experimentation is necessary to determine exact binding mode.
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3.3.2 Pentamethine cyanine dyes

General structures of all pentamethine dyes are shown in Figure 3.12. These structures
all maintain the same nitrogen substituent (trimethyl amine), but vary substituents on either the
ring system, the linking methine, or both. These dyes are generally easier to handle; they are
slightly less sticky to tubing and cell walls, while maintaining the quadruplex over duplex

specificity seen with trimethine dyes due to the two methyl groups on the indolenes.

X

X Y
X X X
O X x O P T O ‘ DS N
N*gr- N N

i % 58( Ng N§+B r %
+ Br n+— +_ T Nt — + Br n+—
//N B r/N\ //NBr BF/N\ //NBr' V/N\

Figure 3.12 General structure of pentamethine mono- (left) di- (middle) and tri- (right)
substituted dyes synthesized by Dr. Henary et al (Georgia State University, Atlanta, GA).
In general, pentamethine monohalogenated dyes show weaker binding than trimethine
dihalogenated dyes based on the thermal melting data. The monobromo- and monochloro- dyes
show similar stabilization at the 4:1 ratio (presumed saturation conditions) shown in Table 3.7,
and thus do not follow the trend seen with the dihalogenated trimethine dyes. The bromo-dye
most likely stacks more than the chloro- isomer, based on their increases at 6:1 ratios with the
reverse true at lower ratios. As consistent with prior experiments, the carboxyl group on A-100
prevents binding. Only the bromo- isomer of pentamethine dihalogenated dyes has been
synthesized, and it has a comparable quadruplex stabilization to the trimethine derivative. The
size of the halogen substituents may allow necessary DNA to compound interactions to occur
easier than with only hydrogens on the ring. The stabilization decreases for unsubstituted dyes

as the linker lengthens (comparing MH-4 to E-46).
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Table 3.7 Pentamethine mono- and di- substituted dyes thermal melting (AT,,) data (°C)

Human Telomere Duplex

1:1( 2:1 | 4:1 | 6:1 g 1:1 | 2:1 | 4:1]| 6:1

‘ TN O 00|-04|-04|-380-10/-09]00]-08

01102112 ]| 12

20146 |11.6 | 156f-0.0|-1.1 0.9 |-0.2

26 160 (1221324 0 | 09 |09 ]| 2.8




N'gr N 15025156 [11.6 §*| 1.1|-0710.0
//NBr B;Ni_

*Experiment was too noisy to calculate accurate ATy,
Note: Some compounds were not tested with duplex due to poor stabilization of quadruplex.

SPR sensorgrams correlate well with thermal melting data, though data fitting is difficult
with both hTelo tests, since the compounds do not bind strongly and have a weak binding site.
SPR steady state response fits are shown in Figure 3.13. Thermodynamic data was also collected
for A-C8 (Figure 3.14 with corresponding data in Table 3.8); again the stoichiometry differed,
but is proven to bind preferentially to one binding site with a possible secondary binding site by

mass spectrometry.
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Figure 3.13 SPR steady state response fits for RHPS4 with c-myc and hTelo. Biotin labeled
DNAs on chip were hTelo 22, c-myc19, and AATT hairpin. BIAcore 2000 optical biosensor
system (GE Healthcare, Sweden) was used with HEPES buffer with .01% P20. Testing was
performed using regeneration buffer 10 mM glycine at pH 2.5, 200 s injection time, 400 s
dissociation time, a flow rate of 25 pLL/min, and a temperature of 25 °C. A) A-C8 B)A-20.
Experiments done in collaboration with Dr. Rupesh Nanjuda.
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Figure 3.14 ITC Titrations of 0.2 mM A-C8 into 0.02 mM DNA. VPC-ITC with VPViewer
2000 software was used. Reference cell and solutions contained TRIS/K" buffer. 30
injections were measured at 25 °C with reference power of 1 pcal/s and 300 s spacing time.
A) c-myc B) hTelo C) AATT duplex. Experiments done by Nancy Kilpatrick.
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Table 3.8 Thermodynamics data for A-C8 binding

Oligomer | Stoichiometry | K (M'l) A H (cal/mol) | A S (cal/mol C°) | A G (cal/mol)
c-myc 1.22+0.01 | 8.02E+05| -2100=+20 20 -8045.32
hTelo 1.02+0.02 | 5.57E+04 | -6100 + 200 1.15 -6466.94
A>T, No binding

Fluorescence again confirms preference to c-myc over hTelo with an enormous increase in c-myc

titrations and only a moderate increase with hTelo. A-20 fluorescence titrations are shown in

Figure 3.15.

