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ABSTRACT

Metabolism is now widely recognised as an important hallmark of disease. Measuring
metabolism is therefore an important endeavour to identify and elucidate disease states.
NMR is used for the study of live samples, from cells to whole organisms, due to its non-
invasive, non-destructive nature. A variety of different approaches have been proposed
for real-time analysis of live samples including bioreactors that perfuse nutrients to
sustain cells during acquisition. The purpose of this thesis is to further develop real-time
applications for NMR studies of mammalian cell metabolism using an NMR flow

system.
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CHAPTER 1

METABOLISM



1. Supporting Life at the Cellular Level

All forms of life are self-propagating chemical systems, and coordinated units of
biochemical activity underpin the internal structure of all organisms. In complex
multicellular systems these units can be broken down into different organs, each
composed of an ensemble of tissues that together fulfil specialised roles. Specific cell
types define each tissue, together with a structured extracellular matrix that supports 3D
form and function. Each cell can be further deconstructed into subcellular compartments,
including membrane bound organelles that perform activities vital for cellular function
['].

Survival at each level involves internalising material from the surrounding
environment; animals eat and their organs break down food to process it into smaller
units such as proteins, fatty acids and polysaccharides. Individual cells uptake nutrients
and process them further, ultimately producing energy from breaking the molecular
bonds in sugars, amino acids and lipids. This energy supports cellular activities and can
be used to drive biosynthesis of new molecules. In order to proliferate, enough
ribonucleic acids, proteins, lipids and membranes must be synthesised to form new cells
[’].

Metabolism encompasses the chemical reactions involved in maintaining life that take
place on the subcellular level. Core biochemical processes, conserved across a diverse
range of prokaryotic and eukaryotic life forms, comprise an integrated network of
substrates, enzymes, and products that provide the fuel for bioenergetic demands. The
basic architecture of metabolic pathways is well characterised, with over 10,000
reactions and nearly 18,000 metabolites catalogued in the Kyoto Encyclopaedia of Genes
and Genomes [*]. The flow of metabolites through these pathways is context dependant,

and can be specific to particular organisms, tissues and cell types. Active metabolic



pathways can vary according to health or disease state, or change with alongside other

factors such as age, or even circadian rhythm [*,°].

1.1.Energy and Metabolism

Metabolic cycles and pathways are composed of three basic processes; anabolism,
catabolism and elimination. In order to support cell growth and proliferation anabolic
pathways generate new biomass, whereas catabolic pathways degrade substrates to
produce energy and macromolecular building blocks. Elimination removes metabolic by-
products, shuttling molecules between cellular compartments, or effluxing material out
into the extracellular space through membrane transporters.

Glycolysis is a near-ubiquitous metabolic pathway, found in almost all domains of
life [°]. In eukaryotic cells glycolytic metabolites feed into the tricarboxylic acid (TCA)
cycle, which takes place inside membrane bound organelles called mitochondria. These
two pathways form part of the core of mammalian metabolism, providing molecules for
the anabolic and energetic demands of the cell.

Energy is required to drive reactions and a key set of compounds act to transiently
store and transfer energy in the cellular environment. These energy carriers, known as
adenylates, all have phosphate groups that can be removed in order to release energy for

reactions.

1.1.1. Cellular Energy Sources and Electron Carriers
Energy for cellular processes is derived from the cellular energy carrier, adenosine
triphosphate (ATP). This nucleotide contains two phosphoanhydride bonds that can be

hydrolysed to release energy, inorganic phosphate (P;) and adenosine diphosphate (ADP)



or adenosine monophosphate (AMP) and pyrophosphate (PP;), as shown below in

equations 1.1 and 1.2 and illustrated in Figure 1.1.

ATP + H,0 = ADP +P; (1.1)

ATP + H,0 = AMP + PP; (1.2)

Energy from ATP is coupled to other reactions, and can be used to for a variety of
cellular processes including biosynthesis, motion and active transport. For example,
motor proteins transform the chemical energy of ATP into discrete movements, such as

the contraction of muscle fibres by myosin [’].

OH OH

HZO AD P HzN\N

N
) 0 ( /)
P- + Ho—%—o—g—o N N

OH OH

OH OH

Figure 1.1 Adenylate ATP provides cellular energy for metabolic reactions.
Hydrolysis of the phosphoanhydride bond in ATP (adenosine triphosphate) yields ADP
(adenosine diphosphate), inorganic phosphate (P;) and releases energy that can be used to

drive reactions.



Chemical reactions involve the conversion of substrates to products by the flow of
electrons between molecules. Substrates are transformed into intermediates and products
as bonds are broken and remade. The coupling of multiple reactions allows energy to be
transferred from an energetically favourable reaction to another less energetically
favourable reaction, usually in the form of electrons or hydride ions [*].

Two key electron carriers, nicotinamide adenine dinucleotide (NAD-+) and
nicotinamide adenine dinucleotide phosphate (NADP+) act as cofactors for
oxidoreductases by accepting electrons from substrates. The reduced compounds formed,
NADH and NADPH, act as reducing agents able to donate electrons via enzymatic
transfer of a hydride ion from the nicotinamide moiety. Another electron carrier, flavin
adenine dinucleotide (FAD), is also involved in core carbon metabolism and forms
FADH; (reduced flavin adenine dinucleotide) by accepting a hydride ions and electrons
1.

NAD+ removes electrons from nutrients in the core metabolic pathways, forming
NADH, and is later regenerated (see section 1.3.2). In reductive biosynthesis NADPH is
the predominant cofactor that donates electrons, for example to regenerate glutathione

(GSH) to combat reactive oxygen species (ROS).

1.1.2. Cellular Redox
ROS production and elimination is a normal part of cellular metabolism, and redox
homeostasis is well regulated in order to maintain cellular function ['°]. In particular, the
mitochondrial respiratory chain generates superoxide (O2) as a by-product of
metabolism. This molecule is highly reactive due to a single unpaired electron and a net

negative charge.



The formation of superoxide involves the electron transport chain (ETC), embedded
in the inner mitochondrial membrane, which transfers electrons through a series of
complexes, producing a transmembrane proton gradient. This proton-motive force is
used by ATP synthase to produce ATP by rotary catalysis; transmembrane proton flow
rotates part of structure, inducing a confirmation change so that active sites containing
ADP and P; are forced together to form ATP ['!].

Some electrons can leak out of the electron transport chain and combine with oxygen
to produce the superoxide anion ['2], which can then be converted to hydrogen peroxide
(H203) by the enzyme superoxide dismutase. H>O; forms hydroxyl radicals (+OH) which
can also cause oxidative damage to cellular constituents ['*]. Oxidative modifications
include altering structure and reactivity of thiols in cysteine residues of proteins ['4].

The ROS defence system is composed of a series of enzymes that interact with organic
hydroperoxides, radicals and superoxide. Each of these enzymes requires NADPH for
activity ['°]. A source of NADPH therefore protects the intercellular environment from
oxidative damage and redox equivalents can be shuttled throughout the cell, and

regenerated in further metabolic reactions.

1.1.3. Glycolysis and the Pentose Phosphate Cycle
During glycolysis the carbon skeleton of glucose is broken down, producing two
molecules of pyruvate from the original six-carbon sugar. This anaerobic process can be
considered as two phases; initial investment (consuming ATP) and final payoff
(producing ATP) [!¢]. Three key points of allosteric regulation control the overall cascade
of ten reactions, involving enzymes hexokinase, phosphofructokinase and pyruvate
kinase. Overall, the energy released by the oxidation of one glucose molecule results in

a net production of two ATP and two NADH molecules, shown in Figure 1.2.



The glycolytic pathway starts with the uptake of glucose, facilitated by the GLUT
family of membrane transporters [!’]. Once inside the cell glucose is phosphorylated by
hexokinase (HK) to form glucose 6-phosphate (G6P). This decreases the intracellular
concentration of glucose, driving uptake, while also trapping G6P inside the cell. At this
point G6P can be accepted as a substrate for the pentose phosphate pathway (PPP) or
continue along the glycolytic cascade to from fructose 6-phosphate (F6P). Different
isozymes of hexokinase have different affinities for glucose, and the main isoform in
animal tissues is inhibited by G6P, ensuring that when the cell has high concentrations
of G6P no further glucose is phosphorylated. The Km for hexokinase is 1x10~° M and the
enzyme will be working at maximal velocity even at relatively low glucose
concentrations ['%].

Isomerisation and subsequent irreversible phosphorylation of F6P by
phosphofructokinase (PFK) produces fructose 1-6,diphosphate (F1,6P), using a molecule
of ATP and ending the investment phase ['°]. At this key control point allosteric
regulation of glycolysis by PFK results in a rate limiting step. Various small molecules
can act as positive and negative allosteric modulators of PFK, including adenylates,
citrate and fatty acids. This ensures that the rate of glycolysis is stimulated when ADP or
AMP concentrations are high. Equally, when ATP concentrations are high, or other fuel

molecules are available, the rate of glycolysis will be inhibited.
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Figure 1.2 The glycolytic pathway

Glycolysis is regulated by three key enzymes; hexokinase (HK), phosphofructokinase
(PFK) and pyruvate kinase (PK). The first step generates glucose 6-phosphate (G6P),
which can enter the pentose phosphate pathway producing ribose-5-phosphate (R5P), or
continue along the glycolytic cascade. A key point in the pathway is formation of fructose
1-6,diphosphate (F1,6P) by PFK which is then cleaved into glyceraldehyde-3-phosphate
(GADP) and dihydroxyacetone (DHAP). Phosphorylation of GADP forms
biphosphoglyceric acid (1,3-BPG) which undergoes several transformation to produce
PEP.  Overall, the end product of glycolysis is pyruvate, produced from

phosphoenolpyruvate (PEP) by pyruvate kinase (PK).



Two triose molecules are produced by the breakdown of F1,6P, an enzyme catalysed
interconversion allowing glycolysis to proceed from glyceraldehyde-3-phosphate
(GADP) and enter the payoff phase. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) oxidises and phosphorylates the three-carbon sugar to form 1,3-
biphosphoglyceric acid (1,3-BPG). Subsequent transfer of the phosphate group to ADP
yields ATP and 3-phosphoglycerate (3-PG). At this point 3-PG can also be diverted to
serine biosynthesis via phosphoglycerate dehydrogenase (PHGDH) [*°]. Back in the
glycolytic pathway isomerisation converts 3-PG to 2-phosphoglycerate (2-PG), followed
by production of phosphoenolpyruvate (PEP) by enolase. The final kinase catalysed
reaction produces ATP and pyruvate, which can be transported into the mitochondria
where pyruvate dehydrogenase (PDH) converts the three-carbon molecule to acetyl-
coenzyme A (acetyl-CoA), which then enters the TCA cycle.

