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ABSTRACT (TOC_HEADING)

Accurate quantification methods for biologically important elements are crucial for the diagnosis,
treatment and monitoring of infectious diseases. Current methods are chemistry based,
expensive, time consuming and are not designed for bio-fluid analysis. This study aims to add
an array of information obtained from H-NMR serum metabolomics by developing a
quantitative *H-NMR method for serum iron quantification. *H-NMR is a robust, information rich
technology that is capable of synchronously quantifying and identifying biomolecules.
Unfortunately, *H-NMR can only analyse compounds with C-H bonds hence it cannot analyse
iron. Chelating agents like EDTA and DFO chelate iron and make iron analysis possible. Excess
EDTA was used to develop an *H-NMR method to quantify Fe, Zn, K, Mg and Ca. Mg, Ca and
Zn were guantified whilst K and Fe could not be quantified at physiological pH range. Further,
DFO a ferric ion (Fe®**) chelating agent was used in excess and in the presence of a catalyst to
develop a method for serum iron quantification, but the final prepared serum sample was
unstable over time. Additional research on higher field strength catalyst(s) that can transfer
more iron from iron binding proteins, as well as methods of stabilizing the final prepared serum

sample to quench chemical reactions must be done.
Key terms

Proton nuclear magnetic resonance (*H-NMR) spectroscopy; iron; chelation; deferoxamine
(DFO) method development, Ethylenediamine tetra acetic acid (EDTA), chelation, biological

ions.
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CHAPTER 1 INTRODUCTION

Introduction

Trace elements play fundamental roles in a human body for cell functions at biological,
chemical and molecular levels (Prashanth et al., 2015). They are called trace elements due
to their scarcity and essentiality in human bodies (Fraga, 2005). Prashanth et al. (2015)
expresses their role as dual — in normal levels they are crucial for stabilization of the cellular
structures, but in deficiency states may stimulate alternate pathways and cause diseases.
Deficiencies can be prevented by adequate supplementation; however, overabundant

amounts lead to toxicity (Fraga, 2005; Fulgenzi &Ferrero, 2019).

Iron (Fe) is an essential trace element to almost all life (Fraga, 2005), and the focus element
of this MSc study. Human body iron is found in four classes of proteins: 1) heme proteins
containing more than 2/3 of the total body iron content, 2) iron storage proteins, 3) Fe-
Sulphur enzymes, and 4) iron-activating or iron-containing enzymes. Each class is crucial for

the proper functioning of the human body.

Despite fine-tuned iron homeostasis, dysregulation is a common phenomenon (Gozzelino &
Arosio, 2016). Iron deficiency refers to the decrease in iron levels which affect a quarter of
the world’s population (Dev & Babitt, 2017). Lower total body iron content (TBIC) causes
mild or severe anaemia and compromised organ function (Gozzelino & Arosio, 2016). A
healthy diet can prevent iron deficiency whilst adequate supplementation can reverse the
effects (Puntarulo, 2005). Serum iron exists in two forms — transferrin bound, or non-
transferrin bound; the latter signalling excess. Excess iron must be excreted as it is toxic
because it generates oxidative stress, and it is usually associated with hereditary disorders
(Anderson & Frazer, 2017). From the above, it can be concluded that iron has a high clinical
significance. Nearly all infectious disease-causing agents are dependent on host iron for
survival (Weinberg, 2009). Microbial agents have developed sophisticated uptake systems to
acquire iron from hosts that can be divided into three main categories: siderophore-based
systems, heme acquisition systems, and transferrin/lactoferrin receptors (Skaar, 2010).

Iron quantification methods evolved and improved with technology (Cramer et al., 1984).
Current methods use biological indicators (Infusino et al., 2012). Each indicator has both
advantages and disadvantages, as a result the search for a more efficient non-invasive

method is still on (Infusino et al., 2012). *H-NMR is the best analytical technique as it is



having been shown to be highly reproducible and repeatable across many fields of analytical
biochemistry (Emwas et al., 2019). It is an ideal tool to analyze bio-fluids like serum since it
requires simple sample preparation and does not alter the original state of samples.
Developing a new quantitative method requires a highly selective instrument, *H-NMR
identifies fewer compounds as compared to its competitors (Emwas et al., 2019). More
importantly, *H-NMR has lower running costs and can analyze compounds that are difficult
to analyze by LC or GCMS.

Dissertation Layout

Chapter 1 — an introduction, which gives an overview of the whole dissertation followed by
problem statement. The aims and objectives are listed in this chapter.

Chapter 2 —the literature. Biological information on the properties of iron that makes it so
important in biological organisms and its regulation and consequences of dysregulation are
explained here. This is followed by epidemiology of iron-related conditions. Current methods
to quantify iron are compared. The worth of H-NMR as the analytical tool chosen for this
method is compared with other worthy competitors.

Chapter 3 — proof-of-concept of NMR chelation in the form of a peer-reviewed paper
published in the journal Biochemistry and Cell Biology, entitled: ‘EDTA as a chelating agent
in quantitative *H-NMR of biologically important ions’ (doi.org/10.1139/bcb-2020-0543).

Chapter 4 — focus upon iron and the development of a quantitative *H-NMR assay in the
form of a manuscript submitted to Biochemistry and Cell Biology (under review), entitled:
‘Chelation *H-NMR method development for quantifying iron in serum using deferoxamine’.
Chapter 5 — discussion of results and objectives of this MSc study, followed by conclusions

and future recommendations.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Iron is an essential element that plays critical both in human lives and bodies; as a result, it
must be carefully modulated within a human body. In some infectious diseases, hereditary
and degenerative diseases body iron content can be altered, and this phenomenon is used
to diagnose diseases. To properly diagnose these diseases methods are still being
optimized and developed.

2.2 lIron

Empires have been forged, and have fallen, at the tip of spears made of iron. Iron has not
only sharpened the course of human history, but evolution itself. Within the human body, iron
exists both intra and extracellular (Milto et al., 2016). Iron is a crucial trace element in
biological life that naturally exists in ferrous (Fe?*) and ferric (Fe®") forms. The electron
transfer between these oxidation states is facilitated by a reducing or oxidizing agent. Under
physiological conditions ferric iron is the most stable. The reduction of oxygen by ferrous iron
results in the formation of free radicals — potent oxidants that attack proteins,
carbohydrates, and nucleic acids, and trigger lipid peroxidation and apoptosis (Sousa et al.,

2019). Organisms have not yet developed mechanisms to prevent toxicity of free iron.

Iron has three major compartments that describe iron status: iron stores, transport iron, and
functional iron (Pfeiffer & Looker, 2017). Excess iron saturates iron stores and exists in the
form of ferritin and haemosiderin (Yiannikourides & Latunde-Dada, 2019). The depletion of
total body iron is termed iron deficiency (Camaschella, 2015). Crucial metabolic processes
such as DNA replication and energy production are sustained by iron (Farthing, 1989;
Gongalves et al., 2019). Altered body iron content and/or disorders related to iron deficiency
lead to a broad spectrum of diseases (Sousa et al., 2019). Hence, cellular iron
concentrations require strict regulation (Puntarulo, 2005). An average adult with a normal
diet, will have a total iron body content of 3—4 g, distributed among functional compounds,

transporter chelates, and storage complexes (Puntarulo, 2005).



2.2.1 Homeostasis

Iron balance must be cautiously regulated to avoid deleterious effects of iron overload or iron
deficiency (Provan & Gribben, 2010). The human body has no effective way of excreting
iron. Thus, regulation of iron absorption plays a critical role in iron homeostasis (Mufioz et
al., 2009). Regulation involves cellular import, export and partitioning (Provan & Gribben,
2010). Under steady-state conditions, iron absorption balances the daily loss of iron by
exfoliation of epithelial surfaces and microscopic bleeding (Ganz, 2019). Iron stores regulate
internal absorption of iron. There are four known regulators of iron absorption. The iron store
regulator increases absorption when there is iron deficiency and decreases when there is
iron overload. The erythroid regulator can increase iron absorption many-fold when there is
deficient iron for erythropoiesis — production of red blood cells. The hypoxia regulator
elevates iron absorption in response to hypoxia. The inflammation regulator decreases iron
absorption in response to inflammation (Provan & Gribben, 2010). The internal turnover of

iron is essential to meet requirements for erythropoiesis (Mufioz et al., 2009).

As everyone knows the human body cannot excrete excess iron, regulation of iron
homeostasis relies on the translation/post-translation control of ferritin and transferrin
receptor mRNA. In cells, iron responsive elements (IREs) — phylogenetically conserved
hairpin structures, were originally identified in the 5’UTR of the mRNA encoding ferritin
(Hentze et al., 1987). The IRE has two binding sites activated by elevated affinity for iron
during starvation. Cytoplasmic proteins — iron regulatory proteins (IRP1 and IRP2), interact
with IREs (Weiss, 2002). IRPs modulate translation and stability of the RNA. Ferroportin
expression on the basolateral membrane of enterocytes controls the rate of iron influx
through this transport system (Andrews & Ganz, 2019). Increased ferritin expression means
that there is an increase in iron uptake, and the opposite is also true (Andrews & Ganz,
2019). Enterocytes have a relatively short life span and are transported the gut lumen once
used (Andrews & Ganz, 2019).

Hepcidin partitions iron through post-translational degradation of the ferroportin (Andrews &
Ganz, 2019). Hepcidin, a peptide consisting of 25 amino acids, is likely to be the main
effector of iron stores, erythroid, hypoxia and inflammation (Provan & Gribben, 2010). The
hepcidin-ferroportin interactions play an important role in the determination of the overall
efficiency of iron (Andrews & Ganz, 2019). Hepcidin binds to ferroportin eliciting its
endocytosis and degradation (Ganz, 2019). Factors affecting internal absorption (erythroid,
inflammation, hypoxia and iron stores) affect hepcidin production. Internal absorption is
inversely proportional to liver expression (Fleming & Bacon, 2005). In the enterocytes,

internalisation of ferroportin results in the down regulation of iron absorption whilst in



hepatocytes it elevates iron storage (Fleming & Bacon, 2005). The global distribution of iron
is depicted in the figure below (Michels et al., 2015).
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Figure 1: The normal global distribution of iron in a human body (Michels et al., 2015).

2.2.2 Absorption and transport

A healthy diet can provide adequate dietary iron. Cereals, nuts, shellfish, red meat and
animal offal, especially liver, are the most important dietary sources of iron (Goncalves et al.,
2019). Almost all of iron absorption occurs in the duodenum. There are two chemical forms
of dietary iron: heme (10%) and non-heme (90%) iron. Heme iron is found bound to
porphyrin in meat (i.e. some enzymes, haemoglobin, myoglobin), and is bioavailable. Heme
iron is transported from the small intestine lumen into the enterocytes by HCP1/PCFT, a
protein localised in the apical part of the enterocyte plasmalemma (Milto et al., 2016). Heme
iron binds to this protein and induces receptor-mediated endocytosis. When inside the cell
then heme iron is degraded. The transporter of heme iron is a (not yet totally identified)
carrier protein that is in the proximal intestine, a site for elevated heme iron absorption
(Mufioz et al., 2009). Non-heme iron is predominantly of vegetable origin (Lopez et al.,
2016). Non-heme iron is in the oxidized state and is not bio-available, and therefore needs
reduction to the Fe?* state before it enters the intestinal epithelium (Milto et al., 2016; Mufioz

et al., 2009). The enzyme ferric reductase reduces Fe*" to Fe?* thus making it soluble. Once



it reaches the duodenum, the divalent metal transporter (DMT1) cotransports Fe?* and H*
(Phelan et al., 2018) from the lumen to the cytosol.

The iron exporter ferroportin-1 facilitates the movement of iron out of cells when required
(Phelan et al., 2018). In the blood, Fe** binds to transferrin, which plays a pivotal role in iron
dissemination by accepting the iron from parenchymal cells, mucosal cells from the
intestines and reticuloendothelial cells and delivers it to the marrow (Harrison & Arosio,
1996). If ferrous iron is available, it is oxidised and transported (Kontoghiorghes, 2005).
Under physiological conditions, the trivalent iron has high stability and complexes with
transferrin (Milto et al., 2016). Upon reaching the cell surface, the iron-laden transferrin binds
to the transferrin receptor-1 on the cell surface (Abbaspour et al., 2014). The transferrin
bound iron and the iron transferrin receptor-1 enters the target cell by endocytosis. Fe3* is
released whilst transferrin and the receptor are recycled (Phelan et al., 2018).

2.2.3 Serum iron

Iron in the blood is mostly found in two forms: transferrin-bound iron or non-transferrin-bound
iron (NTBI) (Kohgo et al., 2008).

2.2.3.1 Transferrin bound

In 1946, both serotransferrin and transferrin were isolated and purified simultaneously by
independent groups (Crichton & Charloteaux-Wauters, 1987). Serum transferrin is true to
iron transport and maintenance of iron homeostasis (WHO, 2014). Transferrin co-binds
tightly but reversibly to ferric iron and two carbonate ions (Crichton, 2016). Iron overload is a
condition whereby all transferrin is saturated, and this leads to organ damage through radical
formation (Ito et al., 2016). At neutral pH, serum has a high affinity for iron, and iron release
is dependent on a specific membrane receptor (Worwood, 2002). Circulating serum
transferrin receptor (sTfR) is a soluble form of the membrane receptor produced by
proteolytic cleavage (Malope et al., 2001). Since the discovery of sTfR in human serum by
Kohgo et al. (1986), it has been used as an indicator of functional iron deficiency and

enhanced red cell production (Cook et al., 1994).
2.2.3.2 Non-transferrin-bound iron (NTBI)

Transferrin molecules in the body are finite. Evidently, excess iron leads to complete
saturation. From the name, NTBI can be defined as every form of iron in the blood bound to
ligands other than transferrin (Breuer et al., 2000a). NTBI has a trifold clinical significance: it

is a potential target of iron chelators; it could serve as an indicator of the iron status of an



individual who is already iron overloaded or at risk; and it may participate as one of the
causative factors of tissue loading with iron, which can lead to organ dysfunction (Breuer et
al., 2000b; Gosriwatana et al., 1999).

2.2.3.3 Serum ferritin

Ferritin has been the cornerstone of iron storage measurements in clinical practice (Wang et
al., 2010). Infection, acute and chronic inflammation influence serum ferritin (Kohgo et al.,
2008). Serum ferritin is one of many important tests routinely ordered to diagnose and
manage iron related conditions (Wang et al., 2010). The normal ranges of serum ferritin are
10-220 pg/L in males and 10-85 pg/L in females (Kohgo et al., 2008). Lower serum
concentration can be due to iron deficiency (Kohgo et al., 2008) and/or hyperferritinemia in
rare cases, hereditary disorders that do not cause iron overload (Wang et al, 2010). On the
other hand, high serum ferritin may be indicative of iron overload, inflammation, collagen
disease, malighancy, and hepatic diseases (Kohgo et al., 2008). Ferritin and hemosiderin
concentrations together reflect the total body iron stores. Fe?* is stored within ferritin light
and heavy chains. Ferritin, a highly stable and symmetric protein, is adapted for iron storage

since:
> It has a large cavity that can accommodate up to 4000 iron ions.
» It can attract iron and induce its mineralization.
> lron is protected by a protein coat.

The main iron storage organ is the liver. Iron is released when serum iron concentration is
lowered. The liver has an extremely large capacity to store iron, but it can be overloaded.

Hence, the liver is the first organ to be damaged during iron overload.

2.3 Infectious diseases
2.3.1 The past, present and future

Despite the ground-breaking developments in technology and living conditions from the
beginning of the last century, there has been an emergence of more than 300 infectious
diseases (Jones et al., 2008). The public health burden has increased despite the progress
made in their prevention and control (Chowell & Rothenberg, 2018). Infectious diseases

pose a profound impact on human life (Fauci & Morens, 2012). Throughout history,



infectious diseases have been the greatest threat to mankind (Oli et al., 2006). The
unpredictability and potential for an explosive global effect set them apart from other
diseases (Fauci & Morens, 2012). Several infectious diseases are still a threat to date; the
most recent being the COVID-19 pandemic.

2.3.2 Epidemiology

When and where is the next epidemic going to start? A question that can save millions of
lives if answered correctly. As epidemiological approaches to infectious diseases are now
diverse, high-throughput and near-real time genome sequencing is transforming infectious
disease epidemiology. With all the technology in the world, there are unexplored territories
within infectious disease epidemiology. Several types of infectious diseases, such as
seasonal (e.g. childhood measles), faecal-oral infections (e.g. cholera), vector-borne
diseases (e.g. malaria), and even sexually transmitted diseases e.g. gonorrhoea (Grassly &
Fraser, 2006). According to Altizer et al. (2006), annual changes in host and parasite biology
can bring about seasonal infectious diseases. The onset of infectious diseases can be
adamant in the absences of therapy (Fauci & Morens, 2012). Seasonal changes evoke
biological changes in hosts, pathogens and pathogens that determine the production rate of
infected hosts (Altizer et al., 2006). According to Altizer et al. (2006) there are multiple
drivers that generate periodical variation in the host and pathogen biology that were

discovered last century such as school terms, crop and livestock management.

There has been a devastating trend of infectious diseases emerging and re-emerging almost
every year due to increased global population, aging, travel, urbanization, and climate
change (Bloom et al., 2017). Evidently, travel has accelerated exportation of epidemic SARS
(a newly emerging disease) from Guangdong Province in China to Hong Kong, and from

there to Beijing, Hanoi, Singapore, Toronto and elsewhere (Morens et al, 2004).

The incidence of infectious diseases is difficult to predict. In that regard, the next best thing
is to investigate the common trends and their properties to reduce their impact. In the human
body they each have unique destructive ramifications. In order to survive and reproduce,
pathogens acquire raw materials (nutrients) from the hosts. Upon infection, the availability of
the acquired raw materials within the host decreases resulting in their deficiency. Minerals,

such as iron, are a good example of raw materials acquired by pathogens.
2.3.3 Iron content in infectious diseases

Iron is a crucial nutritional element for both humans and microbes (Cassat & Skaar, 2013).

Most microbial agents are known to acquire iron from hosts (Weinberg, 2009). Hosts



withhold iron which is essential for invading microbial growth (Weinberg, 2009). Iron
overload patients are not only affected by oxidative cell damage but also have high risk to
infection (Cassat & Skaar, 2013). From a mammalian, biological point of view what matters
the most is the total amount of iron and its speciation (Kell & Pretorius, 2014).

