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ABSTRACT

The micronutrient orthophosphate loss into the aquatic environment is one
of the primary drivers of harmful algal blooms (HABs) which result in the
contamination of drinking water and negatively affects recreation and tourism
industries. The aim of this study was to develop fluorescence-based P; sensors with
sensitivity in the low micromolar range.

Various solid supports were surveyed as potential sensor optimizing
components. Quinacrine mustard dihydrochloride bound to Sephadex® LH-20
yielded fluorescence detection of inorganic phosphate concentrations between 0.5-
1.25 mM. Quercetin-Al (111), shared a direct negative fluorescence relationship with
inorganic phosphate concentrations between 0-1 mM, in aqueous solutions of pH 5.
Binding studies of quercetin-Zr (IV) led to an extended investigation for the
detection of phospho-biomolecules.

Phosphorylation of proteins are prevalent post-translational modifications
responsible for signal transduction pathways and gene expression. As such, our
quercetin-Zr (IV) probe was studied as a simple and cost-effective stain for
phosphorylated proteins immobilized on nitrocellulose membrane. Our studies also
explored the potential of an aqueous phosphatase assay with the o-aminobenzoyl-
phosphoserine as a potential probe. These studies yielded significant fluorescence
differences between phosphorylated and nonphosphorylated L-serine amino acid
conjugates in the presence of lanthanide metal, europium (111). These findings can
be further utilized for the optimization of inorganic phosphate and phospho-

protein/peptide assays.
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CHAPTER 1

INORGANIC PHOSPHATE AND PRINCIPLES OF FLUORESCENCE



1. The fluorescence phenomenon

Fluorescence spectroscopy has become one of the most prevailing high-sensitivity
applications for the detection and quantification of molecules. The fluorescence
phenomenon studies the emission of light from excited singlet states, or the luminescence,
of any molecule [1]. These molecules absorb radiation at specific wavelengths. As this
occurs, molecules become electronically excited and electrons are promoted from the
ground state (UG) to the excited state (UE) [2]. As electrons transition back down to the
ground state, energy in the form of photons is released to form immediate emissions (figure
1.1). Emission spectra are also computed and used to study molecular fluorescent
properties [1]. Emission spectra are plotted as fluorescence intensity (a.u) versus
wavelength (nm). There are various properties in fluorescent systems that constitute and
characterize emission spectra. These properties involve and are not limited to chemical
compositions of fluorophores, intra- and intermolecular interactions between fluorophores

and solvents, pH environments and quantum yield [3].
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Figure 1. 1. Jablonski diagram for the absorption and fluorescence of molecules.

An incident light excites the molecule at a wavelength which it can absorb a photon and transition
from the ground state (So) to the higher electronic excited state (S:1). Electrons undergo an internal
conversion by vibrational relaxation (red arrow), before a photon is emitted from the lowest
(singlet) excited state. (adapted from [1, 4])



Solvents adopt a critical role as fluorescent media; their pH, polarity and
electrostatic properties have profound effects on the fluorescence profiling of any
fluorophore [5]. Studies have shown that solvent permittivity allows ion pairing even by
long-range electrostatic forces [6]. These effects can be a result of simple changes in
solvent environments. There is an extensive volume of scientific research that has
supported the sensitivity of polar solvents and how their properties can induce an alignment
of solvent and fluorophore dipoles. In the excited state (LE), fluorophores have the largest
dipole moment and after excitation, solvent dipoles reorient and relax, while excess
vibrational energy is absorbed by the polar solvent stabilizes the excited state (UE). This
lowers the energy of the excited state (LUE) and prompts longer emission wavelengths.
Solvent polarity has been found to be most sensitive for polar fluorophores, on account of

their large dipole moments in the excited state (LE) (figure 1.2) [1, 5, 7].
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Figure 1. 2. Emission spectra of DNS (4-dimethylamino-4’-nitrostilbene) in solvents of

increasing polarity.

H, hexane; CH, cyclohexane; T, toluene; EA, ethyl acetate; Bu, n-butanol. (Copyright © Springer
Nature) [1]



In addition to solvent polarity, the effects of pH and hydrogen bonding are
fundamental properties to help understand solvent-fluorophore interactions [6]. Increasing
concentrations of polar solvents have been linked to hydrogen bonding in solvent-
fluorophore interactions, showing gradual increases in emission wavelengths (Aem) (figure
1.3) [1]. Manipulating pH environments in fluorescent systems changes absorption
wavelengths of fluorogenic species, in turn changing excitation sites. Identifying these

emissive species are imperative for the study of potential probes and sensors [8].
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Figure 1. 3. FITC-PEG-lipid fluorescent properties in various pH environments.

FITC-PEG-lipid (fluorescein isothiocyanate — poly(ethylene glycol-)phospholipid) emission
fluorescence spectra performed in pH 2.0 - 10.0 buffer solutions [9]. Creative commons
permissions seen here: https://creativecommons.org/licenses/by/4.0/
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Fluorescence quenching is a process where molecules experience a decrease in
fluorescence intensity [10]. Among trivial forms of quenching, molecular interactions
which inaugurate these effects are designated as collision/dynamic, static or self-
quenching. Collision quenching is often prevalent when the excited-state fluorogenic
species becomes deactivated when in close contact with another molecule present in the
sample solution [11]. As this type of quenching occurs, the fluorophore returns to the
ground state (UG) without the emission of a photon. The molecule causing this type of
quenching is known as the ‘quencher’. Some of the most well-known collision quenchers
include amines, halogens, oxygen, and electron-deficient molecules. Static/contact
quenching is mechanism that involves the quenching of molecules in the ground states
(UG) without the impact of collision; together they form non-fluorescent complexes. These
complexes often have unique absorption/excitation wavelengths. High probe
concentrations can yield hydrophobic effects, leading to aggregation and molecular
stacking. Static quenching is also observed in ‘self-quenching’. Self-quenching is when

both the fluorophore and the quencher are the same molecules [1, 12].
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Figure 1. 4. Emission spectra of four a-helix quenching model in the presence of halothane.
Reduced fluorescence of four a-helix in 5 mM halothane. (Copyright © Springer Nature) [1]



1.1 Forster resonance energy transfer - FRET

Forster resonance energy transfer (FRET) is a technique that relies on the transfer
of energy from a donor fluorophore to an acceptor fluorophore [13]. The non-radiative
transfer between these fluorophores is called, FRET pairs. FRET is an effective tool used
to measure the distance between the donor fluorophore to that of the acceptor fluorophore.
FRET occurs when the emission spectra of the donor fluorophore and the absorption
spectra of the acceptor fluorophore are apart by a distance less than 10 nm and are
overlapped by 30% [14]. When a ground state acceptor fluorophore is near an excited donor
fluorophore, the excited state energy is transferred. This transfer of energy leads to
increased emission fluorescence intensities of the acceptor while the donor excited state
lifetime and fluorescence intensity decrease. This energy transfer is a product of dipole-
dipole interactions. Alongside dipole interactions, resonance energy transfer relies on
donor quantum vyields, donor and acceptor fluorophore distances and spectral overlap [1,

14-16].
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Figure 1. 5. Energy transfer between tryptophan donor emission with dansyl acceptor
absorption.

Tryptophan (Trp) donor and dansyl group (DNS) acceptor monomers form dimers used to calculate
donor-to-acceptor distances. (Copyright © Springer Nature) [1]
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The efficiency of this process was modelled in the equation by Forster, shown
below, where E, (efficiency) equals the inverse sixth power of the distance between the
donor and acceptor fluorophores [13]. R, depends on the spectral properties of the probes
and their orientation and represents the distance where half the energy is transferred to the
acceptor fluorophore. Ultimately, using E and Ry, the distances between the probes can be
estimated while most effectively determining changes in conformation because E depends

on the probes orientation [14].

Equation 1. 1. The Forster resonance energy transfer efficiency expressed as function of
distances.

1.2. The application of fluorescence spectroscopy to analyte detection

The area of research exploring fluorogenic detection of chemical and biochemical
analytes has become one of the fastest growing and most active avenues to address the use
of costly and less precise methods. Fluorescence techniques do not require reference
beams; rather, samples are measured directly and for this reason this technique has proven
to be more precise and accurate in comparison to absorbance techniques [1, 5, 17]. This
high-sensitivity technique has grown from applications in clinical settings from the use of
imaging and spectroscopic detections of nucleic acids and proteins to the improvement of

chemical sensors for environmental studies [17-20].

IUPAC defines chemical sensors as systems that can transform chemical

information based on total composition analysis to determining the concentrations of
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precise sample components [1, 21, 22]. The advantage of these developments comes from
their cost-effectiveness, versatility, and the monitoring of fluorescent samples in real-space

and real-time.

1.3. Developing chemical sensors for environmental studies

Environmental studies of wastewater treatment and management have been
requiring methods for high-sensitivity detection and quantification of chemical
concentrations in water bodies [19, 20]. Excess nutrients of phosphorus and nitrogen,
existing in the forms of inorganic phosphate and nitrates, caused the rapid growth of algae,
leading to algal blooms that can release toxins and produce anoxic conditions. These
processes are detrimental to aquatic life and contaminate sources of water for humans and
fish populations, resulting in pollution [23, 24]. Algal blooms have contributed to economic
losses of the fishing and the recreation and tourism industries, estimated annual losses for
the Lake Erie economy have averaged $34 million and $28 million, respectively [25, 26].
Developing simple methods to detect chemical concentrations of both phosphate and
nitrate would be an essential tool to monitor and control nutrient levels in aquatic

environments.
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Figure 1. 6. Lake Erie capture of hazardous algal bloom containing microcystin toxins.
Algae seen south of entry of Detroit River [27].
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With increased inorganic phosphate concentrations in water bodies becoming a
growing issue, the development of an inorganic phosphate fluorescence assay would allow
for the most accurate means to testing concentrations in the field. According to Ontario
Provincial Water Quality Objectives, the concentrations of total phosphorus detection
should not exceed 20 pg/L (0.21 pM). As such, an effective fluorescent inorganic
phosphate sensor, should be able to measure between 0.1 uM — 10 uM for the avoidance

of nuisance algae in lakes [28].

1.4. Fluorescence dyes for inorganic phosphate detection

Selecting fluorophores for specific sensors requires a variety of considerations. An
example would be identifying the overall net charges of prospective probes. When
targeting specific molecules with anionic or cationic properties, receptors or binding sites
on the fluorophore should possess high affinity for the target species [6, 29-31]. Although
there are challenges to designing probes for molecular specificity, nonetheless, there have
been successful methods to achieve optimized conditions for electrostatic and hydrogen-

bond interactions [32].

In the preparation of developing an inorganic phosphate sensor, the molecular
species must be understood. Inorganic phosphate has a molar mass of 94.97 g/mol. The ion
forms a tetrahedral arrangement, comprising of a phosphorus central atom and four
surrounding oxygen atoms. Phosphate possesses three pKa values, pKair = 2.148, pKa =
7.198 and pKasz = 12.35 [33]. Under specific pH conditions, inorganic phosphate exists as
phosphoric acid, dihydrogen phosphate, monohydrogen phosphate and phosphate (tribasic)

[34].

15



pK,, =2.15 pK,,=7.2 pK,; =124

A I
HO—P—OH =% HO P O = HO P 0 = O P O

AT AT
phosphoric acid dihydrogen phosphate hydrogen phosphate phosphate (tribasic)

Figure 1. 7. Molecular structures of phosphate species with pKa values [35].
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1.4.1. Cationic probes

Fluorophores that have cationic properties can be used for binding target anionic
molecules [5]. Previous work using cationic dyes, such as; acridine orange have shown
fluorescence quenching with the addition of the negatively charged polymer,
carboxymethylcellulose (CMC) [36]. Potential ways of forming a fluorogenic assay with
cationic fluorophores would be to develop a simple method that displays a direct positive
relationship between the fluorescence of a cationic probe complex with the addition of the

anionic molecule of interest.

1.4.1.1. Propidium iodide

Propidium iodide (P1) is a fluorophore with a molecular weight of 668.39 g/mol. Pl
is primarily used for staining DNA, because its cationic properties allow the fluorophore
to intercalate along the phosphate backbone of nucleic acids [18]. Pl is used to distinguish
between dead and live cells because of its impermeability to cells of unscathed plasma
membranes. Propidium iodide has an excitation wavelength (Aex) 0f 493 nm and emission

wavelength (Aem) Of 632 nm [18, 37].
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Figure 1. 8. Propidium iodide structure.
Propidium iodide (PI) with cationic sites [18, 37].
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1.4.1.1. Quinacrine (mustard) dihydrochloride hydrate

Quinacrine dihydrochloride (QM) is a positively charged fluorophore with a
molecular weight of 472.8 g/mol that has been used extensively for staining metaphase
chromosomes by intercalation of the double helix in DNA and by selectively binding to
guanine residues [38]. QM has an estimated pKa: = 9.4 and pKa2 = 10.7, ensuring that it is
almost always in its cationic state between the pH ranges of 5 to 9. Quinacrine
dihydrochloride has an excitation wavelength (hex) 0f 436 nm and an emission wavelength

(Aem) Of 525 nm [38, 39].
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Quinacrine dihydrochloride with cationic sites [38-40].
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1.4.1.2. Quercetin (3,3',4',5,7-pentahydroxyflavone)

Quercetin (QC) is a flavonoid found in plants, fruits and leaves that possesses anti-
inflammatory and antioxidant properties as secondary metabolites [41]. Quercetin has a
molecular weight of 302.27 g/mol and has five pKa values, 7.17, 8.26, 10.13, 12.30 and
13.11 [42]. Alongside its ability to combat free radicals, this flavonoid can interact with
transition metals to form cationic metal-associated binding complexes [10, 43, 44]. When
one of the three metal associated binding sites is occupied, the new flavonoid-metal
complex has been observed to increase in fluorescence. These metal-ligand complexes
have new excitation and emission wavelengths specific to the metal bound and the
coordination site that is occupied [44]. These natural metal-chelators can be optimized for

the purpose of developing new biosensors.
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1.5. Research objectives and rationale

An overabundance of nutrients, such as phosphorus and nitrogen, originating from
agriculture runoffs of wastewater, fertilizer, and sewage, has attributed and perpetuated
algal blooms or eutrophication [45, 46]. These algal blooms are decomposed by bacteria
leading to a depletion of oxygen levels in water, killing fish populations [25]. The demand
for cost-effective and precise methods to monitor and quantify nutrient concentrations in

aquatic environments is of interest to numerous industries and public health [45].

The objective of this research project is to develop a simple and cost-effective
fluorescence inorganic phosphate sensor. The inorganic phosphate detection limits of
interest are between 0 uM — 10 uM [28]. A focus will be placed on cationic fluorophores,
surveying sensors that have previously been utilized in solid support or staining systems.
Propidium iodide, quinacrine mustard dihydrochloride and quercetin-metal probes were
the cationic fluorophores investigated in aqueous solutions. UV-vis spectroscopy will be
used to determine absorption wavelengths of fluorophores in varying pH environments,
while fluorescence spectroscopy will monitor fluorophore intensity relationships in the

presence of inorganic phosphate.

Sephadex® LH-20, calcium phosphate and cellulose-phosphate will be used as solid
supports to immobilize fluorophores and assess fluorescence in the presence of inorganic
phosphate.  Analytical methods of laser ablation, FTIR (Fourier-transform infrared
spectroscopy) and sulfuric acid digestion will address the synthesis of cellulose-phosphate
[47]. *HNMR (proton nuclear magnetic resonance) and 3!PNMR (phosphorus nuclear
magnetic resonance) will be used investigate metal binding sites of the fluorogenic probe,

quercetin [44].
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CHAPTER 2

PHOSPHO-PROTEIN SENSORS
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2. Fluorescent probes for phospho-peptides and phospho-proteins

There is an abundance of ways to use specific fluorescent probes. Congruent with
optimizing probes for specific analyte binding, there are fast growing methods to improve
the detection of proteins and peptides using fluorescence. There have been a wide variety
of fluorescent staining methods evolved for protein detection through immunoprecipitation
and western blotting, specific fluorescent tags using SDS-PAGE and immobilized metal
affinity columns for protein extractions [41, 48-50]. Amongst improving protocols for
specific protein detection, are the demands for developing cost-effective and simple assays

for phospho-proteins and phospho-peptides.

Phospho-proteins are proteins that have undergone one of the most abundant and
imperative post-translational modifications in biological systems protein phosphorylation
[50]. Protein phosphorylation and dephosphorylation are reversible reactions and

mechanisms that involve the addition and removal of phosphate [51].

These processes are highly involved in cellular functions such as signal
transduction and gene expression [52]. The enzymes responsible for phosphorylation,
which can activate proteins, and dephosphorylation, which can deactivate proteins, are
kinases and phosphatases, respectively [53]. In eukaryotic proteins, amino acid residues
serine, histidine, tyrosine, and threonine experience phosphorylation most frequently,
while prokaryotic proteins also experience phosphorylation on lysine and arginine residues
[54-56]. Unique conformational changes caused by phosphorylation may include shifts in
protein properties, where non-polar, hydrophobic amino acid residues cause portions of
proteins to exhibit polar, hydrophilic properties [57]. Humans have an approximate

230,000 potential phosphorylation sites, under the influence of kinases and phosphatases,
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these post-translational modifying enzymes propagate cell signaling pathways while
aberrant modifications may lead to many diseases, seen in cancers and degenerative

diseases such as, Alzheimer’s and Parkinson’s [58, 59].
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Protein phosphatase

Dephosphorylated protein Phosphorylated protein

Figure 2. 1. The general schematic of the phosphorylation and dephosphorylation of proteins.

Kinase catalyzes the addition of phosphate from ATP (adenosine triphosphate) to phosphorylate
proteins, while protein phosphatase catalyzes the hydrolysis reaction of monoester phosphate,
dephosphorylating proteins. (Assembled with bioRENDER.)
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Considering the precedent effects of phosphorylation/dephosphorylation, simple
methods for identifying and detecting these modified proteins would contribute to the
understanding of imperative cell signaling events. Developing and optimizing fluorophores
for phosphate specificity would provide researchers with a cost-effective and precise assay

for phospho-proteins and phospho-peptides.

2.1. Fluorophores used for phospho-protein detection

Optimizing fluorophores for the detection of phosphate and phospho-proteins has
been a long-standing goal in research assay development. In efforts to produce highly
specific phosphate assays, researchers have developed methods for phosphate detection
using fluorescence in pre-existing laboratory techniques, such as, SDS-PAGE gel stains,

western blots and in aqueous protein samples [17, 41, 53, 60].

Parallel to measuring the phosphate content in protein/peptide samples, these
fluorescence methods can also aid in quantifying the activity of phosphatase enzymes in
treatments [61-63]. When in the presence of phospho-tyrosine, terbium has been known to
form fluorescent complexes. With this, terbium-phospho-tyrosine complexes can be used
to measure the activity of protein-tyrosine phosphatase activity, where the effectiveness of
the phosphatase would have a direct negative relationship with the terbium-phospho-

tyrosine fluorescence [64].

Fluorophores have also been optimized for the detection of phospho-proteins on
electroblot membranes. This method uses a small-molecule organic fluorophore, Pro-Q®
Diamond dye. Pro-Q® Diamond dye can provide phosphoprotein results in 1h waiting

times, for a detection limit of 2 to 4 ng [60]. The stain non-covalently binds precisely to

28



the phosphate moiety. This same group has applied this dye to microarrays for
phosphoprotein detection. Microarray is a technique that is used to evaluate and visualize
the activity of proteins and substrate presence [61]. In this application, peptides are

immobilized onto a monolayer alkanethiolates [60].

Phosphoprotein detection using fluorescence has also been used in labelling
through ATP-biotin mediation. This application begins with the incubation of ATP-biotin
labelling, peptides and proteins undergo separation by SDS-PAGE, before SDS-PAGE gels
are incubated in IRDye 680 streptavidin and an infrared imaging system is used to observe

NIR fluorescence for the detection of phosphoproteins [49].

In the development of phosphoprotein sensor assays, it is almost synonymous to
approach the possibility of manipulating fluorophores for the use of kinase/phosphatase
assays; such as, an adenosine 3°,5’-cyclic monophosphate dependent protein kinase and
phosphoprotein phosphatase fluorometric assay [65]. This assay uses tryptophan
fluorescence in synthesized peptides to distinguish between phosphorylated and non-
phosphorylated peptides, where the phosphorylated tryptophan is cited to have a direct and

positive fluorescence relationship with the addition of a phosphate moiety [65].

Flavonoids are among the monitored anti-oxidants in biological systems [66].
Quercetin, (3,5,7,4’,5’-pentahydroxyflavon)), an antioxidant agent that increases in
fluorescence once formed in a metal-ligand binding complex, has been cited to detect
phosphoproteins in SDS-PAGE gels. When quercetin forms a complex with aluminum

(1), this fluorophore has a limit of detection of 16 to 32 ng. It was reported that a-casein,
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B-casein and phosvitin were detected after a 90-minute stain, a two-fold less sensitive stain

than Pro-Q® Diamond dye [41].