The pentose phosphate pathway branches from glycolysis at the first regulatory point
catalysed by hexokinase. In the oxidative stage, dehydrogenation of G6P produces 6-
phosphogluconate, which is then oxidised and decarboxylated to form ribulose 5-
phosphate (R5P). The NADPH generated in the oxidative stage can be used to detoxify

ROS, as described in section 1.1.2.

1.1.4. Tricarboxylic Acid Cycle
Acetyl-CoA, derived from fatty acids, carbohydrates and amino acids, feeds the TCA
cycle, shown in Figure 1.3. Overall, each acetyl-CoA will generate two molecules of CO»
and regenerate the oxaloacetate (OAA) at the end of the cycle. In combination with the
electron transport chain, the TCA cycle yields ATP, FADH> and NADH.
The first step commences with the ligation of OAA and acetyl-CoA, forming the six-

carbon compound citrate. Interconversion of citrate and isocitrate occurs via the enzyme



bound intermediate cis-aconitate, followed by oxidation to the five carbon o-
ketoglutarate (a-KG). Succinyl-CoA is formed from a-KG by oxidative decarboxylation
to produce the four-carbon succinate. A series of transformations follows succinate
production, to form fumarate, through the action of succinate dehydrogenase, malate via
fumarase and finally OAA by malate dehydrogenase.

Various anaplerotic pathways feed into the TCA cycle, maintaining the cycle function
when intermediates are diverted for use in competing biosynthetic pathways [*'].
Glutamine, an abundant circulating amino acid, is converted to glutamate by glutaminase
(GLS), which is subsequently transformed into o-KG, by glutamate dehydrogenase
(GDH). Pyruvate may also enter the TCA cycle, following conversion to OAA through

the action of pyruvate carboxylase.
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Figure 1.3 The tricarboxylic acid (TCA) cycle.

Acetyl-CoA condenses with oxaloacetate (OAA) to form citrate, which undergoes
isomerisation and oxidative decarboxylation to yield a-ketoglutarate (a-KG) and release
carbon dioxide (CO»). A further carbon is lost through succinate formation, which is then

oxidised to produce fumarate. Malate formation follows, and finally OAA is regenerated.
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1.2. Metabolic Regulation and Nutrient Sensing Mechanisms

Cells must coordinate their growth and division with nutrient availability. Depending
on the state of the cell its metabolic requirements will vary, and the activation of cell
growth machinery requires certain conditions to be met [*2]. For instance, proliferation
requires doubling of cellular constituents and therefore new macromolecules will need
to be synthesised. This can only take place if there are adequate sources of synthetic
precursors, either through breaking down intracellular material or acquiring sources from
the extracellular environment. In contrast, other non-proliferating cells may only require
sufficient ATP to maintain cellular function and integrity.

Sensing mechanisms therefore exist to evaluate and respond to changing levels of
energy sources and nutrients such as sugars, amino acids and lipids. Anabolism and
storage can occur during times of abundance, whereas usage of autophagy and
catabolism can be initiated during nutrient scarcity [**]. An overabundance of nutrients
can also stress cells, as unrestrained metabolic processes produce an excess of toxic by-
products, such as ROS [%4].

In complex organisms, composed of many different kinds of cells, there must be a
simultaneous detection of systemic and intracellular nutrient levels. Individual cell types
have specific functions that dictate demand for certain nutrients, and regulation is
required to harmonise consumption and usage of fuel substrates between tissues [*°]. This
is achieved through signalling molecules such as cytokines, growth factors and
hormones. These secreted compounds are used to communicate energetic and nutritional
status between cells, and to stimulate appropriate responses via signalling cascades.
Sensing may involve direct interactions between nutrient molecules and sensor
molecules, or indirect mechanisms that use surrogate signals to inform on nutritional

status [%°].
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Post-translation modifications (PTMS), including histone modifications, are a key
signal for cellular adaptation. Metabolites act as cofactors for epigenetic modifications,
transmitting nutrient availability into cell signalling via chromatin remodelling. These
mechanisms provide fine control of gene expression through modifications such as
acetylation and methylation [*’]. Cell fate can be directed though acetyl-CoA by
acetylation of histones [**], or by methylation using the methyl donor S-
adenosylmethionine (SAM) to alter chromatin structure and influence transcriptional

activity [*].

1.2.1. Energy Sensors

The adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a master
energy sensor controlling cellular energetics and allowing cells to manage energy
consumption based on the availability of intracellular nutrients and energy stores [*°].

The kinase activity is controlled by allosteric binding of the various adenylates, with
AMP and ADP competing for access with ATP [*!']. As demands for cellular energy are
increased ATP levels can become depleted in comparison to AMP and ADP. When ATP
levels are low, AMP and ADP will preferentially bind to the kinase, inducing a
conformational change [**]. This activation, producing a catalytically competent form of
AMPK, results in modification of metabolism through phosphorylation of metabolic
enzymes and transcriptional regulators. For example, it promotes glucose uptake through
translocation and activation of glucose transporters GLUT1 and GLUT4 to the cell
membrane [*]. Glucose usage is also enhanced by the phosphorylation of the glycolytic
enzyme PFK, resulting in an increase of flux through the glycolytic pathway.

One downstream effector of AMPK is the mechanistic target of rapamycin (mTOR),

which acts as a central point of nutrient sensing and control for many biosynthetic
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pathways. There are two distinct multiprotein mTOR complexes, mTORCI1 and
mTORC2, which integrate a range of extracellular and intracellular cues to control
energy metabolism, growth and proliferation [**]. When ATP levels are low AMPK
restores the energy balance of the cell by suppressing the mTOR pathway, upregulating
usage of catabolic pathways that produce ATP [**]. In contrast, once cellular energy
levels are high, the mTOR complexes are activated to promote anabolic processes, such
as protein synthesis, and limit catabolic processes such as autophagy.

AMPK is a target in the treatment of metabolic disorders such as diabetes. Drugs, such
as biguanides like metformin, can act on AMPK indirectly by influencing mitochondrial

production of ATP [*¢].

1.2.2. Environmental Parameters Affecting Metabolism

In addition to nutrient status, other environmental conditions also influence
metabolism. For example, the concentration of molecular oxygen (Oz) has a profound
effect on cellular physiology [*7]. Oxygen is used as a substrate for numerous
biochemical reactions, including the electron transport chain, and cellular systems exist
to sense and respond to varying oxygen tensions. Low oxygen tension, known as
hypoxia, is a key stimulus that can influence metabolism through transcriptional activity.

The master regulators mediating adaptation to limited oxygen are the hypoxia-
inducible factors (HIFs). The transcription factor complex HIF-1, composed of a
heterodimer containing a and 3 subunits, is responsible for gene regulation and cellular
signalling in response to oxygen levels and has a direct impact on metabolism.

Under normal conditions, when sufficient molecular oxygen is present, the o subunit
is hydroxylated and is recognised by the von Hippel-Lindau tumour suppressor (pVHL)

for ubiquitination and degradation by the proteasome. Without molecular oxygen, HIFla
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levels accumulate and lead to the upregulation of key glycolytic enzymes, increasing
metabolic flux [*%].

The immediate response to hypoxia has been demonstrated in leukemia cells, where
metabolic adaptation occurs within minutes of oxygen levels being depleted [*°]. Rates
of nutrient consumption and metabolite production changed as cells were deprived of
oxygen, highlighting the importance of maintaining constant, stable partial pressure of
oxygen during in vitro studies, particularly when looking to monitor responses in real
time.

In mammalian cells the intracellular and extracellular pH of fluids and tissues is vital
to the chemical reactions controlled by enzymes [*°]. Physiological pH is maintained by
buffering processes, and membrane transport systems regulate movement of protons
between cellular compartments. Dysregulated pH can therefore influence cell behaviour
as pH sensitive proteins, such as PFK, can have a 10-fold increase in activity with

relatively small changes in pH [*'].
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1.3.0verflow Metabolism

Excretion of metabolic products can occur when substrates are not completely broken
down by catabolic processes. Instead they are released from cells in a phenomenon known
as overflow metabolism. This occurs in many organisms, and is most familiar as
fermentation; the anaerobic process by which yeasts generate alcohol from sugar.
Excreting metabolites, rather than breaking them down to yield ATP, may seem wasteful,
yet it is often observed in fast growing cells, and thought to be an optimal growth strategy
[42].

Overflow metabolism is also observed in proliferative mammalian cells, as they divide
rapidly the glycolytic pathway processes glucose to pyruvate, which is then transformed
into lactate and effluxed out of the cell. In addition to providing a faster rate of ATP
production together, with production of biosynthetic precursors, this also generates redox

equivalents [*’]. Other overflow metabolites include alanine, formate and pyruvate.

1.3.1. Formate

Excess formate is effluxed from cells and circulating formate in human blood is in the
range 10-100 uM [*]. In mammalian systems, formate arises from a number of metabolic
pathways, and is a key intermediate in one-carbon metabolism, as shown in Figure 1.4.
[*°]. It therefore contributes to thymidylate synthesis, the production of methyl groups for
S-adenosylmethionine (SAM) and synthesis of purine nucleotides. It is also involved in
the metabolism of the amino acids serine and glycine [*¢]. The release of formate is
thought to aid invasiveness of metastatic cells through remodelling of the extracellular

matrix [*']
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Figure 1.4 Formate efflux and parallel pathways of one carbon metabolism.

Formate release is derived from extracellular serine via catabolism to glycine and
tetrahydrofolate (THF) in the cytoplasm and mitochondria. The one carbon unit is
transferred from serine to glycine by serine hydroxymethyltransferase (SHMT) and

further metabolised by action of methylenetetrahydrofolate dehydrogenase (MTHFD).
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1.3.2. Lactate

A build-up of lactate inside cells would result in an acidic environment. A low
cytosolic pH (pH;) would reduce the rate of glycolysis through inhibition of the PFK, and
if pHi becomes too low it could prevent other vital cellular processes from occurring [*].
Lactate (pKa 3.86) dissociates completely under physiological conditions, and therefore
cannot cross membranes by diffusion. Instead, transport is facilitated by the bidirectional
proton-linked monocarboxylate acid symporters (MCTs), with stoichiometric transfer of
the dissociated acid and a hydrogen ion [*]. The main isoform expressed in the majority
of tissues, is MCT1, has a K, in the region of 3.5-10 mM and therefore has a high affinity
for L-lactate and can maintain efflux even at relatively low intracellular levels [*°]. MCT4
is also associated with lactate export, but does not import lactate. It has a much lower
affinity of 22-30 mM and therefore acts when intracellular concentrations are high
[°'].The overflow of lactate as a typical signature of the Warburg effect has been well
documented in proliferative cells, plasma concentration of lactate for a resting, healthy

human is in the millimolar range [*].