2.4 Current methods to measure body iron content

Why is body iron content so important? Accurate serum iron measurements are of
paramount importance to provide comparability in diagnosis, treatment and monitoring of the
condition at hand (Xu et al., 2017). In Clinical practise, iron status plays an important role in
the diagnosis of many diseases. Mostly it is done by looking at the symptoms that patients
exhibit when there is iron overload or iron deficiency. Iron deficiency can be simply
determined by . (a) Koilonychia: typical ‘spoon’ nails. (b) Angular cheilosis: fissuring and
ulceration of the corner of the mouth (Hofforand & Moss, 2016). Severity and causes are
usually confirmed by analysing blood smears under a microscope. Early stages of iron
overload on the other hand are easily confirmed by melanin pigmentation of the skin
(Hoffbrand & Moss, 2016).

The nature of NTBI in iron overload is largely unknown (Jacobs et al., 2005). To date there is
still no universal method to assess it evidenced by Jacobs et al. (2005). NTBI is measured
differently throughout the whole world using different approaches and practical application
(Jacobs et al., 2005). Methods may differ but there are only 2 test principles. The first
mobilises NTBI by a shuttle molecule, such as EDTA or nitrilotriacetic acid (NTA), followed
by separation of the chelated iron from serum proteins (Loreal et al., 2000). The products are
ultra-filtered and then analysed using various technologies. Highly reliable results are

obtained but are labour intensive to obtain (Jacobs et al., 2005).

The second principle involves assays that mobilizes and detects NTBI without separation of
the serum proteins from chelated iron. The bleomycin method where Fe®* is reduced to Fe?*
by adding bleomycin whilst quantifying the redox-active iron (Von Bonsdor et al., 2002). The
complexes and degrades DNA. The degraded products are measured by colorimetric assays
to quantify iron since they are proportional to iron present. Jacobs et al. (2005) states that
this assay can be influenced by other serum substances and there is no guarantee that all

the iron will be reduced.



Total body iron burden assessment is a critical part in the evaluation of hemochromatosis
patients (Beutler et al., 2001). Total body iron can be assessed by the total iron binding
capacity (TIBC), which is a measure of the total amount of iron saturated in serum transferrin
(Yamanishi et al., 1997). Several serum-based indicators (such as: serum ferritin, transferrin
saturation, and soluble serum transferrin receptor (STfR), as well as erythrocyte
protoporphyrin) can be used to assess iron status (Pfeiffer & Looker, 2017).

2.4.1 Serum transferrin as a quantitative iron measure

Normally, serum transferrin is the only non-heme form of iron. Only 20-35% serum
transferrin is saturated (Gosriwatana et al., 1999). Soluble serum transferrin receptor (STfR)
plays a major role in iron delivery to all tissues. Tissue iron requirements are reflected by the
receptor (Looker et al., 1999; Speeckaert et al.,, 2011). sTfR is neither an acute-phase
reactant nor a sensitive iron deficiency indicator (Punnonen et al., 1994). Punnonen et al.
(1994) suggests that sTfR can be used to distinguish between iron deficiency anaemia (IDA)
and anaemia of chronic disease (ACD). STIR is affected by IDA. IDA increases sTfR
concentration whilst ACD does not (Infusino et al.,, 2012). The first immunological sTfR
assays were immunoradiometric assays (IRMA), enzyme-linked immunosorbent assays
(ELISA), immunonephelometry and immunoturbidimetry (Speeckaert et al., 2011). As of late,
many sTfR assays have been developed. Unlike transferrin and ferritin, the major limitation

of sTfR is that it is affected by inflammation (Infusino et al., 2012).
2.4.2 Serum non-transferrin-bound iron assessments

Non-transferrin-bound iron (NTBI) can be quantified by many assays. According to Jacobs et
al. (2005) there are two approaches towards quantifying serum NTBI. 1) Mobilize NTBI by a
shuttle molecule, such as NTA or EDTA, followed by isolation of the iron molecule from the
serum proteins. 2) Mobilize and detect NTBI in the reaction mixture without isolating serum
proteins from chelated iron. Both principles have their disadvantages with the first being
labor intensive and the second being influence by other iron-like substances (Jacobs et al.,
2005). Inaccuracy due to partial mobilization of transferrin bound iron and lack of specificity

and insensitivity also affect NTBI assays (Gosriwatana et al., 1999).
2.4.3 Serum ferritin

Human serum ferritin concentration is usually associated with iron stores (Kell & Pretorius,
2014). In clinical practice human serum ferritin and iron stores are measured alongside to
indicate iron status of a patient (Knovich et al., 2009). Lower serum ferritin has been found in

hypothyroidism and ascorbate deficiency (Knovich et al., 2009). Serum ferritin, however, has



several pitfalls as an iron guantification method. 1.) It is an acute phase reactant meaning it
is affected by inflammation. 2) A high quantity of sample is required, which can be
troublesome, especially if the patient is an infant. According to Burns et al. (1990) serum
ferritin lack sensitivity and specificity to diagnose iron deficiency. Hence a battery of tests
has been long sought. Most of the tests have significant limitations since neither mean
corpuscular volume nor expert evaluation of a peripheral blood smear has enough
sensitivity; and the TIBC and transferrin saturation lack specificity (Burns et al., 1990).

2.4.4 Laboratory gold standard

In chemistry, inductively coupled plasma-mass spectrometry (ICP-MS) one of the most
efficient tools primarily, due to its high sensitivity. ICP-MS can quantify analytes as low as
ng/mL or low ug/mL concentration range in samples (Harrington et al., 2014). According to
D'llio et al. (2011), one major disadvantage of ICP-MS is the occurrence of mass
interferences, caused by atomic or polyatomic species having the same mass/charge ratio of
the analyte. Consequently, it can only report Fe instead of Fe?" and Fe®'. Despite the
maturity of ICP-MS, the procedure depends on the elements being determined,
concentration levels and desired sample throughput. The matrix composition of serum with
high salt and protein (6—8%) concentrations is too complex to be analysed directly by ICP-
MS. Hence, for ICP-MS analysis, the sample must be treated by either sample dilution or
digestion (Abduljabbar et al., 2019).

2.5 'H-NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is one of the information-rich technologies
that give atomic-specific information and has earned its place thereof (Keun et al., 2002). It
is a powerful technique capable of concurrently quantifying and identifying biofluid
metabolites (Sinclair et al., 2010). The basic principle behind *H-NMR is that a proton has a
charge and a spin. Its spin results in the generation of a nuclear magnetic dipole therefore
protons can be described as elementary magnets (Holzgrabe, 2017). In the absence of an
applied magnetic field the spin direction of protons is random; however, when placed within
an applied magnetic field they snap into place along the field lines. Some snap into a parallel

(energetically favourable) state and others into an antiparallel state.

When protons are pulsed with precisely tuned radio frequency, they all go into an antiparallel
(energised) state: this stage it is said the nuclei is in resonance with the radiation. Turning off

the radio frequency returns the nuclei to their energetically favourable (parallel) state, a



process known as precession. The NMR probe contains a coil surrounding the sample that
can detect, amplify and process energy released by the protons, known as of Free Induction
Decay (FID). The frequency at which a given nucleus resonates is dependent on its
chemical environment. Thus, spectroscopists can deduct from a spectrum which atoms are
bound to which, and what atoms are located nearby. Fourier transformation converts the FID
from time domain to frequency domain to produce the NMR spectra.

Its value for structural and quantification analysis is attributed to its element selective
detection, sensitivity to nuclear spin properties to the intra and inter-molecular environment
and to the quantitative and robust nature of NMR measurement (Fan & Lane, 2016). NMR
was chosen as the analytical platform for my project due to its repeatability and
reproducibility. NMR contributes immensely to metabolomics-based projects as it has many

advantages over MS (Markley et al., 2017).

Advantages of NMR over MS:

» Simple sample preparation: can analyse biofluids, cell extracts and tissues without
the need for elaborate sample preparation or fractionation. After analysis the samples

can be analysed in other technologies without altering the original state.

» Robust and global look at the metabolome: it is nonbiased and can analyse
compounds that are difficult to ionize (LC-MS) or derivatize (GC-MS).

» Lower running costs: the initial costs of setup are expensive but NMR analysis per

sample is cheap.

» Highly selective: fewer metabolites are identified via NMR but with higher confidence
than MS. NMR can identify compounds with identical masses but with different

isotopomer (isomers that have different distributions of isotope) distributions.
» NMR has an unparalleled level of high reproducibility and repeatability.

The major limitation of NMR is its spectral resolution (i.e. lower sensitivity than MS
counterpart), but this can be improved upon by experimenting at higher magnetic field

strengths, and using more sensitive cryo-probes (Reo, 2002).
NMR based metabolic profiling as infectious disease diagnostic tool

Metabolomics studies have proved useful in the diagnosis of various infectious diseases.

According to Silva et al (2020) NMR-based metabolomics was used to diagnose various



infectious diseases including individuals with sepsis and septic shock. Before and during the
development of clinical symptoms most human diseases have characteristic modifications in
the metabolite profiles (Lussu et al.,, 2017). ). The most used detection samples for
biomarkers are urine, blood, saliva and diseased tissue (Song et al., 2018). Metabolomics
monitors changes in the concentration of small metabolites in tissues and biofluids
(Nicholson et al., 1999). These changes in turn provide useful information in response to
diseases as biomarkers (Blakebrough-Hall et al. 2020). With the aid of multivariate
multivariable prediction model NMR has been able to diagnose diseases using biomarkers to
an accuracy of 99.5% (Lussu et al., 2017).

Alternatively, Identification of microbial species is pivotal for infectious disease diagnoses .
Palama et al. (2016) showed that 'H-NMR-based can rapidly discriminate and identify
several bacterial species that relies on untargeted metabolic profiling of supernatants from
bacterial culture media. They proposed diagnosing infectious diseases by identifying
microbial species. Combined with the fact that NMR provides faster and more
comprehensive assessment of the biological samples in human models(Silva et al, 2020)

this is no longer an impossible task.

Why use NMR?

NMR has proved capable across pharmaceutical and biomedical fields (Lodge et al., 2021).
Over the years there has been exponential improvement in NMR due to higher field
strengths and its applications have followed suit (Webster & Kumar, 2014). According to
Webster and Kumar (2014) there is a paradigm shift in the pharmaceutical industry from
chromatography to NMR especially in the early drug development stages. NMR provides
more accurate and precise than standard HPLC methods (Holzgrabe et al., 2005).
Moreover, iron analysis using chromatography requires complicated sample preparation to
avoid contamination in the column that may contain iron. Obviously, in the NMR there is no
column hence no contamination of results. As stated in literature iron exists bound to other
molecules in biofluids. Iron can be quantified directly or indirectly in biofluids. There is no
need to remove impurities in NMR as they can provide extra information regarding the
sample being analysed (Holzgrabe et al., 2005). NMR produces qualitative and quantitative
data, to detect a great variety of metabolites even at low concentrations in a non-destructive
manner (Silva et al, 2020). It is a quick, economic technology that can determine potency

without having a standard (Webster & Kumar, 2014) and easy to perform leading to high



reproducibility (Holzgrabe et al., 2005). Most importantly NMR is a green analytical
technique meaning there is no CO- produced (Webster & Kumar, 2014)

To better understand the strengths of NMR one must know its limitations. Low sensitivity has

been well documented in literature. Fortunately, low sensitivity can be overcome by:

Using high field strength (= 600)
increasing the number of scans

precise (gradient) shimming techniques

YV V V VYV

using inverse and cryo probes which increase the signal to-noise ratio (by a factor of
about 10)

» maximizing of concentration and optimizing solvent volume

2.5.1 Chelation NMR

Only specific metabolites containing a hydrogen linked to carbon can be analysed with H-
NMR. Iron on its own is invisible on the *H-NMR but when in complex with a visible
molecule, such as an iron chelator, then iron becomes visible on the *H-NMR spectrum. Iron
chelators produce an unique *H-NMR spectral pattern. When in chelation with iron there is a
change in 3D conformation. The 3D conformation change also changes the resulting 'H-

NMR spectral pattern.
2.5.1.1 Ethylenediaminetetraacetic acid (EDTA)

EDTA is one of the most studied chelating agents. Owing to its ability to chelate both
transition metals and main group elements at different pH values (Panda & Chaudhuri,
2007), it has a wide range of applications. Ubale (2010) describes EDTA as an amino
derived organic compound that is a strong hexadentate chelating agent. EDTA chelates
metals ions to form highly stable complexes which dissociate gradually (Ubale, 2010).
Structurally, EDTA is a linear molecule that folds around a metal cation during chelation. An
example of how chelation of EDTA with a metal ion results in the formation of a complex with
a unique 3D conformation is shown in Figure 2. It's four carboxylic and two amine groups,
with an unshared pair of electrons, gives EDTA a coordination number of 6 (Mohammadi et
al.,, 2013). The chelated metal ion remains in solution, but its reactivity is diminished
(Mohammadi et al., 2013). As a result of diminished reactivity, the amount of metal ions in

solution decreases consequently.
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Figure 2: 3D Conformational change in the EDTA structure during chelation (Hafer et
al., 2020)

Low EDTA concentration in solution elevates availability and solubility of many metals
(Ubale, 2010). The ability of EDTA to sequester trivalent and divalent ions enables it to play
various crucial roles in our everyday lives (Mohammadi et al., 2013). EDTA is used in both
environmental and biomedical fields to remove/eliminate heavy metals. In haematological
studies, EDTA is attached to the blood collection tubes and prevents clotting. Free EDTA is
expected to produce 2 clear single peaks in the *H-NMR spectrum — a singlet at 3.65ppm
(represented by 4 protons) and another singlet at 3.88ppm (represented by 8 protons), at pH
7.0.

Deferoxamine (DFO)

More than half a century ago, a compound, which will later save countless lives, was
characterized (Codd et al., 2018). It was discovered that the compound belonged to a group
of compounds with high affinity for iron known as siderophores — low molecular weight
compounds with high affinity for iron (lll) (Hider & Kong, 2010). From all the siderophores
that were isolated and identified from 1949 — 1972, ferrioxamine was the most stable (Hider
& Kong, 2010), with a stability constant of about 103 (Tian et al., 2016). Taking the high
stability constant, DFO can mobilize iron at low concentrations. Since the ground-breaking
discovery of DFO, its effects have been studied both in vitro and in vivo. Studies, such as Yu

et al. (2017), agree that DFO is a free radical scavenger.

DFO chelation of iron in iron overload has been well documented in literature (Breuer et al.,
2000a). DFO has been used in clinical practice for more than four decades in iron overload

conditions (Selim, 2008). Thalassemia is an autosomal inherited disease resulting in failure



to synthesize hemoglobin; hence, iron overload. Failure to administer DFO injections in such
cases can lead to mortality (Marmion et al.,, 2004). Unfortunately, DFO is large and
hydrophilic in nature hence it cannot cross membranes easily (Dayani et al., 2004), and it
has a short plasma half-life.

As shown in Figure 3, DFO is a linear molecule that contains C-H bonds; hence, it can be
analyzed by 'H-NMR spectroscopy. At pH 7.0, free DFO is expected to produce 2 triplet
peaks in the *H-NMR spectrum at 2.00ppm and 2.80ppm, assigned to protons of -CHz and
CH3-SOsH, respectively. Figure 3 shows the 'H-NMR spectra produced by pure DFO.
Ferrioxamine, like EDTA, changes its 3D conformation into one that is circular, around a
ferric iron. Ferrioxamine is not present in any online *H-NMR pure compound database, nor
is FOB’s 'H-NMR spectral pattern described in literature; but this molecule is expected to
produce a different spectral pattern than DFO, of which | intend to identify and quantify in my

study.
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Figure 3: 'H NMR spectra of free DFO (Tian et al., 2016).



Problem statement

Serum is the primary carrier of molecules in the body and its usefulness in the diagnosis of
infectious diseases is paramount (Zhang et al., 2012). No other bio-fluid has been more
intensively studied and more advantageous than serum (Psychogios et al., 2011). It is easily
accessible in large volumes and is information rich. It has the means to identify the changes
in metabolites that take part in biochemical processes hence illuminating the biological
processes (Macintyre et al., 2010). Accurate serum iron measurements are crucial for global
comparability in diagnosis, treatment and monitoring of infectious diseases (Xu et al., 2017).
Currently, there exists various chemistry-based methods to quantify levels of iron, including
atomic absorption spectrometry, flow injection, gold nanoclusters sensing and the gold
standard of ICP-MS (Hourani et al., 2018). However, these existing analytical methods are
expensive and time-consuming, involve complex sample preparation, and are not designed
to specifically analyse iron in biological samples (such as serum) — often requiring at least 1
mL sample, which is not practical within serum metabolomics research projects as volume is
limited (Xu et al., 2017). *H-NMR is a quick and highly repeatable method that is good at
absolute quantification, does not require expensive isotopic standards and can analyse
lower volumes (100 uL) of serum. Hence, there is a need to develop and apply a *H-NMR
method to quantify levels of iron in serum that is quick, cheap and requires minimal sample

volume.

Aim

Developing a quantitative *H-NMR method that will potentially add to the existing array of
information obtained from 'H-NMR serum metabolomics studies by including serum iron

concentrations.

Objectives

1. Assess the concept of chelation NMR as a quantitative *H-NMR method for biologically

important ions using EDTA as a chelating agent.

e Use B.Sc. Hons work (2019) “Method development of 'H-NMR analysis of

biologically important ions (Fe, K and Ca) - theoretical application to biofluids



o , perform additional experiments and publish results under the title: “EDTA as
a chelating agent in quantitative *H-NMR of biologically important ions”.
Draw conclusions of the use of EDTA as a chelating agent for iron.
Further develop the concept of chelation NMR as a quantitative *H-NMR method for
iron using DFO as a chelating agent using pure compounds.
e Determine what, if any, catalyst(s) are required for chelation.
e Optimize chelation by stress testing pH, incubation temperature and time.
e Determine linearity, accuracy, precision and repeatability by performing 3
repeat analyses at various concentration levels determined as +25%, 50%,
75% of the lower and upper normal physiological ranges of iron in the blood.
. Apply developed quantitative *H-NMR method to spiked serum samples
e Acquire NWU-HREC approval, collect blood samples from volunteers and
create a pooled serum sample (~100 mL).
e Create serial spiked serum samples, each with a known iron concentration.
e Assess repeatability, linearity, accuracy and precision of newly developed
quantitative *H-NMR method.
e Use other spectrophotometric methods (e.g. UV spectrophotometry) as
alternative method of iron quantification and compare results.
Report results of quantitative *H-NMR method of iron in serum using DFO as a
chelating agent in the form of a submitted manuscript.
Discuss overall results of MSc study and provide insight on the experimental

challenges.
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CHAPTER 3 EVALUATING EDTA AS A CHELATING AGENT USING
"H-NMR SPECTROSCOPY

3.1 Introduction

Crucial metabolic processes in the human body are dependent on a steady supply of
important trace metals (Tian et al.,, 2016). 11 elements are classified as trace elements
because their biological essentiality and scarcity in humans (Fraga, 2005). According to
Mehri (2020) trace elements are double faced. In this regard trace elements are beneficial
and/or toxic. At optimum levels, trace elements are required for various metabolic and
physiological functions whilst their deficiencies cause various metabolic disorders (Rajan et
al.,, 1997). Rajan et al. (1997) goes on to say higher levels of trace elements are toxic and
adversely affect metabolic processes. Trace element analysis in biological samples has
been the focus of many scholars (Prashanth et al., 2015). Colometric and spectrographic
methods are mostly used to analyse trace elements whilst single elemental analysis, atomic

spectroscopy and electrochemical methods are frequently applied (Prashanth et al., 2015).