2.2. Alkaline phosphatase
Alkaline phosphatase (APP) is a membrane-bound glycoprotein. This enzyme
exists diversely and abundantly in nature. At basic pH, alkaline phosphatase catalyzes the

hydrolysis reactions of protein monoester phosphate (figure 2.2) [67].
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phosphatase

Figure 2. 2. The hydrolysis reactions of monoester phosphate on protein catalyzed by alkaline
phosphatase. (Assembled with bioRENDER.)
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Found in both prokaryotes and eukaryotic organisms, APP is categorized among
four isozymes, solely dependent on the localized protein expression, and termed
accordingly, intestinal alkaline phosphatase (IAPP), placental alkaline phosphatase
(PAPP), germ cell alkaline phosphatase (GAPP) and liver/bone/kidney alkaline
phosphatase (LBKAPP) [67, 68]. Intestinal APP gene is mapped on the long arm of
chromosome 2, is partially heat stable. Contrary to other APPs sialic acid does not cleave
its carbohydrate side chains. Placental APP is a heat stable enzyme with gene encoding
mapped to chromosome 2. PAPP is highly expressed in the placenta. Liver/bone/kidney
APP is expressed in different tissues, in turn, is nonspecific in its localized protein
expression. This property has shown to allow different post-translational modifications
based on thermostability and electrophoretic mobility. The germ APP gene, like IAPP and
PAPP, was mapped on chromosome 2. Although, GAPP is expressed in low levels in
neoplastic and embryonal tissues, it possesses heat stable properties. It is even expressed

in placental tissue at low levels [67].

2.3. 0-amino-benzoyl/lIsatoic anhydride

Isatoic anhydride (IA) is a versatile organic compound. This compound is a
derivative of anthranilic acid which when hydrolyzed gives rise to different compound
constituents [69]. 1A reacts primarily with ammonia, amides, and primary and secondary
amines to form o-aminobenzoyl derivatives (figure 2.3). Alternative forms of cleavage of
the anhydride ring yield mechanisms for different reaction fates with electro- or

nucleophilic reagents [70].
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Figure 2. 3. Isatoic anhydride reaction scheme with L-threonine or O-phospho-L-threonine.

Isatoic anhydride under basic conditions forms a fluorescent amino acid conjugate. The
quinazoline derivative, o-aminobenzoyl, reacts by a nucleophilic attack by the nitrogen atom on
the a-carbon of the L-threonine or O-phospho-L-threonine [71].
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2.4. Research objectives and rationale

Protein phosphorylation is a post-translational modification that plays a
compulsory role in regulatory and signal transduction cascades catalyzed by protein
kinases [56]. Phosphorylation primarily occurs on tyrosine, threonine, and serine amino
acid residues, with 86.4% of phosphorylation occurring on serine [57]. (-OH) groups on
these amino acids carry out the nucleophilic attack on the phosphate supplying molecule
and form a phospho-amino acid. This process is especially imperative for gene expression
[54, 56]. Modifying and developing an aqueous phosphatase assay would assist in studying

this modification in specific proteins.

The aim of this research project is to develop a simple fluorescence phosphoprotein
stain and aqueous phosphatase assay. These objectives will involve the investigation of the
flavonoid-metal, quercetin-Zr (IV) and isatoic anhydride derivative, 0-aminobenzoyl [44,
71]. These probes will be surveyed on solid supports and in aqueous media. An emphasis
will be placed on quercetin-Zr (IV) for the staining of phospho-proteins immobilized on
nitrocellulose membrane. Non-phosphorylated and phosphorylated proteins will be
immobilized on nitrocellulose membrane to address the phosphate binding specificity of
quercetin-Zr (IV). Meanwhile, development of an aqueous phosphatase assay will explore
the fluorescence of o-aminobenzoyl-amino acid/phospho-amino acid conjugates. Anion
exchange chromatography (Sephadex® QAE), TLC (Thin Layer Chromatography) and
'HNMR will be used to observe the separation and verification of conjugated o-
aminobenzoyl-amino acid molecules [72]. It is the hope that these techniques allow for the
production of robust and cost-effective phosphate sensors, applicable to the field and

molecular biological studies.
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MATERIALS AND METHODS
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Materials

All reagents and antibodies were purchased from Sigma-Aldrich (Oakville, ON,
Canada) unless otherwise stated in the methods section. All solutions were prepared with
MilliQ water (Advantage A10 Water Purification System, Millipore Sigma, Etobicoke,
ON, Canada). All the steady-state fluorescence studies were performed on Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Mississauga, ON, Canada) or
SpectraMax® M5E microplate reader (Molecular Devices, San Jose, California, United
States). All absorbance studies were performed on Cary 8453 UV/Vis spectrophotometer
(Agilent Technologies, Mississauga, ON, Canada) or SpectraMax® Plus 384 microplate

reader (Molecular Devices, San Jose, California, United States).

Methods

3.1. Survey for potential inorganic phosphate sensors

3.1.1. Propidium iodide and quinacrine mustard dihydrochloride hydrate spectral

properties:

15 uM propidium iodide in tris buffer (0.1 M, pH 7) and varying concentrations of
inorganic phosphate (Pi) (150 uM — 266 M) using KoHPO4 were titrated and fluorescence
emission was monitored at 632 nm upon excitation at 493 nm. The same procedure was
repeated in propidium iodide 0.1% carboxymethyl cellulose (CMC) or 0.1% poly(sodium

4-styrenesulfonate (PSS).

An identical protocol was followed for 18 uM quinacrine mustard dihydrochloride
hydrate (QM), in tris buffer (0.1 M, pH 7), 0.1% CMC or 0.1% PSS. The fluorescence

emission at 500 nm was monitored upon excitation at 436 nm.
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3.1.2. Sephadex LH-20 for QM binding complex and spectral properties:

Sephadex LH-20 was hydrated in MilliQ and transferred to Econo-Column® (1.5
x 10 cm, Bio-Rad, Mississauga, ON, Canada) and washed thoroughly with MilliQ. 20 mM
QM was applied to the packed column. The column was washed thoroughly with 400 mL
of MilliQ and was resuspended five times. 250 pL of Sephadex LH-20-QM, 500 pL of tris
buffer (0.1 M, pH 7) and 100 pL of varying P; concentrations (0 mM — 1.25 mM) were
added to five separate microcentrifuge tubes (Axygen®). All tubes were vortexed for 1
minute and centrifuged at 2000 rpm. 500 pL of supernatants was monitored for QM

fluorescence (hex: 436 nm, Aem: 500 NM).

An identical protocol was conducted using QM (20 uM, 700 pL) and calcium

phosphate (Caz(PO4)2, 0.5 g and 1.0 g) in the place of Sephadex LH-20-QM [73].

3.1.3. Synthesis, laser ablation and FTIR of cellulose-phosphate using filter paper for

binding complex:

Following pre-existing synthesis methods, 1 cm Whatman® filter paper disks were
washed generously and subjected to the basic synthesis conditions for cellulose-phosphate
[47, 74]. Controlled samples were made without the addition of sodium trimetaphosphate
(STMP). Cellulose and cellulose-phosphate disks were mounted onto microscope slides
and subjected to laser ablation (70 secs, 50%, 20 Hz) using PhotonMachines 193 nm short
pulse width Analyte Excite excimer laser ablation system (Isomass Scientific Inc., Calgary,
AB, Canada). Samples were also characterized with Fourier-transform infrared
spectroscopy (FTIR) using the Bruker Alpha FTIR Spectrometer (Plantinum-ATR

attachment) (Bruker Ltd, Milton, ON, Canada).
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3.1.4. Organic phosphate sulfuric acid digestion of cellulose and cellulose-phosphate:

Cellulose and cellulose-phosphate disks (ranging from 0-6 disks) were placed into
separate vials of 0.7% ammonium persulfate and 250 mM sulfuric acid. Vials of samples
and internal standards (0-10 uM) of Piwere boiled 1 hour. The malachite green assay was

used to measure total Pi concentrations (Aaps: 630 nm).

3.1.5. Inorganic phosphate titrations of cellulose and cellulose-phosphate, quercetin-Al

(1) probing and fluorescence imaging:

Cellulose and cellulose-phosphate disks were stained using pre-existing methods
for quercetin-Al (111) (pH 4) for 1 hour [41]. Disks were thoroughly rinsed in tris buffer
(0.1 M, pH 4.5) before incubating for 1 hour in varying concentrations of P; (0-250 uM)
[41]. All samples were washed with tris buffer, protected from light, and imaged for
fluorescence signaling using FluoroChem® Q quantitative imaging system (Alpha

Innotech, San Leandro, California, United States).

3.1.6. Cellulose-phosphate quercetin-Al (I11) probe assay:

Cellulose and cellulose-phosphate disks were incubated in varying quercetin-Al
(111) probe concentrations (1-30 uM) and monitored for fluorescence (Aex: 420 nm and Aem:

510 nm) [41].
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3.2. Optimizing potential inorganic phosphate probes

3.2.1. Characterizing quercetin and quercetin-metal ligand binding complexes using

UV-vis:

25 UM of quercetin working reagent (40% methanol, 20% 1,2-propanediol and 0.1
M tris buffer pH 2-12) and 50 M of aluminum (I11) chloride, iron (111) sulfate, nickel (1)
chloride hexahydrate or zirconium (IV) chloride were monitored for absorbance in the pH

ranges of 2 to 12 [41].
3.2.2. Quercetin and quercetin-metal inorganic phosphate titration spectral properties:

25 UM of quercetin working reagents and 50 M of aluminum (I11) chloride, iron
(1) sulfate, nickel (11) chloride hexahydrate or zirconium (1V) chloride were titrated with
Pi (0 uM — 1000 uM). Maximum absorption wavelengths for quercetin and quercetin-

metals were used to monitor fluorescence at corresponding pH ranges.
3.2.3. Quercetin spectral properties with zirconium (1V) chloride titrations:

25 UM quercetin working reagent (pH 9) was titrated with zirconium (1V) chloride
(0-338 uM) until the sample solution achieved saturation. All titrations were excited at 465

nm and monitored for fluorescence.
3.2.4. Quercetin-Zr (1V) ligand binding characterization using NMR:

H NMR spectra of 2.5 mM quercetin working reagent (40% MeOD, 44 mM tris
buffer, pH 9) and zirconium(IV) chloride (in D20) titrations (0-1.22 mM) were compared

as well as, 'H NMR spectra of quercetin-Zr(IV) (2.5 mM : 1.22 mM) and P; (in D20)
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titrations (0-5.75 mM) using 500 MHz Bruker NMR (Bruker Ltd, Milton, ON, Canada).

Quercetin stock solutions were made in deuterated dimethyl sulfoxide (DMSO).

3P NMR spectra of 50 mM Pjand zirconium (1V) chloride titrations (0-20 mM)
were compared. After saturation of P;i (45 mM) and zirconium (I1V) chloride (4.5 mM)

occurred, the supernatant of the sample was compared.

3.3. Exploring the use of probes for phosphoprotein detection
3.3.1. Quercetin-Zr (IV) probe and L-serine and O-phospho-L-serine spectra

properties:

A 10 pM quercetin, 20 uM zirconium working reagent was titrated with L-serine
(0-3.3 nM) or O-phospho-L-serine (0-1.9 nM) and excited at 465 nm and monitored for

fluorescence.
3.3.2. Casein extraction and phosphoprotein preparation:

10 grams of skim milk (Selection) was dissolved in 600 mL of MilliQ and warmed
to 43°C. A 2.4 M solution of glacial acetic acid was added dropwise with constant stirring
until curd formation was apparent. After 15 minutes of constant stirring, the precipitate was
filtered and washed thoroughly with MilliQ and isopropanol [73, 75, 76]. Precipitate was
dried overnight at 21°C and dissolved in tris buffer (0.1 M, pH 12) for storage [73]. A

Bradford assay was performed for quantification of protein concentration.
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Please note: JR indicates that the following methods were performed in collaboration with
Justin Roberto from the Vacratsis Research Group (University of Windsor, Windsor,

Ontario, Canada).

3.3.3. Protein expression in mammalian cell culture (JR):

Human embryonic kidney cells (HEK293) (ATCC) were grown in Dulbecco’s
Modified Eagle’s Medium/Nutrient F-12 Ham (DMEM-F12 HAM; Corning)
supplemented with 10% FBS (Gibco) and antibiotics (100 units/mL penicillin, 100 pg/mL
streptomycin) at 5% CO- and 37°C. Cells were maintained at 70% confluency in 100 mm

or 150 mm culture dishes (Starstedt, Inc).

3.3.4. Transient transfection of MTMR2 (JR):

Lipid phosphatase MTMR2 (myotubularin related protein 2) in HEK293 was
transiently expressed in HEK293. Cells were plated 24-hours prior to polyethyleneimine
(PEI) transfection at 500,000 cells/mL grown in antibiotic-free media. At the time of
transfection, two separate reactions containing PEI and media, or DNA and media were
prepared. The DNA mixture 10 ug of either pPCMV-FLAG-empty vector or pPCMV -FLAG-
MTMR2 DNA was added to 100 pL of non-supplemented media incubated for 10 min in
the dark at room temperature. Meanwhile, PEI mixtures had 40 pL of 1 mg/mL PEI was
added to 100 pL of non-supplemented media also being incubated at 10 min in the dark.
Following this incubation, the contents of each mixture were combined, and incubated for
13 mins in the room dark. The combined mixture was then added onto the cells in a

dropwise motion and incubated at 37 °C for 6 hours. Following this incubation, cells were
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washed with PBS (Hyclone) and incubated with fresh antibiotic- and FBS-containing

media, where they would remain until lysis (~18 hours).

3.3.5. Phosphatase inhibitor treatment and lysis (JR):

In the attempt to elevate MTMR2 phosphorylation, cells were treated with
phosphatase inhibitor, calyculin A (CalA). Transfected cells were treated with 5 nM CalA
(CalBioChem) for 30 min prior to transfection. Cells were collected and spun at 5000 rpm
for 5 min at 4°C, and the pellet was resuspended with cold PBS and centrifuged again.

Pellets were then prepared for lysis.

CalA-treated cells’ pellets were resuspended in lysis buffer (50 mM tris-HCI, 1%
Triton X-100, 150 mM NaCl, 0.1% SDS, pH 7.4) supplemented with protease and
phosphatase inhibitors and incubated on ice for 5 minutes. Untreated cells were washed
with cold PBS and collected with lysis buffer and incubated on ice for 5 minutes. Lysates
were spun at 15,000 rpm for 10 minutes at 4°C. Supernatants were collected and protein

concentrations were determined via Bradford assay.

3.3.6. MTMR2 isolation via FLAG-immunoprecipitation (JR):

ANTI-FLAG M2 monocloncal antibody was used to isolate FLAG-MTMR2 from cell
lysates. Equal amounts of clarified lysates (~400 ug) were added onto anti-FLAG M2
mouse monoclonal resins and incubated overnight. Following incubation, samples were
spun at 5,000 rpm for 1 minute and three washes were performed using IP
(immunoprecipitation) wash buffer (50 mM tris-HCI, 1% Triton X-100, 150 mM NacCl,

0.1% SDS, pH 7.4). Samples were treated with 35 pL of reduced 6X loading dye (0.35 M
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tris-HCI, 10% SDS, 0.3% [3-mercaptoethanol, 30% glycerol, 0.012% bromophenol blue,

3% dithiothreitol, pH 6.8) and boiled for 5 minutes [77].

3.3.7. Immunoblotting (JR):

The phosphorylation status of MTMR2 from whole cell lysates and
immunoprecipitations was evaluated using immunoblotting using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were resolved on 10%
gels for 2 hours 20 minutes at 140 V in 1X SDS-PAGE running buffer (0.192 M, 0.025 M
tris-base, 0.01% SDS, pH 8.3).

Following separation, proteins were transferred to polyvinylidene difluoride
(PVDF) membrane (Millipore Corp.) or nitrocellulose (Millipore) using cold 1X transfer
buffer (20% methanol, 0.192 M glycine, 0.025 M tris-base, pH 8.3) for 1 hour at 100 V.
Membranes were blocked with 5% skim milk or bovine serum albumin (BSA) for
phosphoblots, in 1X Tris-Buffered Saline (1X TBS; 0.068 M NaCl, 8.3 mM Tris-base, pH
7.6) containing 0.1% Tween®-20 (1X TBSt; Fisher Scientific) at room temperature for 1
hour with gentle agitation.

Blots were probed overnight with primary antibody at 4°C with gentle agitation.
Primary antibodies used were mouse anti-FLAG and mouse anti-MTMR2 (Santa Cruz) at
1:3000 in 2.5% milk and TBSt, and rabbit anti-MTMR2P5¢"8 at 1:1000 in 2.5% BSA and
TBSt. Blots were washed with TBSt for 5 minutes three times and incubated for 45 minutes
at room with secondary antibody. Goat anti-mouse-HRP secondary antibody was made in
2.5% milk at 1:5000 and goat anti-rabbit-HRP (BioRad) was made in 2.5% BSA at 1:5000.

Blots were washed with TBSt three times for 5 minutes. Bands were visualized via
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chemiluminescence using the SuperSignal® West Femto Maximum Sensitivity Substrate

(Thermo Fisher) according to the manufacturer’s instructions.
3.3.8. Quercetin-Zr (V) staining of SDS-PAGE gel with phosphoproteins:

The following protocol was based on the Thermo Scientific standards for
dephosphorylation of proteins [78]. Protein samples, bovine serum albumin (BSA, Sigma),
phosphoproteins MTMR2 (myotubularin related protein 2) and casein had been normalized
(1 pg / pL). Following Thermo Scientific parameters, 1 pL of alkaline phosphatase (APP;
Thermo Fisher Scientific, Waltham, Massachusetts, United States) and 2 puL of 10x FAST
alkaline phosphatase buffer (10X FAST; Thermo Scientific) was added 1 pg / pL of protein
samples in a 20 pL total reaction volume. All samples were incubated at 37°C for 1 hour.
The reactions were stopped with reduced SDS dye [77]. Controls had undergone the same
experimental parameters without the use of APP or 10x FAST. 1 puL of each sample was
dot blotted in triplicates onto nitrocellulose membrane. Protein samples were dot blotted
on nitrocellulose membrane before the addition of SDS dye [77]. 20 uL of each reduced
protein sample was separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 140V for 2 hours and 20 minutes in SDS-PAGE running
buffer (0.192 M, 0.025 M tris-base, 0.01% SDS, pH 8.3). Separated proteins were
transferred to nitrocellulose or polyvinylidene difluoride (PVDF) membrane using cold
transfer buffer (20% methanol, 0.192 M glycine, 0.025 M tris-base, pH 8.3) for 1 hour at
100 V. Both membranes were probed with quercetin-Zr(1V) for 30 minutes and washed
three times for 5 minutes using TBSt (TBS; 0.068 M NaCl, 8.3 mM Tris-base, pH 9)

containing 0.5% Tween®-20 (TBSt 0.5%; Fisher Scientific). Nitrocellulose, PVDF
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membranes, and SDS-gels were imaged using the excitation cy2 and emission cy3 settings

on the FluoroChem® Q quantitative imaging system (Alpha Innotech).

3.4. Investigating potential probes for an aqueous phosphatase assay
3.4.1. Synthesis and Normalization of o-aminobenzoyl-L-serine and o-aminobenzoyl-O-

phospho-L-serine:

180 mM of isatoic anhydride (1A, recrystallized from isopropanol) and 720 mM L-
serine or O-phospho-L-serine were dissolved in tris buffer (0.5 M, pH 9) and left to react
at 21°C under constant stirring, protected from light for 48 hours. The reaction mixtures
were applied onto columns (Econo-Column®,1.5 x 10 cm) packed with hydrated QAE-
Sephadex. The columns were washed with 100 mL of water and eluted with NaCl (0.5 M).
o-aminobenzoyl-L-serine (OAb-S) and o-aminobenzoyl-phospho-L-serine (OAb-PS) were
stored in 1 mL aliquots and frozen at —20°C [79]. OADb-S or OAb-PS were normalized
(Abs: 0.43, Amax = 312 nm, eM = 2800 M cm™) using UV-vis. Normalized samples were

excited at 320 nm and monitored for fluorescence.

3.4.2. Thin Layer Chromatography (TLC) of eluted IA, OAb-S and OAb-PS:

Thin-layer chromatography was performed for the elution samples of 1A, OAb-S
and OAD-PS using SiliaPlate™ TLC aluminum backed TLC plates (200 uM thickness).

The mobile phase was composed of acetone:water:methanol (10:10:1) [72].
3.4.3. NMR of 1A, OAb-S and OAb-PS

IH NMR spectra of 4.2 mM of 1A, OAb-S or OAb-PS were made in tris buffer (pH

9) and compared.
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3.4.4. Precipitation assay of OAb-S and OAb-PS using zirconium (I1V) chloride

In a 96-well plate, 5-25 mM of zirconium (IV) chloride and 75 puM of OADb-S and
OADb-PS were made with tris buffer (0.5 M, pH 9). Samples were excited at 320 nm and

monitored for fluorescence.

3.4.5. Titration of OAb-S and OAb-PS with lanthanides and transition metals

2.8 UM of OADb-S or OADb-PS in tris buffer (0.5 M, pH 4,7 or 9) was titrated with
aluminum (I11) chloride (0-1.9 mM), cobalt (I1) chloride (0-2.8 mM), copper (I1) chloride
(0-3.0 mM), europium (1) chloride (0-0.9 mM), iron (111) chloride (0-1.4 mM), lanthanum
(1) chloride heptahydrate (0-1.2 mM), nickel (1) chloride (0-2.1 mM) or vanadium (I11)

chloride (0-1.8 mM). All samples were excited at 320 nm and monitored for fluorescence.
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CHAPTER 4

RESULTS
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4.1. Survey for potential inorganic phosphate sensors

4.1.1. Spectral data for propidium iodide in polar solvents in the presence of P;

Propidium iodide (PI) is a cationic fluorophore primarily used for staining DNA by
intercalating along the phosphate backbone [18, 37]. PI (15 puM) in Tris-HCI (0.1 M, pH
7) was first monitored for fluorescence in (ex: 493 nm) (figure 4.1, black line), then
titrated with 150 uM of inorganic phosphate (Pi) (figure 4.1, grey line). A small change in
PI fluorescence due to quenching was observed [1]. No further changes in PI fluorescence

was detected with increased concentrations of P;.