1.3.3. Pyruvate

Pyruvate is a major node of central metabolism and it can be converted into lactate,
alanine, oxaloacetate, acetyl-CoA, or secreted from cells. Production of alanine occurs in
concert with generation of a-KG; alanine transaminase (ALT) catalyses the transfer of an
amino group from glutamate to pyruvate. This is most commonly links muscle and liver
metabolism in a recycling and scavenging pathway known as the Cahill cycle.

Release of pyruvate into the extracellular space occurs by the monocarboxylate
transporter family [**]. Data suggests that elevated expression of MCT1 promotes

pyruvate export in glycolytic cells [>*]. The ratio of lactate to pyruvate reflects cytosolic
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redox potential, as the ratio of NADH/NAD+ is in part controlled via lactate
dehydrogenase (LDH), shown in Figure 1.5. Without sufficient regeneration of NAD+,
glycolysis is impaired, as conversion of G3P to 1,3-BPG relies on transfer of a hydride

ion from GAPD to produce NADH.

NADH + H’
@) NAD+ OH
O /L O
H3C < H;C
lactate
© dehydrogenase O

Figure 1.5 Regeneration of redox equivalents by lactate dehydrogenase

The interconversion of pyruvate and lactate by lactate dehydrogenase (LDH) plays a role
in redox potential. The NADH/NAD" ratio is directly affect by the position of equilibrium
of this reaction.
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1.4.Cancer Metabolism

Cancer is a condition involving abnormal cell growth, where healthy tissue is
damaged and destroyed by invading, diseased cells [*°]. Neoplastic disease is recognised
as a major health problem worldwide, with 17 million new cases reported in 2018 [>°].
Global mortality rates reflect the high incidence of cancer, with 1 in 6 deaths attributed
to malignant disease [*’]. Treatment outcomes are improving as therapeutics move away
from pan-cytotoxic agents to targeted drugs, such as Gleevec and Herceptin. These two
drugs inhibit cancer growth via distinct mechanisms; Gleevec prevents proliferation by
binding to the protein product of a chromosomal translocation, whereas Herceptin binds
to an overexpressed cell membrane receptor.

Exploration of new molecular targets continues in order to achieve the full potential
of personalised medicine in the context of cancer [**]. Understanding how these
molecules and associated pathways are implicated in this disease is vital to continue to
combat morbidity, particularly as populations increase and global cancer burden is
projected to rise [*’].

Cancer biology has long since recognised the role of altered metabolism in
transformed tissues, with the seminal work of Otto Warburg from the 1920s still
frequently cited [%°%!]. Warburg recognised that the normoxic increase in lactate
production was due to glycolytic activity in highly proliferative cells. As malignant cell
metabolism is distinct from that of healthy cells metabolic vulnerabilities are therefore a
prime target for novel therapies [®?]. Research into the cellular alterations that drive
cancer actively include the field of cell metabolism and metabolism-modulating
anticancer drugs. One example is Enasidenib, which inhibits the mutant TCA cycle

enzyme isocitrate dehydrogenase (IDH), decreasing levels of the oncometabolite 2-
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hydroxyglutarate (2-HG). Several other metabolic drugs have also been successfully

approved by the Food and Drug Administration (FDA) in recent years [%].

1.4.1. Reprogrammed Cellular Metabolism

Some metabolic phenotypes are observed across many types of cancer, regardless of
the tissue of origin [**]. Hallmarks of proliferative metabolism include high glycolytic
flux, thought to sustain biosynthetic programs and control cell redox. Malignant
alterations to metabolism reflect the increased proliferation, as more fuel substrates are
required to facilitate uncontrolled cell growth and division. Oncogenes direct enhanced
nutrient uptake towards assimilation into biosynthetic pathways, supporting increased
proliferation [%3,%6].

Frequently the phosphatidylinositol 3-kinase (PI3K) signalling pathway is disrupted,
leading to aberrant activation of the downstream AMPK-mTOR network [*’]. The PI3-
kinase is composed of two subunits (regulatory p85 and catalytic p110) that dimerise to
generate the active complex, forming phosphatidylinositol (3,4,5) triphosphate (PIP3)
from phosphorylation of phosphatidylinositol (4,5) bisphosphate (PIP2). These inositol
lipids, situated in the cell membrane, recruit downstream effectors that regulate cellular
processes in response to external growth factor stimulation. Mutational activation of the
PI3K pathway promotes anabolic activities, disconnecting cell growth stimuli from core
metabolic networks and driving uncontrolled proliferation [**].

The tumour suppressor phosphatase with tensin homology (PTEN) acts to restrain
PI3K signalling by dephosphorylation of the inositol lipids. In addition to modulating
cell growth and metabolism through suppressing the PI3K-AMPK-mTOR pathway,

PTEN also has key roles in DNA repair and cell cycle regulation [¢°]. Mutations and
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deletions of PTEN therefore lead to perturbations in cellular homeostasis through
aberrant metabolism and cell growth, promoting to tumorigenesis [°].

Transformed cells use a range of strategies to compensate for the restrictions of the
tumour microenvironment and promote invasiveness [’']. Often tumours do not have
adequate vasculature to supply nutrients and need to find other sources of glucose, amino
acids and lipids ["?]. In addition to upregulating metabolic pathways they can consume
their own cellular components via autophagy [7°] or use macropinocytosis to ingest
extracellular material and provide additional nutrients from protein degradation ["*]. The
hypoxic environment due to insufficient vasculature drives overflow metabolism in the
form of lactate production [7°]. Acidic overflow products are thought to aid metastatic
migration of cells through remodelling of the extracellular matrix (ECM) [°].

Secreted metabolites can also be used as alternative fuel substrates for neighbouring
cells, in particular, monocarboxylate overflow has been linked to lactate and pyruvate
being used by adjacent cells ["7].

Genetic alterations also drive specific types of cancer, for example, a subset gliomas
and glioblastomas are characterised by mutations in the IDH family of enzymes [7*].
Isocitrate dehydrogenase 1 and 2 normally catalyse the conversion of isocitrate to a-KG,
however due to point mutations at arginine residues they instead produce oncometabolite
2-HG, known to competitively inhibit activity of aKG dependant dioxygenases ["°]. This

reaction also consumes NADPH that could otherwise be used to neutralise ROS.
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1.5. Blood Cells and Haematopoietic Malignancies

The blood system is composed of a variety of different cells, commonly identified by
cell-surface markers, each at a distinct point along differentiation from stem cells to
specialised, mature cells [*°]. In adults, the apex of the hierarchy is the pluripotent, self-
renewing, long-term haematopoietic stem cell (LT-HSC). Residing mainly in the bone
marrow, LT-HSCs have the unique capacity to reconstitute the entire blood system by
generating multipotent progenitors that further differentiate into lineages of committed
progenitors and, finally, mature blood cells. While the most potent LT-HSCs are
dormant, using a quiescent state to protect themselves from exhaustion, they can
reversibly switch to a state of self-renewal in order to maintain homeostatic control of
blood production [®!].

The maintenance, proliferation and differentiation of stem cells are regulated by a
dynamic, intricate network of intrinsic and extrinsic signals throughout the blood and
tissues such as bone marrow and spleen. While cytokines and growth factors influence
survival and proliferation, lineage decisions are due to the combined effects of
transcription factors and epigenetic regulation [*?]. Any dysregulation of haematopoiesis,
for example, through disruption of regulatory programs due to genetic mutation, can
result in an unbalanced population of the blood system.

Malignancies of the blood are commonly associated with chromosomal abnormalities,
such as translocations. Leukaemogenesis follows a step-wise evolution where a genetic
mutation initiates the condition and activation of a second event is required for full blown
disease. The resulting leukaemia can be classified as chronic or acute depending on the
proliferation rate of cells. A further subdivision is between myeloid and lymphoid,

according to the lineage of the cells.
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1.5.1. Acute myeloid leukaemia (AML)

AML is the most common form of myeloid leukemia. It is a complex, heterogeneous
disease with many genetically distinct populations of clonal cells co-existing at any one
time [**]. The multitude of AML subtypes is classified using the World Health
Organisation (WHO) system, based on cytogenetic criteria and the minimum
requirement of an accumulation of progenitors that fail to differentiate into functional,
mature cells [34].

These neoplastic cells are arrested in an immature state and they can interfere with the
process of normal haematopoiesis via the production chemokines [*°]. Progression of the
disease can be rapid, and the end result is bone marrow failure, with death from infection
or haemorrhage [*°].

An example of one AML subtype is genetic abnormalities, with a common issue being
at(8;21) chromosomal translocation. The Kasumi-1 cell line carries this genetic mutation
that results in oncogenic fusion protein RUNX1/ETO [*7]. This protein is a transcription
factor that binds to DNA leading to aberrant gene regulation that interferes with normal
blood cell development and maturation, deregulating normal haematopoiesis. Myeloid
differentiation is blocked and cells show enhanced self-renewal and proliferation.

Ablating expression of RUNXI1/ETO, using interfering ribonucleic acids (RNAs),
such as small interfering (siRNA) and short hairpin (shRNA), alleviates the block in
differentiation [*®¥]. RNA interference is a conserved process that defends cells from
parasitic nucleotide sequences; exogenous single-stranded RNA is recognised by the
multi-protein RNA-induced silencing complex (RISC) and degraded or inactivated, so
no translation takes place and no protein product is produced [*°].