According to MalzH & Jancke, (2005) NMR is a quantitative tool because the intensity of a
resonance line is directly proportional to the number nuclei (spins). With that in mind NMR
can be used to quantify biological substances. 'H-NMR can only utilise the C-H bond
therefore it cannot analyse trace elements. For this study it is wise to use EDTA, a chelating

agent that can be recognised by *H-NMR.

Here, a protocol to quantify biologically important ions is developed. In Chapter 3.2, the
biologically important ions analysed are stated and their biological roles are described.
Motivation for a paper on the development of a new method to quantify biologically important
ions using H-NMR is explained in chapter 3.3. Chapter 3.4 is the first published paper for

the thesis.

3.2 Biologically important ions

Trace elements, as per definition, occur in low amounts in the human body. Insufficient

amounts of essential trace elements and/or presence of lethal trace elements have both



been linked to adverse consequences to human health (Avino et al.,, 2011). Homeostatic
balance of these trace elements must be mantained because their imbalance may affect
organ function (Razzaque, 2018). An elaborate system for the management and regulation
of trace elements occurs in the circulatory system and in cells (Osredkar & Sustar, 2011).
Currently there are ways to estimate the amounts of these trace elements in the body but
there is also a great need for more accurate and reliable measurement (Avino et al., 2011).
More cutting-edge research must be done to boost our understanding of the effects of
metals on the human body. Apart from the obvious organic chemical combinations between
C, H, N, O, P, and S which give both physical cellular constructs and take part in chemical
activities, all cells have essential quantitative demands for Na, K, Mg, Ca, Fe and/or (some
of) Mn, Co, Zn, Mo, Se, CI (Da Silva & Williams, 2001). For the purpose of this investigation,
Ca, Mg, K, Fe and Zn were identified as being biologically important ions. The biological
importance of iron in the human body was discussed in Chapter 2. Here, a brief background

of the biological importance of Ca, Mg, K and Zn will be given.
3.2.1 Calcium (Ca)

Approximately 98% of calcium in adults is stored in the form of a
hydroxyapatite reservoir in bones while the other 2% of calcium is in the ionic form
(Ca?") in the extracellular fluid and various tissues, predominantly in skeletal muscle.
Ca?*, also called free calcium, is not attached to proteins (Goldstein, 1990). Ca?* is
crucial in multiple functions within the body, including muscle contraction and
relaxation, blood clotting, oocyte activation, neuronal activity, building strong bones
and teeth, as well as regulation of blood pressure and osmotic balance within cells
(Bouillon, 2019; Pravina et al., 2013).

Calcium, through dietary intake, can be intestinally absorbed from food such as dairy
products, seafood, green leafy vegetables and legumes. The daily body requirement of
calcium is 450 mg, and for adults the recommended daily intake can be up to 1300 mg.
Calcium deficiency signs include muscle cramping, dry skin and brittle nails; but, over long
periods, loss in bone mass, osteoporosis, cardiac arrhythmias and seizures may arise
(Pravina et al., 2013). A patient may suffer from convulsive seizures due to hypocalcaemia
causing an increase in central and peripheral neural excitability (Goldstein, 1990). High
calcium doses may lead to symptoms like nausea and vomiting; while heart problems,
kidney damage and hypercalcemia may follow later. Hypercalcemia of a mild to moderate

degree causes symptoms such as memory impairment, chronic recurrent headache,



depression and acute brain syndrome (Goldstein, 1990). A range of symptoms, from mental

confusion or delirium, stupor and even comas, occur due to more distinct calcium elevations.

A 2018 study by Dave and Jha (2018) considers calcium signalling by the brain as one of the
most important physiological functions, as Ca?* serves as a second messenger in various
information transformations. Intracellular communication and transmission are made
possible through calcium. LaFerla (2002) mentions how neural processes, including
apoptosis and synaptic plasticity, are modulated by calcium in the brain. Ca?* helps to
maintain extracellular fluid pH at 7.4, while buffering intracellular fluid at an optimum pH of
6.6—6.9. These pH ranges are important to generate electrical potentials of -70 and -90 mV
between the cell membrane’s outer and inner surface to allow cell excitation for neuron
impulses. LaFerla (2002) further states that neurons control Ca?* signals by regulating the
Ca?" influx into the cell from the extracellular environment or through the endoplasmic
reticulum, which serves as an internal source that releases Ca?". The dysregulation of
intracellular calcium signalling has also been associated with the pathogenesis of the

disease termed Alzheimer’s (LaFerla, 2002).

It is therefore important to have adequate amounts of calcium available for physiological
functions and cellular processes, as well as having regulation mechanisms to ensure
homeostasis hereof in humans. According to Bouillon (2019) Ca?" in serum is feed-back
regulated by calcitonin, 1,25-dihydroxy vitamin D and parathyroid hormone. Interactions of
the endocrine, skeletal, digestive and urinary systems also control calcium homeostasis, for

example, renal excretion of calcium.
3.2.2 Magnesium (Mg)

The significance of magnesium (Mg) can be traced back to the origin of life in the
composition of the earth crust, to chlorophyll in plants and finally to animal cells where it is
bound to ATP (Fawcett et al., 1999). Mg is one of the main, essential intracellular trace
elements in the human body (Lvova et al.,, 2018). and is necessary for growth and
development (De Baaij et al., 2015). More than 300 enzymes involved in many crucial body
reactions require Mg as a cofactor and stabilizer (Jahnen-Dechent & Ketteler, 2012).
Particularly, all reactions that require or form ATP also require Mg for substrate formation
(Rude, 1998). Mg-ATP or Mg-ADP active substrates of enzyme activity and in some cases

as allosteric activators (Laires et al., 2004). The rate of catalysis of chemical reactions is



influenced by Mg through binding with ATP, binding to active sites and facilitation of
aggregation of multi-enzyme complexes (Swaminathan, 2003).

Mg stabilizes membranes by forming complexes with membrane phospholipids, resulting in
lowered fluidity and permeability (Laires et al., 2004). Mg often acts as a calcium antagonist.
Membrane receptor sites and transport of ions such as calcium and potassium can be
altered by Mg (Laires et al., 2004). Therefore, Mg competes with calcium for membrane
binding sites and maintains a low resting intracellular ion concentration which is paramount
for various cellular reactions (Swaminathan, 2003). Mg maintains the 3D conformation of
nucleic acids (Jahnen-Dechent & Ketteler, 2012). Protein synthesis is indirectly affected by
Mg through the facilitation of nucleic acid polymerization, enhancing the binding of mRNA to
ribosomes, acceleration of synthesis and degradation of DNA and regulation of protein
(Noronha & Matuschak, 2002). Mg also helps in the regulation of heart rhythm, vascular
tone, bone formation, and platelet-activated thrombosis, and modulates insulin signal
transduction and cell proliferation by influencing intracellular calcium concentration and

electrical activity (Jahnen-Dechent & Ketteler, 2012).

Altered Mg balance is associated with conditions such as diabetes mellitus, chronic renal
failure, nephrolithiasis, osteoporosis, aplastic osteopathy, and heart and vascular disease
(Arnaud, 2008). To maintain Mg homeostasis an individual must have adequate dietary
intake and normal absorption of Mg (Elin, 2010). Mg deficiency in the body can be treated by
Mg supplements, whereas excess Mg is treated by hydration or dialysis, depending on the
circumstances (Musso, 2009). No known hormone directly regulates Mg concentration
(Barbagallo et al.,2009). Some hormones affect Mg transport and balance (e.g., parathyroid
hormone, calcitonin, vitamin D and insulin (Barbagallo et al., 2009). Hence, the distribution of

Mg must be continuously regulated in all cells (Vormann, 2003, 2016).
3.2.3 Potassium (K)

Potassium (K%, plays an important bio-functional role in the brain with regards to signal
transduction in neurons, activation and mobilization of immunological cells (T-lymphocytes,
B-cells etc.), maintenance of membrane potentials in cells and regulation of pH (Bittner &
Meut, 2013). K* channels are also one of the most abundantly found ion-channels in the
brain. Voltage-gated K* channels KV1.3 (KCNA3) are critically involved in the activation and
effector function of T lymphocytes (Bittner & Meuth, 2013). K* channels maintain a negative
membrane potential needed for longer-lasting Ca?* influx (needed for further activation)
which, when blocked, reduces functions such as cytokine production and proliferation rates

which indirectly causes an increase in neuroinflammation due to its dysfunctionality (Bittner



& Meuth, 2013). In B lymphocytes, KV1.3 are involved in the process of differentiation of
naive and early memory immunoglobulin D cells into class-switched memory B cells.
Respective blocking results in a reduction of B-cell proliferation. Apart from KV1.3, Dendritic
cells also express KV1.5 & KV1.3/KV1.5 heteromeric channels to different degrees.
Dendritic cells, after stimulation, differentiation and migration into the CNS, has anti-
inflammatory properties, and when the K*-channels are blocked, dendritic cells cannot
perform their anti-inflammatory functions. In neurons, K* is responsible for action potential
conduction and the ability for axons to discharge repetitively. Demyelination induces
increased exposure of fast K*-channels which leads to membrane hyperpolarization.
According to Vigil et al. (2020). KCNQ2-5 voltage-gated K*-channels could play a vital role in
the therapeutic intervention against post-traumatic brain injury (TBI) brain damage and
dysfunction. Vigil et al. (2020) state “that systemic administration of the prototype M-channel
"opener", retigabine, 30 min after TBI, reduces the post-TBI cascade of events, including
spontaneous seizures, enhanced susceptibility to chemo-convulsants, metabolic stress,
inflammatory responses, blood-brain barrier breakdown, and cell death”. Hence, research on
K* in the regulation of inflammatory responses in the brain is topical and emerging as

important.

At rest, neuronal membranes maintain a membrane potential of -70mV. When an action
potential is being relayed along these cells, the membranes are depolarized to
approximately +30mV due to the influx of sodium (Na®) and K*. However, the cell is then
repolarized when the Na*™- K* pump is activated, as well as when the fast K*-channels are
activated, allowing K+ to flow out of the cell to repolarize the cell from +30mV to -70mV. If
these K*-channels are exposed due to demyelination, there is a larger efflux of K* from the
cell which leads to hyperpolarization which surpasses the resting threshold of -70mV.
Demyelination, therefore, leads to abnormal K* outward currents associated with slow action
potential conduction, conduction failure or changes in the axons capacity to repetitively
discharge. The demyelination also leads to loss of structural proteins that anchor KV-
channels to membranes Bitther & Meuth, (2013). Thus, K* plays an important role in
neuroinflammation, and the immunity thereof, as well as other neuronal activities of the

brain.
3.2.4 Zinc

Zinc (Zn), one of the most used essential trace elements in all life forms (Mewara et al.,
2018). Zn is in almost all body cell mostly as the structure of more than 2 700 proteins
(Baltaci, et al., 2018). Zn is paramount for basic yet crucial metabolic processes hence it is

crucial for optimal growth, immunocompetence and visual acuity (Wieringa et al., 2015). Zn



homeostasis is regulated by the balance of intestinal absorption and endogenous loses
through faeces (Kondaiah et al., 2019). Zn homeostasis is solely orchestrated through
elevated rates of absorption when deficient, and excretion during repletion (Kondaiah et al.,
2019). The human body has not evolved a mechanism to store Zn for use when deficient,
therefore it solely depends on dietary supply (Lowe et al.,, 2009). Brain, bones, muscles,
liver, kidneys and the liver are the major organs where Zn accumulates in the human body
(Osredkar & Sustar, 2011). Metallothionine serves as a reservoir and a transporter of cellular
zinc and can bind up to seven zinc ions (Maret, 2009). Total body Zn concentration,
however, cannot be reliably represented by serum Zn concentration, which responds sharply
to dietary restrictions and consistently elevates during supplementation regardless of the
initial value (Hess et al.,2007). Intracellular zinc concentration is tightly regulated by zinc
transporters, zinc sensors and zinc-binding molecules (Murakami & Hirano, 2008). Zinc
transporters are responsible for zinc influx and efflux in cells and regulate intracellular and

extracellular zinc concentrations (Osredkar & Sustar, 2011).

The Lewis acids traits of the zinc divalent ion (Zn?*) (i.e. its single redox state flexible
coordination sphere and kinetic liability of coordinated ligands) are responsible for its broad
functions in the human body (Lim et al., 2005); categorized into catalytic, regulatory and
structural roles (Osredkar & Sustar, 2011). According to Lim et al. (2005), zinc is a catalytic
component of more than 200 enzymes. In some proteins, like the enzyme protein kinase C,
zinc has a structural function (Lim et al., 2005). It is believed that zinc also has antioxidant
properties, meaning it reduces the rate of ageing (Osredkar & Sustar, 2011). According to
Murakami & Hirano (2008) zinc maintains the structural integrity of more than 2 000
transcriptional factors that work to regulate gene expression. Zinc fingers, forming part of the
transcriptional factors, are small protein structural motifs characterized by the coordination of
one or more zinc ions in order to stabilize the fold. The zinc finger domain is one of the most
frequently used DNA-binding motifs (Cassandri et al., 2017). Zinc plays a pivotal role in DNA
synthesis and cell division (Osredkar & Sustar, 2011), a structural role in zinc fingers. Many
reports in the literature have identified abnormal zinc levels in malignant cells hence zinc
may be involved by regulating gene expression profiles which are partly mediated by tumor-

induced changes in zinc transporters (Gibson et al., 2008).

Zn deficiency is one of the world’s most ubiquitous micronutrient deficiencies (Wieringa et
al., 2015). This ubiquitous nature of zinc in the human body indicates that zinc deficiency is
catastrophic as it leads to a broad range of pathologies (Lim et al., 2005). Lowering of Zn
concentration can be used to fight pathogens, where it is a signal for danger within cells

(Dierichs et al., 2018). Zn is redistributed to different compartments, increasing the



susceptibility of the pathogen (s) to ROS (Dierichs et al., 2018). Zn deficiency is associated
with a range of pathological conditions, including impaired immunity, retarded growth, brain
development disorders and delayed wound healing (Osredkar & Sustar, 2011).

3.3 Motivation for paper 1

For my BSc Hons (2019), we tested the proof-of-concept of chelation NMR using EDTA. My
focus was on iron, while two of my fellow BSc Hons students tested Ca and K. It is already
well-known that EDTA produces two clear single peaks within a *H-NMR spectrum and that
chelated EDTA complexes produce unique *H-NMR spectral patterns, depending upon the
chelated ion (Jimenez-Jimenez et al., 1998; Sampson et al.,, 1997). Hence, 'H NMR
spectroscopy has already been proposed as an alternative and simple method for the
determination of several diamagnetic metal ions (Sampson et al., 1997, Abd El-Hafeez et al.,
2003). Of note, the group of Hafer et al. (2020) recently reported a similar concept for the
quantitative determination of various ions by *H-NMR; however, the utility of the method
shown by Hafer et al. (2020) for the analysis of divalent cations was intended for food and
pharmaceutical products. My BSc Hons project (2019) tested the method of chelation NMR
as a proof-of-concept specifically for application in the field of H-NMR metabolomics. The
following paper, titled: “EDTA as a chelating agent in quantitative *H-NMR of biologically
important ions”, published in Biochemistry and Cell Biology, is a report of the outcomes of
our BSc Hons work using EDTA, with the inclusion of experiments for Mg and Zn, which |
performed. In this paper, factors like the ratio of the chelating agent (EDTA), the quantity of
ion being chelated, and pH had to be principally considered for the development of the
method. The method development described in this paper was taken into consideration in

the development of the method using DFO in my MSc — described in Chapter 4.
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3.5 Abstract

Biologically important ions (Ca, K, Mg, Fe, and Zn) play major roles in numerous biological
processes, with their homeostatic balance being necessary for the maintenance of cellular
mechanisms. Sudden and severe loss in homeostasis of just one biologically important ion
can cause cascading negative effects. Being able to quickly, accurately and reliably quantify
biologically important ions in human bio-fluid samples is something that has been sorely
lacking within the field of metabolomics. *H-NMR is a well-known analytical platform in
metabolomics, but ions are invisible on *H-NMR spectra. The foundation of our investigation
was based upon a priori knowledge that free EDTA produce two clear single peaks on H-
NMR spectra, and that EDTA chelated to different ions produce unique *H-NMR spectral
patterns due to 3D conformational changes in the chemical structure of chelated-EDTA and
varying degrees of electronegativity. The aim of this study was to develop and test a 'H-
NMR-based method, with application specifically to the field of metabolomics, to quantify
biologically important ions within the physiological pH range of 6.50-7.50 using EDTA as a
chelating agent. Our method produced linear, accurate, precise and repeatable results for
Ca, Mg and Zn; however, K and Fe did not chelate with EDTA.



3.6 Introduction

Apart from the obvious organic chemical combinations between C, H, N, O, P, and S which
give both physical cellular constructs and take part in chemical activities, all cells have
essential quantitative demands for Na, K, Mg, Ca, Fe and/or (some of) Mn, Co, Zn, Mo, Se,
Cl (Da Silva & Williams, 2001) For the purpose of our investigation, we identified Ca, Mg, K,
Fe and Zn as being biologically important ions. A brief background of their biological
importance in the human body will firstly be described, before articulating the aims of this
study.

Calcium (Ca) — approximately 98% is stored in the form of a hydroxyapatite reservoir in
bones while the other 2% of calcium is in the ionic form (Ca®") (Goldstein, 1990). Ca?* is
crucial as a second messenger in various information transformations, in muscle contraction
and relaxation, blood clotting, oocyte activation, neuronal activity, synaptic plasticity and
regulation of blood pressure and osmotic balance (Goldstein, 1990; LaFerla, 2002).
Hypocalcemia can lead to loss in bone mass, osteoporosis, cardiac arrhythmias and
seizures (Pravina et al., 2013) while hypercalcemia can lead to heart problems, kidney
damage, memory impairment, chronic recurrent headache, depression and acute brain
syndrome (Goldstein, 1990).