Transitioning to more polar solvents, P1 (15 uM) in carboxymethyl cellulose (0.1%,
pH 7) (figure 4.1, dark green line) was monitored for fluorescence (Aex: 493 nm) and
titrated with P; (150 pM), similar findings to Pl in Tris-HCI were observed (figure 4.1,

light green line) [24, 36].

Pl (15 uM) in poly(sodium-4-styrensulfonate) (PSS, 0.1%, pH 7) was monitored
for fluorescence (Aex: 493 nm) (figure 1, dark orange line) and titrated with P;i (0-266
uM) (figure 1, lighter orange lines) [80, 81]. Increased concentrations of P; were found
to have fluorescence-quenching effects on PI. No further quenching was observed with

concentrations of P; greater than 266 uM.

Although quenching can be used to quantify concentrations of P;, fluorescent
quenching sensors are hindered by their limiting ranges of detection and possible

measurement interferences by contaminants [82].
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Inorganic Phosphate Titrations of 15 uM Pl in Tris (0.1 M, pH 7),
0.1% CMC (pH 7) and 0.1% PSS (pH 7)
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Figure 4. 1. Survey of propidium iodide (P1) fluorescence emission studies in varying solutions.

A constant concentration of P1 (15 uM) was added to a 500 pL cuvette and monitored in varying
neutral solvents of Tris-HCI (0.1M, pH 7), carboxymethyl cellulose (CMC, 0.1%, pH 7) and
poly(sodium 4-styrenesulfonate) (PSS, 0.1%, pH 7). Each Pl sample was titrated with inorganic
phosphate (Pi) using a KH2PO4 solution until no change in fluorescence intensity was detected. The
survey of Pl in Tris-HCI and CMC was titrated with P; (0-150 uM) (shown in the black and grey
for Tris-HCI and green for CMC). For the survey of Pl in PSS, the sample was titrated with P; (0-
266 uM) (shown in orange). All samples were excited at 493 nm and monitored for fluorescence
between 600-700 nm. An emission maximum was observed at 632 nm for all samples.
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4.1.2. Fluorescence spectral data for quinacrine in polar solvents in the presence of P;

Quinacrine mustard dihydrochloride (QM) is a positively charged fluorophore used
for staining metaphase chromosomes by intercalation of the double helix in DNA [38-40].
QM (18 uM) was monitored for fluorescence in increasingly polar environments, Tris-HCI
(0.1 M, pH 7), 0.1% carboxymethyl cellulose (CMC, 0.1%) and poly(sodium-4-

styrenesulfonate) (PSS, 0.1%, pH 7) (figure 4.2) [24, 80].

QM (18 pM) in Tris-HC1 (0.1 M, pH 7) was monitored for fluorescence (hex: 436
nm) (figure 2, black line) then titrated with Pi (83 uM) (figure 4.2, grey line) [40].
Fluorescence-quenching effects were observed, however, no further changes in the
fluorescence of QM were recorded with Pj concentrations greater than 83 pM. Similar
results were observed for QM (18 uM) in CMC (0.1%, pH 7) (figure 4.2, red line), and

with Pj titrations (figure 2, pink line).

QM (18 uM) in PSS (0.1%, pH 7) was monitored for fluorescence (hex: 436 nm)
(figure 2, dark green line). The sample was titrated with P; (83-267 uM) (light green
lines). Increasing concentrations of P; were proportional to increased fluorescence. No

fluorescence increases were observed for P; concentrations above 267 M.
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Inorganic Phosphate Titrations of 18 uM Quinacrine in Tris (0.1 M, pH 7),
0.1% CMC and 0.1% PSS
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Figure 4. 2. Survey of quinacrine mustard dihydrochloride (QM) fluorescence emission studies
in varying solutions.

A constant concentration of QM (18 puM) was added to a 500 pL cuvette and monitored in varying
neutral solvents of Tris-HCI (0.1M, pH 7), carboxymethyl cellulose (CMC, 0.1%, pH 7) and
poly(sodium 4-styrenesulfonate) (PSS, 0.1%, pH 7). Each QM sample was titrated with inorganic
phosphate (P;) using a KH2PO4 solution until no change in fluorescence intensity was detected. The
survey of QM in Tris-HCI and CMC was titrated with P; (0-83 uM) (shown in the black and grey
for Tris-HCI and red for CMC). For the survey of QM in PSS, the sample was titrated with P; (0-
267 puM) (shown in green). The lighter green emission properties correlate to the increased
titration of P;. All samples were excited at 436 nm and monitored for fluorescence between 460-
660 nm. An emission maximum was observed at 500 nm for all samples.
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4.2. Investigating solid supports for potential inorganic phosphate sensor systems

4.2.1. Fluorescence emission properties of LH-20-QM in the presence of P;

Sephadex® LH-20 is a cross-linked dextran bead with hydrophilic and lipophilic
properties [83]. These characteristics allow the beads to take up polar components in
solvents [83]. Knowing this, we hypothesized that Sephadex® LH-20 could bind the polar
fluorophore, QM. When titrated with Pj, the QM could potentially dissociate from the LH-

20 thus the fluorescence of unbound QM would increase in intensity proportional to the

[Pi].

QM (20 mM) was applied to a hydrated resin of Sephadex® LH-20, the column was
disturbed and rinsed thoroughly with MilliQ water (400 mL), five times (figure 4.3). The
column remained fluorescent. Next, equal volumes of Sephadex® LH-20-QM (250 pL)
were aliquoted into 1.5 mL microcentrifuge tubes (Axygen®) of Tris-HCI (500 pL, 0.1 M,
pH 7) and P; (100 pL, 0-1.25 mM). Samples were vortexed and centrifuged (2000 rpm).
The supernatant (500 uL) of each sample was monitored for fluorescence (hex: 436 nm)
and an increase in fluorescence proportional to [Pi] (0-1.25 mM) was detected [40]. A 1.4-
fold change was observed (Pi = 1.25 mM), possible methods to improve the detection limits

of Pi could involve manipulating Tris-HCI (0.1 M, pH 7) volumes (figure 4.3).
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Inorganic Phosphate Titrations in LH-20-QM,Tris (0.1 M, pH 7)
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Figure 4. 3. Quinacrine mustard dihydrochloride (QM) fluorescence emission studies in Tris-
HCI (0.1 M, pH 7) using Sephadex LH-20.

A solution of QM (20 mM) was applied to a packed column of Sephadex LH-20. The image of the
Econo-Column® (1.5 x 10 cm) on the right captures QM entering the packed Sephadex LH-20 to
form Sephadex LH-20-QM. The column was washed with 400 mL of MilliQ and resuspended five
times. 250 pL of Sephadex-LH-20-QM, 500 pL of Tris-HCI (0.1 M, pH 7) and 100 uL of varying
concentrations of inorganic phosphate (P;,0-1.25 mM) were added to five separate 1.5 mL
microcentrifuge tubes (Axygen®). All samples were vortexed for one minute and centrifuged at
2000 rpm before each sample’s supernatant was aliquoted into 500 uL cuvettes. The emission
spectra with increasing concentrations of P; correlate to the lighter shades of purple in the figure.
All samples were excited at 436 nm and monitored for fluorescence emission between 460 — 650
nm. An emission maximum was observed at 485 nm for all samples.
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4.2.2. Fluorescence emission properties of calcium-phosphate-QM in the presence of P;

Calcium phosphate is a polar white solid, that was hypothesized to covalently bind
with QM [84]. We anticipated that bound QM would be displaced by titrations of P; and

that fluorescence increases would be proportional to Pi concentrations.

In (figure 4.4), masses of calcium phosphate (0.5 and 1 gram) were vortexed,
centrifuged (2000 rpm) and monitored for fluorescence (hex: 436 NmM). Supernatant samples
with twice the mass of the calcium phosphate showed lower fluorescence intensities. This

supported the hypothesis of the calcium phosphate and QM complexation.

Following this, we sought to examine the fluorescence intensities of aqueous
samples incubated QM (20 uM) bound to calcium phosphate (50 mg) with varying
concentrations of P; (0.01 — 1 mM), shown in (figure 4.5). The titrations of P; did not
support any increases in fluorescence. As a result, Pi cannot be used under these conditions
to liberate QM from calcium phosphate and/or bind free phosphate to observe fluorescence

intensities proportional to P; concentrations (0.01-1 mM).

54



Calcium phosphate Titrations of 20 uM Quinacrine in Tris (0.1 M, pH 7)
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Figure 4. 4. Quinacrine mustard dihydrochloride (QM) fluorescence emission studies in Tris-
HCI (0.1 M, pH 7) using calcium phosphate.

0.5 or 1.0 grams of Caz(PQOa). and a constant volume (800 pL) of QM (20 pM) in Tris-HCI (0.1 M,
pH 7) was added to 1.5 mL microcentrifuge tubes (Axygen®). Samples were vortexed for one
minute and centrifuged at 2000 rpm before each sample’s supernatant was aliquoted into a 500 uL
cuvette. Samples were excited at 436 nm and monitored for fluorescence emission between 460 —
650 nm. An emission maximum was observed at 485 nm for all samples. The emission properties
of QM with the highest fluorescence emission intensity was incubated in 0.5 grams of Caz(PO.):
(the dark pink line). The emission properties of QM with the lower fluorescent emission intensity
was incubated in 1.0 gram of Caz(PO4),.
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Emission Spectra for the P; Titrations of
Quinacrine-Calcium phosphate (pH 7, excited at 436 nm)
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Figure 4. 5. Quinacrine mustard dihydrochloride (QM) fluorescence emission studies in 50 mg
of calcium phosphate.

50 milligrams of Ca3(P0O4), was massed into eight separate 1.5 mL microcentrifuge tubes
(Axygen®). A constant volume (700 pL) of QM (20 pM) in Tris-HCI (0.1 M, pH 7) and 100 pL of
varying concentrations of P; (0.01-1 mM) was added to each tube. Samples were vortexed for one
minute, centrifuged at 2000 rpm and 200 pL were plated in a clear 96-well plate. Samples with
increasing concentrations of P; were aliquoted (down rows A to H) in triplicates. Wells A1-A3 held
the QM- Cas(PO4). samples titrated with 10 pM P;, A1-A3 (50 uM Pj), B1-B3 (100 uM Pj), C1-C3
(200 uM P;), D1-D3 (400 uM Pj), E1-E3 (600 uM P;), F1-F3 (800 uM P;) and G1-G3 (1 mM P;).
Samples were excited at 436 nm and monitored for fluorescence emission between 470 — 650 nm.
An emission maximum was observed at 500 nm for all samples, n = 3.
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4.3. The determination of phosphate content on cellulose-phosphate

4.3.1. Phosphorus analysis of cellulose-phosphate by FTIR

In our previous studies utilizing Sephadex® LH-20 as a solid support system, an
increase in QM fluorescence occurred in the presence of free Pi; here, we hypothesized that
a fluorescent solid support of cellulose-phosphate-fluorophore could exist via the ionic
binding of the phosphate group and cationic fluorophore [47]. And with the titration of free
Pi, this solid support would experience a loss of fluorescence, ultimately due to the
displacement of fluorophore, reflecting an increased aqueous fluorescence intensity of the
fluorophore, proportional to the free Pi concentrations introduced into the system. A

schematic of this hypothesis is shown below.
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Figure 4. 6. General schematic of cellulose-phosphate hypothesized interaction with cationic

fluorophore.

Cellulose-phosphate solid support is fluorescent by the ionic bond formed between an oxygen atom
on the organophosphate and the metal atom of the fluorophore. The titration of inorganic
phosphate disrupts the fluorophore-organophosphate bond and cellulose phosphate experiences a
loss in fluorescence, while an increase in solution fluorescence occurs proportional to the
concentration of inorganic phosphate titrated into the aqueous system. This schematic is assumed
under neutral conditions.
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Initially, analytical methods were performed to determine the success of

synthesized cellulose-phosphate before its application as a solid support.

Using Fourier-transform infrared spectroscopy (FTIR) cellulose and cellulose-
phosphate disks were analyzed for phosphorus peaks. Cellulose-phosphate disks were
synthesized by incubating Whatman® filter paper and sodium trimetaphosphate (STMP)
under basic conditions [47, 85]. Samples were analyzed using the Bruker Alpha FTIR
Spectrometer (Platinum-ATR attachment). Cellulose and cellulose-phosphate samples
shared absorbance readings for PH and PH: stretches, at 2386.1 cm™ and 2321.7 cm™,
respectively, while absorbance peaks at 2182.9, 2100.9 and 1745.8 cm™* signified stretches

of O =P — OH (figure 4.7) [86].

Cellulose-phosphate samples detected strongest peaks for phosphorus containing
compounds, PH, PH2 and phosphine oxide, OPOHR: (figure 4.7) [86]. These results
suggested that phosphate was successfully bound to cellulose (to yield cellulose-
phosphate). Phosphine oxide vibrational peaks for cellulose samples could be attributed to

free phosphate contamination [86].

Although, FTIR detected stretches for phosphorus containing compounds,
insignificant differences between cellulose and cellulose-phosphate would suggest that this
technique is not practical for the detection of covalently bound inorganic phosphate on
cellulose. Inconclusive results could also be due to measuring non-uniform cellulose fibres,

interfering with the accuracy of sample readings.
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Charaterization of Cellulose and Cellulose-phosphate using FTIR
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Figure 4. 7. FTIR spectra of cellulose and synthesized cellulose-phosphate disks.

Fourier-transform infrared spectroscopy (FTIR) was used to analyze the absorption of cellulose
(control, back line) and synthesized cellulose-phosphate (red line) from a basic treatment with
sodium trimetaphosphate (STMP). The cellulose (control, 6.3 mm diameter) and cellulose-
phosphate disks were read using the Bruker Alpha FTIR Spectrometer (Plantinum-ATR
attachment).
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4.3.2. Phosphorus elemental analysis of cellulose-phosphate with laser ablation

Following FTIR, laser ablation was used to detect phosphorus concentrations
through sublimation (counts/second) [87, 88]. This technique involves the removal of small
fractions of substrate material by a pulsed laser beam. Cellulose (control) and cellulose-
phosphate disks (6.3 mm) were mounted onto a glass microscope slide. Samples were
ablated using a line pattern (50 % laser power, 20 Hz laser pulse, 70 seconds ablation
duration) [89]. This technique was successful in detecting significant differences in
phosphorus content (p-value < 0.0001, figure 4.8) between samples, with a 1.4-fold change

(based on average counts between 30-70s).

This controlled technique is often utilized for trace-element analyses of metals,
ceramics and rocks or even to selectively remove material layers, as such, may be deemed
not most suitable for the detection of phosphorus containing compounds on cellulose [87,
88, 90]. Next, samples were treated using the method of sulfuric acid digestion and

quantified for phosphate concentrations using a total phosphate assay [91].
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Figure 4. 8. Phosphorus elemental analysis of cellulose and synthesized cellulose-phosphate

using laser ablation techniques.

(a) 6.3 mm disks of cellulose (control, black line) and synthesized cellulose-phosphate (red line)
were placed on a microscope slide layered with double-sided tape (shown on the right-hand side
of figure 7.b)). The slide was placed into a staging chamber and vacuumed to reduce air
contamination. Samples were ablated using a line pattern (50%, 20 Hz, 70 seconds). The average
counts of phosphorus between 30-70 seconds were used. (b) Cellulose (black bar) and cellulose
phosphate (red bar) samples were averaged for phosphorus counts/second. Cellulose (u: 50714.8
counts/second) and cellulose-phosphate (u: 70435.1 counts/second) had a p-value of <0.0001
using an unpaired t-test. The error bars represent SEM, n=40.
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4.3.3. Sulfuric acid digestion of cellulose-phosphate and the quantification of phosphate

concentrations using the Malachite Green assay

Sulfuric acid digestion is a method that is often used for the determination of
organophosphates [91]. This method involves the incubation of samples in strong acidic
solvents and induces the breakdown of sample matrices. For our sulfuric acid digestion,
cellulose and cellulose-phosphate disks were place into two groups of 6 vials, each vial had
increasing amounts of each sample, i.e. cellulose vial 1 had one disk, cellulose vial 2 had
two disks...vial 6 had six disks, etc. All samples were incubated in ammonium persulfate
(0.7%) and sulfuric acid (250 mM) solutions [91]. Vials of samples and internal standards
(0-10 uM) of Pjwere boiled 1 hour. The malachite green assay was used to measure total

orthophosphate concentrations (Aabs: 630 nm, €: 14,899 cm™ M?) [92].

Digested cellulose samples did not show increasing trends of phosphate with
increasing disks, while cellulose-phosphate yielded increasing concentrations of total
phosphate (figure 4.9). This protocol was successful in providing evidence of the

covalently bound cellulose-phosphate.
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Malachite Green Assay Phosphate Concentrations of Cellulose
and Synthesized Cellulose-phosphate after Sulfuric Acid Digestion

2.5
mmm Cellulose (Control)

2.0 mmm  Cellulose-phosphate
1.5
1.0

0.5+

P; Concentrations (uM)

0.0-
1 2 3 4 5 6

Samples (# of cellulose disks)

Figure 4. 9. Inorganic phosphate concentrations for cellulose (C) and cellulose-phosphate (CP)
disks after sulfuric acid digestion.

Sulfuric acid treatments were carried out in vials with increasing amounts of disk (6.3 mm) samples
to reveal P; concentrations (sample 1:C = 95 nM, CP = 36.2 nM, sample 2: C =102 nM, CP =
335 nM, sample 3: C =166 nM, CP = 914 nM, sample 4: C = 70.1 nM, CP =1 uM, sample 5: C
= 226 nM, CP = 2.19 uM and sample 6: C = 52.2 nM, CP =1.40 uM. The error bars represent
SEM, n=3.
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4.3.4. Surveying quercetin-Al (111) on cellulose-phosphate disks as a Pi Sensor

Next, a fluorogenic probe, quercetin-Al (I11) (25 uM, 50 uM, pH 4.5), was explored
for potential Pj sensing using cellulose-phosphate [41]. Quercetin is a flavonoid, that when
bound to a metal in one of three binding sites, experiences an increase in fluorescence [43,
44]. This probe was documented in the literature to detect phospho-proteins on SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis) gels [41]. We hypothesized
that cellulose-phosphate can bind quercetin-Al (I11) via the ionic bonding of aluminum
(111) and the phosphate (via oxygen atoms) on cellulose [42]. By probing the cellulose-
phosphate disks with quercetin-Al (111), we could then introduce P; and detect a loss of
fluorescence on cellulose-phosphate. P; concentrations would be proportional to

fluorescence signaling, made possible by the liberation of the quercetin-Al (I11) probe.
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Figure 4. 10. General schematic of cellulose-phosphate hypothesized interaction with quercetin-
Al (1),

Cellulose-phosphate solid support is fluorescent by the ionic bond formed between an oxygen atom
on the organophosphate and the aluminum (111) atom of the fluorophore. The titration of inorganic
phosphate disrupts the quercetin-Al (l111)-organophosphate bond and cellulose phosphate
experiences a loss in fluorescence, while an increase in fluorescence occurs proportional to the
concentration of inorganic phosphate titrated into the aqueous system. This schematic is assumed
under neutral conditions.
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Cellulose-phosphate disks were incubated in quercetin-Al (I11) (25 uM, 50 uM, pH
4.5) for one hour, rinsed with Tris-HCI (0.1 M, pH 4.5) followed by an incubation in P; (0-
250 uM) for one hour. Samples were imaged for fluorescence (ex: cy2, em: cy3) and no
relationship was reported between the concentration of P; used and the fluorescence of each

disk (figure 4.11).

This method still requires incubating quercetin-Al (111) probed cellulose-phosphate

in varying concentrations of P; and monitoring the aqueous samples for fluorescence (Aex:

365 nm) [41].
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Figure 4. 11. Cellulose-phosphate disks stained with quercetin-Al (111) (25 uM, 50 uM) washed
with increasing concentrations of inorganic phosphate.

(a) Cellulose-phosphate disks (6.3 mm) were incubated in quercetin-Al (111) (25 puM, 50 pM, 40%
MeOH, 20% 1,2-propanediol, pH 4) for one hour in a clear 12-well plate protected from light.
Samples were thoroughly rinsed with Tris-HCI (0.1 M, pH 4.5) before incubation in P; (0-250 uM)
for one hour. Samples were imaged using cy2 excitation and cy3 emission settings on the
FluoroChem® Q quantitative imaging system (Alpha Innotech). (b) The fluorescence integrated
density for the cellulose-phosphate disks treated with quercetin-Al (111) and incubated in P; (0-250

LI
QO VO QNP OO0 OO
'\r'lx'bb(‘ob’\@,\ioqp,ﬁo

== Integrated Density

UM) were calculated using ImageJ[93]. The error bars represent SEM, n=3.
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4.4. Investigating fluorogenic quercetin-metal probes for potential inorganic phosphate
aqueous assays

4.4.1. Quercetin-metal studies using nickel (I1) chloride and iron (111) sulfate

Quercetin was studied in aqueous environments by measuring absorption and
fluorescence properties. This flavonoid possesses three metal binding sites, it was
hypothesized that different quercetin metal complexations would have different absorption

maxima, yielding unique fluorescence emission properties [1, 42, 44].