In the case of shRNA, a double-stranded RNA which contains a loop structure, the Dicer

enzyme cleaves the RNA into two single strands. One of these is degraded while the other
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acts as a guide template for RISC, which recognises the complementary target mRNA
strand. Once loaded into RISC the mRNA molecule is cleaved by the Argonaute proteins
and further degraded by endogenous nucleases [°']. Conditional expression of a chosen
shRNA can be regulated using tetracycline controlled gene expression systems. The
Kasumi-1 cells used in this work (supplied by the Bonifer laboratory) can be induced to
express an shRNA against RUNX1/ETO encoding mRNA, under the control of a Tet-On
system. Addition of doxycycline induces a conformational change in the tetracycline
transactivator protein (tTA), containing bacterial repressor protein (TetR), that allows
binding to the Tet Response Element (TRE) at the tetracycline operator sequence (tetO).
Subsequent activation of the promotor results in transcription of the genetic product, in
this case expression of the shRNA [*?]. This leads to silencing of the target gene
RUNXI/ETO by sequence specific degradation of the corresponding mRNA, as

described above.
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CHAPTER 2

NUCLEAR MAGNETIC RESONANCE
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2. Overview

NMR involves the manipulation and excitation of nuclei in a magnetic field, probing
energy levels through the application of oscillating electromagnetic fields. Once excited
the resonant state of a sample will induce a current in a receiver coil, which then decays
over time as energy is transferred to the surrounding environment. The signal in the coil
provides information on the chemical environment of the nuclei and can be used for

structural elucidation and molecular identification.

2.1. Basic Theory

Particles have different types of momentum arising from distinct qualities or motions.
For example, classical mechanics describes an electron as having orbital angular
momentum as it moves around a nucleus. In contrast, spin angular momentum is intrinsic,
an abstract quality that can be interpreted as an atomic-scale angular momentum [**].

Elementary particles are characterised by their spin angular momentum quantum
number (/), which can be either integer or half-integer. In the case of matter, composed
of fermions with half odd integer spins, I = 7, 3/2, 5/2 etc. Composite particles, like
nuclei, have a total spin angular momentum (S) calculated from the sum of the
component nucleons.

One manifestation of spin is the behaviour of a nucleus in an external magnetic field;
half-integer nuclear spins have a magnetic moment and will interact with the surrounding
field. These nuclei include the spin % isotopes of hydrogen, carbon, phosphorous and

nitrogen.
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2.1.1. NMR Isotopes

While many NMR active isotopes exist, only a few are used in the study of cellular
metabolism. Protons ('H, 99.98% abundant) are ubiquitous in biological systems as they
constitute an integral part of organic biomolecules and consequently methods that detect
'H are commonly used in the analysis of biofluids, including cell extracts and cell culture
medium [*4,%,%6].

Phosphorous (*'P 100%) is also a major constituent of cells, and >'P can be used to
monitor endogenous compounds such as adenylates, providing information on cellular
energetics [*/]. It has also been used to monitor pH in both the intracellular and
extracellular environment [*%].

The most abundant isotope of nitrogen (!*N 99.63 %) is quadrupolar with I = 1,
meaning its charge distribution is no longer spherical and it behaves differently to spin
Y, nuclei [*°]. Its NMR signals yield broad linewidths and it is therefore rarely used for
observation of metabolites. The '°N isotope used to monitor incorporation of labelled
substrates provides information into alanine and ammonium ['%,101]

In the case of carbon the most abundant isotope (>C 98.9 %) is not NMR active,
however, this has the advantage that substrates labelled isotopically with *C (1.1 %
abundant) can be fed to cells. Metabolic transformations distribute the labelled atoms
and the resulting molecules can be detected. This provides information on the specific
metabolites produced by active pathways, including the exact position of atoms

incorporated into synthesised molecules. *C is commonly used to report on the fate of

sugars, amino acids and lipids [!%2,'0].
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2.1.2. Magnetic Moments and Gyromagnetic Ratios
Magnetic moments are vector quantities, indicated here by bold italics, and are
defined by both a magnitude and a direction. The intrinsic magnetic moment (u) of a

nucleus due to total spin angular momentum (), is defined by:

u=vSs (2.1)

where v is the constant of proportionality, known as the gyromagnetic ratio, with units
of rads'T!. This constant is characteristic of each nucleus and can vary in sign,
indicating the alignment of the magnetic moment relative to the spin angular momentum.
The gyromagnetic ratio influences the size of the equilibrium magnetisation and
consequently nuclei with higher gyromagnetic ratios, such as hydrogen, have higher

sensitivities. See Table 1, below, for properties of isotopes commonly used for metabolic

studies.
Nucleus Spin Gyromagnetic ratio Relative Abundance
1)) MHZz/T (y) Sensitivity (%)
'H Y 42.58 1.0000 99.98
’H Y 6.54 0.0097 0.015
Bc Y 10.71 0.0159 1.108
N 1 3.08 0.0010 99.63
SN %) -4.32 0.0010 0.37
31p Y 17.24 0.0665 100

Table 1: Properties of some NMR active isotopes used in biological studies
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While many isotopes are NMR-active, only a few are relevant for the study of biological
molecules ['%].

At equilibrium, in the absence of an external magnetic field, the distribution of spin
magnetic moments in a sample is isotropic; the magnetic moments of individual nuclei
point in all possible directions. Application of a magnetic field to the nuclei will produce
a torque on each magnetic moment, the force of which will depend on their orientation
relative to the external field. This interaction results in precessional motion and the
magnetic moments will rotate around the direction of the external magnetic field as
dictated by their gyromagnetic ratio. The direction of rotation will depend on the sign of

the gyromagnetic ratio and the frequency of this precessional motion is termed the

Larmor frequency (wo):

o = - YBo (2.2)

where By is the external field strength. The Larmor frequency depends on the nucleus
and the external magnetic field.

There is a slight energetic advantage for the magnetic moments to align themselves
with the external magnetic field. Overall the transverse components of the magnetic
moment's vectors average to zero, leaving a net magnetisation vector along the direction
of the field.

Using a radio frequency (RF) pulse, of appropriate frequency and duration, the net
magnetisation can be manipulated to rotate around the external field. Following the pulse,
the spin system returns to equilibrium via a process called relaxation; energy will be lost

to the surroundings and the net magnetisation will return to the z-axis ['%%].
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Precession of the magnetisation in the transverse dimension will induce an oscillating
current in the receiving coil. The detected signal is called the free-induction decay (FID).
Over time the transverse element will decay to zero and the vertical component will
increase back to the equilibrium value. The FID is processed to yield all the component
frequencies corresponding to the nuclear spins in the sample, as shown in Figure 2.1.
The spectrum 1is a plot of signal intensity against chemical shift, where the chemical
shift (6, units ppm) is relative to an agreed reference compound, derived from frequency

using the following equation:

§ = ("_"—Tef>x106 2.3)
Voff

where v and vref are, respectively, the frequencies of the signal of interest, and the
relevant chemical shift reference compound. vofr is the offset frequency of the
spectrometer. Using this ppm scale the position each resonance is independent of the
field strength, so spectra from different spectrometers can be compared.

The frequency of an NMR signal is characteristic of the chemical environment of the
nucleus. Higher electron densities shield nuclei from the applied field, in comparison to
those with lower electron densities, or deshielded nuclei. The shielded nuclei experience
a weaker magnetic field, while the deshielded experience a stronger magnetic field and

therefore the resonance will appear at a higher ppm value.
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Figure 2.1 NMR Free Induction Decay and Spectrum

Example acquisition demonstrating appearance of the free induction decay (FID) in the
time dimension and the corresponding spectrum translated to the chemical shift scale. A
mathematical function called Fourier transformation is used to generate the frequency
domain spectrum from the FID. Pulse sequence zgesgp, 4 steady-state transients, 64
transients. (Top) zoom of the FID the time-domain signal and (bottom) the corresponding

spectrum, with the frequency domain converted to ppm.
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2.1.3. NMR Signals and Sensitivity
Interaction of nuclei with an external magnetic field can be described in terms of
energy levels, and the frequencies of lines in NMR spectra are a result of allowed energy
transitions between these levels. For spin-%2 nuclei, such as those commonly found in
biological material, the nuclear spin is (21 + 1)-fold degenerate. When placed in a
magnetic field the degeneracy is broken and the resulting Zeeman splitting produces two

energy levels.

The energy of each level is described by:
Em = -mhyBy (2.4)

where m is either +1/2 for the a state or -1/2 for the B state. h is Planks constant, y the
gyromagnetic ratio and Bo is the external field strength. The magnitude of the splitting

depends on the strength of the magnetic field.

The population of the energy levels is described by the Boltzmann distribution:

"B = exp (‘_AE) (2.5)

Where k is the Boltzmann constant and T is the temperature in Kelvin. The Ng
population is the upper state and Na is the lower state. AE is the energy difference

between the two levels.
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Application of a magnetic field at the Larmor frequency (B1, the RF pulse) induces
nuclei to “flip” between energy levels. At some point after the RF pulse, the nuclear spins
return to equilibrium, via relaxation processes, described in section 2.1.4. The transition
will have a frequency equivalent to the energy difference between the levels, and the
signal intensity will be directly proportional to the number of nuclei producing it. The
NMR signal is relatively weak in comparison to other techniques, as a result the amount

of sample required for NMR 1is generally greater than for other spectroscopic techniques.

2.1.4. Relaxation

The decay of observable magnetisation is a consequence of longitudinal and
transverse relaxation. As energy is dissipated to the surroundings the bulk magnetisation
vector returns to the equilibrium position.

Longitudinal relaxation (T1) of spin 2 nuclei occurs as local molecular motions
produce magnetic fields oscillating at the Larmor frequency. The random motion of
molecular collisions changes the orientation of nuclei relative to both each other and the
external magnetic field and thus provides a path for energy transfer between molecules
[106].

Transverse relaxation (T2) is the decay of magnetisation in the transverse plane due to
the dephasing of magnetisation vectors as each spin experiences a slightly different
magnetic field, and precesses at a different frequency. This effect results from the
combination of local magnetic fields arising from the sample and inhomogeneity in the
external magnetic field.

Relaxation rates vary between nuclei, and proton T; values are in the range of several

seconds ['°7]. For small molecules rapidly tumbling in solution T; and T> are similar,
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whereas large molecules have shorter T», due to slow rotational motion and therefore
produce in broad resonances.

The duration of time taken to relax is very slow compared to other spectroscopic
states. For example, in NMR spectroscopy, excited spins can take seconds or minutes to
return to equilibrium, whereas vibrational and rotational excited states relax on a
timescale of fractions of a millisecond. The advantage of relatively slow relaxation is
that transverse magnetisation survives long enough to be manipulated by further RF
pulses. This enables the use of multiple pulses to manipulate the spin system into
producing resonances that contain the desired information about the system under study,
described in section 2.2. The disadvantage of long longitudinal relaxation times is that
quantitative NMR requires the equilibration state to be re-established between successive
acquisitions. This increases the total experiment time, as a duration of 5*T; is required

for the spins to fully relax back to the equilibrium state ['%%].