Magnesium (Mg) — an essential intracellular trace element (De Baaij et al., 2015,
Swaminathan, 2003), acts as a calcium antagonist and stabilizes membranes (Laires et al.,
2004) maintains 3D conformation of nucleic acids (Jahnen-Dechent & Ketteler, 2012), and
regulates protein synthesis. An imbalance in Mg has been associated with diabetes mellitus,
chronic renal failure, nephrolithiasis, osteoporosis, aplastic osteopathy, and heart and
vascular disease (Arnaud, 2008). Hence, the distribution of Mg must be continuously

regulated in all cells (Vormann, 2016).

Potassium (K*) — plays an important bio-functional role in the brain with regards to signal
transduction in neurons, activation and mobilization of immunological cells (T-lymphocytes,
B-cells etc.), maintenance of membrane potentials and regulation of pH; particularly via
voltage-gated ion channels (Bittner & Meuth, 2013; Vigil, 2020). At rest, neuronal
membranes maintain a membrane potential of -70 mV, which depolarizes to approximately
+30 mV upon action due to the influx of sodium (Na*) and K*. Demyelination of neurons

leads to a large efflux of K* associated with conduction failure, repetitive discharge of axons



and loss of neuronal membrane structural proteins (Bittner & Meuth, 2013, Watari et al.,
2012), all hallmarks of the disease multiple sclerosis.

Iron (Fe) — most stable in its ferric form (Fe3"), is stored as ferritin and hemosiderin when in
excess (Yiannikourides & Latunde-Dada, 2019). Iron is an important component of enzymes
(Puntarulo, 2005, Weiss, 2002) and cofactors (Weiss, 2002; Farthing, 1989), redox reactions
(Milto et al., 2016; Harrison & Arosio, 1996), stabilization of proteins (Milto et al., 2016). Iron
homeostasis is crucial (Provan & Gribben, 2010; Mufioz et al., 2009), as iron overload
expedites reactive oxygen species (ROS) formation (Ozment & Turi, 2009, Nasrallah et al.,
2019) and iron deficits (anemia) reduce oxygen availability for cells (Ifeanyi, 2018)

Zinc (Zn) — one of the most used trace elements (Mewara et al., 2018), particularly in
proteins (Baltaci et al., 2018; Auld, 2009), responsible for catalytic, regulatory and structural
functions (Osredkar & Sustar, 2011) in its divalent form (Zn?*) (Lim et al., 2005). The human
body, unable to store Zn, solely relies upon dietary Zn (Lowe et al., 2009). Metallothioneins
serve as a reservoir and transporter of cellular Zn (Maret, 2009), modulating flux of cellular
Zn (Osredkar & Sustar, 2011; Murakami & Hirano, 2008). Zn fingers — small protein
structural motifs — are pivotal in DNA synthesis (Cassandri et al., 2017). Abnormal Zn levels
have been associated with malignant cells (Gibson et al., 2008), and Zn deficiencies linked
to impaired immunity, retarded growth, brain development disorders and delayed wound
healing (Osredkar & Sustar, 2011; Dierichs et al., 2018).

Quantitative nuclear magnetic resonance (QNMR) spectroscopy, a well-known analytical
chemistry technique, has had increasingly greater use within the field of biochemistry
(Giraudeau, 2017). Since the emergence of the field of metabolomics in biochemistry at the
turn of the millennium (Nicholson et al., 2005) the two most common analytical platforms
have been mass spectrometry (MS), typically coupled to chromatography (gas or liquid), and
H-NMR spectroscopy — used to analyze biological samples/systems in order to assess
patterns and profiles of low molecular weight compounds (metabolites). The significant role
of NMR within metabolomics research over the past two decades is undeniable
(comprehensively reviewed by Emwas et al. (2019). However, within metabolomics both
NMR and MS-based protocols are not designed to detect/quantify biologically important ions.
In fact, all ions are invisible on a *H-NMR spectrum as only hydrogens (protons) are visible.
Biologically important ions play a significant role in biochemistry, yet there are no
metabolomics-based standard operating procedures (SOPs) set up for the quantification of
these ions. Currently, the most common technigques used to quantify ions are used in
chemistry, which includes ion chromatography, flame atomic absorption spectrometry and

inductively coupled plasma mass spectrometry. These chemistry-based methods often have



complex sample preparation and require sample volumes of at least 1 mL — a problem with
biological samples in metabolomics as volumes are typically limited (~100 pL). Hence, there
is a need within the field of metabolomics to incorporate SOPs of gNMR of biologically
important ions into existing high-throughput protocols.

Ethylenediaminetetraacetic acid (EDTA), an excellent chelating agent, forms stable transition
metal complexes and metal group ions chelate in solutions of various pH levels (Panda &
Chaudhuri, 2007). EDTA consists of four carboxylic acid groups and two amine groups with
an unshared pair of valence electrons (Mohammadi et al., 2013). The structure of EDTA
allows it to interact with a single ion at a total of six positions (Keowmaneechai &
McClements, 2002; Hafer et al., 2020). Within biochemistry, one of the most commonly used
applications of EDTA is in blood collection tubes, where EDTA is attached to the blood
collection tubes and binds to Ca?*, resulting in the interruption, and prevention, of the blood
clotting cascade (i.e. EDTA acts as an anticoagulant). In the current study, factors like the
ratio of the chelating agent (EDTA), the quantity of ion being chelated, and pH were taken

into consideration during method development (Tandy et al., 2004).

It is already well-known that EDTA produces two clear single peaks within a *H-NMR
spectrum and that chelated EDTA complexes produce unique H-NMR spectral patterns,
depending upon the chelated ion (McEwen, 2010; Somashekar et al., 2006). The use of
EDTA complexation for measuring Ca and other metal ions in body fluids such as plasma
has been known for decades, going back to a paper in 1983 (Nicholson et al., 1983). Hence,
H NMR spectroscopy has already been proposed as an alternative and simple method for
the determination of several diamagnetic metal ions (Han & Ba 2004; Somashekar et al.,
2006). Of note, the group of Hafer et al. (2020) recently reported a similar concept for the
guantitative determination of various ions by H-NMR; however, the utility of the method
shown by Hafer et al. for the analysis of divalent cations was intended for food and
pharmaceutical products. It is important to state that the intended application for the method
described in this paper is specifically for metabolomics purposes in the field of biochemistry.
Hence, our aim was to provide proof-of-concept for the further development of this method

into a SOP for metabolomics laboratories with access to *H NMR spectroscopy.



3.7 Materials and methods
3.7.1.1 Reagents

Trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (TSP; Merck; CAS#: 24493-21-8) as the
NMR internal standard. Deuterium oxide (D.O; Merck; CAS#: 7789-20-0). Ethylenediamine
tetraacetic acid (EDTA,; Sigma-Aldrich; CAS#. 60-00-4) as the chelation agent. Double-
distilled water (ddH20; Sigma-Aldrich; CAS#: 7732-18-5). Potassium chloride (KCI; Sigma-
Aldrich; CAS#: 7447-40-7). Calcium chloride (CaCly; Saarchem, CAS#: 152-49-00). Ferric
chloride (FeCls; Sigma-Aldrich; CAS#: 10025-77-1). Zinc chloride (ZnClz; Sigma-Aldrich;
CAS#: 7646-85-7). Magnesium chloride (MgCly; Merck; CAS#:. 7786-30-3). Solutions of
sodium hydroxide (NaOH; Sigma-Aldrich; CAS#: 1310-73-2) and hydrogen chloride (HCI;
Sigma-Aldrich; CAS#: 7647-01-0) were used to adjust the pH of the samples.

3.7.1.2 Preparation of solutions

A 100 mL volume of 10 mM stock solution was prepared of each ion under investigation in
ddHz0, as well as a 100 mL stock solution (10 mM) of EDTA in ddH20. An internal standard
(IS) solution of 100 mL volume of 20 mM TSP in D,O was prepared and aliquoted into 5 mL
tubes and frozen, until needed, to maintain stability of TSP. Normal and pathological
reference ranges of ions in serum and cerebrospinal fluid (CSF) in humans were determined
based upon literature, including medical detection limits (Table 1). Fourteen serial stock
dilutions of each individual ion stock solution were created as 25%, 50%, 75%, 100%, 125%,
150% & 175% of both the upper and the lower range values (Table 2) of the normal

reference ranges highlighted in bold in Table 1, so as to include all the pathological values.



Table 1: Reference ranges of concentrations of Ca, Mg, K, Fe and Zn in blood and
CSF, under normal and pathological conditions, based upon literature.

Normal range'? Pathological range Medical
Blood CSF Blood CSF detection
limit
2250-2590 1020-1340 AD: 1582-1846° PD: 600-764 CSF: 4750*

PD: 1800-3000%3

570-830 550-1230 AD: 663-863° AD: 12,7-14,0
PD: 659-927° PD: 864-946
MS: 1292-1776%

4200-4400"* 2500-3300 PD: 2800-5400% TBM: 2380-3760*° CSF: 4500*

9,0-31,3 3,89-7,25  AD: 22,7-24,43'  AD: 39,7-44,3 Blood <1
PD: 4-28%3 PD: 3,04-3,768
13,6-19,8 0,37-0,60 AD: 8,71-14,53"  AD: 0,45-3,217 Blood: 200°

PD: 9,02-16,06®8  PD: 0,612,458

Concentrations in micromolar (uM). AD = Alzheimer’s disease; PD = Parkinson’s disease;
MS = Multiple sclerosis; TBM = tuberculous meningitis. Bolded normal reference ranges
indicate the ranges selected for our investigation. References: !Lentner,1992; ?Wu, 2006;
3Bocca et al., 2005; “Smith, 2005; °Forte et al., 2005a; ®Forte et al., 2005b; “Molina et al.,
1998; 8Jimenez-Jimenez et al., 1998; °*Sampson et al., 1997; °Abd El-Hafeez et al., 2003;
1Aldahl et al., 2017; *?Ozcankaya & Delibas, 2002; **Hegde et al., 2004; **Alimonti et al.,
2007.



Table 2: Fourteen serial stock dilutions of Mg, Ca, K, Fe, Zn as 25%, 50%, 75%, 100%,
125%, 150% & 175% of both the upper and lower values of their normal reference
ranges from Table 1.

Mg Ca K Fe Zn

570" 830Y 1020 1340Y 2500- 3300Y 9,00 31,3V 13,6 19,8Y

25% 142,5 2075 255 335 625 825 2,25 7,8 3,4 5,0

50% 285 415 510 670 1250 1650 4,5 15,7 6,8 9,9

75% 427,5 622,5 765 1005 1875 2475 6,75 235 10,2 149

100% 570 830 1020 1340 2500 3300 9 31,3 136 19,8

125% 712,5 1037,5 1275 1675 3125 4125 1125 39,1 17 24,8

150% 855 1245 1530 2010 3750 4950 135 470 204 29,7

175% 997,5 14525 1785 2345 4375 5775 1575 54,8 23,8 34,7

Volumes given as microliter (uL). - = lower reference range. Y = upper reference range.
3.7.1.3 Method development
3.7.1.3.1 Experiment 1

The aim of experiment 1 was to determine a enough concentration of EDTA required for
complete chelation with the highest concentration of each ion in Table 2. Firstly, a 50ml
stock solution of the highest upper reference value of each ion was prepared and labelled
level 14. Then, from each level 14 solution, four 510uL solutions were transferred into
Eppendorf tubes. A volume of 60uL IS (2M TSP in D,O) and 30uL EDTA solution were
added to each Eppendorf tube, according to the 90:10 ratio of sample:D.O as per typical
NMR metabolomics protocol (Beckonert et al., 2007). EDTA concentration varied depending
on concentration range of each ion. EDTA concentration were: 3, 9, 15 & 30 uM for iron and
zinc, 9, 15, 30 & 45 uM for magnesium, 45, 60, 75 & 90 uM for potassium, and 105, 120,

135 & 150 for calcium. Tandy et al. (2004) emphasizes the importance of adding excess



chelating agent (EDTA) in solutions containing various ions as they compete for chelation.
Hence, the optimal EDTA concentration in this study should fully chelate the ion of interest,
with free EDTA (not highly excessive amounts) still being available. The pH for each sample
was adjusted to a constant 7.00 £ 0.05. The final samples were then transferred into 5mm
NMR tubes and analyzed using *H-NMR. The effects of different EDTA concentration on the
spectra were identified and optimal concentration for chelation was determined.

3.7.1.3.2 Experiment 2

The succeeding experiment 2 utilized the results of experiment 1 — the optimal EDTA
concentration. The aim of experiment 2 was to determine the effects of the change in pH on
the chemical shift in the *H-NMR spectra. To determine the effect of pH on chemical shift for
each ion, 15 samples were prepared by transferring 510uL level 14 solutions into Eppendorf
tubes and adding 60uL IS (2M TSP in D,O) and 30uL of the optimal EDTA concentration
determined in experiment 1. The pH was then adjusted to five different values 6.50, 6.80,
7.00, 7.20 and 7.50 (all £ 0.05) in triplicates. The specific pH range of 6.50-7.50 was used as
this is within the typical physiological pH range in humans (Waugh & Grant, 2014). Lastly the

samples were transferred to 5mm NMR tubes and analyzed.
3.7.1.3.3 Experiment 3

The aim of experiment 3 was to use the optimal conditions obtained in the preceding
experiments and assess the method across the concentration ranges determined in Table 2.
From the fourteen serial stock dilutions of Mg, Ca, K, Fe and Zn, 510 pL of each level in
triplicate were mixed with 60uL of the IS and 30uL of optimal EDTA concentration, which
was determined in Experiment 1. Similarly, pH was adjusted to the optimal value within the
range of 6.50-7.50, that was determined in Experiment 2. The final samples were transferred

to 5mm NMR tubes and analyzed.
3.7.1.4 'H-NMR analysis

To minimize technical variation, the NMR spectrometer was automatically calibrated prior to
analysis of each sample. NMR calibration involved tuning the probe, locking onto the
deuterated component, shimming to ensure a homogenous and aligned magnetic field, and
calibration of the radio frequency pulse to precisely 90° to the nuclei. A 500 MHz Bruker
Avance Ill HD NMR spectrometer equipped with a 5 mm triple resonance inverse (TXI) {!H,
15N, 3C} probe head and x, y, z gradient coils were used to analyze all samples. For this
method development, the TXI inner coil was optimized for *H observation as this was our

nuclei of interest. Temperature within the probe was maintained at 300 K. Spectra were



acquired as 128 transients in 32K data points with a spectral width of 12,000 Hz (24.0 ppm).
The H»O resonance at 4.70 ppm was suppressed using the pulse sequence program
NOESY-presat, which presaturates the H.O resonance by single-frequency irradiation during
a relaxation delay of 4 s, with a 90° excitation pulse of 10 ys. The acquisition time and
receiver gain were set for 2.7 s and 64, respectively. The number of dummy scans = 4 and
number of scans = 128, yielding a run time of 15 min and 45 s per sample. Fourier
transformation and phase and baseline correction were done automatically. The quality of
the spectra was checked by ensuring that resonance line width for TSP was <1 Hz. Bruker
Topspin (V3.5) was used for NMR pre-processing, and Bruker AMIX (V3.9.14) was used for
peak annotation and quantification.

3.8 Results
3.8.1.1 Experiment 1

For Experiment 1 we aimed to determine the concentration of EDTA considered sufficient to
completely chelate the highest concentration of each biologically important ion in this study,
with free EDTA (not highly excessive amounts) still being available because ions compete
for chelation. For our method development we used a set volume of 510 pL of the highest
concentration of each ion under study (Table 2), to which we added 60 yL 2mM TSP in D20
and 30 pL of varying concentrations of EDTA solution. A pH of 7.00 £ 0.05 was maintained
across all samples. Thus, the only variable that changed for experiment 1 was the
concentration of EDTA solution used. The range of EDTA concentration used depended
upon the normal reference range of each ion (Table 2) and is shown in Table S1 in the
Supplementary Information (SlI). The assessment for experiment 1 was done qualitatively by

examining the *H-NMR spectra (Fig. 5).

Visual examination of the top *H-NMR spectrum of Fig. 5 shows that Zn chelated with EDTA
across all four concentrations of EDTA (3, 9, 15 & 30 mM). The lowest concentration of
EDTA (3 mM) was able to completely chelate with the highest concentration of Zn in our
study, and still have free EDTA visible. When visually examining the *H-NMR spectra of Mg
chelated with EDTA (middle spectrum of Fig. 5; across the EDTA concentrations of 9, 15, 30
& 45 mM), it is evident that at 9 mM & 15 mM there was insufficient EDTA available. This
can be seen be the chelated complexes showing insufficient chelation and zero free EDTA
present — all the free EDTA was used to chelate the Zn in the sample, but free Zn was still
present in the sample. At 30 mM EDTA complete chelation with Mg occurred but there was
minimal free EDTA left. Similarly, to Mg, the *H-NMR spectra of Ca chelated with EDTA
(bottom spectrum of Fig. 5; across the EDTA concentrations of 45, 60, 75 & 90 mM) show



that 45 mM EDTA resulted in incomplete chelation of Ca, with zero free EDTA remaining. At
60 mM EDTA, complete chelation occurred with Ca and ample free EDTA remaining. Hence,
the optimal concentration of EDTA solution in our method development was 3, 30 & 45 mM
EDTA for Zn, Mg and Ca, respectively.
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Figure 5: Qualitative assessment of *H-NMR spectra (relative to IS) to determine sufficient EDTA concentration for complete chelation

of the highest concentration investigated for Zn (top), Mg (middle) and Ca (bottom). All measurements done at pH 7.00 = 0.05.






A further result of experiment 1 provides information on the chemical shifts and peak splitting
of EDTA-chelated Zn, Mg & Ca. This information is described in Table 3.

Table 3: Chemical shifts and peak splitting of EDTA-chelated Zn, Mg and Ca.

8-proton EDTA chelated complex  4-proton EDTA chelated complex

Chemical moiety (-N-CH2-COOH)4 -N-CH,-CH»-N-
Zn 3.36 g (CHa)s 2.87 s (CH2)2
Mg 3.23 g* (CH2)4 2.70 s (CHo)2
Ca 3.13 q (CHo)s 2.56 s (CH2)2

Peak splitting: q = quartet (*indicates tightly coupled); s = singlet.