A-20 HT Fluorescence

500

400

30

200 -t

Fluorescence Intensity

100 [ooiee

A-20 cMyc Fluorescence

T —
: 1uM A-20 !
: 0.05uM HT
0.1uM HT 800 -
0.15uM HT
rrrrrrrr 0.2uM HT
— 0.35uM HT
0.4uM HT > 600
,,,,,,,, 0.45uM HT ]
Q
=
Q
0.6uM HT 2
3400 i
,,,,,,,, 2 i
o
E
0.8uM HT o
,,,,,,,, ———0.95uM HT 200 | NN R
,,,,,,,,,,,,,, e 0

s

1uM A-20

—— 0.05uM cMyc
ooyl ——— 0.1uM eMye
{| —— 0.15uM cMyc

i| — 0.2uM cMyc

0.35uM cMyc
0.4uM cMyc
0.45uM cMyc

0.6uM cMyc

660 680 700 720 740
Wavelength (nm)

760 780 800

Wavelength (nm)

Figure 3.15 Results of fluorescent titration on Varian Cary Eclipse (Walnut Creek, CA) in
TRIS/K" buffer. Slit widths were 5 nm (ex) and 5 nm (em). A, was 640.0 nm and A, was
taken from 650 nm to 820 nm. A) 1uM A-20 titrated with 0.05pM increments of hTelo. B)
1puM A-20 titrated with 0.05uM increments of c-myc. Slit widths were S nm (ex) and 5 nm

(em).
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CD scans are taken to determine binding mode, but as with trimethine dyes, no
significant changes to the DNA region are observed. Monohalogenated dyes seem to be slower
at binding as a slight change from hybrid to antiparallel motif is observed when a prepared
sample was allowed to sit for approximately two hours. However, no induced CD is observed

and both DNA sequences show less change in DNA region CD spectra with compound titrated

into solution, seen in Figure 3.16.
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Figure 3.16 CD titrations done with 3 pM DNA on the Jasco J-810 Spectropolarimeter in
Tris/K+ buffer. The solution is scanned from 230 nm to 700 nm at 25 °C with a scan rate of
50 nm/min, slit width of 1 nm, and a response time of 1 second. 3 pM of MH-5 was titrated
for each scan. A) Titration of A-20 into hTelo. B) Titration of A-20 into c-myc.

Mass spectrometry is done with the strongest binding monohalogenated cyanine dye- A-
C8, as strong binding compounds are required to remain bound in the charged gas state needed

for electrospray ionization. The 1:1 peak is favored, as seen with trimethine dyes, but a 2:1 peak
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forms at lower ratios of compound to DNA. As seen in Figure 3.17, the 2:1 peak of c-myc with

A-CS8 requires less compound to form than the 2:1 peak with MH-5. This peak can only be seen

at the 4:1 ratio with MH-5, but can be seen at the 2:1 ratio with A-CS8.
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Figure 3.17 Electrospray ionization mass spectrometry results from Waters Micromass Q-
TOF micro in ammonium acetate buffer. Spectra taken in negative mode with voltage of

2500 mV. A-C8 with c-myc mass spectrum with 10% methanol. A) 10npM c-myc B) 1:1 ratio
C) 2:1 ratio D) 4:1 ratio E) 6:1 ratio.
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Pentamethine trisubstituted compounds prove to be sticky to tubing and cell walls, but
maintain previously established trends: the two methyl groups prevent duplex binding, and the
sulfonate groups on A-21 minimize quadruplex binding. Thermal melting data (Table 3.9)
reveals a possible indication of where on the compound DNA interactions may occur. If the ring
halogens remain constant and the methine halogen is varied (in the case of A-150 to A-149, A-
148 to A-146, and A-161 to A-160), a methine-linked bromine consistently raises the
stabilization of DNA compared to compounds with methine-linked chlorine. When the ring
halogens are varied and the methine halogen remains the same (in the case of A-150 to A-148
and A-161, and A-149 to A-146 and A-160), no trend can be recognized. Therefore, based on
the saturation at 4:1 ATy, values, the methine-linked halogen is the primary cause of stabilization
of quadruplex DNA. The compound must orient itself in a way that allows this halogen to
interact with the bases along the groove or on the end, or the quadruplex-stabilizing cation,

depending on how the compounds bind.
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Table 3.9 Pentamethine trisubstituted dyes thermal melting (AT,,) data (°C)