In an effort to identify a metal-ligand complex that could be used to detect P,
quercetin and quercetin-metal probes were monitored for absorbance in different pH
environments (2-12) (figures 4.12-15, 4.20) [42]. Using UV-vis spectroscopy, the
absorption maxima at specific wavelengths for the quercetin-metals was used to excite and
monitor fluorescence in the presence of varying Pi concentrations (0-1 mM) [1]. Only the
pH environments that had the highest absorbance at a unique wavelength, were titrated
with P;. Utilizing an absorbance spectra is an accessible form of identifying excited states
of a molecule, this phenomena reported excitation wavelengths of the quercetin-metal

probes we developed [1].

Quercetin-Ni (I1) and quercetin-Fe (I11) were monitored for absorbance (figures
4.13 and 4.14). Quercetin-Ni (1) displayed absorption maxima in pH 2 (380 nm), pH 5
(380 nm) and pH 9 (335 nm) while quercetin-Fe (111) displayed absorption maxima in pH
7 (445 nm) and 11 (330 nm). All samples were titrated with P; (0-1 mM) and were
monitored for fluorescence (Aabs =Aex). NO relationship was observed for the fluorescence

properties of quercetin-Ni (11) or quercetin-Fe (I11) and Pi concentrations (Appendix A).

69



Absorbance Spectra of Quercetin (25 uM) at Varying pH
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Figure 4. 12. UV-vis spectra of quercetin (25 uM) in varying pH environments.

Quercetin (25 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40 mM) in varying
pH environments (2-12). In a clear 96-well plate, triplicates of each sample were aliquoted (200
pL). Samples were monitored for absorbance 295 — 490 nm. Absorption maximums were observed
at 325, 365 and 400 nm. At 325 nm, peaks were shown for pH samples 10 (Abs: 0.55) and 11 (Abs:
0.65), at 365nm, pH 2 (Abs: 0.43), pH 3 (Abs: 0.4), pH 4 (Abs: 0.4), pH 5 (Abs: 0.41), pH 6 (Abs:
0.4), pH 7(Abs: 0.41) and pH 8 (Abs: 0.35) and at 400 nm, pH 9 (Abs: 0.29). For wavelengths 325,
365 and 400 nm, pH samples 11, 2 and 9 held the highest absorption peaks. The arrows show the
trends of pH environments at specific absorption maximum wavelengths, n = 3.
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Absorbance Spectra of Quercetin-Ni (Il) (25 uM, 50 uM) at Varying pH
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Figure 4. 13. UV-vis spectra of quercetin-nickel (I1) (25 puM, 50 pM) in varying pH
environments.

Quercetin-Ni (1) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM) in varying pH environments (2-12). In a clear 96-well plate, triplicates of each sample were
aliquoted (200 pL). Samples were monitored for absorbance from 295 — 485 nm. Absorption
maximums were observed at 320, 325 and 365 nm. At 320 nm, peaks were shown for pH samples
12 (Abs: 0.56), at 325nm, pH 9 (Abs: 0.52), pH 10 (Abs: 0.54) and pH 11 (Abs: 0.51) and at 365
nm, pH 2 (Abs: 0.43), pH 3 (Abs: 0.39), pH 4 (Abs: 0.41), pH 5 (0.43), pH 6 (Abs: 0.39) and pH 7
(Abs: 0.35). For wavelengths, 320 nm and 325 nm, samples pH 12 and pH 10 held the highest
absorption peaks, respectively, while pH 2 and pH 5 had the highest absorption peaks at 365 nm.
The arrows show the trends of pH environments at specific absorption maximum wavelengths, n =
3.
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Absorbance Spectra of Quercetin-Fe (lll) (25 uM, 50 uM) at Varying pH
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Figure 4. 14. UV-vis spectra of quercetin-iron (111) (25 uM, 50 uM) in varying pH environments.

Quercetin-Fe (111) (25 uM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM) in varying pH environments (2-12). In a clear 96-well plate, triplicates of each sample were
aliquoted (200 pL). Samples were monitored for absorbance from 300 — 750 nm. Absorption
maximums were observed at 325 and 445 nm. At 325 nm, pH 11 had shown an absorption peak of
0.61, while all samples aside from pH 2 had displayed absorption peaks at 445 nm (pH 3 (Abs:
0.052), pH 4 (Abs: 0.066), pH 5 (Abs: 0.079), pH 6 (Abs: 0.18), pH 7 (Abs: 0.19), pH 8 (Abs: 0.17),
pH 9 (Abs: 0.17), pH 10 (Abs: 0.13), pH 11 (Abs: 0.12) and pH 12 (Abs: 0.10)). Samples pH 11
(Abs: 0.61) and pH 7 (Abs: 0.19) held the high absorption peaks at 325 and 445 nm, respectively,
n=3.
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4.4.2. Quercetin-metal studies using aluminum (I11) chloride

Quercetin-Al (111) was monitored for absorbance in pH environments 2-12. We
observed absorption maxima in pH 2 (360 nm), pH 5 (360 nm), pH 9 (440 nm) and pH 12
(325 nm) (figure 4.15). These samples were titrated with Pi (0-1 mM) and were monitored
for fluorescence (Aaps = Aex). The first quercetin-metal and P; relationship was observed

using quercetin-Al (111).

Quercetin-Al (III) in pH 2, 5 (ex: 425 nm) and 9 (Aex: 440 nm), demonstrated a
direct negative relationship with increasing Pi concentrations (figures 4.16-19). A
fluorescence emission standard curve was constructed using the P; titrations reported in pH

5 (hex: 425 nm).

In figure 4.17 (b), for the titration of Pj, using the Equation 4.1, two binding

constants were observed, Ko1 = 9.5+ 4.7 nM and Kp2 = 26.4 £ 1.9 nM [94].

Log [(Fo— F)/F] = log Ky + n log [ligand]
Equation 4. 1

Where Fo and F represent the fluorescence intensity of quercetin-Al (I11) in the
absence and presence of Pj, respectively, n represents the number of binding sites and Kp

represents the binding constant.
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Absorbance Spectra of Quercetin-Al (lll) (25 puM, 50 uM) at Varying pH
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Figure 4. 15. UV/vis spectra of quercetin-aluminum (I11) (25 uM, 50 puM) in varying pH
environments.

Quercetin-Al (111) (25 uM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (0.1
M) in varying pH environments (2-12). In a clear 96-well plate, triplicates of each sample were
aliquoted (200 pL). Samples were monitored for absorbance and scanned from 300 — 550 nm.
Absorption maximums were observed at 325, 360, 425 and 440 nm. At 325 nm, absorption peaks
are shown for pH 11 (Abs: 0.5) and pH 12 (Abs: 0.55). At 360 nm, absorption peaks are shown for
pH 2 (Abs: 0.34), pH 3 (Abs: 0.33), pH 4 (Abs: 0.28), pH 5 (Abs: 0.27), pH 6 (Abs: 0.23), pH 7
(Abs: 0.22), pH 8 (Abs: 0.21), pH 9 (Abs: 0.2) and pH 10 (Abs: 0.2). At 425 nm, absorption peaks
are shown for pH 2 (Abs: 0.16), pH 3 (Abs: 0.19), pH 4 (Abs: 0.28) and pH 5 (Abs: 0.31). At 440
nm, absorption peaks are shown for pH 6 (Abs: 0.22), pH 7 (Abs: 0.18), pH 8 (Abs: 0.27), pH 9
(Abs: 0.35), pH 10 (Abs: 0.32) and pH 11 (Abs: 0.11). Samples pH 12 (Abs: 0.55), pH 2 (0.34), pH
5 (Abs: 0.31) and pH 9 (Abs: 0.35) held the high absorption peaks at 325, 360, 425 and 440 nm,
respectively, n = 3.

74



Emission Spectra of P; Titrations of Quercetin-Al (llI)
(pH 2, excited at 425 nm)
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Figure 4. 16. Fluorescence emission spectra of quercetin-aluminum (111) (25 uM, 50 uM, pH 2)
with Pj titrations (ex: 425 nm).

Quercetin-Al (I11) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 2). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 425 nm and monitored
for fluorescence emission between 445 — 645 nm, every 5 seconds. An emission maximum was
observed at 480 nm for all samples, n = 3.
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Figure 4. 17. Fluorescence emission spectra of quercetin-aluminum (111) (25 uM, 50 uM, pH 5)
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with P; titrations (ex: 425 nm).

(a) Quercetin-Al (I11) (25 uM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI
(40 mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 uL) and
stock concentrations of P; (0-1mM, 20 uL) were added. Samples were excited at 425 nm and
monitored for fluorescence emission between 450 — 640 nm, every 5 seconds. An emission
maximum was observed at 480 nm for all samples. (b) Fluorescence emission standard curve of
quercetin-aluminum (I11) (25 uM, 50 uM, pH 5) with P; (ex: 425 nm). The fluorescence emission
spectral data for quercetin-Al (111) (25 uM, 50 uM, pH 5) with P; (0-1 mM) was used to construct

the linear trend with the titration of P; (0.2 — 1 mM), n = 3.
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Emission Spectra of P; Titrations of Quercetin-Al (llI)
(pH 2, excited at 440 nm)
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Figure 4. 18. Fluorescence emission spectra of quercetin-aluminum (111) (25 uM, 50 uM, pH 2)
with P titrations (ex: 440 nm).

Quercetin-Al (I11) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 2). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 440 nm and monitored
for fluorescence emission between 465 — 650 nm, every 5 seconds. An emission maximum was
observed at 485 nm for all samples, n = 3.
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Emission Spectra of P; Titrations of Quercetin-Al (ll1)
(pH 5, excited at 440 nm)
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Figure 4. 19. Fluorescence emission spectra of quercetin-aluminum (111) (25 uM, 50 uM, pH 5)
with P titrations (ex: 440 nm).

Quercetin-Al (I11) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 440 nm and monitored
for fluorescence emission between 465 — 660 nm, every 5 seconds. An emission maximum was
observed at 485 nm for all samples, n = 3.
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4.4.3. Quercetin-zirconium (IV) UV-vis characterization and P; fluorescence studies

Another quercetin-metal fluorogenic probe was studied using zirconium (IV)
chloride. Quercetin-Zr (1V) (25 pM, 50 pM) was monitored for absorbance in pH
environments of 3-13 (figure 4.20) [20]. Absorption maxima were reported at 325 nm (pH
12), 450 nm (pH 3), 465 nm (pH 9) and 470 nm (pH 12). All samples were titrated with P;

(0-1 mM) and monitored for fluorescence (Aabs = Aex).

The fluorescence emission properties of quercetin-Zr (IV) had a direct positive
relationship with increasing concentrations of Pi (0-1 mM). This relationship was reported
in pH 9 environments (Aex: 455, 465 and 470 nm) (figures 4.21-23). Future studies of
quercetin-Zr (1V) with P; would investigate this relationship monitored the fluorescence of

precipitated quercetin-zirconium (IV) in alkaline environments and bound Pi [95].
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Absorbance Spectra of Quercetin-Zr (IV) (25 uM, 50 uM) at Varying pH
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Figure 4. 20. UV/vis spectra of quercetin-zirconium (1V) (25 uM, 50 pM) in varying pH
environments.

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM) in varying pH environments (3-12). In a clear 96-well plate, triplicates of each sample were
aliquoted (200 pL). Samples were monitored for absorbance and scanned from 300 — 750 nm.
Absorption maximums were observed at 325, 450, 465 and 470 nm. At 325 nm, absorption peaks
are shown for pH 10 (Abs: 0.15), pH 11 (Abs: 0.16) and pH 12 (Abs: 0.22). At 450 nm, the
absorption peak was shown for pH 3 (Abs: 0.24). At 465 nm, absorption peaks are shown for pH 4
(Abs: 0.22), pH 5 (Abs: 0.21), pH 6 (Abs: 0.21), pH 7 (Abs: 0.22), pH 8 (Abs: 0.22), pH 9 (Abs:
0.23), pH 10 (Abs: 0.22), pH 11 (Abs: 0.20) and pH 12 (Abs: 0.13). At 470 nm, absorption peaks
are shown for pH 12 (Abs: 0.17). Samples pH 12 (Abs: 0.22), pH 3 (Abs: 0.24), pH 9 (Abs: 0.23)
and pH 12 (Abs: 0.17) held the high absorption peaks at 325, 450, 465 and 470 nm, respectively,
n=3.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 9, excited at 455 nm)
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Figure 4. 21. Fluorescence emission spectra of quercetin-zirconium (1V) (25 uM, 50 uM, pH 9)
with Pj titrations (ex: 455 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 455 nm and monitored
for fluorescence emission between 490 — 630 nm, every 5 seconds. An emission maximum was
observed at 520 nm for all samples, n = 3.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 9, excited at 465 nm)
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Figure 4. 22. Fluorescence emission spectra of quercetin-zirconium (1V) (25 uM, 50 uM, pH 9)
with Pj titrations (ex: 465 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 465 nm and monitored
for fluorescence emission between 495 — 640 nm, every 5 seconds. An emission maximum was
observed at 525 nm for all samples, n = 3.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 9, excited at 470 nm)
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Figure 4. 23. Fluorescence emission spectra of quercetin-zirconium (1V) (25 uM, 50 uM, pH 9)
with P titrations (ex: 470 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 470 nm and monitored
for fluorescence emission between 500 — 690 nm, every 5 seconds. An emission maximum was
observed at 530 nm for all samples, n = 3.
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4.5. Characterizing the flavonoid-metal complex of quercetin-Zr (1V)
4.5.1. Quercetin-Zr (IV) *HNMR studies and zirconium (1V) chloride binding affinity
The flavonoid-metal complex of quercetin-Zr (1) was characterized using UV/vis
spectroscopy, fluorescence titration studies, ‘HNMR and *PNMR to optimize P;

sensitivity.

The research thus far had supported that quercetin-Zr (1) in pH 9 environments
allotted a direct positive relationship with P; (0-1 mM). Quercetin-Zr (IV) ratios from 1:1
to 1:10 were monitored for absorbance (figure 4.24). All sample ratios reported absorbance
peaks between ~ 450-470 nm. The absorption wavelength reported for median probe ratios
(1:4, 1:5and 1:6), 465 nm, was used. Quercetin (20 uM, pH 9) was titrated with zirconium
(V) chloride (0-316 pM) and monitored for fluorescence until a saturation curve was
observed (Aex: 465nm) (figure 4.25). Increased concentrations of zirconium (IV) chloride
were proportional to the fluorescence emission properties of quercetin (20 uM) (Aem: 540

nm).

The binding constant for quercetin-Zr (IV) was calculated from a fit of data of
figure 4.25 to the modified Benesi—Hildebrand equation (shown below, Equation 4.2): K
=20.0 £ 0.7 nM (figure 4.25). Fmax, Fx, and Fo are the emission intensities of quercetin at
[ZrCl4] of complete interaction, at an intermediate [ZrCls] and in the absence of ZrCla,
respectively, where M is the [ZrCl,] and n is the number of Zr** ions bound per quercetin

[96].

(Fmax —Fo)

1 1 1
Fx—Fo) 1T @G

Equation 4. 2
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Absorbance Spectra of Quercetin (20 uM) with ZrCl, Titrations
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Figure 4. 24. UVvis spectra of quercetin (20 uM) with zirconium (IV) chloride titrations.

Ina clear 96-well plate, triplicate samples of quercetin (20 uM, 40% MeOH, 20% 1,2-propanediol)
in Tris-HCI (40 mM, pH 9) titrated with varying concentrations of zirconium (V) chloride (0-200
UM) were aliquoted. Samples were monitored for absorbance (350 -750 nm) every 10 seconds.
Absorption maximums were observed from 450 — 465 nm with the increased concentrations of
zirconium (I1V) chloride. At 400 nm, an absorption peak was observed for Q:Zr(I1V) (1:1, Abs: 0.17).
At 450 nm, an absorption peak was shown for Q:Zr(I1V) (1:2, Abs: 0.20). At 460 nm, an absorption
peak was shown for Q:Zr(1V) (1:3, Abs: 0.24). At 465 nm, absorption peaks are shown Q:Zr(1V)
(1:4, Abs: 0.26), (1:5, Abs: 0.26) and (1:6, Abs: 0.28). At 470 nm, absorption peaks are shown
Q:Zr(1V) (1:7, Abs: 0.29), (1:8, Abs: 0.29), (1:9, Abs: 0.30) and (1:10, Abs: 0.29). Samples
Q:Zr(1V) (1:2, Abs: 0.20), (1:3, Abs: 0.24), (1:6, Abs: 0.28) and (1:9, Abs: 0.30) held the high
absorption peaks at 450, 460, 465 and 470 nm, n = 3.
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Emission Properties of Quercetin with Zirconium (V) chloride
in Tris (0.1 M, pH 9, excited at 465 nm)
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Figure 4. 25. Fluorescence emission intensities of quercetin and zirconium (1V) chloride using
steady-state Kinetics.

In a 1 mL cuvette, varying concentrations of zirconium (I1V) chloride (0-316 uM) and a constant
concentration of quercetin (25 pM, 40% MeOH, 20% 1,2-propanediol) in Tris-HCI (40 mM, pH 9)
were added. The sample was excited at 465 nm and monitored for fluorescence emission between
every zirconium (1V) chloride titration. Emission maximums were observed at 540 nm. Binding
interactions were extrapolated using the modified Benesi—Hildebrand equation: K = 20.0 £ 0.7
nM. Black dotted lines show the 99% confidence or prediction bands for the truest curve. Samples
were excited at 465 nm and emission maximums were observed at 540 nm.
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4.5.2. Surveying quercetin-Zr (IV) concentrations (10 uM, 40 uM or 10 uM, 100 uM)

in the presence of P;

Using figure 4.25, we identified the approximate concentration ratios of quercetin-
Zr (V) at 50% fluorescence saturation (1:4 / 25 uM : 107.5-128.5 pM) and total saturation

(2:10/ 25 pM : 200 uM) [1, 97].

In a clear 96-well plate, triplicate samples of quercetin-Zr (1V) (10 uM : 40 uM,
pH 9) were titrated with P; (0-120 uM) and monitored for fluorescence (Aex: 465 nm)
(figure 4.26). An increase in fluorescence proportional to [Pi] was reported (later studies
would suggest this was due to the precipitated quercetin-Zr (IV)-Pi detected). The same
protocol was repeated using quercetin-Zr (IV) (10 uM : 100 uM, pH 9), a gradual
quenching effect was observed (figure 4.27). This is the first reporting of quercetin-Zr (1V)

showing an aqueous fluorescence quenching effect with increased concentrations of P; [1].
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Emission Spectra of the Inorganic Posphate Titration of
Quercetin-Zr (IV) (10 pM, 40 pM) in Tris (0.1 M, pH 9, excited at 465 nm)
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Figure 4. 26. Fluorescence emission spectra of quercetin-zirconium (1V) (10 uM, 40 uM, pH 9)
with Pj titrations (ex: 465 nm).

Quercetin-Zr (1V) (10 pM, 40 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0- 120 uM, 20 pL) were added. Samples were excited at 465 nm and
monitored for fluorescence between 490 — 630 nm, every 5 seconds. An emission maximum was
observed at 545 nm for all samples, n = 3.
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Emission Spectra of the Inorganic Posphate Titration of
Quercetin-Zr (1V) (10 puM, 100 uM) in Tris (0.1 M, pH 9, excited at 465 nm)
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Figure 4. 27. Fluorescence emission spectra of quercetin-zirconium (1V) (10 uM, 100 uM, pH
9) with P;j titrations (ex: 465 nm).

Quercetin-Zr (1V) (10 uM, 100 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0- 120 uM, 20 pL) were added. Samples were excited at 465 nm and
monitored for fluorescence between 490 — 630 nm, every 5 seconds. An emission maximum was
observed at 545 nm for all samples, n = 3.
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4.5.3. Investigating zirconium (IV) occupancy on the quercetin ligand molecule

In the literature, charge specific metals have been reported to exist in a quercetin-
metal stoichiometric ratio of 1:1 and 2:1 [42, 44]. Non-linear fits of quercetin and metal
titrations with ionic charges of at least three have been reported to exist in a 2:1
stoichiometric ratio. We postulated that two quercetin molecules would exist as bidentate

ligands, binding the zirconium (IV) atom (figure 4.28) [43, 44].

HNMR (Proton Nuclear Magnetic Resonance), an analytical technique often used
for determining sample content and molecular structures, was used to monitor quercetin
spectra (2.5 mM, 40% MeOD, pH 9) with successive titrations of zirconium (IV) chloride
(0-1.22 mM) (figure 4.29) [10, 41]. This experiment possessed limitations due to the
interference of paramagnetic effects by zirconium (V) chloride, as such, HNMR spectra
was not observed for quercetin and zirconium (1V) at concentration ratios above 2:1.5 [98,
99]. Quercetin had deshielding properties on the aromatic protons highlighted on the
benzopyrone, at Ce and Cs (figure 4.29) , in the presence of zirconium (1V)[99, 100]. Ce
and Cg peaks of quercetin began at 5.4 and 5.57 ppm (0 mM ZrCls) and experienced
downfield chemical shifts (towards higher ppm values) to ~5.49 and 5.67 ppm (1.22 mM
ZrCls), respectively[101]. No other chemical shifts on quercetin were observed, suggesting
protons on Ce and Cg achieve resonance at higher frequencies, related to the quercetin-Zr

(1V) complexation occurring at the nearest metal binding site [101].
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Quercetin |
HO

HO

Figure 4. 28. The postulated chemical reaction between quercetin ligand and zirconium (1V).