Of note, the 'H-NMR spectra of both Fe and K showed only the two single peaks
representing free EDTA. This indicates that at pH 7.0, and with varying concentrations of
EDTA, neither Fe nor K formed any chelated complexes with the free EDTA. For experiment
2, 30 mM and 150 mM EDTA solutions were used for Fe and K respectively to assess if any
chelation would occur across the pH range of 6.5 to 7.5 + 0.05. Similarly, to experiment 1,
neither Fe nor K were observed to form any chelated complexes with free EDTA and were
hence not measured in experiment 3. The inability of EDTA to complex with Fe and K is

elaborated upon under the discussion.
3.8.1.2 Experiment 2

For Experiment 2 we aimed to determine the optimal pH for our method for each ion within
the pH range of 6.50-7.50, which is within the human physiological pH range (Waugh &
Grant, 2014). For our method development we used a set volume of 510 pL of the highest
concentration of each ion under study (Table 2), to which we added 30 pL of the optimal
EDTA solution — determined in experiment 1, and 60 yuL 2mM TSP in D20O. Thus, all volume
concentrations remained the same for experiment 2. The only variable that was altered was
the final pH of each sample. Five different points of pH were examined (6.50, 6.80, 7.00,
7.20 and 7.50; all £ 0.05), each in triplicate. Thus 15 samples were prepared for each ion.
Table 2 (SI) shows the final pH measurements (individual and mean) recorded for Zn, Mg

and Ca.



The results of experiment 2 are shown qualitatively by the *H-NMR spectra in Fig. 6, which
illustrates that the chemical shift of all the free EDTA peaks are affected by the change in the
pH. For Zn (Fig. 6 — left), the chemical shift for the quartet representing the 8-proton Zn-
EDTA chelated complex was at 3.36 ppm (Table 3). For the pH values of 6.50, 6.80 and
7.00, the 4-proton free EDTA peak overlaps with the 8-proton Zn-EDTA quartet at 3.27, 3.27
and 3.35 ppm, respectively (highlighted by the red box). For the pH values of 7.20 and 7.50,
no overlap occurs. Thus, for our study 7.50 was selected as the optimal pH for Zn.

For Mg (Fig. 6 — middle), the chemical shift for the quartet representing the 8-proton Mg-
EDTA chelated complex was at 3.23 ppm (Table 3). Similarly, to Zn for the pH values of
7.00, 7.20 and 7.50, the 4-proton free EDTA peak infringes upon the 8-proton Mg-EDTA
gquartet at 3.25, 3.28 and 3.31 ppm, respectively (highlighted by the red box). For the pH
values of 6.50 and 6.80, no overlap occurs. Thus, for our study 6.50 was selected as the

optimal pH for Mg.

For Ca (Fig. 6 — right), the chemical shift for the quartet representing the 8-proton Ca-EDTA
chelated complex was at 3.13 ppm (Table 3). None of the 4-proton free EDTA peaks across
the examined pH range 6.50-7.50 infringed upon the 8-proton Ca-EDTA chelated complex.
To select the optimal pH for Ca we examined the standard deviation (STD) at each pH
measurement and found pH 7.20 to have the lowest STD. Hence, for our study 7.20 was

selected as the optimal pH for Ca.
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Figure 6: Qualitative assessment of representative 1H-NMR spectra across pH range 6.50,
6.80, 7.00, 7.20 and 7.50 for Zn (left), Mg (middle) and Ca (right). Red boxes indicate regions
where free EDTA peak infringes upon chelated EDTA peak.

3.8.1.3 Experiment 3

For experiment 3, samples were prepared based upon the optimal EDTA and pH from experiments
1 and 2, respectively. Samples were prepared in triplicate across the dilution ranges of Zn, Mg and
Ca, shown in Table 2. Hence, 42 samples were prepared for each ion and loaded randomly onto
the NMR auto sampler to mitigate bias. For the assessment of our method four measures were

examined, namely: accuracy, precision, linearity, and repeatability.



Table 4: Quantitative output of experiment 3 for the 4-proton and 8-proton EDTA chelated

complexes across 14 concentration levels of Ca, Mg and Zn, including the true values.

LvL 4Ca- 8Ca- True 4Mg- 8Mg- True 47Zn- 8Zn- True

EDTA EDTA Ca EDTA EDTA Mg EDTA EDTA Zn

1 Mean 254,3 281,5 255 123,0 138,3 142,5 3,6 4,2 3,4
Std 3,9 2,4 1,9 14 0,8 0,6
Cv 15 0,9 1,6 1,0 23,5 14,5

2 Mean 3190 352,0 335 179,7 193,5 207,5 6,5 7,5 4,95
Std 4,3 7,4 1,2 0,5 0,4 0,6
Ccv 1,4 2,1 0,7 0,3 6,5 7,9

3 Mean 4992 540,3 510 249,1 269,5 285 8,6 10,6 6,8
Std 2,6 2,3 2,2 2,1 0,3 2,4
Cv 0,5 0,4 0,9 0,8 3,3 22,5

4 Mean 6477 697,1 670 352,2 371,5 415 10,6 10,9 9,9
Std 1,6 2,7 1.3 0,7 1,2 1.4
Cv 0,3 0,4 0,4 0,2 11,2 12,6

5 Mean 7332 786,3 765 375,5 397,4 427 10,6 10,9 10,2
Std 10,0 9,8 5,6 4,1 0,3 0,5
Ccv 1,4 1,2 15 1,0 2,7 4,5

6 Mean 943,7 1007,8 1005 503,4 526,6 570 13,8 13,7 13,6
Std 51 5,6 6,1 6,6 0,8 11
Cv 0,5 0,6 1,2 1,3 59 8,3

7 Mean 9515 1017,4 1020 546,9 572,3 622,5 16,4 16,2 14,85
Std 3,6 3,2 8,0 8,3 0,6 0,8
Cv 0,4 0,3 15 1,4 3,4 5,0

8 Mean 1236,4 1316,5 1275 626,5 652,1 712,5 17,0 17,0 17
Std 5,8 4,1 11,6 12,9 14 1,2
Cv 0,5 0,3 1,9 2,0 8,3 6,9

9 Mean 12739 1356,0 1340 735,1 764,9 830 19,2 23,1 19,8
Std 19,5 20,9 7,8 7,6 2,1 53
Cv 15 15 11 1,0 111 22,9

10 Mean 1426,8 1530,7 1530 765,0 797,1 855 20,0 20,1 20,4
Std 29 5,0 7,4 4,8 0,8 0,6
Cv 0,2 0,3 1,0 0,6 3,9 3,0

11 Mean 1577,1 1676,0 1675 900,2 933,7 997,5 24,3 24,8 23,8
Std 21,2 22,6 31,2 31,9 2,1 2,1
CVv 1,3 1,4 3,5 3,4 8,6 8,8

12 Mean 1691,3 17956 1785 913,0 945,8 1037 25,8 26,4 24,75
Std 8,1 6,2 6,6 6,7 0,5 0,4
CVv 0,5 0,4 0,7 0,7 2,0 15

13 Mean 1857,4 1969,6 2010 1087,0 1124,1 1245 29,1 28,9 29,7
Std 8,2 8,3 16,8 17,3 0,6 0,1
CVv 0,4 0,4 15 15 2,2 0,5

14 Mean 2240,3 2379,6 2345 1297,6 1340,2 14525 35,0 35,0 34,65
Std 76,7 83,3 23,4 25,1 2,1 1,7
CVv 3,4 3,5 1,8 1,9 6,0 4,9

Concentrations given in micromolar (uM). Coefficients of variation (CVs) given in percentage (%).



3.8.1.3.1 Accuracy

For our study we used the % recovery to measure accuracy (Table 5). For Ca and Mg, the 8-
proton EDTA complex (represented by the quartets at 3.13 and 3.23 ppm, respectively — Table 3)
gave the more accurate results when compared to the 4-proton EDTA complex (represented by the
singlets at 2.70 and 2.56 ppm, respectively — Table 3). For the medium to high concentrations of
Mg and Ca the chelated quartet gave a median %error of 7.67% and 1.33%, for Mg and Ca
respectively. However, the lower concentration ranges of Zn (~10 uM and lower, near the noise
level), were difficult to quantify accurately. The 4-proton EDTA complex (represented by the singlet
at 2.87 ppm — Table 3) gave the more accurate results for Zn, with a median %error of 2.81%.
Overall, good accuracy was obtained by our method.



Table 5: Accuracy measured via % recovery for both the 4-proton and 8-proton EDTA
complex of Ca, Mg and Zn.

LvL % Recovery

4Ca- 8Ca- 4Mg- 8Mg- 47n- 8Zn-
EDTA EDTA EDTA EDTA EDTA EDTA

1 99,72 110,39 86,28 97,07 104,35 123,03
2 95,24 105,07 86,59 93,24 130,38 150,78
3 97,87 105,95 87,39 9456 126,83 156,06
4 96,67 104,04 84,86 89,52 106,72 110,19
5 95,85 102,79 87,93 93,07 103,72 106,66
6 93,90 100,28 88,32 92,38 101,56 100,43
7 93,28 99,75 87,86 91,93 110,27 108,81
8 96,97 103,25 87,93 91,53 99,94 100,08
9 95,07 101,19 88,57 92,16 96,83 116,49
10 93,25 100,04 89,47 93,23 97,67 98,71
11 94,16 100,06 90,24 93,60 101,89 104,20
12 94,75 100,59 88,04 91,21 104,25 106,54
13 92,41 97,99 87,31 90,29 97,94 97,24
14 95,53 101,48 89,34 92,27 100,91 101,00

Mean 95,33 102,35 87,87 92,58 105,95 112,87

Median 95,15 101,33 87,93 92,33 102,81 106,60




3.8.1.3.2 Precision and linearity

Both the precision and linearity of our results are illustrated in Fig. 7. For both Ca and Mg, a small
amount of variation was evident at level 14 (highest concentration). For Zn, the 8-proton EDTA
complex showed some varying degrees of variation, while the 4-proton EDTA complex showed
minimal variation. Taking into consideration the qualitative (STD error bars in Fig. 7) and
guantitative (STD in Table 4), it can be concluded that the variation was small enough to be
considered negligible, across Ca, Mg and Zn. Hence, our method can be considered to have good
precision. Furthermore, both Ca and Mg show good linearity in Fig 6 for both the 4-proton and 8-
proton EDTA complexes, with a R? of 98% and 97%, respectively. For Zn, the linearity was
considered good for the 4-proton EDTA complex with a R? of 97%, with the 8-proton EDTA
complex exhibiting a lower R? of 96%. Overall, good linearity was achieved for our method.

3.8.1.3.3 Repeatability

For the final assessment of our method, the repeatability was assessed based upon the calculated
CV (Table 6). For Ca, the CV ranged from 0.20 to 3.50%, with a median CV value of 0.53 and
0.49% for the 4-proton and 8-proton EDTA complexes, respectively. For Mg, the CV ranged from
0.20 to 3.47%, with a median CV value of 1.33 and 1.04% for the 4-proton and 8-proton EDTA
complexes, respectively. For Zn, the CV ranged from 0.50 to 23.49%, with a median CV value of
5.91 and 7.40% for the 4-proton and 8-proton EDTA complex, respectively. Hence, both Ca and
Mg showed excellent repeatability, each having an outlier CV at level 14 and 11, respectively. For
Zn, because the concentration range was very low (close to the noise level), the repeatability was
poorer. This highlights that the reliability of gNMR is poorer at low concentrations (~10 uM or
below).
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Figure 7: Linearity plots (with STD error bars) for Zn (top), Mg (middle) and Ca (bottom).



Table 6: Calculated CVs (%) across Ca, Mg and Zn chelated complexes.

LvL 4Ca- 8Ca- 4Mg- 8Mg- 47Zn- 8Zn-

EDTA EDTA EDTA EDTA EDTA EDTA
1 1,52 0,85 1,57 1,04 23,49 14,50
2 1,36 2,11 0,67 0,28 6,50 7,89
3 0,52 0,43 0,88 0,78 3,28 22,54
4 0,25 0,39 0,38 0,20 11,23 12,56
5 1,37 1,24 1,48 1,04 2,73 4,45
6 0,54 0,55 1,20 1,26 5,86 8,25
7 0,38 0,32 1,47 1,44 3,37 4,95
8 0,47 0,31 1,86 1,98 8,34 6,90
9 1,53 1,54 1,06 0,99 11,05 22,86
10 0,20 0,33 0,96 0,60 3,92 2,97
11 1,34 1,35 3,47 3,42 8,62 8,75
12 0,48 0,35 0,72 0,71 2,01 1,53
13 0,44 0,42 1,54 1,54 2,17 0,50
14 3,42 3,50 1,80 1,87 5,95 4,92
Mean 0,99 0,98 1,36 1,22 7,04 8,83
Median 0,53 0,49 1,33 1,04 5,91 7,40
Max 3,42 3,50 3,47 3,42 23,49 22,86

Min 0,20 0,31 0,38 0,20 2,01 0,50




3.9 Discussion

The objectives of our study were to 1) determine the optimal concentration of chelating EDTA
needed per ion based upon literature reference ranges, 2) identify the optimal pH per ion, within
the physiological range of 6.50-7.50, and 3) apply these optimal conditions to evaluate our method
for a linear concentration range of each ion. Of the five biologically important ions investigated,
three ions (Ca, Mg and Zn) successfully chelated with free EDTA to produce complexes that
produced unique *H-NMR spectral patterns. Based upon experiment 1, the optimal concentration
of EDTA needed for Ca, Mg and Zn was 45, 30 and 3 mM, respectively. Based upon experiment 2,
the optimal pH for analysis of Ca, Mg and Zn was 7.20, 6.50 and 7.50, respectively. With these
method parameters experimentally determined, we set out to test our method in three different
physiological concentration ranges (Table 2): “high” (Ca: 255-2345 uM), “medium” (Mg: 142,5—
1452,5 uM), and “low” (Zn: 3,4-34,7 uM). Our method was evaluated based upon accuracy,

precision, linearity, and repeatability.

e Accuracy — good. The “high” concentration range of Ca showed the highest accuracy
(median %error of 1.33% for the 8-proton EDTA complex). Mg across all 14 levels
examined showed lowered % recovery and an overall median %error of 7.67%. The “low”
concentration range of Zn proved to show accurate results (median % error of 2.81%) for
concentrations >10 uM, but Zn concentrations ~10 uM and lower were less accurate — a
known limitation of quantitative metabolomics using NMR (Wishart, 2008). Within NMR
metabolomics studies, the “detection threshold”, based on the signal to noise ratio in each
spectrum (i.e., when the spectrum is noisy), is directly related to the number of scans
during spectral acquisition. For our experiment we used 128 scans, most used for serum
samples, which has a detection threshold of ~10 uM (Ravanbakhsh et al., 2015). Hence,
concentrations ~10 pM and lower in *H-NMR metabolomics serum studies are typically
guantitatively inaccurate.

e Precision — good. The standard deviation (STD; shown qualitatively in Fig. 7 and
guantitatively in Table 4) was good across Ca, Mg and Zn, with a median STD of
approximately 6, 7 and 1, respectively.

e Linearity — good. Ca and Mg had a consistent R? of 98% and 97%, respectively, across
both the 4-proton and 8-proton EDTA chelated complexes. Zn had a R? of 96% for the 8-
proton EDTA complex and 97% for the 4-proton EDTA complex.

¢ Repeatability — good. Ca and Mg had excellent median CVs of approximately 0.5 and 1.1%,
respectively. Zn, however, proved less repeatable due its lower concentration values.

Hence, we achieved our aim by developing a gqNMR method for metabolomics for the reliable

guantification of Ca, Mg and Zn. The evaluation of the method showed good results, except for Zn



being less repeatable and less accurate at concentrations ~10 pM and lower. Our study also
supports the work done by Somashekar et al. (2006), who observed that pH is inversely
proportional to the error in quantitation in the case of Ca-EDTA — the higher the pH the lower the
error of quantitation. According to Somashekar et al. (2006), at a pH less than 6.6 there is
broadening of H-NMR spectral peaks due to the elevated rate of destabilization of the complex as
a result of partial protonation of the acetate groups. This was observed here for both Mg and Ca.

For our method, irrespective of EDTA concentration, both Fe and K did not chelate with EDTA
within the physiological pH range of 6.50-7.50. For K we tried different substrates, such as
potassium acetate and potassium formate, as well as potassium sulphate and potassium
dichromate. All K substrates failed to chelate with EDTA. The specific reason as to why EDTA is
known to bind to other metals and but not K* in the current setting, is unknown. For future method
development, an alternative (biological) approach may be worth investigating. For example,
nonactin, an antibiotic that is a medium sized organic molecule that transports metals across
membranes, could potentially be used as a chelating agent in the quantitation of potassium (Zhan
& Zheng, 2016). Stable complexes with cations such as K", NHs* and Na® are formed with
nonactin, giving nonactin the ability to transport these ions across membranes (Kusche et al.,
2009). Conveniently, nonactin in CDCI; spectra have been identified using *H-NMR (Zhan &
Zheng, 2016).

Like K, varying concentrations of EDTA within the physiological pH range of 6.50—7.50 did not lead
to chelation of Fe. This was an unexpected result as EDTA is known to chelate both ferric and
ferrous forms of iron. Further research identified that the synthesis of iron (lll) EDTA is chemically
more complex than originally anticipated (Loots et al., 2007). Further, a study on the recycling of
lead contaminated EDTA wastewater Kim & Ong (1999) shed some more light on reasons as to
why EDTA could not chelate with Fe in this study. According to Kim & Ong (1999) the relative
stability of metal-EDTA chelation must be considered and in the presence of other metals it is
determined by stability constants, pH of the solution, concentration of metals and EDTA. From Fig.
8 the optimal pH is inversely proportional to the log (stability constant) of the metal ion, and that
Fe-EDTA is more stable at a pH lower than 3. At a higher pH, Fe-EDTA tends to precipitate (Kim &
Ong, 1999). The role of EDTA-metal complex stability constants was further investigated by Flora
& Pachauri (2010), where a metal with higher k constant competes for the chelating agent with a
metal of lower stability value and ultimately removes the latter — shown in Table 7. However, other
variables like the number of heterocyclic rings formed and relative concentration also play a role,
which is why Ca?* — readily available in body fluids — binds preferentially with EDTA in spite of
the higher stability constant of Pb or Ni. Moreover, the predictability of the outcome in a biological
fluid/system is limited regardless of all the known properties of an ideal chelator (Flora & Pachauri,

2010). Hence, more research of chelating agents within biological fluids/systems is warranted.



Table 7: EDTA-metal complex stability constants

Metal Na Li Ba Sr Mg Ca Mn Fe Co Zn Cd Pb Ni
K(og) 1.7 28 78 86 87 106 134 144 16.1 16.1 164 183 184
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Figure 8: Comparison of conditional stability constants for various metal-EDTA complexes
as a function of pH (Kim & Ong, 1999).

Since there was no chelation at the desired physiological pH range of 6.50-7.50, another chelating

agent that forms a stable metal-chelating agent is needed for the absolute quantification of Fe.