Human Telomere Duplex
(X-Y-Z) 1:1 | 2:1| 4:1 | 6:1 g1:1|2:1|4:1]6:1
A-21
q
O al s\\ﬁo
oS
° X4 N 0.0 0.1|-04 02
//NET B;Ni—
A-150 (Br-Br-Br)
Br. Br
30167 |17.71202820|1.2|12]1.2
Br'% Br
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Br al
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When these compounds are tested with SPR, some of the binding affinities (primarily that
of A-150) are found to be somewhat erratic and do not always correlate with the thermal melting
data. Shown in the SPR steady state response fits in Figure 3.18, some of the compounds seem
to be too sticky to tubing to test accurately or are merely weak binding compounds. To resolve
this difference, a temperature controlled fluorescence experiment and a solvent variant
absorbance experiment are done. A-150 has the highest discrepancy, so it is titrated with hTelo
at 25 °C and 45 °C as shown in Figure 3.19.

Dimethyl sulfoxide (DMSO) is known to decrease self stacking in solution, so A-150 was
tested with UV-Vis absorbance in three solutions: 100% Tris/K" buffer, 25% DMSO in buffer,
and 50% DMSO in buffer (Figure 3.20). The absorbance intensity is expected to increase with
more DMSO if stacking occurs. There was only a slight increase in absorbance as the percent
DMSO increased, so the dye is not showing significant self stacking with no DNA present.
Though the fluorescence emission decreases at a higher temperature, the fluorescence
enhancement at the higher temperature is far greater than at room temperature. At higher
temperatures, the compound is less likely to interact with the cell walls and tubing. Thermal
melting analysis allows for this, but SPR is done at room temperature. The increased fluorescent
enhancement indicates that the compound binds better at higher temperatures when aggregation
is at a minimum, and temperature differences must be the cause of the discrepancy between SPR
and AT, values. Other room temperature fluorescent enhancements are shown in Table 3.10:
they show no trends except confirmation that the preferences toward c-myc seen in SPR

sensorgrams are accurate.
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Figure 3.18 SPR steady state response fits for pentamethine dyes with c-myc and hTelo.
Biotin labeled DNAs on chip were hTelo 22, c-myc19, and AATT hairpin. BIAcore 2000
optical biosensor system (GE Healthcare, Sweden) was used with HEPES buffer with .01%
P20. Testing was performed using regeneration buffer 10 mM glycine at pH 2.5, 200 s
injection time, 400 s dissociation time, a flow rate of 25 pL./min, and a temperature of 25
°C. Experiment done in collaboration with Dr. Rupesh Nanjuda.
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Figure 3.19 Results of fluorescent titration on Varian Cary Eclipse (Walnut Creek, CA) in
TRIS/K" buffer. Slit widths were 5 nm (ex) and 5 nm (em). Ae was 650.0 nm and A, was
taken from 658 nm to 800 nm. hTelo DNA titrated into A-150 at varying temperatures. A)
25°C, fluorescent enhancement of 1.57 B) 45°C, fluorescent enhancement of 2.64.
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Figure 3.20 UV-Vis absorbance scans on Varian Cary 300 Bio Spectrophotometer (Walnut
Creek, CA) of 1 uM A-150 in TRIS/K" buffer with v/v DMSO varying from 0% to 50%.
Scanned 800 nm to 200 nm at a rate of 60 nm/min with a slit width of 2 nm.

Table 3.10 Pentamethine trihalogenated fluorescent enhancement (Fsaturation/Fcompound)

HT | c-myc

A-21 1.0

A-146 | 1.8 | 2.2

A-148 | 1.7 | 2.0

A-149 | 1.8 | 2.2

A-150 | 16 | 24
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Thermodynamic data from ITC is done at room temperature, but A-148 and A-150 are
determined to have similar binding affinities as well as similar enthalpies, entropies, and Gibbs
free energies when binding to c-myc. Shown in Figure 3.21 with corresponding data in Table
3.11, both compounds bind to c-myc, show weak (unable to fit) binding to hTelo, and do not bind