2.1.5. J-coupling
Chemical bonds can mediate magnetic interactions between nuclei in a molecule.
Bonding electrons are polarised by nuclear spins, which in turn perturb the magnetic
moment of any connected nucleus. The magnetic moment can align with or against the

external field (Bo) and consequently the effective magnetic field experienced by each

nucleus is slightly increased or decreased. The resonance of each nucleus will therefore
be split by these interactions, giving rise to multiplets in the NMR spectrum. This
phenomenon, known as scalar or J-coupling, is independent of the external magnetic field
strength. The fine detail of each multiplet provides information about the number of
connected atoms in a molecule. Coupling constants, measured in Hz, depend on the

number and type of bonds connecting nuclei. This information in invaluable when

35



assigning resonances in complex mixtures, as the splitting pattern of each multiplet (and

the associated coupling constants) aids in the identification of molecule.

2.2.Pulse Sequences and Parameters

Most NMR experiments involve a sequence of RF pulses and delays designed to
extract specific information from the spin system. They can manipulate just one nucleus
or use a series of pulses to transfer magnetisation to coupled nuclei ['*°]. This can elevate
sensitivity and provide complementary information, or just simplify spectra.

Pulse sequences describe the type and order of delays and pulses for each acquisition,
along with any other necessary acquisition parameters. Often sequences start with a 90°
(m/2) excitation pulse to generate magnetisation in the transverse plane, while different
delays can allow time for refocusing or evolution of chemical shifts during the particular
sequence of pulses. A final read pulse generates observable magnetisation in the
transverse plane.

Each NMR experiment will be composed of multiple transients, the number of which
will depend on the pulse sequence in question and is usually chosen to obtain sufficient
signal intensity for a given amount of sample. The total number of transients will also
involve balancing the sensitivity of the experiment with efficient use of instrument time.

The signal to noise (S/N) defines the sensitivity of an experiment ['!°], and increases

with the number of transients) according to:

_ NyeT; (vaBo)?/?v/ns
a T

S/N
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where ve is the gyromagnetic ratio of the excited nucleus, yq is the gyromagnetic ratio
of the detected nucleus and By is the external magnetic field. T> is the transverse

relaxation time and T is the sample temperature.

2.2.1. Phase cycling and Pulsed Field Gradients

Multi-pulse experiments are tailored to excite specific spins and produce
magnetisation that yields a spectrum containing resonances of interest. In many samples
there will be a mixture of signals, and it may be advantageous to filter out those
associated with undesired resonances as spectral overlap may prevent identification
and/or quantitation.

Phase cycling is a procedure used to reduce contributions from unwanted signals. This
method repeats the multi-pulse experiment while varying the relative phases of the RF
pulses and receiver [''!]. The resultant sum of the transients will yield only the signals
that constructively combine, while others are cancelled out. This difference method is
reliant on using a minimum number of transients and can therefore be time consuming.

Another approach is to introduce a transient inhomogeneous magnetic field along one
axis of the sample ['!?]. These pulsed field gradients (PFGs) dephase spins according to
their location along the sample axis. An opposite gradient pulse can then be used to
rephase signals from spins of interest.

In practice a combination of phase cycling and PFGs are often used to reduce
experiment time while maintaining signal selectivity, allowing for the most efficient use

of spectrometer time.
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2.2.2. Biological Samples and Water Suppression

The aqueous milieu of biological samples (tissues, cells or reconstituted extracts)
provides a measurement challenge in proton NMR spectroscopy. Protons in water (H-O,
110 M) dominate the spectrum, and a simple pulse acquire experiment would result in
the large water resonance obscuring and distorting much smaller analyte peaks in the
millimolar range. Pulse sequences use a range of techniques to attenuate the water signal
and there is usually a trade-off between completely removing the water and distorting
other resonances [!!*]. The choice of suppression scheme can therefore have a significant
impact on the quality of the resulting spectrum ['!4].

Strategies to eliminate the water signal can selectively excite or refocus the analyte
resonances of interest. For example, excitation sculpting uses shaped pulses with a
refocusing element ['1], while WATERGATE uses a frequency selective pulse train that
excites everything but the water [''6,''"]. In contrast 1D NOESY sequences remove the
water with a long, low-power presaturation pulse during the recycle delay, destroying

any residual water magnetisation with phase cycling and pulsed field gradients [''®].
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2.3. One-Dimensional and Two-Dimensional NMR Spectroscopy

Each NMR spectrum can contain a wealth of information, particularly when analysing
complex mixtures of multiple spin-active nuclei. One-dimensional (1D) NMR
spectroscopy involves a series of pulses followed by data acquisition in a detection
period, and can also include a preparation and mixing time. A subsequent Fourier
transformation of the FID generates a plot of intensity versus frequency.

In two-dimensional (2D) NMR spectroscopy there two stages after the preparation
time, the evolution time and then the mixing time, where magnetisation may be
transferred to a second nucleus prior to the detection time. A series of FIDs are acquired
at regularly spaced increments in the evolution time. Subsequently, the data is
transformed to frequency co-ordinates, much like a topographical map, where peak
intensity is represented by contours.

2D experiments can provide additional dispersion in the second dimension and help
to resolve peaks that would otherwise overlap in a 1D ['"].This is best achieved using
pulse sequences like the HSQC and HMQC experiments that correlate the chemical shifts
of 'H and *C ['?°]. These pulse sequences can also enhance sensitivity by transferring

magnetism to the nucleus with a higher gyromagnetic ratio, in this case 'H.
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2.4. NMR Spectrometer

High resolution NMR spectroscopy requires a strong and stable, homogenous
magnetic field. Superconducting magnets, held at sufficiently low temperatures, are used
to generate the Bo field. Concentric Dewars keep the magnet coil cool, using liquid
helium (4 K) in the inner chamber to maintain the superconductivity, while liquid
nitrogen (78 K) is used as a thermal buffer on the outside ['*'].

NMR magnets are cylindrical in shape, with a hollow bore along the vertical axis
which houses the probe, a combination of RF coils that excite the sample and detect the
subsequent response. The sample is seated inside the probe, with an air cushion used to
facilitate movement of the sample into and out of the bore.

A deuterium frequency lock coil is also part of the probe. The lock compensates for
the slow drift of the field over time by monitoring the *H signal and using a field-
frequency lock to hold the By field coil to a constant value. During longer experiments
field drift can lead to frequency drift and resonance broadening.

The shims are a set of small coils used to cancel out any inhomogeneity in the Bo field.
Imperfections in the field can be corrected for by applying small opposing currents in the
shim, improving spectral quality by reducing line width and sharpening resonances ['*].
The optimum shim is determined by assessing the linewidth directly, or trying to
maximise the lock signal.

A radiofrequency source, the RF transmitter, is responsible for generating the stable,
precise frequencies responsible for the Bi field. It can be at room temperature, or

cryogenically cooled in order to reduce thermal noise and improve signal-to-noise

[123,124]'
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CHAPTER 3

NMR OF LIVE SYSTEMS
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3. Overview

This chapter will begin with an overview of NMR applied to the study of metabolism.
The methods used to monitor intracellular molecules will be described and following on
from there, the various ways of keeping live samples viable will be summarised, with a
focus on bioreactor technology. Finally a brief overview of the aims of this thesis of work

will be set out.

3.1. Monitoring Metabolism in Live Systems

The investigation of biochemical processes often requires the use of model systems
to recapitulate parts of complex organisms. This can be whole organs, cells or isolated
cellular compartments, such as mitochondria. Separation of each component involves
disruption of the biological system, and further in vitro or ex vivo study can lose sight of
the overall context. While this approach is well suited to the study of isolated aspects of
biological mechanisms, it does not provide a holistic view of the intact system. The non-
destructive nature of NMR spectroscopy avoids unnecessary perturbations of cellular
function, and is consequently an ideal non-invasive tool for the study of live systems.
This is exemplified in the use of magnetic resonance imaging (MRI) as a clinical
diagnostic tool.

From the first NMR studies on live biological material ['*°] to the present day, huge
advances have been made in the sensitivity and resolution of the technique thanks to the
introduction of higher-field magnets, cryo-probes and associated pulse sequences and
sampling strategies. Cells, tissues and even whole organisms can be placed inside the
spectrometer for in-situ analysis [!26,127 128 129],

Various methodologies exist for metabolic studies using in vitro, ex vivo and in vivo

NMR approaches. Each experimental setup is tailored to the biological system and
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metabolites under study, as the cellular metabolome consists of a variety of molecules
present in both the intra and extracellular environment.

Methods that collect samples over a defined time course often involve processes that
perturb the live system. Metabolism is very sensitive to environmental changes, and it is
therefore important to utilise non-disruptive techniques. This is particularly problematic
when taking cell extracts, as cells are separated from the culture medium prior to solvent-
based quenching of metabolism ['*°]. This method of sampling can make use of
centrifugation or filtration to divide cells from their culture medium, both processes that
can take up to several minutes, and therefore mask the dynamics of fast-changing

biotransformations taking place over a short time scale.
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3.2. In-Cell NMR spectroscopy

The study of biomolecules contained in living cells has in the past focussed on
qualitative structural information, to the point that in-cell NMR is often synonymous with
structural biology “in the cell”. Heteronuclear multi-dimensional NMR is mainly used to
monitor resonances associated with protein backbone and side chains ['*'] and few
studies have monitored small molecule metabolism ['*?]. Otherwise, most studies are
concerned with protein interactions and dynamics in the native cellular environment.
Overexpression systems and NMR active isotopes enable detection of specific
biomolecules in contrast to the unlabelled cellular components ['*3].Other approaches
involve delivery of labelled proteins into the intracellular environment by microinjection
['34], electroporation ['*°] and membrane pore-formation [!*®]. Time dependent changes
in the isotopic signals can be correlated with the biological activities that alter labelled
molecules, such as the case of post-translation modifications by small molecule entities
[137].

Sample preparation for in-cell experiments can be as simple as pelleting cells into the
NMR tube. Typical conditions used for mammalian systems involve high cell densities.
The crowding of cells inside sample tubes results in rapid nutrient depletion, and
consequently cell viability declines over the course of experiments [!**]. Markers of
stress have been detected during in-cell NMR, and can be used to monitor cell health in-
situ during or at the end of experiments ['*°]. This is crucial to ensure that valid
conclusions are drawn from the biological system.