Therefore, deferoxamine mesylate (DFO), a well-known FDA-approved iron chelator, could be the



perfect substitute for EDTA. Under physiological conditions iron is extremely insoluble. Bacteria
can secrete and use DFO in order to assimilate iron in highly scarce conditions. DFO exhibits a
high affinity for Fe (Ill), which occurs in low concentrations under aerobic conditions. DFO has
been the gold standard iron chelating agent in clinical practice for the past four decades (Lazaridou
et al., 2020), used in treating iron overload-associated diseases like thalassemia and tumors
(Umemura et al., 2017). The use of DFO has prolonged and improved the quality of life for
numerous iron overload patients [Piccioni et al., 2020, Taher & Saliba, 2017]. In vitro and in vivo
studies have shown that DFO can chelate with Fe (lll) in a 1:1 reaction to form highly stable
compounds preventing further chemical reactions (Yu et al., 2017). In the presence of other metal
ions or chelating agents DFO binds to iron first. Conveniently, free DFO is expected to produce two
clear triplet peaks in a *H-NMR spectrum — at 2.00 ppm and another at 2.80 ppm. Due to its high
affinity for iron (Ill), DFO is the befitting chelating agent for further investigation in a metabolomics
setting, for the development of a H-NMR quantitative method of Fe (Ill) in serum under

physiological conditions.

3.10 ConclusionWe have presented a quantitative *H-NMR analysis of biologically important ions
using EDTA as a chelating agent within physiological pH and concentration ranges for the field of
metabolomics. The idea of quantifying metal ions using EDTA as a chelating agent and *H-NMR
spectroscopy is one that has been put into practice in chemistry and our study supports the work
done by Hafer et al. (2020) and Somashekar et al. (2006). Our *H-NMR method was able to
accurately and reliably quantify Ca, Mg and Zn. A limitation was that for concentrations ~10 uM
and lower our method became less accurate and repeatable. Fe and K failed to chelate with EDTA
under our experimental conditions. We acknowledge that the scope of our study presented here
was limited to pure single ion solutions; however, our study lays the foundation for the genesis of
further quantitative *H-NMR method development of simultaneous analysis of Ca, Mg and Zn in
biological samples, specifically within the field of metabolomics. Further development includes
modelling ion mixtures to verify the application limits, as well as application to biological samples.
Presumably, within a biological matrix (e.g., serum, CSF) where multiple ions are present,
increased concentration of EDTA would be required and adjustments (pH and reagent
concentrations) would need to be incorporated to account for possible interferences (e.g.,
overlapping *H-NMR peaks). Furthermore, once this *H-NMR method has been standardized for
biological matrices, comparisons would need to be made to the ‘gold-standard’ methods utilized by
chemistry (i.e., ion chromatography, flame atomic absorption spectrometry and inductively coupled
plasma mass spectrometry). As for Fe, we have identified that there is a need to investigate further
using potential catalysts and a more specific chelating agent, such as DFO. Lastly, Fe is known to

bind to transferrin in biological samples, so an additional pre-treatment step (addition of



nitrilotriacetate or citrate) of the biological samples would be needed to release any bound Fe — a
step to consider for other biological ions as well.
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CHAPTER 4 EVALUATING DFO AS A CHELATING AGENT USING 'H-
NMR SPECTROSCOPY

Introduction

Metal chelators have a wide range of applications in both in scientific research and medicine (Cho,
2020). One example is lanthanide metal-chelator, used as signal shifting agent to increase H-
NMR resolution (Von Ammon & Fischer, 1972). Deferoxamine (DFO) is an iron chelator that has
been used for more than four decades to treat hemosiderosis (Porter et al., 2005). Body cells
require adequate amount of iron. Progressive iron accumulation overwhelms the body’s capacity of
adequate sequestration of excess iron, leading to iron overload (Brittenham & Badman, 2003). Iron
is tremendously important in haemoglobin synthesis of erythrocytes, oxidation—reduction reactions,
and cellular proliferation (Kohgo et al., 2008). Nutritional deficiency can provoke increased
susceptibility to infectious diseases. Iron deficiency can be due to malabsorption or iron deprivation
(Punnonen et al.,, 1994). Non-transferrin bound iron (NTBI) was associated with iron overload
conditions (Gosriwatana et al., 1999). Many potential ligands have been used to capture iron in
serum (Gosriwatana et al., 1999). The capacity of DFO to chelate and excrete iron in overload

patients has been well documented in literature (Breuer et al., 2001).

The first NMR-based metabolic studies date back to the 1970's, and NMR has since played a
central role in our understanding of metabolism and metabolic processes of both healthy and
diseased tissue (Wishart, 2008). Up to date, NMR still has several advantages over its competitors:
it is a non-destructive, non-biased and easily quantifiable method which requires little or no sample
preparation. It is particularly amenable to compounds that are difficult to analyse by its
counterparts GC-and LC-MS (Wishart, 2008). Currently, there is no 'H-NMR serum iron
guantification method. The manuscript that follows describes the development of a method to use

DFO as a chelating agent of iron to quantify iron in serum using *H-NMR.
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Abstract

Accurate body iron assessment is crucial for the diagnosis of several diseases associated with
abnormal iron levels. Current methods rely on serum-based indicators and are faced with
challenges of their own. Deferoxamine (DFO), a chelating agent with a high affinity for ferric iron
(Fe®), is used in clinical practice to treat for iron overload and can be exploited to quantify serum
iron using proton nuclear magnetic resonance (*H-NMR) spectroscopy. Here, we developed a new
'H-NMR method based upon past kinetics studies to quantify serum iron utilizing DFO as a
chelating agent. While the *H-NMR spectrum of free DFO has been well documented, the complex
Fe-DFO (ferrioxamine; FOB) has not. In our method development we identified a *H-NMR peak as
the best candidate to measure FOB as this peak increased proportionally with Fe3* concentration,
concurrently the *H-NMR peaks representing DFO decreased. However, upon application to serum
samples spiked with Fe®', it became evident that the prepared samples were not stable when
measured over 72 hours, indicating further development of the method is needed. This study avails
towards a new, non-destructive, non-invasive and, possibly, more efficient method for a rapid

assessment of serum iron status using *H-NMR spectroscopy.



Introduction

In the human body, iron is the most abundant transition metal, crucial for the utilisation of oxygen,
and a vital component of oxidases and oxygenases (Puntarulo, 2005). Iron is present both inside
and outside of cells within extracellular fluids, such as interstitial fluid, blood and lymph (Milto et al.,
2016).

One of the most important properties of iron is that it can take part reversibly in oxidation/reduction
reactions (Milto et al., 2016). Iron functions as the catalytic component (cofactor or prosthetic
group) of enzymes that mediate crucial cellular redox reactions such as energy production
(Farthing, 1989). Iron also stabilises the tertiary or quaternary structure of enzymes and promotes
formation of an enzyme-substrate complex (Milto et al., 2016). Subtle harnessing of iron’s ability to
change valence can provide the electron transport chain with a range of redox potential (Harrison
& Arosio, 1996). Living cells are in constant need of iron due to its major role as a cofactor in
mitochondrial enzymes (Weiss, 2002). In the blood circulatory system, iron is the central molecule
for the binding and transport of oxygen by erythrocytes. Quantitatively, the proteins with the most
amount of iron are haemoglobin and myoglobin (Anderson & Vulpe, 2009). Iron modulates many
immune effect mechanisms such as nitric oxide formation, host immune cell proliferation and
cytokine activities (Weiss, 2002). Furthermore, iron plays an important role in immunosurveillance
because of its growth-promoting role in immune cells (Weiss et al., 1995). Thus, iron is needed in a
myriad of biological processes, making iron quantification a fundamental assay for various types of

diagnoses.

Despite the abundance of iron in the human body, usable iron is typically in the deficit; the reason
being that iron is insoluble at circumneutral pH (Sanchez et al., 2017, Harrison & Arosio, 1996).
Iron burden assessment is crucially important as the tissue damage extent is partly related to iron
content (Beutler et al., 2002). According to Burns et al. (1990), most used tests for screening iron
deficiencies have significant limitations. Since the late 1970’s it has been well established that the
most effective way to diagnose iron deficiency is by bone marrow biopsy (Burns et al., 1990). In
fact, the gold standard methods for accurate quantification of iron are quite invasive, such as liver
biopsy and bone marrow biopsy (Allstiza et al., 2004, Pietrangelo, 2005). Up until now, scientists
are still developing non-invasive methods to efficiently quantify iron to diagnose conditions such as
iron deficiency. One of the more sensitive analytical methods for iron quantification is inductively
coupled plasma mass spectrometry (ICP-MS). However, ICP-MS has numerous disadvantages,
including spectral interferences, destruction of the sample and high detection limits for some
applications (Olesik, 1991), and requires complex sample preparation (Sooriyaarachchi & Galiler,
2010). One of the major disadvantages of ICP-MS being the need to use high volumes of serum

(de Oliveira et al. 2020). Higher serum volumes are not feasible for diagnostic purposes because



multiple assays are often performed on the same serum sample. Obviously, only an adequate
volume of blood can be collected due to ethical and medical reasons.

Proton nuclear magnetic resonance (*H-NMR) spectroscopy is a nondestructive analytical tool that
do not require elaborate sample preparation or fractionation. Relative to ICP-MS, *H-NMR is well
suited to analyze limited volume serum samples (Mason et al. 2018). H-NMR has both quantitative
and qualitative capabilities and the ability to determine structures at a molecular level.

However, 'H-NMR is a stranger to iron quantification in serum samples. Only specific metabolites
containing hydrogen(s) linked to carbon atoms can be analysed with *H-NMR. Iron on its own is
invisible on a 'H-NMR spectrum, but when in complex with a molecule visible on a *H-NMR
spectrum, such as an iron chelator, then iron can be identified and potentially quantified using ‘H-
NMR. Iron chelators on their own produce a unique *H-NMR spectral pattern. When in chelation
with iron there is a three dimensional (3D) conformational change in the chemical structure. This

3D conformation change also changes the resulting *H-NMR spectral pattern.

Deferoxamine (DFO), a bacterial siderophore that has been a clinical drug for more than four
decades is considered the best iron chelating agent (Sooriyaarachchi & Gailer, 2010). DFO was
the first high molecular weight (MW) iron chelator that was efficient in maintaining iron stores
(Ozment & Turi, 2009). Iron is rendered unreactive by DFO in all reactive oxygen species
producing reactions; thus, DFO can reduce oxidative damage (Hallaway et al., 1989). DFO is
hydrophilic, non-toxic, and can bind both ferrous (Fe?*) and ferric (Fe®*) iron but is highly specific to
the later (Jomova & Valko, 2011). Hayes et al. (1994), investigated the stability of DFO solution
and they concluded that DFO in sterile water remains stable for at least 17-21 days. DFO becomes
physically unstable when stored over this time period as it begins to form precipitates. The high
affinity of DFO for iron is shown by the high stability constant, which gives it the capability to extract
iron from iron-bearing minerals and aqueous Fe*" complexes (Dayani et al., 2004, Domagal-
Goldman et al., 2008). Formation of Fe-DFO complex by naturally synthesized siderophores is
efficient because of the remarkably large association constants for Fe (lll)—siderophore complexes.
According to Albrecht-Gary and Crumbliss (1998) and Hernlem et al. (1996), the association
constants for Fe (lll)-siderophore complexes range between 1023 and 1052. The association
constant for DFO with different tri and divalelent metals are as follows: Fe (lll) = 1042.33, Ga (lll) =
1038.96, Al (Ill) = 1036.11, Ni (Il) = 1027.66, Cu (II) = 1023.98, and Zn (ll) = 1020.40 (Hernlem et
al., 1996). In the presence of these metals DFO will bind iron since their association constants are

smaller (Domagal-Goldman et al., 2008).

It is important to note that in a bio-matrix, such as blood, that iron binds to ligands (proteins). DFO
can remove iron from endogenous ligands (ferritin and transferrin) in blood, albeit slowly,

increasing with chelator concentration, temperature and time of incubation (Hamilton et al., 2017).



Ferritin iron can be released by many reducing agents under aerobic conditions, including
ascorbate which is found in cells (Roginsky et al., 1997). In serum, some of the iron is transferrin
(Tf)-bound; however, DFO does not mobilize significant amounts of Fe from transferrin, unless
exogenous mediators such as nitrilotriacetate (NTA) or citrate are added. Just like in ferritin studies
(Breuer et al., 2000), the removal of Tf-bound iron by DFO is dependent on incubation time. A
substantial proportion of iron overloaded patients also have non—transferrin-bound iron (NTBI) in
the serum. NTBI is more labile than Tf-bound Fe and therefore it constitutes a potential source of
catalytically active Fe and it is a target for chelation by DFO. In vitro studies in serum of patients
with iron overload conditions have shown that DFO does not effectively chelate NTBI (Jacobs et
al., 2005; Breuer et al., 2000). These studies have also shown that citrate and citrate-acetate-Fe
complexes are components of NTBI but are slowly chelated by DFO, even in excess (in the mM
range). Also, the prior mobilization of NTBI with agents such as EDTA, citrate, NTA, or oxalate was
necessary for its detection in various NTBI assays. Hamilton et al. (2017) showed that Fe (lll) ion
binds to DFO more strongly than to the apparent Fe (lI)-NTA complex. Thus, the exact
mechanisms of iron chelation with DFO in humans, the effects of ligands, how much total iron
(bound or free) is chelated (quantifiable) and the kinetics are still areas of research. Hence,
developing a *H-NMR method for rapid quantification of iron in serum samples, using DFO as an

iron chelating agent, is needed.

Since DFO is an organic molecule with C-H bonds it can form a unique *H-NMR spectrum. Free
DFO is expected to form two unique triplet peaks in the *H-NMR spectrum at 2.00 ppm and 2.80
ppm (Tian et al., 2016). DFO chelates Fe®* (Fig. 10) in a 1:1 reaction stoichiometrically (Dayani et
al., 2004). DFO is characterized by a chain which includes three hydroxamate groups, with an

amine as a terminal free group (Galinetto et al., 2016).
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Figure 10: Change in 3D conformation of DFO during chelation with ferric iron (reprinted

with permission from Codd et al., 2018).



The complex Fe-DFO (ferrioxamine; FOB) has different pharmacokinetic properties (Bentur et al.,
1994). In Tesoro et al. (2005) FOB was stable for a few days During complexation, two closed
loops and an open chain containing a protonated amine are formed resulting in six hydroxamate
oxygen atoms coordinating with the Fe (lll) centre to form a distorted octahedron around the
metallic centre (Galinetto et al., 2016), as shown in Fig. 10. FOB is expected to produce its own
unigue 'H-NMR spectrum due to the 3D conformational structure. In this study, a method was
developed that chelates Fe*" with DFO to form FOB in both pure compound solutions and serum
spiked with Fe®*. Our assay was then assessed to determine if *H-NMR spectroscopy — an
analytical method that requires minimal sample preparation and can analyze samples non-
destructively with high repeatability, can identify and quantify FOB in order to rapidly assess the

iron status in serum.



Materials and methods
Chemicals

Trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (TSP; Merck; CAS#. 24493-21-8) as a chemical
shift reference. Deuterium oxide (D.O; Merck; CAS#: 7789-20-0). Deferoxamine mesylate as the
chelation agent (DFO; CAS#: 138-14-7). Cadmium chloride (CdCls; Sigma-Aldrich; CAS#: 10108-
64-2). Double-distilled water (ddH-0; Sigma-Aldrich; CAS#: 7732-18-5). Ferric chloride (FeCls;
Sigma-Aldrich; CAS#: 7705-08-0). Solutions of sodium hydroxide (NaOH; Sigma-Aldrich; CAS#:
1310-73-2) and hydrogen chloride (HCI (10M); Sigma-Aldrich; CAS#: 7647-01-0) used to adjust pH
values. Nitrilotriacetic acid disodium salt monohydrate (NTA; Sigma-Aldrich; CAS#: 18662-53-8)
used as a catalyst. Citric acid trisodium salt (Sigma-Aldrich; CAS#: 68-04-2). Sodium bicarbonate
(NaHCOg;; Sigma-Aldrich; CAS#: 144-55-8). Sodium chloride (NaCl; Sigma-Aldrich; CAS#: 7647-
14-5).

Precautions to avoid iron contamination

With DFO being a siderophore with the strongest affinity for Fe" it is of utmost importance that it
does not encounter unwanted iron in the analytical instrument or in solution (D'Haese et al., 1989).
All test tubes, and other glassware, used were pre-rinsed with 2mM HCI solution to ensure the

removal of any trace amounts of iron.

Stock solutions

Adjustments of pH were performed using 5M HCI and 2M NaOH solutions, prepared by 50%
dilution of 20M HCI with ddH20 and dissolving 80g NaOH in 1L ddH20. A 0.5M Fe (lll) ion solution
was prepared by dissolving 0.811g FeCls;in 10ml of 2mM HCI to prevent precipitation of the Fe (lII)
ions (Birus et al., 1984). Conventional organic buffers, like MES and HEPES, were not used to
prepare the DFO solution because they cause interference with the absorbance measurements
used for FOB determination (Pham et al., 2006), and show up as peaks on 'H-NMR spectra.
Hence, a 10mM solution of DFO was prepared by dissolving 0.065679g of DFO in 10mL of 2mM
NaHCO3, with 0.01M NaCl, and the pH adjusted to 8.1. A mass of 0.000917g of CdCl; was
dissolved in 2mM HCI to make a 0.5mM CdCls solution. 10mM NTA and 0.1M citrate solutions
were made by dissolving 0.019114g and 0.019212g, respectively, in 2mM NaHCOs;. An NMR
internal standard (IS) solution of 20mM TSP was prepared by dissolving 0.34454g TSP in 100 mL

D20, and aliquoted into 10mL tubes and frozen, until needed, to maintain stability of TSP.



Method development

The design of the development of our method is illustrated as a schematic in Fig. 11. Briefly, UV
spectrophotometry was used to determine FeCl;, DFO, FOB and catalyst presence and *H-NMR
spectroscopy was used to identify and quantify DFO and FOB. Method assessment was done by
measuring linearity (R?), repeatability (coefficient of variation (CV)), accuracy (% recovery) and

precision (error bars).
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Figure 11: Schematic of method development.



In a similar approach to our method development using EDTA as a chelating agent (Mathuthu et
al., 2021), a volume of 510uL sample with 60uL IS (2M TSP in D,O) and 30pL chelation agent
(10mM DFO solution) were added to an Eppendorf tube to give a final volume of 600uL, and then
vortexed briefly. It is important to note that the ratio of volume of overall sample to D>O be kept at a
ratio of 90:10 before being transferred to the 5mm NMR glass tubes, for the purposes of locking
during the *H-NMR analysis, and for absolute quantification.