Quercetin acts as bidentate ligand on the central atom, Zr**. This reaction yielded two hydrogen
atoms from the hydroxyl group on the quercetin ligand molecule [42].
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Figure 4. 29. H'NMR spectra for quercetin and zirconium (V) chloride.

H'NMR was used to analyze 600 pL of quercetin (2.5 mM, 40% MeOD) in Tris-HCI (44 mM, pH
9), further analysis was conducted with the titration of zirconium (IV) chloride (50 mM, in D20).
Equal amounts of zirconium (1V) chloride (3 pL, 0-1.22 mM) were titrated into the quercetin
solution and varying ratios (quercetin : zirconium (1V) chloride) were analyzed. The highlighted
doublets identify the aromatic protons, located at ~ 6.05 and 6.30 ppm. These peaks correspond to
Cs and Cg on the quercetin structure. With the titration of zirconium (1V) chloride, these peaks

shifted to the left.
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4.5.4. Monitoring the molecular structure of quercetin-Zr (1V) in the presence of P;
using *HNMR
Next, quercetin-Zr (IV) samples with concentration ratios of 10:5 (2.5 mM, 1.22
mM, pH 9) were monitored in the presence of P; (0-5.75 mM) using *HNMR (figure 4.30).
Titrations of P; led to shielding, where chemical shifts transitioned upfield (lower ppm
values) [101]. Cs and Cg peaks of quercetin began at 5.52 and 5.75 ppm (1.22 mM ZrCls)
and experienced chemical shifts to ~5.35 and 5.54 ppm, respectively. These upfield
chemical shifts due to the introduction of Pi would suggest that the protons on Cs and Cs
are experiencing an increase in electron density and resonance is achieved with the
decreased pull on outer electrons [101]. We found, when P; (0-5.75 mM, in D20) was
titrated into quercetin-Zr (IV) (2.5 mM, 1.22 mM, in 40% MeOD, pH 9), an immediate
colour change (neon > dark orange) and sample phase separation began to form (white
precipitate) [1]. This visual chemical reaction that was never observed when using uM
concentrations. A hypothesis was made about quercetin-Zr (I\V) precipitating when P; was
ionically bound. To test this new hypothesis, P; (600 pL, 50 mM, in D20) was monitored
with 3'PNMR. Zirconium (IV) chloride (3 pL, 0-20 mM, in D20) was titrated into our
sample and a white precipitate began to form, like the sample shown in figure 4.30. The
top phase (supernatant) from the sample, zirconium (IV) : Pi (45 mM : 4.5 mM), was
isolated and monitored by 3PNMR (figure 4.31) [99, 101]. A loss of phosphorus signal
was reported. This supported that the ionic binding of zirconium (IV) and P; yielded a
precipitate reaction and could be the cause of the positive direct fluorescence relationship

observed between quercetin-Zr (IV) and Pi at pH 9 (Aex: 465 nm) (figures 4.21-23).
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Figure 4. 30. *"H NMR spectra of quercetin-zirconium (1V) (2.5 mM, 1.22 mM) and inorganic

phosphate (P;).

H'NMR was used to analyze 600 pL of quercetin (2.5 mM, 40% MeOD) in Tris-HCI (44 mM, pH
9) and zirconium (1V) chloride (1.22 mM, in D,0). Equal amounts of P; (1.5 pL, 0-5.75 mM, in
D,0) were titrated into quercetin-zirconium (1V) (2.5 mM, 1.22 mM). Shifting doublet peaks
correspond to Cs and Cs on the quercetin structure. Increasing concentrations of P; led to upfield

chemical shifts of the aromatic proton peaks.
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Figure 4. 31. 3P NMR spectra of inorganic phosphate and zirconium (1V) chloride.

%P NMR was used to identify the spectra of 600 pL of P; (50 mM, in D,0) at ~ 2.7 ppm. Further
analysis was conducted with the titration of zirconium (1V) chloride (50 mM). Equal amounts of
zirconium (1V) chloride (3 pL, 0-20 mM) were titrated into P; (50 mM). Increasing concentrations
of zirconium (1V) led to a white precipitate. The supernatant (top phase) of sample P; : Zr (10:1,

45 mM : 4.5 mM) sample was isolated and monitored for a **P NMR spectra. No signal was
detected (P; + Zr (1V) 10:1).
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4.6. Surveying the quercetin-Zr (1V) probe for the detection of phospho-amino acids and
phospho-proteins
4.6.1. Fluorescence emission studies of L-serine and O-phospho-L-serine using

quercetin-Zr (1V)

Protein phosphorylation is a post-translational modification that acts as a regulatory
mechanism for cellular transduction signaling [56, 102]. These signals can be responsible
for the hyperactivity, malfunction or the overexpression of proteins found in many diseases
[50, 56, 103]. A simple method using a fluorescent probe specific for the rapid detection
of phosphorylated peptides/proteins would greatly aid the research of these regulatory
mechanisms. 33% of protein phosphorylation occurs on serine (S), threonine (T), and

tyrosine () residues, while phosphorylated residues of serine make up 86.4% [57].

Our quercetin-Zr (1V) (10 uM, 20 uM, pH 9) probe was titrated with L-serine (0-
3.3 mM) and monitored for fluorescence (Aex: 465 nm) (figure 4.32). The same protocol
was performed using O-phospho-L-serine (0-1.9 nM) (figure 4.33). A fluorescence
quenching effect was observed in the presence of either amino acid titration [1]. In figure
4.32 (b), for the titration of L-serine, using Equation 4.1, two binding constants were
observed, Kp: = 2.7 fM and Kp2 = 0.23 fM, the same phenomenon was examined in figure
4.33 (b), for the titration of O-phospho-L-serine. O-phospho-L-serine yielded the
following binding constants, Ky1 = 2.2 fM and Ky, = 0.2 fM [94]. Quercetin-Zr (IV) was
reported to approach fluorescence quenching saturation with lower concentrations of the

amino acid, O-phospho-L-serine.

96



L-serine titrations in Quercetin-Zr (IV) (10 uM, 20 uM)
in Tris buffer HCI (0.1 M, pH 9)
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Figure 4. 32. Fluorescence emission spectra of quercetin-zirconium (1V) (10 uM, 20 uM, pH 9)
with L-serine titrations.

Quercetin-Zr (1V) (10 uM, 20 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9) and monitored for fluorescence in a 1 mL cuvette. Further emission spectral studies
were conducted with the titration of L-serine amino acid (0-3.3 nM). All samples were excited at
465 nm and had an emission maximum of 545 nm. Titrations were conducted until sample
saturation was achieved. b) Standard curve of the fluorescence emission intensities of L-serine
amino acid (0-3.3 nM) titrations in quercetin-Zr (IV) (10 uM, 20 uM) in Tris-HCI (40 mM, pH 9).
Kbl = 2.7 fM and sz =0.23 fM.
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O-phospho-L-serine titrations in Quercetin-Zr (IV) (10 pM, 20 pM)
in Tris buffer HCI (0.1 M, pH 9)
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Figure 4. 33. Fluorescence emission spectra of quercetin-zirconium (1V) (10 uM, 20 uM, pH 9)
with O-phospho-L-serine titrations.

(a) Quercetin-Zr (1V) (10 uM, 20 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI
(40 mM, pH 9) and monitored for fluorescence in a 1 mL cuvette. Further emission spectral studies
were conducted with the titration of O-phospho-L-serine amino acid (0-1.9 nM). All samples were
excited at 465 nm and had an emission maximum of 545 nm. Titration were conducted until sample
saturation was achieved. (b) Standard curve of the fluorescence emission intensities of L-serine
amino acid (0-1.9 nM) titrations in quercetin-Zr (1V) (10 puM, 20 uM) in Tris-HCI (40 mM, pH 9).
Kbl = 2.2 fM and sz =0.2fM.
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4.6.2. Monitoring fluorescence signaling of quercetin-Zr (IV) on phospho-proteins

The application of dyes has become quite versatile in research, where probes are
prevalent in the development of aqueous and solid-support assay [104, 105]. In the efforts
to observe the specificity of quercetin-Zr (IV) to phospho-proteins on a solid support, we
dot blotted triplicate samples of non-phosphorylated (BSA, bovine serum albumin) and
phosphorylated proteins (including MTMR2, specific for pSer®® residues) on
nitrocellulose membrane (figure 4.34) [106]. Nitrocellulose membrane was dried with the
protein samples and incubated in quercetin-Zr (1V) (25 uM, 50 uM, 40% MeOH, 20% 1,2-
propanediol, 40 mM Tris-HCI, pH 9) for 30 minutes and washed three times with TBST
(Tris-HCl saline, 0.5% tween, pH 9) for five minutes, per wash [60, 107, 108]. We observed
fluorescence signaling of phosphorylated proteins and no signaling for the non-

phosphorylated protein (BSA) (figure 4.34).

The integrated densities of each protein sample (dot blot area) was calculated and
summarized in figure 4.35 [93]. The following phosphorylated protein samples were
significant to the non-phosphorylated protein sample, BSA; casein (p-value: 0.0003),
control (empty vector) (p-value: 0.0002), WT MTMR2 (p-value: 0.0010), control + cali

(p-value: 0.0015) and WT MTMR2 + cali (p-value: 0.0036) [41, 109].

99



BSA i)y
Casein »

Control (empty vector) »

WT Myotubularin-related protein »

Control + Cali sl

WT Myotubularin-related protein + Cali »

Figure 4. 34. Quercetin-Zr (1V) fluorescently stained nitrocellulose dot blot of protein samples.

On a nitrocellulose membrane, 1 pL of the following protein samples (top to bottom of figure):
bovine serum albumin (1.37 pg/uL), casein (0.33 pg/uL), control (empty vector) (1.33 pg/pL),
wild-type myotubular-related protein (1.47 pg/uL), Cali* (Calyculin A) control (1.17 pg/pL) and
Cali* myotubular-related protein (1.12 pg/uL), were dot blotted in triplicates. The membrane was
set to dry and incubated in quercetin-Zr (IV) probe (25 puM, 50 uM, 40% MeOH, 20% 1,2-
propanediol, 44 mM Tris-HCI (pH 9)) for 30 minutes. Following the stain, the membrane was wash
three times in TBST (Tris-HCI saline, 0.5% tween, pH 9) for five minutes per wash. The membrane
was imaged using excitation cy2 and emission cy3 settings on the FluoroChem® Q quantitative
imaging system (Alpha Innotech).
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Fluorescent Protein Detection using Quercetin-Zr (1V)
on Nitrocellulose Membrane
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Figure 4. 35. Integrated density of fluorescently stained quercetin-Zr(1V) stained nitrocellulose
dot blot of protein samples.

The following proteins samples had been dot blotted (1 pL) on nitrocellulose membrane, bovine
serum albumin (1.37 pg/uL), casein (0.33 pg/uL), control (empty vector) (1.33 ug/uL), wild-type
myotubular-related protein (1.47 pg/uL), Cali* control (1.17 pg/uL) and Cali* myotubular-related
protein (1.12 pg/uL). Fluorescent signalling was apparent for all protein samples aside from
bovine serum albumin. The membrane was set to dry and incubated in quercetin-Zr (1V) probe (25
MM, 50 uM, 40% MeOH, 20% 1,2-propanediol, 44 mM Tris-HCI (pH 9)) for 30 minutes. Following
the stain, the membrane was wash three times in TBST (Tris-HCI saline, 0.5% tween, pH 9) for five
minutes per wash. The membrane was imaged using excitation cy2 and emission cy3 settings on
the FluoroChem® Q quantitative imaging system (Alpha Innotech). Using ImageJ the recorded
integrated densities were used to compare fluorescent properties of each protein sample[93]. P-
values were calculated using an unpaired t-test. The error bars represent SEM, n = 3.
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4.6.2.1. Monitoring fluorescence signaling of quercetin-Zr (1V) on alkaline phosphatase

treated phospho-proteins

Following the fluorescence signaling detected for immobilized phospho-proteins
on nitrocellulose membrane using quercetin-Zr (IV) as a staining probe, fresh protein
samples had undergone an alkaline phosphatase (APP) treatment [67]. The ability of
alkaline phosphatase to catalyze hydrolysis reactions of mono-ester phosphate was used to

detect changes in fluorescence signaling of treated phospho-proteins [67].

All protein samples (non-phosphorylated and phosphorylated) were normalized
(0.5 pg/pL) and aliquoted (1 pL) onto nitrocellulose membrane (figure 4.36) [107]. Protein
samples without APP treatment (in triplicates, left side, figure 4.36) and APP treated
protein samples (in triplicates, right side, figure 4.36) were reported to have fluorescence
signaling. These results can be attributed to the lack of phospho-protein specificity of the
quercetin-Zr (IV) probe. No visual fluorescence signaling was detected for the non-
phosphorylated protein, BSA, without and with APP treatment, however integrated

densities did yield significant differences (figure 4.36).

Future work could involve a sample protein/APP separation step, because the
alkaline phosphatase used consisted of phospho-amino acid residues (appendix B: figure
B.1) [109]. This would explain the reported fluorescence integrated densities of the APP

treated BSA protein sample.
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Figure 4. 36. Quercetin-Zr (1V) fluorescently stained nitrocellulose membrane dot blot of
alkaline phosphatase treated protein samples.

From top to bottom, the following protein samples were normalized to have a final concentration
of 0.5 pg/pL: bovine serum albumin, casein, control (empty vector), wild-type myotubular-related
protein, Cali* control and Cali* myotubular-related protein. Untreated protein samples
(triplicates on the left side of the membrane) and treated protein samples (triplicates on the right
side of the membrane) were dot blotted (1 L) on the nitrocellulose membrane. The membrane
was set to dry and incubated in quercetin-Zr (IV) probe (25 uM, 50 uM, 40% MeOH, 20% 1,2-
propanediol, 44 mM Tris-HCI (pH 9)) for 30 minutes. Following the stain, the membrane was wash
three times in TBST (Tris-HCI saline, 0.5% tween, pH 9) for five minutes per wash. The membrane
was imaged using excitation cy2 and emission cy3 settings on the FluoroChem® Q quantitative
imaging system (Alpha Innotech).
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Fluorescence Protein Detection using Q-Zr (IV) Probe on Alkaline Phosphatase Treated Samples
on Nitrocellulose Membrane
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Figure 4. 37. Integrated density of fluorescently stained quercetin-Zr(1V) stained nitrocellulose
dot blot of alkaline phosphatase treated protein samples.

Untreated and alkaline phosphatase treated samples of the following proteins had been dot blotted
(1 pL, 0.5 pg/pL) on nitrocellulose membrane: bovine serum albumin, casein, control (empty
vector), wild-type myotubular-related protein, Cali* control and Cali* myotubular-related protein.
The membrane was set to dry and incubated in quercetin-Zr (IV) probe (25 pM, 50 uM, 40%
MeOH, 20% 1,2-propanediol, 44 mM Tris-HCI (pH 9)) for 30 minutes. Following the stain, the
membrane was wash three times in TBST (Tris-HCI saline, 0.5% tween, pH 9) for five minutes per
wash. The membrane was imaged using excitation cy2 and emission cy3 settings on the
FluoroChem® Q quantitative imaging system (Alpha Innotech). Using ImageJ the recorded
integrated densities were used to compare fluorescent properties of each protein sample[93]. P-
values were calculated using a unpaired t-test. The error bars represent SEM, n = 3.
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4.7. o-amino-benzoyl labelled amino acids for the use of a phosphatase assay
4.7.1. The analytical determination of OAb-L-serine and OAb-phospho-L-serine using

'HNMR

Isatoic anhydride (1A) is a molecule that can prepare quinazoline and quinazoline
derivatives by reacting with nitrogen nucleophiles, yielding o-aminobenzoyl (OAb)
derivatives, which can form fluorescent protein conjugates [69—71, 110]. We hypothesized
that the incubation of amino acids, L-serine (S) or O-phospho-L-serine (PS), could form
OADb-S and OADb-PS (figure 4.38) [70, 71]. These samples would then yield unique and
significant fluorescence emission properties which could further be used to optimize a
fluorescence phosphatase assay, thus developing a simple and rapid assessment of non-

phosphorylated and phosphorylated peptides/proteins [72].

We began with incubating L-serine or O-phospho-L-serine (720 mM) with isatoic
anhydride (180 mM, pH 9, 25°C, 48 hours) [72]. Samples were applied onto Sephadex-
QAE columns, washed thoroughly (100 mL MilliQ) and eluted with NaCl (0.5 M). 4.2
mM of 1A, OADb-S or OAb-PS made in Tris-HCI (0.1 M, pH) were compared using tHNMR
to rectify the success of each amino acid synthesis to the 0-amino-benzoy! derivative [72].
The successful synthesis of OAb-S and OAb-PS was supported by the methanediyl group
(-CH>) chemical shifts for L-serine (3.9 ppm) and O-phospho-L-serine (~4.1 ppm) (figure

4.39) and by the presence of aromatic proton resonances (figure 4.40) [100].

105



L-serine

HO OH

OH
(0]
2
+ N OH
Under basic — H 5
0 NH,

conditions
(0] /
O-aminobenzoyl-L-serine

Iz

O
/K + CO,
N ¢}
H HO O
Isatoic anhydride \ ) o]
Under basic L N\\\\\\
conditions H
0O O
HO_ // 2 NH; IO P//
\P/ / \OH
™~ HO

O-aminobenzoyl-phospho-L-serine

O-phospho-L-serine

Figure 4. 38. Isatoic anhydride reaction scheme with L-serine or O-phospho-L-serine.

Isatoic anhydride under basic conditions forms a fluorescent amino acid conjugate. The
quinazoline derivative, o-aminobenzoyl, reacts by a nucleophilic attack by the nitrogen atom on
the a-carbon of the L-serine or O-phospho-L-serine.
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Figure 4. 39. 'H NMR spectra of isatoic anhydride, OAb-L-serine and OAb-O-phospho-L-serine.

Samples of isatoic anhydride, OAb-L-serine and OAb-O-phospho-L-serine, were dissolved and/or
synthesized in Tris-HCI (0.5 M, pH 9). Samples were subject to a Sephadex QAE column and eluted
(0.5M NaCl in MilliQ) before being diluted in a Tris-HCI (0.1M, pH 9) using 1:9 dilution factor of
neat sample to solvent. 600 pL of isatoic anhydride, OAb-L-serine or OAb-O-phospho-L-serine
were analyzed using *H NMR. Samples of synthesized OAb- L-serine- displays serine chemical
shifts (~3.9 ppm) and synthesized OAb-O-phospho-L-serine show evidence of phospho-serine
chemical shifts (~4.1 ppm).

107



Angela_mutus_Dec2019 31 1 C:\Bruker\TOPSPIN\data\mrevingt\nmr

[rel]
L

15

I
- L4
Isatoic anhydride ] T N | (1

OAb-L-serine ] " Jl ] ﬂ . JM«

OAb-O-phospho-L-serine ] N\ MM JJ\(L\ JNM
’ ‘ I ' ' ' BTD l ' ‘ ' 7!5 ‘ I ' ‘ 7!0 ‘ I l ‘

85

| S
65 [ppm]

Figure 4. 40. 'H NMR spectra of the aromatic regions of isatoic anhydride, OAb-L-serine and
O-phospho-L-serine.

Samples of isatoic anhydride, OAb-L-serine and OAb-O-phospho-L-serine, were dissolved and/or
synthesized in Tris-HCI (0.5 M, pH 9). Samples were subject to a Sephadex QAE column and eluted
(0.5M NaCl in MilliQ) before being diluted in a Tris-HCI (0.1M, pH 9) using 1:9 dilution factor of
neat sample to solvent. 600 pL of isatoic anhydride, OAb-L-serine or OAb-O-phospho-L-serine
were analyzed using *H NMR.
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4.7.2. The normalization and fluorescence emission properties studies of OAb-S and

OAD-PS

Next, OAb-S or OAb-PS in Tris-HCI (0.1 M, pH 9) were normalized (Abs: 0.39,
Amax = 312 nm, eM = 2800 M~* cm™™) using UV-vis (figure 4.41) [72]. Samples (153.57

HM) were excited at 320 nm and monitored for fluorescence (figure 4.42 (a)).

Fluorescence emission maximums (410 nm) were observed at 17.6 and 22 a.u. for
OADb-S and OAD-PS, respectively. A significant difference in fluorescence properties was

reported (p-value <0.0001) (figure 4.42. (b)) and a 1.25-fold change was observed.
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Absorbance Spectra of the Normalization of
Synthesized OAb-S/-PS in Tris buffer (0.1 M, pH 7)
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Figure 4. 41. UV/vis spectra of the normalization of OAb-L-serine and OAb-O-phospho-L-

serine.