The short lifetime of in-cell samples due to stress provoked by cell densities has been
addressed by the use of specialised vessels (bioreactors) to house and maintain the cells
['4°], supplying adequate nutrients and maintain appropriate environmental parameters,

as explained in the following section.
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3.3. Bioreactor Designs for Real-Time NMR

Mammalian cells require a stable environment; a constant temperature of 37 °C, and
physiological pH within the range pH 7.2 to pH 7.4. In cell culture laboratory incubators
cultures are kept warm at 37 °C, and buffers maintain the pH in the culture medium.
Often a bicarbonate buffer is used in conjunction with a controlled carbon dioxide tension
inside the incubator, balancing pH with the same mechanism found in human blood (see
equation 3.1). Carbon dioxide (CO>) dissolves in the culture medium and forms carbonic
acid (H2COs), which disassociates into bicarbonate (HCO3") and protons (H"), catalysed

by carbonic anhydrases.

CO; + H,0 2 HCO3 2 H' + HCOs 3.1

Cells also require a supply of nutrients to stay viable, and waste products will need to
be removed from the surrounding environment before they build up to toxic levels.
Cultures are usually passaged in order to replenish nutrients and eliminate waste
products. This is achieved by either diluting or resuspending cells in fresh medium,
depending on the manner of cell growth. Cells can either grow freely in solution, or
adhere to a support matrix. There may be a detachment and/or centrifugation step
involved in the media change depending on the cell type and growth. Rate of growth will
determine the frequency with which passages are performed and fast growing cells may
require medium changes every 48 hours.

Any cultivation system that supports cell growth needs to maintain environmental
parameters and keep nutrient levels within an acceptable range. Methods to culture cells
cover a diverse range of bioreactor configurations, from small microfluidic devices ['*']

to large scale setups used in antibody manufacturing ['#?].
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Hardware availability also plays a part in determining the final monitoring
arrangement, particularly in NMR spectroscopy, where dedicated spectrometers and
probes can be the limiting factor in accommodating live organisms. Bespoke set ups
many not be amenable to quick or simple probe or equipment changes, and may need to
stay in situ for long term use ['**]. There is choice of whether the bioreactor should be
adapted for use with a specific probe, and therefore fit within defined dimensions, or if
the probe should be modified to house the bioreactor. Probes can be engineered to
accommodate the geometry of the bioreactor, however, this is a time-consuming and
potentially expensive process.

Other NMR specific considerations include criteria for generating a suitable signal for
detection, including a homogenous sample over the volume of measurement. Bubbles in
solutions can be problematic, as can sedimentation of cells or debris in the NMR tube
[144.

Finding conditions for consistent, successful cultivation of cells is also challenging
because each type of cell line will demand unique conditions. The type of cell can
therefore limit its suitability for growth systems where cells are forced to be either are
immobilised or free floating. Perfusion bioreactors are the predominant design used to

maintain cell viability during NMR studies, described in the next section.

3.3.1. Perfusion Systems
Continuous feeding of cell cultures can be achieved by perfusion of fresh cell medium,
allowing exchange of nutrients, metabolites and oxygen. This technique is routinely used
in commercial production of proteins and antibodies, where intensive bioreactors

maintain high cell densities in order to increase productivity ['*°]. Waste medium is
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continuously exchanged for fresh medium, and cells are usually retained within fibres or
membranes.

Types of perfusion bioreactors include fixed bed and fluidised bed reactors. Both
make use of porous carriers to immobilise cells; fixed bed designs secure cells to a fixed
point in the bioreactor while fluidised designs encapsulate cells, but do not limit their
movements ['*¢]. The porous materials used to immobilise cells allow liquid to penetrate
so nutrient molecules are available to the cells ['*7]. In the fixed bed design culture
medium is perfused over the stationary cells, whereas in the fluidised bed the medium is
mixed with the cell encapsulates. One issue with the fluidised approach is cell
aggregation, causing oxygen gradients within encapsulates ['*%]. This results in the
internal cells becoming hypoxic as they no longer have adequate exposure to the
oxygenated medium. Attempts to improve nutrient perfusion and cell viability include
using alginate encapsulation, where dense 3D cultures can be created with seeding
densities of tens of millions of cells per ml ['*°].

Hollow fibre perfusion bioreactor (HFPB) systems are very similar to fixed bed
designs, except the medium is channelled through the lumen of fibres, like blood through
capillaries ['°°]. This results in tissue-like densities as cells cluster together between the
parallel arrays of fibres. Nutrients from the culture medium are free to diffuse into the
cells, while waste products can diffuse away from the cells, back into the fibres. HFPB
systems have applications in bioproduction, as well as the pharmaceutical industry [*°'].
They can be used to stimulate the delivery of therapeutics in vivo, as the drug can be
perfused with the medium or injected directly into the cell mass. The disadvantage of the
membrane-based systems is the reduction in working capacity compared to
encapsulation. Space is taken up by the fibres and therefore fewer cells can be kept in the

same volume.
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Perfusion bioreactors can also make use of cells in suspension. Since bioreactor
geometries can produce nutrient gradients, and allow waste products to build up,
mechanical agitation is often used to stir the medium of suspension cultures and maintain
homogenous conditions. Homogenous cell populations, with equal nutritional and
metabolic states over the whole volume of measurement, are required to provide
functional data under realistic conditions of the cellular environment. One problem with
stirring cells is the resultant shear force within the fluid that can perturb cell populations.
Many cell types are sensitive to shear stress, and fluid shearing is well known to influence
cell physiology, and may also stimulate changes in cell morphology and cell state
[1°2,153]. Mechanically stirred configurations are therefore limited to cell lines that require
agitation to grow and function, and require some form of mixing to maintain viability. In
the context of trying to monitor metabolic parameters of live cultures of human cells or
cell lines, these stirred bioreactors are unsuitable. However, they do provide ideal
systems to maintain cells that require a microenvironment with directional flow.

The advantage of perfusion systems lie in the maintenance of a steady state culture,
in contrast to systems that expose cells to cycles of fresh nutrient-replete medium. In
batch fed cultures cells are fed periodic replacements of fresh medium that can have

negative effects as sudden change in medium composition can induce differentiation

[154].

3.3.2. Physiological Conditions and Cell Numbers
A bioreactor environment may aim to recapitulate conditions associated with certain
facets of physiology, however most systems will fail due to cell numbers and

environmental parameters inside the bioreactor.
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Problems with effects on cell growth due to bioreactor design can stem from
immobilisation of cells, as this may prevent them from dividing. Cell to cell signalling,
known as quorum sensing, may also be affected.

Alternative approaches use modified hardware to improve detection, using
miniaturised NMR detectors and lap-on-chip microfluidics to overcome sensitivity
problems associated with very low cell numbers [!*°]. One consideration of bioreactor
design is the minimal number of cells required to detect metabolic signatures with NMR.
The design of our bioreactor was guided by the desire to recapitulate commonly used lab
conditions for growing cells and to minimise cell stress, include shear stress as far as

possible. The total volume of the system is 9ml
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3.4.Thesis Outline

The aim of this thesis was to develop a methodology to monitor the metabolism of
mammalian cells in real-time. This involved the integration of sterile cell culture
conditions with flow NMR in a manner amenable to the study of metabolic processes as
they occur. The programme of work involved setting up the flow system and finding a
suitable approach to keep cells alive and viable over sufficiently long periods of time.
Ways of maintaining the equipment were explored with a view to ensuring that cells were
kept in a sterile environment for the duration of experiments. Several methods of data
acquisition were also tested with a view to finding an appropriate method for monitoring
small molecule metabolites in the live cell environment.

A Bruker flow probe insert, termed InsightMR, was supplied for the project. It was
originally built for reaction monitoring ['°°] and is compatible with standard Smm probes.
This system incorporates temperature controlled flow lines that connect a reaction vessel
into the flow path and keep the entire system at 37 °C.

Initial experiments investigated cell metabolism in cultured cell lines, monitoring cells
and exploring the challenges associated with maintaining cultures away from the sterile
cell culture laboratory. Further work explored the suitability of the system to monitor
changes in metabolic phenotype through either the administration of therapeutic agents,
or the manipulation of transcriptional regulators.

The overall aim was to demonstrate the utility of real-time NMR in the context of
correlating the physiological condition of cells with metabolite concentrations with a

view to working towards clinical applications.
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CHAPTER 4

MATERIALS AND METHODS
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4. Materials and Methods

4.1.InsightMR Method Development

Development of the InsightMR flow system, shown below in Figure 4.1, involved a
multitude of experiments to optimise the ideal cleaning and sterilisation protocols. These
successful methods are outlined in the following sections, while the failed attempts are

detailed in Chapter 5.

5mm insulated flow

cell

CARBON
DIOXIDE

incubato /

Water Hydil;o:en
CO, + H,0 2 H,CO, 2 H' + HCO,
Carbon Carbonic Bicarbonate
dioxide acid ion

Figure 4.1 Integrating InsightMR and cell culture conditions in the NMR facility

The laboratory setup for monitoring cell metabolism with the flow system. A cell culture
incubator is situated adjacent to the spectrometer. Capillary flow lines from the InsightMR enter
and exit the incubator via a port in the rear wall and connect to a bioreactor containing the cell

culture under observation.
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4.1.1. InsightMR System Cleaning Protocol

Removing fluid and any debris from the capillary lines and NMR tube requires several
steps of flushing the system (total volume 9 ml). First, any potentially biohazardous
sample was flushed out with three systems volume of isotonic phosphate buffered saline
(PBS). Biological waste was disposed of via normal autoclave waste streams. Following
that, three system volumes of water were used as a final flush and the system was allowed
to pump to dryness using a peristaltic pump. The NMR tube was subsequently removed
and the lines cleared with compressed air. Air flow was left on until no further fluid
exited the lines. The NMR tube was rinsed with water and replaced back onto the tube

holder, ready for use.

4.1.2. InsightMR Sterilisation Protocol

The flow system was cleaned, as described in section 4.1.1, prior to sterilisation. The
protocol was developed after a series of failed attempts using various chemicals, as
described in Chapter 5. Sterilisation was achieved by setting the heater circulator to 95
°C and allowing time for the system and transfer line, containing the capillary flow lines,
to equilibrate to temperature. Water was pumped into the flow system and both capillary
lines were placed in a large beaker of water, heated to 95 °C on a hot plate. The NMR
tube was then lowered into the waterbath of the heater circulator and left for one hour.
Once the entire system was at temperature the peristaltic pump was used to circulate the
hot water around the system for a further three hours. A protective covering is placed

over the NMR tube for the duration of the procedure.
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4.2.Cell Based Experiments

4.2.1. Cell Culture Conditions

All cell lines (JIN3, HL-60, SKM-1, MOLM-14 and Kasumi-1) were maintained in
a humidified incubator at 37 °C and 5 % CO; using supplemented RPMI 1640 medium
modified with 10 % fetal bovine serum (FBS), glutamine and pen-strep (Sigma-Aldrich,
UK).