Determining FeCls levels

As with our previous method development (Mathuthu et al., 2021), 14 serial dilutions of FeCls; were
created as 25%, 50%, 75%, 100%, 125%, 150% & 175% of both the upper (31,3uM ) and the
lower (9,0 uM) range values of the normal physiological reference range of iron found in serum
(Lentner, 1992; Wu, 2006).

Deferoxamine determination

A 10mM solution of DFO, diluted to 500uM in the final volume, used for our method development,
was pre-determined qualitatively (clear peaks of good resolution) on a *H-NMR spectrum to be of
enough abundance. Free form 10mM DFO was also analysed using a UV spectrophotometer to

confirm the presence of a DFO peak at an absorbance of 226nm (Gower et al., 1989).

Ferrioxamine determination

A 10mM DFO solution was mixed with a 0.5mM FeCls solution (1:1 volume) and vortexed. The
resulting solution was incubated for 30 minutes at room temperature. 1mL of the solution was
transferred to 1ml cuvettes and analyzed using UV spectrophotometry at 430nm (Gower et al.,
1989). For the *H-NMR analysis, 510um 0.5mM FeCl; was added to an Eppendorf tube containing
30uL 10mM DFO and 60uL IS and incubated for 30 minutes at room temperature. Samples were

transferred to 5mm NMR tubes and analyzed by comparing the spectra to that of free-form DFO.

Determining possible catalyst(s)

The aim of this experiment was to identify the best ligand to catalyse the chelation of Fe3* with
DFO. Three potential ligands based upon literature (Faller & Nick, 1994; Kontoghiorghes &
Kontoghiorghe, 2020), were assessed: NTA, CdCl; and citrate. Four solutions were prepared for
this experiment. 1) 0.5mM FeCl; was added in a 1:1 volumetric ratio with 210mM DFO to determine
the presence of FOB without a ligand present. 2) A solution containing 10mM NTA and 10mM DFO
(pH adjusted to 8.1) was prepared and mixed with 0.5M FeCl; in a 1:1 volumetric ratio. 3) A
solution containing 0.5mM CdCl; and 0.5mM DFO was prepared and mixed with 0.5M FeCls in a
1:1 volumetric ratio. 4) Similar to NTA, a solution containing 10mM citrate and 10mM DFO (pH



adjusted to 8.1) was prepared and mixed in a 1:1 volumetric ratio. All samples were incubated for
30 minutes at room temperature before being analysed at 430nm on a UV spectrophotometer

The effects of the ligands (NTA, CdCl; and citrate) on the chelation of Fe** with DFO were further
investigated using *H-NMR. A high (0.5M), medium (0.25M) and low (0.1M) concentration of FeCls;
solution was prepared. Samples were prepared as per our protocol: 510uL FeCl; sample with 60uL
IS and 30pL ligand solution, as described above, vortexed, and transferred to a 5mm NMR glass
tube. Each sample preparation was repeated in triplicate.

Vortex duration

The aim of this experiment was to assess if vortex duration affected repeatability of the method.
Nine samples were prepared utilizing the results of the previous experiments. In nine Eppendorf
tubes, 510uL solution consisting of 0.5mM FeCls, 60uL IS and 30uL of 10mM DFO solution
containing the best ligand determined from the previous experiment was added. Samples were
divided into groups of three and vortexed for 0, 30 and 60 seconds respectively. Samples were

then transferred to 5mm NMR glass tubes for analysis.
Repeatability

To determine the repeatability of our method, 10 experimental samples as replicates were
prepared by adding to an Eppendorf tube: 510uL of 250uM FeCls solution with 60uL IS (2M TSP in
D,0) and 30uL 10mM DFO solution containing 10mM NTA. A second set of 10 samples were
similarly prepared, but as blanks — 510uL ddH-O instead of 510uL 250uM FeCls, the rest of the
conditions were the same. *H-NMR spectra were obtained for all 20 samples and the CVs were

assessed.
Linearity and precision

From the 14 concentration levels of FeCl; that were prepared, samples were prepared in triplicate
for NMR analysis based upon optimal method conditions determined from the outcomes of the
previous experiments. To determine linearity, the observed and true concentration values were
plotted, and linearity of the method was determined by R2. Precision was assessed by adding error

bars at each level based upon the information from the triplicates at each level.

Miniaturization: from 600pL to 60uL

The aim of this experiment was to determine whether our developed method could be miniaturized,
from 600uL to 60uL (Mason et al., 2018) and assess if using an eVol NMR digital syringe would
improve the repeatability of the method. The digital syringe was set to aspirate 6uL of 20mM IS,
46pL FeCls solution, 4uL of 250mM NTA and 4uL of 10mM DFO, and then purge, aspirate 60uL

and purge within Hilgenberg 2mm NMR glass tubes, for the purpose of mixing. This was followed



by the cleaning of the syringe by aspirating and purging 100uL ddH-O, three times. The 2mm NMR
glass tubes were loaded onto the auto-sampler using the Bruker MATCH gripper to hold the 2mm

tube in a 10mm spinner.

Application to human serum

Upon approval of ethics by the North-West University health research ethics committee (approval
#: NWU-00413-20-A1), blood samples were collected in BD Vacutainer® SST™ tubes from
healthy volunteers of 18 — 60 years of age and allowed to coagulate for 1 hour at room
temperature. Subsequently, samples were centrifuged at 1300 g for 10 minutes, the serum
collected and pooled into a single volume, and stored at -80 degrees Celsius until required. Prior to

analysis the pooled serum was removed from the freezer and thawed at room temperature.

For the first application experiment, five aliquots of serum were spiked with FeCls; based upon the
14 levels of FeCls used previously — see Table 1. Five repeat samples at each level (total samples
= 25) were prepared using the described miniaturized method in 2mm NMR glass tubes. For the
second application experiment, five spiked aliquots of serum were created as before. 140uL of
255uM NTA was added to 2mL of each spiked serum sample and incubated at room temperature
for 30 min (Gosriwatana et al., 1999) — the aim here was to release iron bound to proteins such as
ferritin. After incubation the samples were centrifuged at 3000 g for an hour (Gosriwatana et al.,
1999). The supernatant was then transferred to pre-rinsed 10 kDa Amicon Ultra-2 mL centrifugal
filters (Van Zyl et al., 2020) and centrifuged at 3000 g for 30 min. For preparation of these filtered
serum samples for NMR analysis, the miniaturized method was adjusted as follows: aspirate 6uL
of 20mM IS, 50uL of sample, and 4uL of 10mM DFO with the eVol NMR digital syringe, and then

continue as described in Section 2.14.

Table 8: Spiked serum iron concentrations based upon 14 serial dilutions of FeCl; used in

method development.

Level Calculation Spiked [Fe] in uM
1 L1= 1%t quartile 8,1
2 L2 = (L1 + L3)/2 11,4
3 L3 = median 14,6
4 L4 = (L2 + L5)/2 22,0

5 L5 = 3" quartile 29,3




'H-NMR parameters

All samples were measured at 500 MHz on a Bruker Avance Il HD NMR spectrometer equipped
with a 5mm triple resonance inverse (TXI) {*H, **N, *C} probe head and x,y, z gradient coils. The
TXI inner coil must be optimized for *H observation, the focus of this study. Sample temperature
must be maintained at a constant 300K. H spectra acquired as 64 transients for pure compound
analysis and 128 transients for serum analysis, in 32K data points with a spectral width of 12,000
Hz (24.0 ppm) for the standard 600uL method and 6000 Hz (12.0 ppm) for the miniaturized 60uL
method (Mason et al,. 2018). The H->O resonance at 4.70 ppm must be suppressed using the pulse
sequence program NOESY-presat, which presaturates the H.O resonance by single-frequency
irradiation during a relaxation delay of 4s, with a 90° excitation pulse of 10us. The acquisition time
and receiver gain were set for 2.7s and 64, respectively. Fourier transformation and phase and
baseline correction were done automatically using Bruker Topspin (V3.5). Bruker AMIX (V3.9.14)

was used for spectral analysis, annotations and quantification.

Statistical analysis

Basic descriptive statistics — medians, means, standard deviations and CVs, as well as plotting of
data onto a scatter plot to determine linearity, was done using Excel (2013). For the serum NMR
data, a binned (set widths of 0.05ppm, between 0.5-4.15ppm) NMR spectral data set was created
and normalized relative to the TSP. MetaboAnalyst 5.0 (www.metaboanalyst.ca) was used on the
binned NMR spectral data set to perform an ANOVA (ANalysis Of VAriance) on the raw binned
data to identify significant bins based upon the cut-off values of fold change > 2.0 and p-value
<0.05. PLS-DA (Partial Least Squares-Discriminant Analysis) was also performed on the binned
data after log transformation and auto-scaling to illustrate patterns in the data and identify the

variables important in projection (VIPS).



Results
Method development
UV spectrophotometry

Firstly, the 14 serial dilutions of FeCl; were checked using UV spectrophotometry and actual
concentrations of each level were determined using their absorbance at 340nm (Table 9). These

results indicate that the serial dilution expected values are approximately correct.

Table 9: Actual FeCls; values (UM) at 14 concentration levels, as determined by UV
spectrophotometry at 340nm.

Lower level Upper level
[Fe] [Fe]
1 2.29 8 15.65
2 4.48 9 15.71
3 6.75 10 235
4 7.81 11 31.3
5 8.97 12 39.12
6 11.24 13 47
7 13.53 14 54.81

Secondly, the presence of DFO was confirmed using UV spectrophotometry. A wave scan was
done with a wavelength range from 200nm to 400nm. Points between 200-240nm were plotted for
10mM DFO, but an over-abundance was clear (Fig. 12A). The sample was subsequently diluted by
a factor of 10 to make a 1mM DFO solution. The results in Fig. 12B show that 1mM DFO produces
a peak at 226nm. These results are in accordance with the product information sheet of
deferoxamine mesylate, as provided by the supplier (Sigma-Aldrich), as well as with the HPLC

results reported by Gower et al. (1989).
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Figure 12: UV spectrophotometric determination of DFO between 200-240nm for A: 10mM
DFO, and B: 1mM DFO

Lastly, FOB determination was done by preparing five samples in Eppendorf tubes for UV
spectrophotometric analysis with varying catalyst(s) candidates and keeping all other variables
constant. Fig. 13 shows that without any ligand (pure) that there is a slow rate/less of FOB
formation. Citrate has little effect on the rate of FOB formation. Adding CdCls; increases the rate of
FOB formation with absorbance increasing by more than a sixth. Addition of NTA increases the
absorbance slightly more than CdCls;, and the combination of both NTA and CdCls; yields
approximately the same absorbance as NTA only. Thus, these results (Fig. 13) confirm that a

ligand is needed for optimal chelation of DFO with FeCls to produce FOB. In our study, NTA was

determined as being the best ligand (catalyst) for optimal FOB formation.
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Figure 13: UV spectrophotometric determination at absorbance of 430nm of FOB alone

(pure) and effects of ligands. NTA = nitrilotriacetic acid; CdCI3 = cadmium chloride

Hence, the results from UV spectrophotometry showed that 1) the 14 levels of FeCls
concentrations were accurate, 2) DFO was certainly present in solution, and 3) NTA is the
preferred ligand to produce the optimal amount of FOB. Our study then continued onto *H-NMR

spectroscopy to confirm these results.

H-NMR spectroscopy

Firstly, in order to identify and quantify FOB using *H-NMR spectroscopy, differences in the DFO
and FOB 'H-NMR spectra (Fig. 14) were closely inspected, qualitatively. A list of the chemical
shifts of the peaks for DFO are as follows: 1.34m, 1.54m, 1.66m, 2.06s, 2.48t, 2.74t, 3.00t, 3.18q,
3.63m (s=singlet, t=triplet, m=multiplet).

The first major difference was the chemical shift of NTA — a broad singlet at 3.50 ppm in DFO,
which shifts to 3.58 ppm in FOB, due to a change in pH caused by the presence of the FeCl;
solution. It is important to note here that NTA was kept in the sample preparation method here as
NTA would be needed in the application to serum samples. Another visual difference between the
spectra are that most DFO peaks decreased in intensity in the FOB spectrum — indicating that DFO
was being used/transformed into something else. The singlet at 2.80ppm in the FOB spectrum
slightly increased in intensity, suggesting that this is the best spectral region for measuring FOB.

However, these are not the results we expected, as more discernible differences between DFO



and FOB H-NMR spectral patterns were expected. This expectation is based upon our previous
study using EDTA (Mathuthu et al., 2021); namely, when a linear chemical compound changes into
a new 3D conformational structure (after chelation with an ion) it produces a uniquely new *H-NMR
spectral pattern. This was not the case in our *H-NMR results of FOB.
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Figure 14: 'H-NMR spectra of DFO (bottom; black) and FOB (top; blue), relative to IS.

Secondly, when looking at the *H-NMR results of CdCl; and NTA as potential ligands (catalysts) for
FOB formation (Fig. 15) we looked at the concentrations of DFO, because we could not find a
discernibly distinct peak to represent FOB in the *H-NMR spectra. It was evident that adding CdCls
did not significantly change the concentrations of DFO in the presence of varying concentrations of
Fe®*, indicating that increased amounts of DFO were not used for chelation as the FeCl;
concentrations increased. These results for CdCl; differed from the UV spectrophotometry results
obtained (Fig. 13). On the other hand, the NTA results, excluding the outlier at the low FeCls
concentration, showed a general trend of the DFO concentrations decreasing as the FeCls
concentrations increased. The results of the NTA were like those of the blank (no ligand added).
However, since the UV spectrophotometry data showed improved FOB formation with NTA, and

based upon literature, we kept NTA as the ligand of choice in our method.



Thirdly, for the *H-NMR experiments, we aimed at determining the optimal vortex duration for the
method. All experimental variables were kept constant except vortex duration. From Fig. 16, the
first set of triplicate samples were not vortexed and had an average CV of 7.5%. Votexing for 30
seconds yielded an average CV of 10%, whilst 60 seconds of vortexing produced the optimal
results of a CV less than 2%.

[DFO] (mM)
I

cdcl NTA Blanks

B High FeCl3 m Medium FeCl3  ® Low FeCl3

Figure 15: The effect of the ligands CdCI3 and NTA on the concentrations of DFO and high
(500uM), medium (250uM) and low (125uM) levels of FeCls.
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Figure 16: The effect of vortex duration on method repeatability.



Fourthly, we assessed the repeatability of our method by analysing 10 experimental samples
as replicates, using 250uM FeCl; solution. The average CV values across all the measured
peaks were approximately between 3% and 4% (Fig. 17). Following this experiment, we aimed
to determine whether our developed method could be miniaturized, from 600uL to 60puL using
the eVol® NMR digital syringe, by assessing the *H-NMR spectra visually and examining the
CV values across the 10 replicates. Visually, apart from a slight chemical shift in the NTA peak,
the *H-NMR spectra appeared very similar. Quantitatively, the miniaturization of the method
improved the CV values slightly (between 2% and 3%), except for the peak at 2.61 ppm which
increased in CV (Fig. 17). Hence, the method can not only be miniaturized but doing so also
slightly improved upon the overall repeatability. These results are ideal for metabolomics

studies of serum samples as, typically, limited volume of serum samples are available.
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Figure 17: Assessment of repeatability (CV) of method at 600uL and comparison to

miniaturization of method at 60uL, which shows slightly, improved repeatability.

Lastly, we assessed the linearity and precision of the method on *H-NMR spectroscopy by using all
the optimal experimental parameters described above and applying it across 14 levels of FeCls
concentrations, with each level analysed in triplicate (total of 42 samples). Based upon the UV
spectrophotometry results (Fig. 12), FeCl; chelates with DFO, in presence of NTA, to form FOB.
Fig. 14 showed that DFO decreases in the presence of FeCls by qualitatively examining the H-
NMR spectra. Hence, FOB is expected to form in the presence of DFO and FeCls. When
overlaying all *H-NMR spectra across the 14 levels of FeCls and upon close inspection of all the
spectra, not much change was observed. However, zooming into the spectra at 2.775 ppm reveals

the presence of a singlet that was identified as changing with increasing concentrations of FeCls



(Fig. 18). A guantitative assessment of this peak at 2.775 ppm was done. Since we were uncertain
about the number of protons represented by this peak, we could not calculate the absolute
concentration, but instead presented the quantitative data as a percentage value relative to TSP.
Based upon these quantitative results (Table 10 & Fig. 19), linearity is observed with a R?=0.95.
However, the error plots at each level indicate that quantification at 2.775 ppm is not sufficiently
precise, and the CV values indicate poor repeatability. Lastly, since we could not compare to the
true expected absolute concentration values, accuracy could not be assessed. Nonetheless, we
proceeded to test our method further by means of application to human serum samples spiked with
FeCls.
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Figure 18: Overlay of *H-NMR spectra at 14 levels of FeClz concentrations, relative to TSP,
with the box zoomed in at the spectral region of 2.775 ppm to illustrate that a singlet was

observed to increase with FeCls; concentration.
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Figure 19: Quantitative results of the singlet at 2.775ppm for all 42 samples, analysed in
triplicate across 14 concentration levels of FeCls. The measured values are relative to the
TSP(%). A trend line was added to show that a linearity of R?=0.95 was obtained.

Table 10: Quantitative results of method assessment across 14 levels of FeCl;
concentrations, measured in triplicate. Values were calculated as percentages relative to
TSP.

Level Mean Std.Dev CV (%)

1 0,59 0,07 11,80
2 0,73 0,09 12,23
3 082 0,07 886
4 0,92 0,04 4,41
5 0,94 0,31 33,40
6 1,06 0,05 4,56
7 1,10 0,12 10,61
8 1,22 023 19,21
9 1,21 0,13 10,92

10 1,23 0,11 8,56

11 1,28 0,11 8,90

12 1,36 0,06 4,58

13 1,37 0,13 9,41

14 1,40 0,06 4,26




Application of method to human serum
Unfiltered serum

For the first application of our method to human serum samples, we tested it on unfiltered serum
samples (i.e. proteins and lipids still present). Five unfiltered serum samples were spiked as
described in Table 8 and analyzed in replicates of five (total of 25 samples). These data were
binned, as described in Section 2.16, and an ANOVA (Fig. 20) was used to examine the variances.
Fifteen bins (*H-NMR spectral regions representing chemical compounds) were identified as
having significant variance across the 5 levels of FeCls concentrations. A general downward trend
is observed across the 5 levels for all 15 significant bins. These results suggest an inverse
relationship, that the chemical compounds represented by these bins decrease in intensity — are
being consumed/converted into something else, as the concentration of the FeCl; increases. The
!H-NMR peak found at 2.775 ppm in the pure compound analysis was not clearly discernible in the

unfiltered serum samples and therefore could not be quantified.