to the tested duplex sequence.
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Figure 3.21 ITC Titrations of 0.2 mM compound into 0.02mM DNA. VPC-ITC with
VPViewer 2000 software was used. Reference cell and solutions contained TRIS/K" buffer.
30 injections were measured at 25 °C with reference power of 1 pcal/s and 300 s spacing
time. A) A-148 with c-myc B) A-148 with AATT duplex C) A-150 with c-myc D) A-150 with
AATT. Experiments done by Nancy Kilpatrick.
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Table 3.11 Thermodynamic data for A-148 and A-150 binding with c-myc (note both
compounds showed weak binding with hTelo and no binding to AATT: data was unable to

be fit)
Compound | Stoichiometry | K M"Y |[AH (cal/mol) | A S (cal/mol C°) | A G (cal/mol)
A-148 091+0.01 |3.35E+05| -3670=+70 13.0 -7528.7
A-150 091+0.01 |3.97E+05| -3600 =40 13.5 -7629.2

Mass spectrometry for A-148 (Figure 3.22) and A-150 (Figure 3.23) show similar results

to those seen with pentamethine monohalogenated compounds: the 1:1 peak is the favored

binding ratio, and the 2:1 binding ratio is seen at a 2:1 solution ratio of compound to DNA. The

unbound quadruplex peaks seem to be larger at higher compound to DNA ratios than with

monohalogenated dyes. This may be due to the compounds’ propensity to stack in solution; a

large compound only peak is present at low m/z ratios, and increases at high compound

concentrations. Therefore, at room temperature in the ESI instrument, the compound may be

leaving more free DNA than it would at higher temperatures.
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Figure 3.22 Electrospray Ionization mass spectrometry results from Waters Micromass Q-
TOF micro in ammonium acetate buffer. Spectra taken in negative mode with voltage of

2500 mV. A-148 with c-myc mass spectrum with 10% methanol. A) 10 pM c-myc B) 1:1
ratio C) 2:1 ratio D) 4:1 ratio E) 6:1 ratio.
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Figure 3.23 Electrospray Ionization mass spectrometry results from Waters Micromass Q-
TOF micro in ammonium acetate buffer. Spectra taken in negative mode with voltage of

2500 mV. A-150 with c-myc mass spectrum with 10% methanol. A) 10 pM c-myc B) 1:1

ratio C) 2:1 ratio D) 4:1 ratio E) 6:1 ratio.
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Chapter 4
Conclusions and Biological Implications

The results shown in this thesis provide suggestions to particular trends of chemical
properties that assist in optimizing the process of developing compounds to bind specifically to
quadruplex over duplex DNA. Clearly, compounds with negative charges (or overall charge of
less than +3) prove to be poor binding compounds to all DNAs. Based on the benzothiozole
cyanine dye results, the two methyl groups on the indolene block duplex binding. The
benzothiozole rings lay in the minor groove of duplex DNA as sulfur interacts with the
nucleotide bases and the positive ring nitrogen interacts with the phosphate backbone. The
methyl groups prohibit interactions in the groove, but maintain the conjugation required to bind
to the quadruplex DNA, probably in an end-stacking mode. In both benzothiozole and indolene
cyanine dye complexes, binding affinity and stabilization is dependent on length and the ability
for the compound to fit the shape of the quadruplex. Hydrophobic substituents replacing
positively charged groups weakens binding due to their hydrophobicity and lessened polar
interactions. Trimethine dihalogenated dyes form a trend in binding affinity and stabilization:
the larger halogen on the ring systems yields stronger binding. No specific trends can be seen for
the two pentamethine monohalogenated compounds, but the pentamethine trihalogenated
compounds indicate a trend based on the central methine-linked halogen: binding is preferred
with a smaller halogen on the linker. The compounds synthesized thus far only contain bromine
and chlorine in this linker, but bromine-containing linkers seem to stabilize quadruplex DNA
better than those with chlorine. When comparing pentamethine dyes with varying numbers of
halogens, there is a clear increase in stabilization of hTelo with additional bromines, shown in

Table 4.1.
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Table 4.1 Thermal melting data (AT) of pentamethine cyanine dyes with hTelo (°C)

1:1 | 2:1 | 4:1 | 6:1

E-46 (0 Br)

Ngr N% 0.0-04|-04|-3.8

N*— Br N*—
// Br /N\

A-C8 (1 Br)
Br

N* gy Ng 20|46 |11.6]15.6

t Br Nt—
//N Br /N\

E-48 (2 Br)

Br:

N"Br N 15]25 1156|116

Br

e Br Nt—
//NBr /N\

A-150 (3 Br)

Br Br

s

N 30| 6.7 | 17.7]20.2

LS

(Erroris £ 1 °C)

Thermodynamic comparisons of the tested compounds (Figure 4.1) show that MH-5 has the best
Gibbs free energy for binding, and the trihalogenated dyes (A-148 and A-150) have the worst
energetics. Entropic costs are approximately similar among all tested compounds, but the

pentamethine monobromine dye A-C8 seems to have the worst enthalpy.
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Figure 4.1 Graphs comparing thermodynamic data of all ITC tested compounds with c-
myc.