Cells were routinely passaged every 2-3 days to maintain cultures in exponential
growth (around 5x10° cells/ml). A cell aliquot was taken from culture flasks and counted
using trypan blue to establish live cell numbers. Cells were centrifuged (5 mins, 300 g)

and resuspended in a suitable volume of fresh culture medium.

4.2.2. Kasumi-1 doxycycline treatment (seven day time course)

The Kasumi-1 cell lines, containing the doxycycline inducible RUNX1/ETO shRNA
and mismatch control shRNA, were used to investigate metabolic changes as cells
differentiated. Cells were seeded at 5x10° cells/ml and passaged by splitting every 48
hours. Cell suspensions were counted using trypan blue to establish live cell numbers,
then centrifuged (5 min, 300 g) and spent medium replace with supplemented RPMI

medium with/without 10 mg/ml doxycycline.

4.2.3. RNA isolation, cDNA synthesis and PCR
Cell aliquots (approximately 1 ml containing 1x107 cells) were taken and suspended
in triazol prior to storage at -80°C. Samples were defrosted on ice and incubated for 2 to
3 minutes at room temperature following the addition of chloroform (200 pl) to the
lysate. After centrifugation (12000 g, 15 min, 4 °C) the aqueous supernatant was

transferred to a new tube, with care taken not to disturb the pink triazol phase.
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Precipitation of the RNA was achieved by addition of 2-propanol (500 pl) to the
aqueous phase. The sample was vortexed well, incubated at 4 °C for 10 min followed by
centrifugation (12000 g, 15 min, 4 °C). The supernatant was removed and the pellet
washed with ice-cold ethanol (70 % made in DEPC treated water by addition of 0.1 %
DEPC to sterile water). The sample was centrifuged (12000 g, 5 min, 4 °C) and the pellet
air dried to remove any residual ethanol and was subsequently resuspensed in DEPC
treated water (20 pl). An Rneasy minielute cleanup kit (Quiagen) was then used purify
the sample ready for cDNA synthesis.

RNA was treated with DNasel and incubated (1 hour, 37 °C) with the following:

total RNA (2 ul), 10X DNasel buffer (2.5 pul), 1 U/ul RQI Rnase free DNasel(1 pl),
40 U/ul RNaseOUT (0.5 pl) and water (1 pl). A NanoDrop spectrophotometer was used
to quantify the isolated RNA, with purity ratios at 260/230 nm and 260/280 nm used to
assess the quality of the RNA.

1 pg of RNA was used for cDNA synthesis with reverse transcriptase (M-MLV RT).
RNA was annealed by heat treatment at 70 °C for 5 minutes, after which a mixture
containing nucleoside oligo (dT) primers, 4 pl of 5 x first strand synthesis buffer
(Promega), 5 pl of 2mM dNTP, 1 ul of 200 U/ul M-MLV Reverse Transcriptase
(Promega), 0.5 ul of 400 U/ul of RNase out (Invitrogen) was added to the RNA and
incubated at 37 °C for 1 hour followed by 9 5°C for 5 minutes in a T300 thermocycler
(Biometra).

SYBR® Green PCR master mix was used for PCR. Primers were diluted (1:50) from
1 mM stock solutions. Total reaction volume was 10 pl per well (2.5 ul ¢cDNA and 7.5
pl master mix and primers). GAPDH was used to normalise expression of each gene. A
standard curve, produced from serially diluted cDNA, was used to determine

amplification efficiencies of the different primers.
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4.2.4. Preparing Frozen Patient Cells
Culture medium was prepared using alphaMEM (Stemcell Technologies)
supplemented with horse serum (HS).
The thawed cell pellet was resuspended in a defrost buffer PBS (5 % HS, DNAasel),
initially in 1 ml, followed by slowly adding more buffer over ten minutes. Cells were
centrifuged (10 min, 500 g) and resuspended (5x10° cells/ml) in medium containing 10

% D20, ready for transfer to the bioreactor for NMR analysis.

4.2.5. Preparing Patient Cells from Fresh Blood.

A member of the Bonifer lab prepared a peripheral blood sample by layering blood
from a patient onto a density gradient medium (Lymphoprep, StemCell Technology) and
centrifuging at 600 g. Once the mixture had separated the mononuclear cells were taken
from the intermediate layer. Flow cytometry was used to confirm the presence of cell
type using the CD34+ stem marker. Cells were incubated with magnetic CD34+
microbeads (500 pl, 15 mins) and then resuspended in 5 ml MACS buffer. Cells were
sorted using a LS column (Miltenyl-Biotech) to ensure that a purity of greater than 95 %
was achieved in the final sample. An aliquot of cells was used (5x10° cells/ml) for real-
time analysis. Medium was perfused around the flow system at 1 ml/min and the

metabolic footprint was monitored over 12 hours.

4.2.6. Patient Cell Line Culture
An aliquot of the patient cell line was defrosted as described in section 4.2.4, above.
Cells were centrifuged (10 min, 500 g) and resuspended in MACS (PBS, 0.5 % BSA,
2mM EDTA) buffer ready for purification. Cells were sorted to yield the CD34+ fraction

using magnetic beads (Miltenyl-Biotech, USA). An Fc receptor (FcR) blocking agent
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was added to avoid non-specific binding together with EDTA (4mM) was added to

prevent cell clumping. The solution was gently agitated onto the column and washed

three times (3 ml), prior to eluting (5 ml). Cell count post-bead purification was 1x10°

cells. Cells were plated out onto MSS5 stromal cells and left to expand for two weeks.

4.3.Flow Cytometry

4.3.1. Cell Viability

Apoptosis and cell death was assessed using the AnnexinV-FITC Apoptosis Detection

Kit (BD Pharminogen™). The 10X Binding Buffer was diluted 1in10 prior to use. Cell

aliquots were collected (5x10° cells), centrifuged (300 g, 5 mins) and supernatant

discarded. The cell pellet was washed with cold PBS, re-pelleted (300 g, 5 mins). Cells

were resuspended in 1X binding buffer (500 ul) and aliquoted into flow cytometry tubes

(100 pl). The relevant stain was added, and the tubes were gently mixed and left for 15

mins in the dark. 1X binding buffer (400ul) was added to the tubes and analysis was

conducted using a CyAn™ ADP flow cytometer.

Sample Stain
Control None
Apoptotic Sul FITC AnnexinV
Dead Sul propidium iodide
Apoptotic and Dead Sul each stain

Table 2: reagents for flow cytometry
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4.3.2. Cell cycle analysis

A cell aliquot was collected (1x10° cells) and centrifuged (300 g, 5 mins). The
supernatant was discarded and the pellet resuspended in PBS (250 pl). Ice cold ethanol
was added dropwise (750 pl) to fix the cells. The aliquot was left at 4 °C for 30 min after
which the cells were washed in PBS, pelleted (300 g, 5 mins), resuspended in PBS (1 ml)
and left for 20 minutes to hydrate cells. Cells were pelleted (300 g, 5 mins) and
resuspended in fresh PBS (500 pl) with RNaseA (100 pg/ml) and incubated for 20
minutes at RTP. The cell aliquot was washed again, resuspend in PBS (400 pl) with
7AAD (4 pl from 1 mg/ml stock). analysis was conducted using a CyAn™ ADP flow

cytometer.

4.4.Metabolic Analysis using NMR

4.4.1. InsightMR Development Experiments

All experiments with the InsightMR system used the modified 5 mm NMR tube, with
a 500 I volume, supplied with the system. Data was acquired at 310K using a 500 MHz
Bruker Avance III spectrometer with a 5 mm z-PFG TXI probe. Spectra collected during
modifications and protocol developments used the standard Bruker noesygpprld
sequence with parameters as follows: number of transients 32 or 64 (depending on
sensitivity required), steady-state transients = 4, relaxation delay 5 s. The number of
transients was increased during the development to ensure that all relevant metabolites
could be detected. The probe was tuned and matched, with pulse widths in the range 11

us and the frequency offset was set to 4.7 ppm.
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4.4.2. Medium Aliquots

Spectra collected to establish changes in medium composition under standard cell
culture conditions, described in Chapter 6.1, were acquired using a 600 MHz Bruker
Avance III spectrometer with a 5 mm z-PFG TCI probe and Samplejet autosampler.
Samples were transferred to 3 mm NMR tubes, to minimise the amount of medium used,
with a final concentration of 10 % D-O for analysis. The probe was tuned and matched,
with typical 90 °C pulse widths in the range 8.5 pus and the frequency offset was set to
4.7 ppm. Parameters were as follows: number of transients = 64, steady-state transients
=4, relaxation delay 5 s. All spectra were acquired at 300 K as there was no requirement

to heat the sample to physiological temperatures.

4.4.3. Water Suppression
Comparison of methods to supress the water signal used a 2 mM sucrose standard at
310 K on a 500 MHz Bruker Avance III spectrometer with a 5 mm z-PFG TXI probe.
The three standard Bruker pulse sequences, detailed in section 2.2.2, were used with the
following parameters: number of transients = 8, steady-statey transients = 4, relaxation

delay 5 s. Pulse widths were 7.2 s, the frequency offset was set to 4.704 ppm.

4.4.4. CPMG - NOESY comparison for real-time acquisition
Spectra were acquired with the flow system set to 37 °C and measurements were
carried out after locking on the deuterium frequency. Interleaved acquisitions used the
two standard Bruker pulse sequences below with the following parameters: relaxation
delay 5 s. Pulse width was in the range 10 ps, the frequency offset was set to 4.698 ppm.

1. noesygpprld. number of transients = 128, steady-state transients = 4,
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2. cpmgprld. number of transients = 16, steady-state transients= 16, looping
parameter L4 = 100, repetition rate of the echo delay = 400 ps.
L4 is the counter for the CPMG (Carr-Purcell-Meiboom-Gill sequence) element

which occurs twice in the pulse sequence.

4.4.5. Real-Time Metabolism

Metabolite profiles, described in Chapter 7, were established using the InsightMR
system with a peristaltic pump. The flow rate was set to 0.5 ml/min and the system
temperature was set to 37 °C, controlled by the incubator and heater-circulator pump.
Measurements commenced after locking on the deuterium signal and after shimming
yielded an acceptable spectrum, as determined by the glucose anomeric doublet
resolution (5.2 ppm). Sequential "H 1D spectra were acquired using a 500 MHz Bruker
Avance III spectrometer with a 5 mm z-PFG TXI probe at 310 K. The standard Bruker
noesygpprld sequence was used with parameters as follows: number of transients = 128,
steady-state transients = 4, relaxation delay 5 s. Pulse widths were in the range 11 ps and

the frequency offset was set to 4.7 ppm.