282490971 240481 e Linined LT 042409945

Figure 20: ANOVA of binned, unfiltered serum samples spiked across 5 levels of FeCls
concentrations. Red dots in the ANOVA indicate regions in the 1H-NMR spectra that
showed statistically significant variance. The box plots of these 15 spectral regions are also
given. A general downward trend is observable across all 15 significant bins (i.e. chemical

compounds in the serum samples are decreasing as the FeCl; concentrations increase).



Filtered serum

For the second application of our method to human serum samples, we first incubated the serum in
NTA to release iron bound to protein and then filtered the serum samples in order to remove all
macromolecules (>10 000 Da) so that we could closely examine the low molecular weight
compounds (metabolites) closer to the baseline of the *H-NMR spectra. The ANOVA analysis of
the raw binned data produced similar output with an overall downward trend, but with 20 significant
bins instead of the 15 significant bins for the unfiltered serum samples. As an additional
experiment, to test the stability of the serum samples, we analyzed the same prepared samples
after 24 hours and 72 hours. Visual inspection of the PLS-DA (Fig. 21) shows a drift in the ellipses
of the data over time. A conclusion that can be drawn from the PLS-DA is that the samples sitting
in the auto-sampler of the NMR over a period of 24 hours and 72 hours, are not stable. This drift in
the data is not major (only 4.3% variance over the total 72 hours), but still visible. Looking at the
VIP scores from the loadings of the PLS-DA plot, four bins (1.025, 1.425, 2.425 and 2.475) have a
VIP score greater than 2.0 (Fig. 22).
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Figure 21: PLS-DA scores plot showing a drift in the data sets over time, indicating that the

prepared serum samples are not stable at room temperature. Hr_0 (red A) is the initial

experiment, Hr_24 (green +) is the experiment repeated after sitting for 24 hours in the auto-

sampler, and Hr_72 (blue X) is the experiment repeated after sitting for 72 hours in the auto-

sampler.
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Figure 22: VIP scores of the PLS-DA plot showing four bins with VIP scores greater than
2.0.

Going back to the original *H-NMR spectra, we were able to explain the differences that were
occurring due to these 4 VIP bins: 1) 1.025; 2) 1.425; 3) 2.425; 4) 2.475. From Fig. S1, it can be
seen that initially the bin 1.025 is empty (Hr_0), but as time progresses (Hr_24 and Hr_72) part of
the doublet of valine shifts to the left from bin 0.975 into bin 1.025. This shifting in the peak is most
likely due to a change in pH occurring in the sample. This is also supported by the fact that 0.975 is
7" in the list of VIPs — spectral density of bin 0.975 is decreasing over time because the peaks are
shifting into bin 1.025. For the bin 1.425 (Fig. S2), a similar result to bin 1.025 is occurring — part of

the doublet of alanine is shifting left from bin 1.375 into bin 1.425 over time. An additional feature



evident at bin 1.425 is that the doublet of alanine is splitting into a double doublet over time. Of
interest for our study are the neighboring VIP bins 2.425 and 2.475 (-+. S3). Bin 2.475 is
represented by the triplet of DFO, as first identified in the results of 3.1.2 of pure DFO. Bin 2.475
(DFO) is decreasing in intensity over time, which is in-line with the data from our previous
experiments and shifting slightly to the left. However, bin 2.425 shows that in the initial experiment
(Hr_0) there is no peak present but after 24 hours in the auto-sampler a small peak begins to
appear at 2.48 ppm, which increases in intensity after 72 hours in the auto-sampler.

Thus, two regions in the 'H-NMR spectra (singlet at 2.775 ppm and singlet at 2.48 ppm) show an
increase in intensity of a chemical compound. Initially, the singlet at 2.775 ppm showed a linear
increase over the increasing concentrations of FeCI3 during the initial experiment; however, this
trend continued over time suggesting a time effect. The singlet at 2.48 ppm only appears after 24
hours and continues to increase in intensity after 72 hours after the initial experiment, also

suggesting a time effect. Hence, the stability of the prepared samples is questionable.

Linearity of DFO

As a final experiment, the linearity of DFO in the filtered serum samples was investigated in all the
DFO peaks — Table 11. A triplet representing DFO at 2.06 ppm had the highest average R? value
(R?=0.90). Fig. 23 illustrates the linearity of DFO at 2.06 ppm, with the downward trend lines for the
initial experiment (Hr_0) and after 24 hours in the auto-sampler (Hr_24) having the same R? value
of 0.90. This linearity decreases after 72 hours in the auto-sampler (Hr_72) to give R?=0.82. This
general pattern is seen across other DFO peaks — Table 11, except for 1.65 ppm where the

linearity is initially low and increases with time.
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Figure 23: Plot showing linearity of DFO at 2.06 ppm measured (averages of triplicates) as

spectral intensity relative to TSP across 5 concentration levels of FeCl3, for the initial



experiment (Hr_0) and after sitting for 24 hours (Hr_24) and 72 hours (Hr_72) in the auto-

sampler.

Table 11: Average R2 values for DFO peaks for the initial experiment (Hr_0), and after 24
hours (Hr_24) and 72 hours (Hr_72) in the auto-sampler.

ppm 153 165 206 248 275 3.18

Average R? of DFO

Hrr0O 08 065 090 09 082 0.78
Hr_24 089 087 090 086 086 0.34

Hr_72 073 090 081 052 035 0.008




Discussion

The method developed in this study was based upon information from kinetics and equilibrium data
in complexation studies of Fe®*" by DFO in the literature. The main objectives for this study were as
follows: 1) Determine what, if any, catalysts are required for chelation of iron using DFO in pure
compound solutions. 2) Optimize the conditions of the method. 3) Assess the method by
determining linearity, precision and repeatability across triplicates and a linear physiological range
of iron. 4). Apply developed quantitative *H-NMR method to human serum samples spiked with
FeCls.

Firstly, both DFO and FOB were identified using both UV spectrophotometry and *H-NMR. FOB
formation proved to be a slow process, as in literature. Therefore, there was a need to find a
catalyst to expedite the process without affecting the general reaction. This study is in accord with
studies done by Evans et al. (2008) as we concluded that NTA is the best ligand to catalyse FOB
formation. Unlike the study done by Evans et al. (2008), 250uM NTA was considered more than
enough, as higher concentrations of NTA (800mM) would result in broadening of *H-NMR peaks

and hence less resolution of the spectra.

Other components based upon literature — HCI, NaCl, NaHCO3; and NaOH play pivotal roles in the
method. There have always been constructive debates in the science community about iron
hydrolysis. Scientists are finding it difficult to reach a consensus on the solubility of Fe*" or the
exact composition of ferric hydroxides (Pham et al., 2005). Biru§ et al. (1983) evaded the
hydrolysis issue by diluting Fe®*" in HCI/NaCl, keeping the solution acidic to prevent hydrolysis.
Since compounds containing C-H bonds appear on the 'H-NMR spectra and 'H-NMR is pH
sensitive, it is crucial to add a buffer that does not appear on the *H-NMR spectra. According to
Pham et al. (2005), conventional buffers interfere with ferrioxamine absorbance. 2mM NaHCO3;
and 0.01M NaCl are thus used instead of conventional buffers (MES and HEPES) for optimal

ferrioxamine determination.

Evidently the main *H-NMR spectral differences between pure DFO and expected FOB was the
gradual decrease in pure DFO peaks and the emergence of two new *H-NMR peaks at 2.775 ppm
and 2.48 ppm. UV spectrophotometry confirmed the presence of DFO and FOB. During the
development of the method, the H-NMR peak at 2.775 ppm is directly proportional to FeCls
concentration, making it the focus of this study. To get a higher resolution of the *H-NMR peak the
method was optimized by adjusting the pH of NTA and DFO to 11.5 and 8.1 respectively. Different
incubation temperatures were tested but no change was observed (results not reported). Longer
vortexing improved the repeatability of the experiments hence the lower CV. To improve the

repeatability of the method a digital syringe was used instead of conventional manual pipettes and



at the same time the method was miniaturised from 600uL to 60puL. The developed method had a
good linearity at the 2.775 ppm peak with R? = 0.95. However, precision was poor, and accuracy
could not be assessed.

Application of the developed method to unfiltered spiked serum revealed that the FOB peak at
2.775 ppm could be quantified, which is not unexpected since transferrin is only 20-40% saturated
(Kolb et al., 2009). All the FeCls that was added to the serum samples is expected to have
saturated the empty apo-transferrin. From the ANOVA of the unfiltered serum (Fig. 20), all the bins
showing variance indicated a general decrease in intensity. These results posed a question: if
existing chemical compounds are decreasing, then where are they going? Are all the disappearing
compounds being converted into compounds that are undetectable to *H-NMR? Or are new peaks
going to increase after a certain period? The subsequent experiment of adding NTA to the serum
samples first, followed by incubation and then filtration with 10 000 Dalton centrifugal units, aimed
to remove all proteins from the serum sample so that no proteins would be present to bind the
FeCl; added to the sample, before it could chelate with DFO. An illustration of this final developed

method using the filtration of the serum samples is given as a schematic in Fig. 24.
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Figure 24: Newly proposed method. 5ml of blood is collected in Vacutainer SST tubes and
allowed to coagulate at room temperature for an hour. The blood is centrifuged at 1300 g for
10 minutes to collect serum. 255Mm NTA is added to the serum samples to bind any NTBI if
present in serum. Proteins including apo-transferrin may interfere with the iron
measurements hence serum is filtered through a 10kDa membrane at 3000 g for 10 minutes.
50puL of the filtrate is collected using an eVol analytical syringe and 6L of the 20mM
internal standard is added to the sample before 4uL of 10mM DFO. The sample is

transferred into 2mm NMR tubes then analysed using *H-NMR.

The serum samples prepared by our method, however, were not stable over time, as measured
over 72 hours. According to Anton et al. (2015), serum samples have a clear signature of

degradation after being left at room temperature for some time. *H-NMR is pH sensitive and can



lead to chemical shifting of *H-NMR peaks. The PLS-DA (Fig. 21) clearly illustrates a drift in time.
Inspection of the 4 VIP bins from the PLS-DA analysis of the filtered serum over time showed that
2 of the VIP bins were due to chemical shifts attributed to a change in pH of the samples. The
continued decrease in DFO after 72 hours and the gradual emergence in new peaks at 24 hours
indicates that there are still chemical processes occurring in the samples. Further studies on serum
iron quantification using DFO on *H-NMR must be done. We suggest using higher field strength
catalyst(s) that can transfer more iron from iron binding ligands must be further investigated, as
well as stabilizing the final prepared serum sample to quench chemical reactions. Due to the
complex current ways to quantify iron, it is equally important to initially define blood samples in
terms of haemoglobin concentration, serum ferritin and TIBC before validating this method.

Conclusion

In conclusion, it is possible to use 'H-NMR to identify and quantify serum iron using DFO as a
chelating agent. In this study we confirmed a linear decrease in DFO in pure compound samples
spiked with levels of Fe*" and the gradual increase in intensity of a new 'H-NMR peak at 2.775
ppm, potentially representing FOB. From quantitative results of peak 2.755 ppm across 14
concentration levels of FeCl; measured in triplicate, a good linearity of R? = 0.95 was obtained.
Hence, DFO managed to chelate iron but the method shows limited precision, and accuracy could
not be determined. In the application of the method to spiked serum samples, DFO peaks were
also found to decrease over time and an additional new 'H-NMR peak at 2.48 ppm began to
emerge after 24 hours. However, the constant decrease of most the H-NMR peaks over time
raised questions concerning the stability over time of the prepared serum samples. This study
should be the genesis of more development of 'H-NMR methods for the quantification of serum
iron concentration. We believe that *H-NMR is a viable analytical tool that can one day provide a

rapid quantitative picture of iron in human blood.
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CHAPTER 5 DISCUSSION

Introduction

One major challenge facing analysts is quantifying biologically important elements. The challenge
is a product of their scarcity in biological fluids, as well as the risk of contamination during sample
collection, storage and analysis (Bocca et al., 2004). To confront this challenge, many technologies
have been used to quantify biologically important elements but H-NMR in the field of
metabolomics is relatively new. According to Pauli et al. (2012) quantitative *H-NMR has produced
a wealth of knowledge in various industrial settings such as pharmaceutical, chemical, and food
sectors. In Chapter 2.5, properties of *H-NMR were discussed, and they indicate its capability to
tackle such projects. lons are invisible on a *H-NMR spectrum, but chelating agents such as EDTA
and DFO, which bind to ions of interest, can be used to overcome this challenge. Developing a
new guantitative *'H-NMR method for analysis of biologically important elements, particularly iron,

may improve diagnosis and responses to therapies for infectious diseases.

Proof-of-concept of chelation NMR as a quantitative *H-NMR method for biologically

important ions using EDTA as a chelating agent.

Hafer et al. (2020) and Mathuthu et al. (2021), simultaneously worked on almost identical projects
in 2019. The distinction between the two studies was that Hafer et al. (2020) was focused upon the
analysis of divalent cations intended for food and pharmaceutical products, whereas Mathuthu et
al. (2021) focused upon biologically important ions (Mg, Ca, K, Zn and Fe), specifically for
application in the field of *H-NMR metabolomics. For our study (Mathuthu et al. 2021), biologically
important ions were separately chelated with excess EDTA in a 90% sample to 10% IS ratio at
physiological pH range and 'H-NMR spectra compared to that of pure EDTA solution. Spectral
differences between pure EDTA and chelated metals were identified and quantified. Mg and Ca
were successfully quantified with high repeatability, accuracy, precision and linearity; however, the
sensitivity limits of *H-NMR resulted in the results of Zn in concentrations less than 10uM being
less reliable than. More importantly for this MSc study, iron could not chelate with EDTA under the
experimental conditions, neither could K. However, upon further research, a study (Kim & Ong,
1999) shed some more light on the concept that the relative stability of metal-EDTA chelation must
be taken into account, and that Fe-EDTA is more stable at a pH lower than 3. Hence, objective 1 of
this MSc study was achieved by showing proof-of-concept of chelation NMR, namely that *H-NMR

can be used to quantify Ca, Mg and Zn using EDTA as a chelating agent.



Iron quantification using EDTA as a chelating agent in *H-NMR

In Mathuthu et al. (2021), excess EDTA was added to FeCls at a physiological pH range of 6.50—
7.50; however, there were no *H-NMR spectral differences, aside from free EDTA being present.
Failure to chelate iron with EDTA meant that iron could not be quantified. Previous studies done by
Kim & Ong, (1999) showed that Fe-EDTA complex is stable at lower pH values. Loots et al. (2007)
showed similar results, with pH values >6 resulting in the failure of EDTA to chelate with iron.
Based on these studies, the quantification of iron using EDTA as a chelating agent should be done
at pH values <6 (acidic). The conclusion of the use of EDTA as a chelating agent for iron (objective
2) was that an alternative chelating agent was needed; specifically, deferoxamine was the best

candidate for chelating iron, based upon literature.

Developing a quantitative DFO chelation NMR for iron using as a pure compound.

Fe chelation using DFO is a gradual process. NTA, citrate and CdCls in literature were determined
to be possible catalyst for the chelation of iron with DFO. Experimental variables were tested using
both UV spectrophotometric and *H-NMR analysis. NTA was the best ligand to catalyse as it had
the highest rate of reaction in pure compound solutions. *H-NMR is pH and temperature sensitive.
Chelation of iron using DFO was optimal at room temperature, DFO (pH adjusted to 8.1) and
samples were incubated for 30minutes after addition of NTA. Analysing at room temperature is
consistent with Birus et al. (1995) because of the higher resolution than at higher temperatures. pH
and incubation temperature were adopted from studies done by Breuer et al. (2001) and
Gosriwatana et al. (1999). At higher FeCl; concentrations (250uM) a new peak at 2.775ppm and it
showed accurate, repeatable and precise results. After analysing 14 levels, the method was
repeatable. However, precision and repeatability became poor. Accuracy, repeatability and

precision are extremely good at higher FeCl; concentrations.

Applying developed quantitative NMR method to spiked serum samples

The optimal experimental parameters obtained from testing the DFO method using pure
compounds (objective 4) were applied to serum samples spiked with known FeCl; concentrations.
!H-NMR analysis on unfiltered spiked serum samples with our developed method did not reveal
the presence of the singlet at 2.775 ppm in the *H-NMR spectrum. It is hypothesized that the
presence of apo-transferrin bound all free iron in the unfiltered serum samples. This is in accord

with Jacobs (2005) that transferrin is 20-35% saturated as all the added FeCl; saturated apo-



transferrin. Based upon these findings, it was concluded that the application of the method to
serum could be optimized — that NTA be added to unfiltered serum, incubated and filtered using
10 000 Dalton centrifugal filter units. The aim here was to release as much iron bound to transferrin
as possible by incubating the serum in NTA, and then removing all proteins by filtration in order to
prevent iron binding to proteins, thereby yielding the best bio-matrix to assess iron quantification.

Filtered serum sample *H-NMR analysis

In filtered serum samples changes were identified, monitored and analysed. *H-NMR samples
showed signs of degradation with time at room temperature. Consequently, pH changed leading to
chemical shift on the *H-NMR peaks. These findings are consistent with Anton et al. (2005) that
serum samples degrade after being left at room temperature for a long time. Sustained decrease of
DFO concentration showed that chemical reactions were still occurring within the samples. The
drift in time illustrated by the PLS-DA data cements that the reactions were still on going. The
developed method had a good linearity but poor accuracy and repeatability. Consequently, further

studies on serum iron quantification using DFO on *H-NMR must be done.

Conclusions

Serum iron has gained a strong foothold in the biomedical world as its clinical significance has
been vividly seen in a wide spectrum of infectious diseases. DFO can not only be used to cure iron
overload conditions but also to quantify serum iron. *H-NMR is capable of identifying and
guantifying serum iron using spectral differences between pure DFO and expected FOB (i.e. the
gradual decrease in pure DFO peaks and the emergence of two new *H-NMR peaks at 2.775 ppm
and 2.48 ppm). Fortunately, the method had good linearity and it is hypothesized that it was able to
detect the presence of apo-transferrin, hence no iron overload was evident in the pooled serum
sample. Unfortunately, the method had poor accuracy and repeatability which is likely due to
instability of the samples. Analysis of the same serum samples at room temperature over 72 hours
showed that chemical reactions were continuing. *H-NMR could be the solution to a universal, non-
invasive method to assess iron status that cannot be affected by inflammation (Burns et al., 1990).
Further investigations should be aimed at finding higher field strength catalyst(s) that can transfer
more iron from iron binding proteins, as well as stabilizing the final prepared serum sample to
guench chemical reactions. Alternatively, reducing the amount of time the samples are at room

temperature by simply adding excess Co** for apo-transferrin saturation (Gosriwatana et al., 1999).
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