Samples of OAb-L-serine and OAb-O-phospho-L-serine were dissolved and/or synthesized in Tris-
HCI (0.5 M, pH 9). Samples were subject to a Sephadex QAE column and eluted (0.5M NaCl in
MilliQ) before 10 uL of each sample was diluted in 290 L of Tris-HCI (0.1M, pH 9) using 1:29
dilution factor of neat sample to solvent. The samples were then monitored for absorbance using
UV-vis spectroscopy. OAb-L-serine (OAb-S) was normalized to an absorbance value of 0.431 and
O-phospho-L-serine (OAb-PS), 0.434. Samples were observed to have absorption values of 312

nm, n = 3.
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Emission Spectra of Normalized OAb-S/-PS in Tris buffer (0.1 M, pH 7)
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Figure 4. 42. Fluorescent emission spectra of normalized OAb-L-serine and OAb-O-phospho-L-
serine.

(a) Normalized samples (Abs: 0.43, 153.57 uM) of OAb-L-serine (OAb-S) and OAb-O-phospho-L-
serine (OAb-PS) were immediately monitored for fluorescence. Samples were excited at 320 nm
and an emission maximum was observed 410 nm. OAb-L-serine and OAb-O-phospho-L-serine had
fluorescent intensities of 17.6 and 22 a.u., respectively. (b) Emission properties of OAb-S and OAb-
PS had a p-value < 0.0001. P-values were calculated using a unpaired t-test. The error bars
represent SEM, n = 3.
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4.7.3. Survey of fluorescence zirconium (1V) precipitation assay using OAb-S and OAb-

PS

The fluorescence of OADb-S (153.57 uM) and OAb-PS (153.57 uM) yielded a 1.25-
fold change when monitored in aqueous solutions. In the effort to increase fluorescence
intensity differences of these samples, zirconium (1V) chloride (5-25 mM) in Tris-HCI (0.1
M, pH 9) was aliquoted (in triplicates) in a clear 96-well plate and incubated in OADb-S or

OADb-PS (75 uM) (figure 4.43) [111].

We hypothesized that the phospho-group on the OAb-PS amino acid conjugate
would demonstrate a higher affinity for the precipitated zirconium (1V) chloride than OAb-
S, thus, yielding higher fluorescence intensity fold changes [111-113]. Our results
supported increasing fluorescence intensities for OAb-PS in the presence of zirconium (V)
chloride (5-25 mM), evidently inducing higher fold changes (figure 4.44). The following
p-values and fold-changes were calculated at varying concentrations of ZrCls: 5 mM (p-
value: 0.0002, 1.32-fold change) (figure 4.44. (b)), 10 mM (p-value: 0.0022, 1.66-fold
change) (figure 44.4. (d)), 15 mM (p-value: 0.0001, 1.922-fold change) (figure 4.44. (f)),
20 mM (p-value: 0.0001, 1.97-fold change) (figure 44. (h)) and 25 mM (p-value: 0.0009,

1.78-fold change) (figure 4.44. (j)).
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Figure 4. 43. ZrCl, precipitation assay of OAb-L-serine and OAb-O-phospho-L-serine.

In a 96-well plate, samples of ZrCl, (5-25 mM) in Tris-HCI (0.1 M, pH 9) were made (in triplicates,
A-E). Each well contained OAb-S and OAb-PS (75 uM). Increasing concentrations of ZrCl, in pH
9 correlated to higher yields of precipitate. Samples were excited at 320 nm and monitored for
fluorescence. The right image shows the survey of OAb-S (left microcentrifuge tube) and OAb-PS

(right microcentrifuge tube) in Tris-HCI (0.1 M, pH 9) with precipitated zirconium (IV) chloride
under fluorescent lamp.
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Figure 4. 44. Emission properties of precipitation assay of ZrCl, with OAb-S and OAb-PS.

Samples of ZrCl4 (5-25 mM) in a clear 96-well plate with triplicated samples of OAb-S and OAb-
PS (75 uM) in Tris-HCI (0.1 M, pH 9) were excited for at 320 nm and monitored for fluorescence.
(a) The emission spectra of samples of OAb-S and OAb-PS treated with 5 mM ZrCl,. (b) The
fluorescence emission properties of OAb-S and OAb-PS with 5 mM ZrCl, at 420 nm. Samples have
p-values of 0.0002. (c) The emission spectra of samples of OAb-S and OAb-PS treated with 10 mM
ZrCl,. (d) The fluorescence emission properties of OAb-S and OAb-PS with 10 mM ZrCl, at 420
nm. Samples have p-values of 0.0022. (e) The emission spectra of samples of OAb-S and OAb-PS
treated with 5 mM ZrCl,. f) The fluorescence emission properties of OAb-S and OAb-PS with 15
mM ZrCl, at 420 nm. Samples have p-values of 0.0001. (g) The emission spectra of samples of
OADb-S and OAD-PS treated with 20 mM ZrCl.,. (h) The fluorescence emission properties of OAb-S
and OADb-PS with 20 mM ZrCl, at 420 nm. Samples have p-values of 0.0001. (i) The emission
spectra of samples of OAb-S and OAb-PS treated with 25 mM ZrCl.. (j) The fluorescence emission
properties of OAb-S and OAb-PS with 25 mM ZrCl, at 420 nm. Samples have p-values of 0.0009.
P-values were calculated using an unpaired t-test. The error bars represent SEM, n = 3.
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4.7.4. Fluorescence emission properties of OAb-S/-PS using lanthanides and transition

metals for an aqueous phosphatase assay

Previously shown, the ZrCls precipitation assay yielded greater fluorescence
intensity differences of OADb-S and OAb-PS with an increased fold change by 0.72 (figure
4.42. (b) & figure 4.44. (h)). This method was conducted based on the documented and
observed studies of zirconium (IV) exhibiting an affinity for phosphate, which has also

been extended to lanthanide species [97, 112].

We hypothesized that an aqueous phosphatase assay could be developed by titrating
OADb-S and OADb-PS to enhance the fluorescence intensity differences and fold changes.
Changes would be observed based on the interactions of the metal species and phospho-

group on OADb-PS [114, 115].

OADb-S/-PS (2.8 uM) were titrated with equal concentrations of europium (I11)
chloride in Tris-HCI (0.1 M, pH 4, 7 or 9). Titrations were conducted until a fluorescence
intensity saturation was observed. In the presence of europium (IlI), significant
fluorescence quenching effects were reported for OAb-PS (p-value < 0.0001) (figures

4.46-48). The highest fold change of 2.4 was observed in pH 4.

Although, fluorescence quenching assays are less favourable due to possible
contaminant interferences, these results do support a significant interaction between
europium (111) and the o-aminobenzoyl phospho-amino acid conjugate. These studies could

be further utilized in the development of an aqueous phosphatase assay.
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Emission Properties of Europium (lll) chloride

Emission Spectra of Europium (lll) chloride in OAD-S/-PS (2.8 uM, pH 4)
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Figure 4. 45: Aqueous assay of OAb-S/-PS with the titration of europium (111) chloride (650 pM,
pH 4).

In a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with
europium (I11) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 4) are
shown with europium (111) chloride at 0 uM and 650 uM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 4) titrated with europium (I11) chloride (0 — 650 uM). (c) A comparison
of OADb-S and OAb-PS emission maximums at 410 nm with europium (111) chloride (650 puM). The
p-values for OAb-S and OAb-PS are <0.0001. All samples were excited at 320 nm. P-values were
calculated using a unpaired t-test. The error bars represent SEM, n = 3.
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Emission Properties of Europium (lll) chloride
Emission Spectra of Europium (Ill) chloride in OArfb-S/-PS 28 P’:‘A pH(7))

in OAb-S/-PS (2.8 UM, pH 7)
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Figure 4. 46: Aqueous assay of OAb-S/-PS with the titration of europium (111) chloride (904 uM,
pH 7).

In a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with
europium (I11) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are
shown with europium (111) chloride at 0 uM and 904 uM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 7) titrated with europium (I11) chloride (0 — 904 uM). (c) A comparison
of OADb-S and OAb-PS emission maximums at 410 nm with europium (111) chloride (904 uM). The
p-values for OAb-S and OAb-PS are <0.0001. All samples were excited at 320 nm. P-values were
calculated using a unpaired t-test. The error bars represent SEM, n = 3.
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Emission Spectra of Europium (lll) chloride
in OAb-S/-PS (2.8 uM, pH 9)
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Figure 4. 47. Aqueous assay of OAb-S/-PS with the titration of europium (111) chloride (854 pM,

pH 9).

In a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with
europium (1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 9) are
shown with europium (111) chloride at 0 uM and 854 uM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 9) titrated with europium (I11) chloride (0 — 854 uM). (c) A comparison
of OADb-S and OAb-PS emission maximums at 410 nm with europium (111) chloride (854 uM). The
p-values for OAb-S and OAb-PS are <0.0001. All samples were excited at 320 nm. P-values were
calculated using a unpaired t-test. The error bars represent SEM, n = 3.
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4.8. Results summary

In the method development of a fluorescence inorganic phosphate assay, propidium
iodide (PI), quinacrine mustard dihydrochloride (QM) and quercetin-metal complexes
were used to survey fluorescence properties in the presence of Pi. Our Pi concentration
detection range of interest was 0.1 to 10 uM. Propidium iodide and quinacrine mustard
dihydrochloride were found to have fluorescence quenching effects or slight intensity
increases in the P; concentrations outside our range of interest, respectively. The
complexation of LH-20-QM was titrated with P; concentrations (0.5 — 1.2 mM) and an
aqueous fluorescence increase was observed. A novel method successfully synthesized
solid supports of cellulose-phosphate to immobilize cationic fluorophores for sensor
development. Quercetin-metal complexations with Al (1l1) or Zr (IV) demonstrated
fluorescence quenching or enhancing effects, respectively, where quercetin-Al (111)
detected Pi concentrations of 0.1-1 mM in an aqueous quenching system and the
precipitation of quercetin-Zr (1V) in the presence of Pi detected increases in fluorescence
detection. The quercetin-Zr (IV) probe, to the best of our knowledge, has the highest
reported quercetin-metal binding affinity. Using tHNMR, the postulated metal binding site
of zirconium (IV) on quercetin was proposed. Following these studies quercetin-Zr (1V)

was explored for the potential detection of biomolecules containing phospho-groups.

Quercetin-Zr (IV) was titrated with L-serine or O-phospho-L-serine in aqueous
systems of Tris-HCI (40 uM, pH 9), this demonstrated fluorescence quenching effects in
the presence of either amino acid residue. Higher binding affinities were observed as
suggested by lower Ky constants for the phosphorylated amino acid residue, which led to

the investigation of quercetin-Zr (IV) as a fluorescence stain for phosphorylated proteins.
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Nitrocellulose membranes containing immobilized phosphorylated proteins were stained
with our quercetin-Zr (IV) probe, where phosphorylated protein displayed fluorescence
signaling. An alkaline phosphatase treatment was conducted on non-phosphorylated and
phosphorylated proteins, both untreated and treated samples were detected for fluorescence
with increased signaling for the treated samples. No fluorescence detection was monitored

for the untreated non-phosphorylated protein, BSA.

Finally, an investigation for an aqueous phosphatase assay utilizing OAb
conjugates of OAb-L-serine and OAb-phospho-L-serine were successfully synthesized and
monitored for fluorescence. An increased fluorescence difference between the conjugated
amino acid probes was observed in the presence of europium (I11) in aqueous systems of
pH 4, 7 and 9. Further optimization of these techniques will allow for manufacturing of

sensitive and robust phosphate sensors.
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CHAPTER 5

DISCUSSION
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5. The investigation of an inorganic phosphate sensor

In the last 60 years, high phosphate levels have caused oxygen depletion and
subsequent aquatic life toxicity in bodies of fresh water, supporting the spread and growth
of algae [17, 116]. The development of cost-effective methods to monitor inorganic
phosphate (Pi) concentrations would be an imperative tool assisting in wastewater
treatment [46]. According to the Ontario Provincial Water Quality Objectives, systems
capable of detecting 0.1-10 uM of P; could serve as an early warning allowing prevention
of harmful algal blooms, preserving water quality [28]. In attempts of developing a precise
and sensitive P; sensor, fluorescent dyes were used, taking advantage of the biochemical

characteristics inherit to inorganic phosphate.

Pi possesses three potential anionic sites when fully deprotonated (figure 1.8),
propelling the investigation of cationic fluorescence probes which would electrostatically
interact with the anionic Pj [117]. The general workflow for the method development of
this sensor involved binding cationic fluorescent dye to a solid support. The fluorescent
probe would remain bound to the solid support until exchanged by Pi. Using this system,
titrations of P; would result in an enhanced fluorescence signal that would be produced in

an aqueous medium proportional to P; concentrations.

The survey of cationic probes began by monitoring the fluorescence emission
properties of propidium iodide (PI), quinacrine mustard dihydrochloride hydrate (QM) and
quercetin-metal (Q) all in the presence of P; [37, 41, 42, 118]. These probes have previously
been shown to bind phosphate, making them suitable candidates for the study. We
monitored the fluorescence of each probe with Pi in aqueous solutions, desiring probes

displaying a fluorescence increase within P; concentrations of 0.1-10 uM [18, 40, 41]. Polar
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probes, Pl and QM did not detect P; within this range, however, using QM, fluorescence
was increased in the presence of Pj in increasing polar solvents, which have shown to
increase dipole moments, thus enhancing probe sensitivity (figure 4.1-2) [1]. From all
quercetin-metal complexes surveyed, quercetin-Al (I1l) and quercetin-Zr (IV) were
suitable for P; detection within our concentration range of interest (figure 4.17). We

utilized QM and quercetin-Al for further assay development.

As a fluorescence increase of QM in the presence of P; was observed, this probe
was used in solid support systems comprising of Sephadex® LH-20 and calcium phosphate
in an attempt to create a phosphate sensor (figure 4.3, 4.5) [83, 84]. While titrations of P;
in these fluorescent systems suggest that the limit of detection of these probes are outside
our range of interest, Sephadex® — a hydrophilic/lipophilic dextran — bound QM in the
presence of P; showed an increase in fluorescence proportional P; concentrations, while no
trend was observed using calcium phosphate (figure 4.3, 4.5). To further refine the
sensitivity of the LH-20-QM sensor, modifications to buffer volumes and addition of polar
solvents can be implemented. One example being the polar solvent PSS (0.1%, pH 7),
which was initially shown to enhance the fluorescence of QM in the presence of P; (figure

4.2) [80].

In contrast to our QM studies, quercetin-Al (111) complexes exhibited fluorescence
quenching effects within our desired Pi detection range, however challenges of using this
sensor raises caution to contaminant reading interferences when measuring field samples
(figure 4.17) [17, 82, 119, 120]. This probe’s ability to bind inorganic phosphate was
supported by reports using quercetin-Al (I11) as a sensor to detect phospho-proteins [41].

A cost-effective paper-based Pi sensor was created using quercetin-Al and synthesized
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cellulose-phosphate disks. The novel method of cellulose-phosphate disk production used
applied techniques previously described to form crystalline cellulose-phosphate [47, 85].
Cellulose-phosphate disk production was verified using sulfuric digestion following by a
total phosphate assay (Malachite Green assay), where increases of phosphate were seen
following digestion, suggesting liberation of phosphate from the synthesized disks (figure
4.9). Other techniques used to assess the synthesis of cellulose-phosphate included FTIR
(Fourier-transform infrared spectroscopy), which showed low levels of organophosphate
containing compounds detected likely owed to a low concentration of phosphate on
sampled portions of the cellulose-phosphate disk (figure 4.7). Laser ablation trace-element
analysis techniques were used and detected significant levels of phosphorus on cellulose-
phosphate disks (figure 4.8) [121, 122]. Taken together, findings from these experiments
verify successful production of cellulose-phosphate, using our novel method. The
synthesized cellulose-phosphate disks were incubated in quercetin-Al immobilizing the
probe via ionic bonding between aluminum and phosphate. Applying Pi onto these
fluorescent disks showed no changes in fluorescence correlating to increased P;
concentrations (figure 4.11). The distribution of cellulose fibres is not uniformly compact
(visualized by laser ablation) leading to differences of immobilized probe between disks,
accounting for our anomalous findings. It is possible that monitoring the fluorescence of
the aqueous fractions of these samples would better correlate to P; concentrations, as

liberated probe would exist in the agueous medium.

In addition to quercetin-Al, quercetin bound to zirconium (IV), nickel (1I), iron
(111), cobalt (111) or copper (I1) were tested to binding phosphate (figures 4.13, 4.14, 4.20-

23), see appendix A for full list. Of these complexes, quercetin-Zr (IV) displayed a
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fluorescence increase proportional to P; concentration (figure 4.22). This was determined
by surveying all probes in varying pH environments to identify maximum absorption
wavelengths, which were used to excite probes and monitor fluorescence in the presence
of Pj (figures 4.13, 4.14, 4.20-23), see appendix A for full list. Proceeding studies
characterized quercetin-Zr (IV) binding affinities and metal binding coordination site(s).
Our findings yielded a binding constant of 20.0 £0.71 nM, which, to the best of our
knowledge, is the highest metal binding affinity reported for quercetin (figure 4.25) [44].
Therefore, the literature should be updated to show the new ascending order of stability as

Mg?* < Ca?* < AIP* < Ni?* < Zr** [43, 44, 123].

Quercetin can bind metals in any of its three coordination sites, with metals bearing
a 3+ charge, like aluminum (I11) or chromium (I11), which bind to quercetin at the site
highlighted in figure 1.11 (1) [41, 123, 124]. To see if zirconium (IV) behaved in the same
manner, tHNMR was used to observe quercetin spectra in the presence of zirconium
(figure 4.28-29). Our findings displayed chemical shifts of protons on Ce and Cg downfield
(increasing in ppm) (figure 4.29), and are the only chemical shifts observed for quercetin
[10, 125]. This leads us to believe that these carbon atoms were impacted by the binding
of zirconium at the nearest metal coordination site [44]. The introduction of P; affected the
same protons which observed chemical shifts with zirconium. P; recovered these shifts
toward lower ppm values, suggesting this region of quercetin is involved with zirconium
and P interactions. An important take away from our tHNMR preparation, requiring a high
concentration of reactions components, was a precipitation reaction upon P; introduction
[126]. This led us to the conclude that the probe conditions used induced zirconium

phosphate precipitation due to the stable binding of quercetin to zirconium, producing a

126



fluorescently labelled precipitate [127]. This phenomenon would extend to our aqueous
studies of quercetin-Zr and P; where we had monitored precipitated and not the aqueous
forms of quercetin-Zr-P; (figure 4.21-23). 3'PNMR was used to monitor phosphorus
signaling in the presence of Zr, similar to our 'HNMR studies, the introduction of
zirconium formed an immediate precipitate with Pi. A phase separation was observed, and
the supernatant (top phase) of our sample was monitored for phosphorus signaling. No
phosphorus signaling was observed, suggesting that in our working conditions, zirconium
phosphate is formed and the strong binding of quercetin to zirconium, fluorescently labels
the precipitate, consistent with our initial hypothesis [127, 128]. Learning about the
precipitation of quercetin-Zr with free phosphate, led our research to investigate quercetin-
Zr (IV) in the presence of phosphate-containing biomolecules, as groups have utilized

quercetin-metals in the detection of phospho-proteins [41].

5.1. Investigating phospho-protein sensors using quercetin-Zr (1V)

Current methods using quercetin bound to metals, such as aluminum, serve as
biological phosphate sensors. A facet of these sensors that requires improvement is the
reduction of the long dwell times currently needed for efficient phosphate-sensor binding
[41]. Biologically, phosphorylation of amino acid residues is arguably one of the most
influential post-translational modifications to occur, influencing a great set of processes
through various signal transduction cascades in organisms [56, 129]. Proteins become
phosphorylated through the stable phosphoester formation between phosphate and a
hydroxyl group of amino acid residues [54, 130]. More than one-third of proteins are
phosphorylated, with an overwhelming amount, 86.4%, occurring on serine (Ser) residues
found within proteins [49, 56, 57, 109, 129].
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We extended the use of our quercetin-Zr (I\V) probe as a potentially rapid and cost-
effective fluorescent phospho-protein probe, propelling research of protein signaling and

characterization [41].

We hypothesized that phospho-groups on biomolecules would be less susceptible
to precipitation reactions and yield observable fluorescence relationships in aqueous
solutions [41, 131]. To challenge this hypothesis, L-serine (serine) or O-phospho-L-serine

(phosphoserine) were titrated into solutions of quercetin-Zr (1V) (figure 4.32-33).

Fluorescence quenching-effects were observed for both amino acids and lower
dissociation constants were observed for phosphoserine (figure 4.32-33). It was apparent
that two binding affinities existed for quercetin-Zr in the presence of serine, which was
confirmed with the calculated set of dissociation constants, Kp1 = 2.7 fM and K2 = 0.3
fM. This phenomenon was also observed for phosphoserine with the lower values of K1
= 2.2 fM and Kn2 = 0.2 fM, suggesting the probe had a higher sensitivity for phospho-
amino acids, as lower dissociation constants are indicative of tighter and more stable
binding [94, 126]. Evidence suggests that this tighter binding is due to the phosphate group,
the only distinction between serine and phosphoserine [126, 132]. Preliminary work
showed maximum probe-phosphate binding at pH 9 and was used in these phospho-amino
acid binding studies (figure 4.22-24). A drawback of these conditions would be the
deprotonation of the functional groups comprising amino acids [133, 134]. Specifically,
the negatively-charged carboxyl group would be accessible for probe binding [133, 134].
To determine if these quenching-effects are due to probe-carboxyl group binding,
experiments should be performed under low pH conditions, allowing for carboxyl group

protonation, however, using these conditions would fully protonate the phosphate group as
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pKa values required for the protonation of the carboxyl are lower than phosphate, enabling
potentially less optimal conditions for probe-phosphate binding [133, 135, 136]. Because
quercetin-Zr was sensitive to phosphoserine we tested its potential use in other
applications. Quercetin-Al was reported to detect phospho-proteins as a stain requiring
long incubation times. As such, this led our research to explore an alternative quercetin-Zr
stain allowing for simple and quick detection of phosphoproteins on nitrocellulose

membranes [41].