In general, CD titrations show minimal change in the DNA region, indicating loop
binding or end stacking. The induced CD seen in the compound region of the trimethine
dihalogenated dyes is unique to that family of compounds. The trimethine nonsubstituted (MH-
4) and the pentamethine disubstituted (E-48) cyanine dyes both show no induced CD in the
compound regions. Additionally, the compound-only CD titration shows no induced CD, so
these dyes must stack on the quadruplex in a unique way. The accuracy of NMR and
crystallographic studies of quadruplex DNA is still highly debated, but these studies would be
the most beneficial to understanding the unique binding of these trimethine symmetric indolene

dyes.

Although only speculations about the DNA quadruplex binding mode can be made about

these cyanine dye derivatives, one thing is clear; UV-Vis thermal melting, fluorescence, SPR,
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and ITC experimental methods support binding specifically to c-myc parallel quadruplex over

human telomere hybrid quadruplex, and to both quadruplex sequences over duplex DNA. This

sequence specificity is rarely seen in other compounds and is deserving of further investigation.

These particular compounds may not be future cancer treatment alternatives, but they suggest
possible design directions. However, in-vivo experiments at Harvard Medical School have
proved that these compounds are minimally toxic [unpublished results]. They show that many
compounds get into specific cells: the dibromo trimethine dye (MH-5) shows specificity for
liver, spleen, and small intestine cells, shown in Figure 4.2, and the dibromomonochloro

pentamethine dye (A-148) even gets past the blood-brain barrier, shown in Figure 4.3.
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Figure 4.2 Dissection of mouse 4 hs after intravenous injection of 5 nmol MH-5.
Fluorescent imaging done with 558 Ay and 578 A, filter 525/560 LP. Figure shows dye
localization in liver and bladder. Image from Dr. Frangioni Laboratory (Beth Israel

Deaconess Medical Center) in collaboration with Dr. Maged Henary (Georgia State
University).
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”

Figure 4.3 Pig brain after injection of A-148. Figure shows dye localization at the anterior
side of the corpus callosum, in the pons. Image from Dr. Frangioni Laboratory (Beth
Israel Deaconess Medical Center) in collaboration with Dr. Maged Henary (Georgia State
University).

If a binding mode is to be proposed when comparing all cyanine dye derivatives in this
study, it seems that the successful dyes end stack, using n-n bonds as the primary interaction.
Collie et al. propose that two acridine-based compounds bind as dimer end stackers, with both
acridines laying on a single tetrad (PDB file 3MIJ)*’. This does not seem to be an appropriate
binding model for cyanine dye derivatives, as a single binding site is clearly preferred.

Additionally, binding is dependent on the halogen substituents, which could not fit in his

proposed structure. Instead, these particular compounds may end stack as Drewe et al. propose

5
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for their diarylureas:* compounds n-m stacking with two guanines in the terminal tetrad, and
nonconjugated sidechains interacting with the loops. It seems that based on the length
dependence, trimethine dyes fit better, which minimize the steric strain, allowing n-n interactions
to form easily. The halogens on trimethine dyes may fit easily in two of the grooves, explaining
the induced CD, whereas the pentamethine halogens are too far away from the grooves to alter
the CD pattern. The other two grooves are most likely occupied by the trimethyl amine
substituent. They would readily interact with the negative backbone, stabilizing the quadruplex

structure, and explaining the large AT, values.

These symmetric indolene cyanine dyes will continue to be designed to improve in-vivo
successes to lead to better cancer treatments. These compounds can also help us understand
quadruplex DNA and what compounds favor which structural motifs. These compounds’ high
binding specificity over duplex DNA and specificity towards parallel over hybrid may lead to a
better understanding of quadruplex DNA. In turn this information may hopefully lead to a new
paradigm to design more effective compounds for cancer-detecting dyes or anti-cancer

treatments.
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