Nitrocellulose membranes use hydrophobic interactions to immobilize and cross
link proteins [60, 107]. For our method development non-phosphorylated (BSA, bovine
serum albumin) and phosphorylated (casein, empty vector control, MTMR2) proteins were
dot blotted onto the membrane and incubated with quercetin-Zr (figure 4.34) [41, 137,
138]. BSA served as a nonphosphorylated protein control, because it typically shows little
to no phosphorylation, while casein is heavily composed of Cas(PO4). and lysine residues
and served as a concentrated source of phosphoproteins [106, 139, 140]. In addition,
complex cell lysates were also included in the analyses, one being an empty vector control
lysate containing a whole host of phosphoproteins found in cells and the other
overexpressing the protein MTMR2 [141]. MTMR2 (myotubularin related-protein 2), a
protein with a well characterized phosphorylation site, serine 58, which regulates endocytic
events [57, 109, 141]. Phosphorylated MTMR2 detection is an example of a protein whose
studies would benefit from a simple and timely phospho-protein stain [109, 141]. Our
findings demonstrated significant fluorescent signaling for all phospho-proteins and no
detection of non-phosphorylated protein, BSA (figure 4.34-35) [41, 106, 132]. To further

verify probe specificity for phosphoproteins, samples were treated with alkaline
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phosphatase (APP) (figure 4.36) [67, 78]. APP, as the name suggests, is a phosphatase that
cleaves the stable phosphoester bonds, generating dephosphorylated amino acid residues
[78]. Contrary to expected results, APP-treated samples displayed little to no fluorescence
detection, a consistent trend of elevated fluorescence was observed when compared to
untreated samples (figure 4.37). Following APP treatment, BSA (non-phosphorylated
control) reported fluorescence signaling, suggesting APP was responsible for the
fluorescence detection of treated samples. To investigate how APP causes this increase, we
turned to immunoblotting, monitoring MTMR2 serine 58 phosphorylation with and
without APP treatment [141]. Using an antibody specific for MTMR2 phospho-serine 58,
untreated samples showed a signal, while APP treated samples showed no signal for
MTMR2 phosphorylation (appendix figure B.1) [109]. This ratified the effectiveness of
our APP; a nonspecific band was detected on the blot matching the molecular weight of
APP (appendix figure B.1). Furthermore, this band is only observed in APP treated
samples, propelling us to believe this band belongs to APP. The literature suggests that
APP can be phosphorylated, explaining the fluorescence detection in all of our APP treated
samples analyzed using quercetin-Zr [139, 141, 142]. The removal of APP would allow us
to examine the probe specificity to phosphoproteins and provide insights into the effect of

APP on our samples [137].

5.2. The development of a conjugated fluorescence phosphatase assay

In the pursuit of optimizing a phospho-protein assay, we reported drawbacks of
APP detection on a solid support of nitrocellulose membrane (figure 4.36). This work led
to the reconstruction of our scientific approach and a new goal: the development of a
simple, rapid and cost-effective phosphatase assay [143, 144]. This assay involved forming
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a fluorescent probe conjugate with protein, allowing us to detect phosphorylated or
nonphosphorylated proteins based on significant fluorescent intensity differences [71,
145]. The probe utilized o-aminobenzoyl (OAb), reacts with nitrogen nucleophiles and
forms fluorescence molecular conjugates [71, 72]. As such, we conjugated OAb with serine
or phosphoserine [131, 139]. The synthesis of these fluorescently conjugated amino acids
would serve as the preliminary work in the development of an OAb-dependent phosphatase

assay.

OAb-serine (OADb-S) or OAb-phosphoserine (OAb-PS) were synthesized in basic
conditions and purified using anion exchange chromatography [72]. Fluorescently
conjugated amino acids were accessed using *HNMR (figure 4.39) and TLC (thin layer
chromatography) (appendix figure B.2-4) [72, 146-148]. Results confirmed successful
sample synthesis and purity. The concentrations of our probes were normalized using UV-
vis spectroscopy (figure 4.41). The fluorescence of OAD displayed significant differences
in emission intensities between OAb conjugated to serine or phosphoserine (figure 4.42)
[1, 71, 72]. Our next objective was to enhance these differences, increasing the 1.25-fold
change between phosphoserine and serine. Further strengthening the utility of this

phosphatase assay [72].

In attempts to enhance sensitivity of the phosphatase assay, a precipitated ZrCls
solid support was created in Tris-HCI (0.1 M, pH 9) (figure 4.43) [111]. This support
would ionically bind the phospho-groups of phosphoserine fluorescent conjugates and
yield fluorescence probe intensity differences by a 1.97-fold change (figure 4.44) [56,
139]. This was further supported by the constant intensity values monitored for OAb-S and
increasing intensities of OADb-PS in varying densities of ZrCls. Although the sensitivity of
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the phosphatase assay was established, the optimization of a completely aqueous sensor

was pursued to ratify an even more robust assay.

Lanthanides have been reported to induce the emission intensity changes of
fluorophores and used to form more robust aqueous sensors [95]. A recent study showed
the lanthanide, europium (I11), displays a strong affinity for inorganic phosphate, where
fluorophore quenching due to europium binding, was recovered by the introduction of P;
[17, 115]. These findings led us to examine the fluorescent conjugates of serine or
phosphoserine in the presence of europium, where we expected fluorescence intensity
changes of phosphoserine due to stable europium binding affinities for phosphate
(phospho-groups) [115]. Ultimately, this would increase fluorescence intensity differences,
thus creating a greater distinction between phosphorylated and non-phosphorylated
biomolecules. Our findings using an aqueous system in pH 4 supported this; where a 2.4-
fold change between OAb-S and OAb-PS was observed. Using europium, significant
quenching was unique to OAb-PS likely based on the ionic bond formation between

europium and the phospho-group of OAb-PS (figure 4.45-47) [1, 115, 149, 150].

Our aim in developing a robust phosphatase assay led to designing various methods
composed of phosphate binding metals in aqueous or solid support systems. The two most
effective assays proposed contained either metal aqueous solution or metal solid support.
The aqueous system used comprised reaction buffer, OAb-S/-PS, and a phosphate binding

metal.

We investigated nine metals known to promote phosphate binding, to better

distinguish phosphoserine detection, where a europium aqueous solution showed the best
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distinction over the pH range tested (see appendix for full list and results). Our second
method utilized the formation of the ZrClssolid — where Zr** containing probes were shown
to bind phosphate - to bind phosphoserine. By comparison, the ZrCls phosphatase assay
had a 1.97-fold change, whereas the europium aqueous assay had a fold change of 2.4. The
aqueous probe can be used for a phosphatase assay at different conditions owing to its
simplicity of using high affinity phosphate binding metals in solution, whereas our solid
support design relied on laborious techniques such as the required precipitation of ZrCls
under more stringent conditions. In contrast, the assay involving europium is amenable to
being performed under a wide array of conditions without alterations to our current method,;
such as use of more polar and/or viscous solvents, which have been shown to increase
probe detection through dipole moment alignments and retarding fluorophore decay [151].
While we were successful in distinguishing non- and phosphorylated amino acid probe
conjugates in aqueous and solid support systems, future assays would require the synthesis
of OAb-peptides to test the stability of this method and evaluate the fluorescence properties

of phosphorylated peptides, aiding in the detection of biological phosphorylation events.
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5.3. Discussion summary

Orthophosphate in waterbodies has caused harmful algal blooms which
contaminate drinking water and negatively affect recreation and tourism industries [17].
To this end, a fluorescent P; sensor was pursued to monitor orthophosphate levels in
waterbodies between 0.1 and 10 uM [28]. The anionic properties of the molecular
phosphate structure led to investigating cationic fluorophores in combination with different
solid supports [92]. Sensors with the following compositions were able to detect Pj;
Sephadex® LH-20-QM, quercetin-Al and quercetin-Zr. From the surveyed probes,
quercetin-Zr detected P; in the range of interest and showed an increase in fluorescence
proportional to P; concentrations. Binding studies of quercetin-Zr (1V), yielded the highest
binding affinity and stability of a quercetin-metal complex known [44]. Proceeding studies
inferred a precipitation reaction with P; yielding quercetin-Zr (IV)-Pi, transitioning the
application of this probe for phosphoprotein sensing. The preliminary findings suggest
quercetin-Zr (IV) can work as a phosphoprotein stain on nitrocellulose membranes. The
challenges that surfaced from optimizing this stain led to the development of a third assay
for the detection of phospho-biomolecules using the fluorescent probe o-aminobenzoyl
conjugated to amino acids. This assay would distinguish phospho-amino acids in aqueous
systems, and further improved with the addition of europium. Overall, the most robust and

sensitive sensor developed was quercetin-Zr for the detection of phosphoproteins.
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CHAPTER 6

CONCLUSION AND FUTURE DIRECTIONS
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Eutrophication in water bodies has become one the most prevalent environmental
issues of today [24]. This phenomenon is a direct result of high orthophosphate
concentrations supplying nutrients for the rapid growth of algae [17]. These processes have
potentially dire consequences for fishing, recreation, and tourism industries [115].
Environmental agencies have been seeking precise methods to monitor inorganic

phosphate levels and susceptible regions [28, 116].

We aimed to develop a fluorescent inorganic phosphate sensor allowing for the
downstream analysis of P;i levels in waterbodies. Through our trials, quinacrine mustard
(QM) was easily immobilized on the solid support of Sephadex® LH-20 and detected P;
outside our range of interest. This method could be improved by optimizing buffer
volumes, pH conditions, and surveying more polar and/or viscous solvents to slow down
the intramolecular rotation and non-radiative decay of our fluorophore, improving the
binding of phosphate to these probes [1, 151]. While LH-20-QM methods had attractive
phosphate-binding characteristics, its expense makes it impractical for use on larger scale.
Cost-effective alternatives to LH-20 would possess the immobilizing characteristics of a
hydrophilic and lipophilic solid support such as, carbon nanotubes [83, 152]. Since
propidium iodide (PI) shares the polar properties of QM by the possession of a cationic
nitrogen, this probe should be investigated using a LH-20 solid support [37, 118]. The use

of LH-20 could be extended for a solid support for quercetin-Al.

In the survey of quercetin-Al (111), a P; fluorescent quenching sensor was developed
in aqueous solutions of pH 5. Challenges of using this sensor involve potential contaminant
reading interferences when using field samples, contributed by compounds like nitrate and

sulfate [25, 82, 120, 153]. This method development would be improved by saturating
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novel cellulose-phosphate with quercetin-Al (I11) in a column to thoroughly wash unbound
probe. In addition, the quantity of cellulose-phosphate-probe disks per sample should be
optimized until the nonuniformity of cellulose-phosphate fibres per disk is negligible, to
reduce sensor imprecision [154]. A simple improvement to deepen the findings using this
method could also monitor the aqueous fraction, rather than just visualizing disks for the
loss of fluorescence. These applications would be further refined allowing for the
development of simple, precise, and cost-effective devices to test orthophosphate
concentrations of field samples, with the ultimate goal of constructing a hand-held device
for on-site testing. These findings could easily be extended to measure inorganic phosphate
levels in biological systems, such as, blood for monitoring diseases like

hyperphosphatemia [155].

Proceeding studies were conducted for a quercetin-Zr (V) probe and, to the best of
our knowledge, our findings unveiled the most stable quercetin-metal complex reported
[44]. This probe was observed to precipitate in the presence of P; and as such extended our
fluorescent probe studies to phosphate-containing molecules. Evaluation of quercetin-Zr
(IV) as a phospho-protein stain was proven successful with the detection of phospho-
proteins, casein, empty vector control samples and MTMR2 resolved on nitrocellulose
membranes [41, 106, 141]. To test the phosphoprotein binding specificity of our probe, the
proteins listed above were treated with APP to generate dephosphorylated proteins [156].
Our findings, however, would support the probable detection of phosphorylated APP. To
circumvent the use of APP, purified protein in phospho- and nonphosphorylated forms
could be used and would provide information about the probes binding specificity. It would

be interesting to see if this probe had binding affinities similar between different phospho-
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amino acids or certain amino acid motifs found around the phosphorylated residue [157].
This knowledge would increase the potential application of this probe, allowing researchers
to use the probe on protein resolved on SDS-PAGE gels, or even perform phospho-/peptide

enrichments from the complex cellular milieu.

Our next venture involved the development of an aqueous phosphatase assay using
o-aminobenzoyl.  Serine and phosphoserine were successfully conjugated to this
fluorescent probe. Fluorescence monitoring showed significant differences in emission
intensities of OAb-S/-PS. Differences were enhanced by addition of metal solutions and
use of different pH environments. Future work would focus on improving the sensitivity
and specificity of these probes by finding the optimal polar and/or viscous solvent(s)
composition. Polar solvents align dipole moments, elongating emission, whereas viscous
solvents retard intramolecular rotation and non-radioactive decay of the fluorophore, both

allowing for more sensitive fluorescent detection and distinction [1, 151].

To satisfy the goal of using o-aminobenzoyl as a phosphatase assay allowing for
detection of target proteins would require conjugating this probe to secondary and tertiary
biomolecular structures, this would help observe the phosphorylation in aqueous systems
and improve reaction conditions to ensure the stability and reactivity of proteins.
Immediate work should conjugate peptides of various compositions, such as peptides
mimicking known phosphorylation motifs, and multiply or differentially phosphorylated
peptides. These results would assess the sensitivity and applicability of the phospho-probe

in a biological context.
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Ultimately, the emphasis of our studies on inorganic phosphate and phosphoprotein
detection reiterates the essential demands of challenging and improving precise detection
methods of phosphate. In an era of constantly evolving technologies, it is imperative that
scientific methods are reflective of the times. Environmental issues and global pollution
will continuously require accessible and cost-effective applications to aid the remediation
of wastewater systems, while disease research will continue to seek protocols to advance

the understanding of illnesses and explore preventive measures.
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Appendix A (Chapter 1 supplementary material)

Emission Spectra of P; Titrations of 25 uM Quercetin
(pH 4, excited at 375 nm)
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Figure A. 1:Fluorescence emission spectra of quercetin (25 uM, pH 4) with P; titrations (ex: 375
nm).

Quercetin (25 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40 mM, pH 4). In a
clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock concentrations
of Pi (0-1mM, 20 pL) were added. Samples were excited at 375 nm and monitored for fluorescence
emission between 400 — 590 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Ni (II)
(pH 2, excited at 335 nm)
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Figure A. 2: Fluorescence emission spectra of quercetin-Ni (I1) (25 uM, 50 uM, pH 2) with P;
titrations (ex: 335 nm).

Quercetin-Ni (1) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 2). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 uL) were added. Samples were excited at 335 nm and monitored
for fluorescence emission between 355 — 500 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Ni (II)
(pH 9, excited at 335 nm)

10000 — ouMP,
— 10uMP;
— 50uM P,
— 200 UM P;
S000° 400 uM P;
— 600 UM P;
800 UM P;

Fluorescence Intensity (a.u.)

—— 1000 pM P;

400 450 500 550
Wavelength (nm)

Figure A. 3: Fluorescence emission spectra of quercetin-Ni (I1) (25 uM, 50 uM, pH 9) with P;
titrations (ex: 335 nm).

Quercetin-Ni (11) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 335 nm and monitored
for fluorescence emission between 355 — 550 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Ni (II)
(pH 5, excited at 335 nm)
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Figure A. 4: Fluorescence emission spectra of quercetin-Ni (11) (25 pM, 50 pM, pH 5) with P;
titrations (ex: 335 nm).

Quercetin-Ni (1) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 335 nm and monitored
for fluorescence emission between 355 — 550 nm, every 5 seconds.

160



Emission Spectra of P; Titrations of Quercetin-Ni (11)
(pH 2, excited at 380 nm)
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Figure A. 5: Fluorescence emission spectra of quercetin-Ni (I1) (25 uM, 50 uM, pH 2) with P;
titrations (ex: 380 nm).

Quercetin-Ni (11) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 2). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 410 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Ni (ll)
(pH 5, excited at 380 nm)
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Figure A. 6: Fluorescence emission spectra of quercetin-Ni (I1) (25 uM, 50 uM, pH 5) with P;
titrations (ex: 380 nm).

Quercetin-Ni (11) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 415 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Ni (l1)

(pH 9, excited at 380 nm)
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Figure A. 7: Fluorescence emission spectra of quercetin-Ni (11) (25 pM, 50 pM, pH 9) with P;
titrations (ex: 380 nm).

Quercetin-Ni (11) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 415 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (I11)
(pH 2, excited at 320 nm)
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Figure A. 8: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 2) with P;
titrations (ex: 320 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 2). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 320 nm and monitored
for fluorescence emission between 340 — 540 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (lll)
(pH 5, excited at 320 nm)
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Figure A. 9: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 5) with P;
titrations (ex: 320 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 320 nm and monitored
for fluorescence emission between 340 — 540 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (l11)
(pH 9, excited at 320 nm)
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Figure A. 10: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 9) with P;
titrations (ex: 320 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 320 nm and monitored
for fluorescence emission between 340 — 540 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (lII)
(pH 12, excited at 320 nm)
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Figure A. 11: Fluorescence emission spectra of quercetin-Al (I111) (25 pM, 50 uM, pH 12) with
P; titrations (ex: 320 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 320 nm and monitored
for fluorescence emission between 340 — 540 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (ll1)
(pH 2, excited at 380 nm)
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Figure A. 12: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 2) with P;
titrations (ex: 380 nm).

Quercetin-Al (I11) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 2). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 435 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (l11)
(pH 5, excited at 380 nm)
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Figure A. 13: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 5) with P;
titrations (ex: 380 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 5). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 430 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (llI)
(pH 9, excited at 380 nm)

=
A
o
o

— 10uM P

=
o
o
o

— 200 uM P;
= 400 pM P;
500 600 puM P;
—— 800 pM P;

Fluorescence Intensity (a.u.)

— 1000 UM P,

450 500 550 600
Wavelength (nm)

Figure A. 14: Fluorescence emission spectra of quercetin-Al (111) (25 puM, 50 pM, pH 9) with P;
titrations (ex: 380 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 410 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (I11)
(pH 12, excited at 380 nm)
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Figure A. 15: Fluorescence emission spectra of quercetin-Al (I111) (25 puM, 50 uM, pH 12) with
P; titrations (ex: 380 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 380 nm and monitored
for fluorescence emission between 410 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al ()
(pH 9, excited at 425 nm)
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Figure A. 16: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 9) with P;
titrations (ex: 425 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 425 nm and monitored
for fluorescence emission between 470 — 640 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (I11)
(pH 12, excited at 425 nm)
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Figure A. 17: Fluorescence emission spectra of quercetin-Al (I11) (25 pM, 50 uM, pH 12) with
P; titrations (ex: 425 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 425 nm and monitored
for fluorescence emission between 470 — 640 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (lll)
(pH 9, excited at 440 nm)
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Figure A. 18: Fluorescence emission spectra of quercetin-Al (111) (25 uM, 50 uM, pH 9) with P;
titrations (ex: 440 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 440 nm and monitored
for fluorescence emission between 470 — 660 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Al (lll)
(pH 12, excited at 440 nm)
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Figure A. 19: Fluorescence emission spectra of quercetin-Al (I11) (25 pM, 50 uM, pH 12) with
P; titrations (ex: 440 nm).

Quercetin-Al (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 440 nm and monitored
for fluorescence emission between 480 — 660 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Fe (lll)
(pH 7, excited at 330 nm)

0pM P,
10 UM P;
50 uM P,
200 uM P;
400 UM P;
600 UM P;
800 UM P;
1000 uM P;

Fluorescence Intensity (a.u.)

Wavelength (nm)

Figure A. 20: Fluorescence emission spectra of quercetin-Fe (I111) (25 uM, 50 uM, pH 7) with
Pi titrations (ex: 330 nm).

Quercetin-Fe (111) (25 uM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 7). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 330 nm and monitored
for fluorescence emission between 365 — 560 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Fe (ll1)
(pH 11, excited at 330 nm)
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Figure A. 21: Fluorescence emission spectra of quercetin-Fe (111) (25 pM, 50 uM, pH 11) with
P; titrations (ex: 330 nm).

Quercetin-Fe (111) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 11). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 330 nm and monitored
for fluorescence emission between 355 — 565 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Fe (ll1)
(pH 7, excited at 445 nm)
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Figure A. 22: Fluorescence emission spectra of quercetin-Fe (I111) (25 uM, 50 uM, pH 7) with
P; titrations (ex: 445 nm).

Quercetin-Fe (111) (25 uM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 7). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 445 nm and monitored
for fluorescence emission between 475 — 600 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Fe (lll)
(pH 11, excited at 445 nm)
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Figure A. 23: Fluorescence emission spectra of quercetin-Fe (111) (25 pM, 50 uM, pH 11) with
Pi titrations (ex: 445 nm).

Quercetin-Fe (111) (25 uM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 11). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 445 nm and monitored
for fluorescence emission between 485 — 645 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 3, excited at 325 nm)
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Figure A. 24: Fluorescence emission spectra of quercetin-Zr (1V) (25 puM, 50 uM, pH 3) with P;
titrations (ex: 325 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 3). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 325 nm and monitored
for fluorescence emission between 345 — 550 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 9, excited at 325 nm)
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Figure A. 25: Fluorescence emission spectra of quercetin-Zr (1V) (25 puM, 50 uM, pH 9) with P;
titrations (ex: 325 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 9). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 325 nm and monitored
for fluorescence emission between 345 — 550 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 12, excited at 325 nm)
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Figure A. 26: Fluorescence emission spectra of quercetin-Zr (1V) (25 uM, 50 uM, pH 12) with
P; titrations (ex: 325 nm).

Quercetin-Zr (1V) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 325 nm and monitored
for fluorescence emission between 345 — 550 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 3, excited at 455 nm)
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Figure A. 27: Fluorescence emission spectra of quercetin-Zr (1V) (25 puM, 50 uM, pH 3) with P;
titrations (ex: 455 nm).

Quercetin-Zr (1V) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 3). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 455 nm and monitored
for fluorescence emission between 485 — 670 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 12, excited at 455 nm)

1500+ — OuMP;
E — 10uMP;
‘@
5 — 100 pM P;
E
c
0
o —— 600 puM P;
S
o 0 — 800 puM P;

=

' ' J ) 1000 UM P;

500 550 600 650
Wavelength (nm)

Figure A. 28: Fluorescence emission spectra of quercetin-Zr (1V) (25 pM, 50 uM, pH 12) with
P; titrations (ex: 455 nm).

Quercetin-Zr (1V) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 455 nm and monitored
for fluorescence emission between 490 — 675 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (V)
(pH 3, excited at 465 nm)
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Figure A. 29: Fluorescence emission spectra of quercetin-Zr (1V) (25 puM, 50 uM, pH 3) with P;
titrations (ex: 465 nm).

Quercetin-Zr (1V) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 3). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 465 nm and monitored
for fluorescence emission between 500 — 650 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 12, excited at 465 nm)
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Figure A. 30: Fluorescence emission spectra of quercetin-Zr (1V) (25 pM, 50 uM, pH 12) with
P; titrations (ex: 465 nm).

Quercetin-Zr (1V) (25 pM, 50 pM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 L) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 465 nm and monitored
for fluorescence emission between 500 — 650 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (1V)
(pH 3, excited at 470 nm)
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Figure A. 31: Fluorescence emission spectra of quercetin-Zr (1V) (25 puM, 50 uM, pH 3) with P;
titrations (ex: 470 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 3). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 470 nm and monitored
for fluorescence emission between 500 — 700 nm, every 5 seconds.
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Emission Spectra of P; Titrations of Quercetin-Zr (V)
(pH 12, excited at 470 nm)
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Figure A. 32: Fluorescence emission spectra of quercetin-Zr (1V) (25 puM, 50 uM, pH 12) with
P; titrations (ex: 470 nm).

Quercetin-Zr (1V) (25 pM, 50 uM, 40% MeOH, 20% 1,2-propanediol) was made in Tris-HCI (40
mM, pH 12). In a clear 96-well plate, triplicates of each sample were aliquoted (180 pL) and stock
concentrations of P; (0-1mM, 20 pL) were added. Samples were excited at 470 nm and monitored
for fluorescence emission between 505 — 680 nm, every 5 seconds.
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Appendix B (Chapter 2 supplementary material)

Alkaline PPase>  wuw

Rabbit anti-pSer’® MTMR2
Lysate

Figure B. 1: Immunoblot of alkaline phosphatase treated MTMR2 using rabbit anti-pSer®®
antibody.

WT (wild-type) MTMR2 (myotubularin-related protein 2) and empty vector (control) samples were
subject to alkaline phosphatase treatment. Blot was incubated with rabbit anti-pSer®® (anti-
phosphoserine 58) MTMR2 specific antibody and visualized for chemiluminescence. Procedure
performed by Justin Roberto of the Vacratsis research group.
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Figure B. 2: Thin Layer Chromatography performed on SiliaPlate™ TLC aluminum backed

TLC plates for 1A (isatoic anhydride).
Isatoic anhydride was applied to a packed Sephadex® QAE column, washed with MilliQ (100 mL)

and eluted with NaCl (0.1 M, pH 7). Thin Layer Chromatography was performed on SiliaPlate™
TLC aluminum backed TLC plates for IA and elution samples (shown from left to right) from
Sephadex-QAE Econo-Column® [72].
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Figure B. 3: Thin Layer Chromatography performed on SiliaPlate™ TLC aluminum backed

TLC plates for o-aminobenzoyl-L-serine.
o-aminobenzoyl-L-serine (OAb-S) was applied to a packed Sephadex® QAE column, washed with

MilliQ (100 mL) and eluted with NaCl (0.1 M, pH 7). Thin Layer Chromatography was performed
on SiliaPlate™ TLC aluminum backed TLC plates for (from left to right) isatoic anhydride, L-
serine, synthesized OAb-S and elution samples 2-7 from a Sephadex-QAE Econo-Column®.
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Figure B. 4: Thin Layer Chromatography performed on SiliaPlate™ TLC aluminum backed
TLC plates for o-aminobenzoyl-phospho-L-serine.
o-aminobenzoyl-phospho-L-serine (OAb-PS) was applied to a packed Sephadex® QAE column,

washed with MilliQ (100 mL) and eluted with NaCl (0.1 M, pH 7). Thin Layer Chromatography
was performed on SiliaPlate™ TLC aluminum backed TLC plates for (from left to right) isatoic
anhydride, O-phospho-L-serine, synthesized OAb-PS and elution samples 2-7 from a Sephadex-
QAE Econo-Column®.
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Emission Spectra of Aluminum (lll) chloride Emission Properties of Aluminum (lll) chloride

in OAb-S/-PS (2.8 uM, pH 4) in OAb-S/-PS (2.8 pM, pH 4)
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Figure B. 5: Aqueous assay of OAb-S/-PS with the titration of aluminum (111) chloride (1.92
mM, pH 4).

In a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with
aluminum (111) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 4) are
shown with aluminum (II1) chloride at 0 uM and 1.92 mM. (b) The fluorescence emission
maximums of OAb-S/-PS (2.8 uM, pH 4) titrated with aluminum (111) chloride (0 — 1.92 mM). (c)
A comparison of OAb-S and OAb-PS emission maximums at 410 nm with aluminum (I11) chloride
(1.92 mM) (p-value: 0.0041). All samples were excited at 320 nm. P-values were calculated using
an unpaired t-test. The error bars represent SEM, n = 3.
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Emission Spectra of Aluminum (lll) chloride Emission Properties of Aluminum (lll) chloride
in OAb-S/-PS (2.8 uM, pH 7) in OADb-S/-PS (2.8 uM, pH 7)
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Figure B. 6: Aqueous assay of OAb-S/-PS with the titration of aluminum (111) chloride (980 uM,
H7).

Ipn a)l mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with
aluminum (111) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are
shown with aluminum (I11) chloride at 0 uM and 980 uM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 7) titrated with aluminum (I11) chloride (0 — 980 uM). (c) A comparison
of OADb-S and OADb-PS emission maximums at 410 nm with aluminum (111) chloride (980 uM) (p-
value: 0.0107). All samples were excited at 320 nm. P-values were calculated using an unpaired t-
test. The error bars represent SEM, n = 3.
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Emission Spectra of Aluminum (lll) chloride Emission Properties of Aluminum (lll) chloride
in OAb-S/-PS (2.8 pM, pH 9) in OAb-S/-PS (2.8 uM, pH 9)
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Figure B. 7: Aqueous assay of OAb-S/-PS with the titration of aluminum (111) chloride (1.92
mM, pH 9).

Ina f mL) cuvette OAb-S/-PS (2.8 puM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with
aluminum (111) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 9) are
shown with aluminum (I11) chloride at 0 pM and 1.92 mM. (b) The fluorescence emission
maximums of OAb-S/-PS (2.8 uM, pH 9) titrated with aluminum (111) chloride (0 — 1.92 mM). (c)
A comparison of OAb-S and OAb-PS emission maximums at 410 nm with aluminum (I11) chloride
(1.92 mM) (p-value: 0.1295). All samples were excited at 320 nm. P-values were calculated using
an unpaired t-test. The error bars represent SEM, n = 3.
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- . Emission Properties of Cobalt (II) chloride
Emission Spectra of Cobalt (I) chloride in OAb-S/-PS(2.8 pM, pH 4)

in OAb-S/-PS (2.8 uM, pH 4)
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Figure B. 8: Aqueous assay of OAb-S/-PS with the titration of cobalt (I1) chloride (650 uM, pH
4).

Irz a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with cobalt
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 4) are shown with
cobalt (11) chloride at 0 uM and 650 uM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 UM, pH 4) titrated with cobalt (1) chloride (0 — 650 uM). (c) A comparison of OAb-S and
OADb-PS emission maximums at 410 nm with cobalt (II) chloride (650 uM) (p-value: 0.0001). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Emission Spectra of Cobalt (Il) chloride Emission Properties of Coblat (Il) chloride
in OAb-S/-PS (2.8 pM, pH 7) in OAb-S/-PS (2.8 pM, pH 7)

-8 OAb-S
- OAb-PS

w
o
1
N
al
1

— OAb-S

—— OAD-S, 1.2 mM CoCl,

N
o
1

OAb-PS

N
o
1
=
ol
1

OAb-PS, 1.2 mM CoCl,

=
o
1
=
o
1

ol
1

Fluorescence Intensity (a.u.)
Fluorescence Intensity (a.u.)

o
]

C T T T 1 [fTfrrrrrrrprrrrrrrrr[prrrrrrrrrj
350 400 450 500 550 0.5 1.0 15
Wavelength (nm) Concentration of CoClz (mM)

(@) (b)

o
[S)

Emission Properties of OAb-S/-PS (2.8 uM, pH 7)
with the Titration of CoCl, (1.17 mM)

~ 307 * =3 0Ab-S
S
< I | == OAbPS
2
2 204
(7]
E
[0
Qo
o
g 10
12}
IS
o
=]
T

O_

OAb-S OAb-PS
Samples

©

Figure B. 9: Aqueous assay of OAb-S/-PS with the titration of cobalt (I1) chloride (1.17 mM, pH
7).

Ig a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with cobalt
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are shown with
cobalt (I1) chloride at 0 uM and 1.17 mM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 uM, pH 7) titrated with cobalt (I1) chloride (0 — 1.17 mM). (c) A comparison of OAb-S and
OADb-PS emission maximums at 410 nm with cobalt (I1) chloride (1.17 mM) (p-value: 0.0135). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 10: Aqueous assay of OAb-S/-PS with the titration of cobalt (11) chloride (2.83 mM,
H9).
IIJn a 1) mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with cobalt
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 9) are shown with
cobalt (I1) chloride at 0 uM and 2.83 mM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 pM, pH 7) titrated with cobalt (111) chloride (0 — 2.83 mM). (c) A comparison of OAb-S and
OADb-PS emission maximums at 410 nm with cobalt (I1) chloride (2.83 mM) (p-value: 0.7525). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars

represent SEM, n = 3.
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Figure B. 11: Aqueous assay of OAb-S/-PS with the titration of copper (I1) chloride (1.17 mM,
H 4).

IIJn a 1) mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with copper
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 4) are shown with
copper (I1) chloride at 0 uM and 1.17 mM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 UM, pH 4) titrated with copper (I1) chloride (0 — 1.17 mM). (c) A comparison of OAb-S and
OADb-PS emission maximums at 410 nm with copper (I1) chloride (1.17 mM) (p-value: 0.0887). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.

199



Emission Spectra of Copper (ll) chloride Emission Properties of Copper (Il) chloride
in OAb-S/-PS (2.8 uM, pH 7) in OAb-S/-PS (2.8 uM, pH 7)

w
o
w
o
1

— OAb-S —@- OAb-S

—— OAb-S, 2.1 mM CuCl, - OAb-PS

OAb-PS

N
o
N
o
1

OAb-PS, 2.1 mM CuCl,

[
o

[

o
1

Fluorescence Intensity (a.u.)
Fluorescence Intensity (a.u.)

01 T T T 1 0 T T T T 1
350 400 450 500 550 0.0 0.5 1.0 15 2.0 25
Wavelength (nm) Concentration of CuCl, (mM)

(a) (b)

Emission Properties of OAb-S/-PS(2.8 uM, pH 7)
with the Titration of CuCl, (2.10 mM)

[
ol
]

== OAb-S
ns

- |

== OAb-PS

[
o
1

Fluorescence Intensity (a.u.)
[42]
1

o
1

OAb-S OAb-PS

Samples

©

Figure B. 12: Aqueous assay of OAb-S/-PS with the titration of copper (I1) chloride (2.10 mM,
H 7).

IIJn a 1) mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with copper
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are shown with
copper (I1) chloride at 0 uM and 2.10 mM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 pM, pH 7) titrated with copper (1) chloride (0 — 2.10 mM). (c) A comparison of OAb-S and
OADb-PS emission maximums at 410 nm with copper (I1) chloride (2.10 mM) (p-value: 0.1890). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 13: Aqueous assay of OAb-S/-PS with the titration of copper (I1) chloride (2.83 mM,
H9).

II:’n a 1) mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with copper
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 9) are shown with
copper (I1) chloride at 0 uM and 2.83 mM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 uM, pH 9) titrated with copper (I1) chloride (0 —2.83 mM). (c) A comparison of OAb-S and
OAD-PS emission maximums at 410 nm with copper (1) chloride (2.83 mM) (p-value: 0.1112). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 14: Aqueous assay of OAb-S/-PS with the titration of iron (I11) sulfate (980 uM, pH
4).

|I’)] a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with iron
(1) sulfate. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 4) are shown with iron
(1) sulfate at 0 uM and 980 uM. (b) The fluorescence emission maximums of OAb-S/-PS (2.8 uM,
pH 4) titrated with iron (111) sulfate (0 —980 uM). (c) A comparison of OAb-S and OAb-PS emission
maximums at 410 nm with iron (111) sulfate (980 uM) (p-value: 0.4758). All samples were excited
at 320 nm. P-values were calculated using an unpaired t-test. The error bars represent SEM, n =
3.
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Figure B. 15: Aqueous assay of OAb-S/-PS with the titration of iron (111) sulfate (1.36 mM, pH
7).

Ig a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with iron
(1) sulfate. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are shown with iron
(1) sulfate at 0 pM and 1.36 mM. (b) The fluorescence emission maximums of OAb-S/-PS (2.8
UM, pH 7) titrated with iron (111) sulfate (0 — 1.36 mM). (c) A comparison of OAb-S and OAb-PS
emission maximums at 410 nm with iron (l11) sulfate (1.36 mM) (p-value: 0.0088). All samples
were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 16: Aqueous assay of OAb-S/-PS with the titration of iron (I111) sulfate (1.36 mM, pH
9).

|I’)] a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with iron
(1) sulfate. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 9) are shown with iron
(1) sulfate at 0 uM and 1.36 mM. (b) The fluorescence emission maximums of OAb-S/-PS (2.8
MM, pH 9) titrated with iron (111) sulfate (0 — 1.36 mM). (c) A comparison of OAb-S and OAb-PS
emission maximums at 410 nm with iron (I11) sulfate (1.36 mM) (p-value: 0.4752). All samples
were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 17: Aqueous assay of OAb-S/-PS with the titration of lanthanum (111) chloride (1.15
mM, pH 4).

Ina f mL) cuvette OAb-S/-PS (2.8 puM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with
lanthanum (111) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 4) are
shown with lanthanum (l11) chloride at 0 uM and 1.15 mM. (b) The fluorescence emission
maximums of OAb-S/-PS (2.8 uM, pH 4) titrated with lanthanum (111) chloride (0 — 1.15 mM). (c)
A comparison of OAb-S and OAb-PS emission maximums at 410 nm with lanthanum (I11) chloride
(1.15 mM) (p-value: 0.0031). All samples were excited at 320 nm. P-values were calculated using
an unpaired t-test. The error bars represent SEM, n = 3.
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Figure B. 18: Aqueous assay of OAb-S/-PS with the titration of lanthanum (I11) chloride (589
M, pH 7).

I“n apl ml_) cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with
lanthanum (111) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are
shown lanthanum (I11) chloride at 0 uM and 589 puM. (b) The fluorescence emission maximums of
OAD-S/-PS (2.8 uM, pH 7) titrated with lanthanum (111) chloride (0 — 589 pM). (c) A comparison
of OAb-S and OAb-PS emission maximums at 410 nm with lanthanum (111) chloride (589 uM) (p-
value: 0.0004). All samples were excited at 320 nm. P-values were calculated using an unpaired t-
test. The error bars represent SEM, n = 3.
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Figure B. 19: Aqueous assay of OAb-S/-PS with the titration of lanthanum (111) chloride (1.15
mM, pH 9).

Ina f mL) cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with
lanthanum (111) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 9) are
shown with lanthanum (111) chloride at 0 uM and 1.15 mM. (b) The fluorescence emission
maximums of OAb-S/-PS (2.8 uM, pH 9) titrated with lanthanum (111) chloride (0 — 1.15 mM). (c)
A comparison of OADb-S and OAb-PS emission maximums at 410 nm with lanthanum (I11) chloride
(1.15 mM) (p-value: 0.0058). All samples were excited at 320 nm. P-values were calculated using
an unpaired t-test. The error bars represent SEM, n = 3.
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Figure B. 20: Aqueous assay of OAb-S/-PS with the titration of nickel (1) chloride (210 uM, pH
4).

|I’)] a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with nickel
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 4) are shown with
nickel (I1) chloride at 0 uM and 210 uM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 uM, pH 4) titrated with nickel (I1) chloride (0 — 210 uM). (c) A comparison of OAb-S and
OAD-PS emission maximums at 410 nm with nickel (I1) chloride (210 uM) (p-value: 0.0105). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 21: Aqueous assay of OAb-S/-PS with the titration of nickel (1) chloride (980 uM, pH
7).

Ig a 1 mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with nickel
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 7) are shown with
nickel (I1) chloride at 0 uM and 980 uM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 uM, pH 7) titrated with nickel (11) chloride (0 — 980 pM). (c) A comparison of OAb-S and
OADb-PS emission maximums at 410 nm with nickel (I1) chloride (980 uM) (p-value: 0.4503). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 22: Aqueous assay of OAb-S/-PS with the titration of nickel (I1) chloride (1.92 mM,
H9).

II:’n a 1) mL cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with nickel
(1) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 UM, pH 9) are shown with
nickel (I1) chloride at 0 uM and 1.92 mM. (b) The fluorescence emission maximums of OAb-S/-PS
(2.8 UM, pH 9) titrated with nickel (1) chloride (0 — 1.92 mM). (c) A comparison of OAb-S and
OAD-PS emission maximums at 410 nm with nickel (I1) chloride (1.92 mM) (p-value: 0.0004). All
samples were excited at 320 nm. P-values were calculated using an unpaired t-test. The error bars
represent SEM, n = 3.
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Figure B. 23: Aqueous assay of OAb-S/-PS with the titration of vanadium (111) chloride (1.8
mM, pH 4).

Ina f mL) cuvette OAb-S/-PS (2.8 puM) in a Tris-HCI (0.1 M, pH 4) solvent was titrated with
vanadium (I11) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 4) are
shown with vanadium (111) chloride at 0 uM and 1.8 mM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 4) titrated with vanadium (111) chloride (0 — 1.8 mM). (c) A comparison
of OAb-S and OAb-PS emission maximums at 410 nm with vanadium (111) chloride (1.8 mM) (p-
value: 0.0103). All samples were excited at 320 nm. P-values were calculated using an unpaired t-
test. The error bars represent SEM, n = 3.
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Figure B. 24: Aqueous assay of OAb-S/-PS with the titration of vanadium (I11) chloride (588
M, pH 7).

Fn aq ml_) cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 7) solvent was titrated with
vanadium (I11) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 7) are
shown with vanadium (111) chloride at 0 uM and 588 uM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 7) titrated with vanadium (111) chloride (0 — 588 uM). (c) A comparison
of OADb-S and OADb-PS emission maximums at 410 nm with vanadium (111) chloride (588 uM) (p-
value: 0.0381). All samples were excited at 320 nm. P-values were calculated using an unpaired t-
test. The error bars represent SEM, n = 3.
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Figure B. 25: Aqueous assay of OAb-S/-PS with the titration of vanadium (I11) chloride (1.15
mM, pH 9).

Ina f mL) cuvette OAb-S/-PS (2.8 uM) in a Tris-HCI (0.1 M, pH 9) solvent was titrated with
vanadium (I11) chloride. (a) The emission spectral properties of OAb-S/-PS (2.8 uM, pH 9) are
shown with vanadium (111) chloride at 0 uM and 1.15 mM. (b) The fluorescence emission maximums
of OAb-S/-PS (2.8 uM, pH 9) titrated with vanadium (111) chloride (0 — 1.15 mM). (c) A comparison
of OADb-S and OAb-PS emission maximums at 410 nm with vanadium (I11) chloride (1.15 mM) (p-
value: 0.1535). All samples were excited at 320 nm. P-values were calculated using an unpaired t-
test. The error bars represent SEM, n = 3.
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