4.4.6. NMR Data Processing
All 1D spectra were processed using NMRIab [!°7] and MetaboLab ['3¥] in MATLAB
(MathWorks, USA). An exponential window function of 0.3 Hz was used to apodize the
free induction decay signal, followed by zero-filling prior to the Fourier transform. All
spectra were phased and referenced using the chemical shift reference TMSP signal at 0
ppm. The TMSP peak area (AUC) was used to align spectra and normalise peak areas of
other proton resonances over the time courses. Assignments were made using the human

metabolome database (HMDB) ['3°] and Chenomx NMR Suite (Chenomx, Canada).
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4.4.7. Statistical Analysis
An unpaired t-test was chosen to compare the mean values for each triplicate time
point between cell lines. GraphPad Prism (GraphPad, USA) was used to carry out
comparisons between metabolites using multiple unpaired t-tests with the two-stage set-
up method of Benjamini, Kriger, Yekutieli.['*°]. The initial concentration of each
metabolite was normalised to unity so that the final values in a course could be compared

to establish any differences in the ultimate consumption or production of each metabolite.

4.5. MATLAB scripts

The following scripts were used to automatically process the spectra acquired during

time courses.

4.5.1. Spectral Overlay Colours

This script renders a time course into a coloured overlay

%NMRDAT is a 1x2 array with second element=total number of spectra
nospec=size(NMRDAT, 2)
start=1
stop=nospec;
MAP=colormap(jet(nospec));
for N=1:length(NMRDAT)
NMRDAT(1,N) .DISP.PLOT=0;
end
counter=1;
for N=start:stop
NMRDAT(1,N) .DISP.PLOT=1;
NMRDAT(1,N) .DISP.Color{1} = MAP(counter,:);
counter=counter+1;
end
clear counter
dr2("plot®)
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4.5.2. Histidine Imidazole Resonances Used to Calculate pH
A pH calibration curve was generated in MATLAB using NMR data of RPMI media
samples, with pH values from pH 3 to pH 8.5, acquired by K. Koczula as part of her
doctoral thesis ['®']. The pH was calculated from the frequency difference between

resonances corresponding to the imidazole protons of histidine using equation 4.1 ['¢].

pH = pKa +log10 [(Ad - SBH)/( 3B - Ad)] 4.1)

where Ad is the chemical shift difference between the H2 and HS ring protons, 6BH
is the limiting value at acid pH and 6B is the limiting value at basic pH (i.e. chemical
shifts when the sites are either fully pronated or unprotonated). The following script was
used to pick the relevant peaks for each spectrum in NMRIlab and write the ppm values

to a .csv file.

%NMRDAT is a 1x2 array with second element=total number of spectra
nospec=size(NMRDAT,2)
%number of picked peaks calculated from first spectrum
numpeaks=nume I (NMRDAT(1,1) .MANINT . peakMaxPPM)
%script only works for two peaks; use manual int to select H2 and H5
proton
if numpeaks > 2
error("Clear peak integrals! Only pick Histidine H2 and H5
peaks!*®)
else
disp("ppm shift values calculated”)
end
%ppmMax array holds all ppm values for manually picked peaks
%create nospecxnumpeaks array (all zeros) ready for H2 and H5 ppm

values
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ppmMax=zeros(nospec, numpeaks) ;

%assigns each row in ppmMax the values of picked peak"s ppmMax

for k=1:nospec
ppmMax(k, :)=NMRDAT (1, k) -MANINT . peakMaxPPM;
end
%transpose and subtract
shift=diff(ppmMax™)
%create and open a csv file called pHshifts,
contents
fid =fopen(“pHshifts.csv™, "w");
for k=1l:nospec
fprintf(fid, "%d\t",shift(:,k));
fprintf(fid, "\n");
end

fclose(Tid);

"w" discards exisiting
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Figure 4.2 pH calibration curve generate from histidine imidazole resonances

Data acquired from a series of RPMI media samples, with pH values from pH 3 to pH 8.5, was

used to generate a pH calibration curve.
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5. Reaction Monitoring with Flow NMR

This chapter describes the set-up and modifications made to the InsightMR flow
system, and its integration with cell cultures under optimal conditions. Initial
experiments focused on understanding the flow system, and how live cells would respond
to being kept outside the normal cell culture laboratory while exposed to flow.

The system itself had to be maintained to provide a suitable environment for cell based
experiments. Further experiments in this chapter describe the cleaning, disinfection and
sterilisation of the system, as appropriate for cell culture under sterile conditions. Finally,
data acquisition is considered in the context of the flowing sample in the NMR tube.
Pulse sequences are assessed for water suppression and suitability for acquisition of data

during time course experiments.

5.1.0verview

NMR can be used to monitor reactions at low and high field, yielding comprehensive
structural and quantitative information on chemical species in solution. Current low field
benchtop spectrometers operate in the range 60-80 MHz, while high field magnets are
typically 500-800MHz, with the current highest field superconducting magnet at a field
of 1.2MHz ['%]. It can elucidate reaction mechanisms and generate kinetic data from
reactant, intermediate and product concentrations ['%4,'%°]. Analysis of complex mixtures
is possible using a variety of 1D and 2D acquisition strategies. The technique is only
limited by the requirement for NMR-active nuclei in the sample, which need to be present
in sufficient concentration.

Methodologies can simply use normal NMR tubes, with no requirements for

specialised hardware, or make use of flow cells and flow probes, whereby a flowing

stream of reaction mixture is pumped through the detection area of the spectrometer.
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Broadly speaking there are two approaches to chemical reaction monitoring, split into
static or stop-flow and flow methods. The distinction is dictated by the method of data
acquisition, with a method being categorised as flow if the sample is flowing during the
measurement process. While some static methods can be inexpensive and accessible, as
they only require standard NMR tubes, they do have major drawbacks. Static reaction
monitoring involves either sequential sampling of the reaction mixture, or completion of
the reaction inside the NMR tube where reactants are added at time zero. However,
sampling an ongoing reaction introduces a source of error and a time lag between taking
the aliquot and analysing the mixture. Other considerations come into play when
considering biological reactions, as it may not be permissible to sequentially sample from
a limited aliquot of cells or tissue. The disadvantages of in-tube reactions are limited
sample volume, as the entire reaction mixture must fit into the NMR tube, and the limited
mixing of components, as the reactants are left unstirred during data acquisition ['%®]. In
contrast, flow NMR connects a reaction vessel to the probe area of the magnet, allowing

a flowing stream of reaction mixture to be transferred to the detection region.

5.1.1. Flow NMR

There are a variety of applications where it is advantageous to use liquid flow as a
means of transport to a chemical detector, for example in liquid chromatography-NMR
studies (LC-NMR), where analysis takes place immediately after separation. Providing a
means to immediately monitor unstable analytes or track industrial flow processes ['7].

Flow NMR techniques generally take advantage of specialised probes with specific
RF coil geometry, optimised for flow, with built-in flow cells that directly connect to
liquid handling or chromatographic systems. A reaction vessel is linked to the

spectrometer bore and material pumped into the NMR tube. Flow is either halted, in order
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to monitor the static sample (known as stopped-flow), or the reaction mixture can flow
continuously (online monitoring). Both designs require a connection from an outside
vessel into the spectrometer bore, and often necessitate bespoke probes to accommodate
non-standard NMR tubes or samples sizes.

In contrast, the InsightMR system is intended for use in a conventional probe and
therefore offers a more flexible and less expensive approach to flow studies than

dedicated flow probe systems.

5.2. Flow System Design

A flowing stream of reaction mixture is pumped from a reaction vessel, via capillary
flow lines, to the NMR tube in the bore of the magnet (illustrated in Figure 5.1). Reaction
conditions can therefore be maintained throughout the volume of the system. The NMR
tube is modelled on a standard Smm tube and spinner, allowing its use across a multitude
of spectrometers and probe types. Two separate capillary lines are used to transfer the
reaction mixture to and from the NMR tube; fluid enters via the inlet line and leaves via

the outlet line (as detailed in Figure 5.2).
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Transfer Line

NMR tube

Reaction Vessel

Figure 5.1 Reaction monitoring with InsightMR

An external reaction vessel is connected to a modified 5 mm NMR spinner and tube seated in the
detection region of the spectrometer. Reaction conditions are constant throughout the volume of
the system while fluid is pumped from the vessel into the NMR tube for analysis. NMR tube and
holder image supplied by Martin Hofmann, Bruker Ltd. The spectrometer graphic in this image

sourced from WikiCommons ['¢%].
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The inlet capillary (C) enters along the centre line of the NMR tube and descends to
the bottom, while the outlet capillary (D) is positioned at the top of the tube, slightly
over to one side of the holder (E). Both capillary lines connect into the tube holder via
the transfer line (F). A thermally controlled sheath fluid, entering the transfer line at the
connection block (G) maintains a constant temperature around the capillary lines. The
fluid enters via the inlet sheath (I) and returns via the outlet sheath line (J). The tubing
inside the transfer line is coaxial, composed of two concentric tubes, enabling the inlet
sheath flow to descend down to the NMR tube in the smaller tubing that houses the
capillary lines. The return flow is via the larger tubing, flowing up at the outside of the
transfer line. Both sheath lines connect to an adjacent heater circulator, filled with an
ethylene glycol-water mixture. The capillaries exit the Insight block at point (H) and
connect to a reaction vessel containing the fluid under analysis.

Depending on the requirements of the experiment the system can be arranged to
recirculate the reaction mixture, back to the vessel in a closed-loop configuration, or
direct it to waste after analysis. This is facilitated by a flow control valve on the
connection block.

The small diameter of the transfer lines, and close proximity of the reaction vessel to
the NMR tube, ensures a minimum transfer time between the vessel and the point of
detection inside the spectrometer. This guarantees that the flowing reaction mixture is

representative of the bulk sample inside the reaction vessel.
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Figure 5.2 InsightMR connection block and flow tube assembly.

(A) protective covering for NMR tube when system is not in use (B) adapted Smm NMR tube (C)
inlet line (D) outlet line (E) tube holder (F) transfer line containing lines concentric sheath tubes
and capillary lines (G) connection block (I) sheath water line inlet (J) sheath water line outlet. A
heater circulator is connected to the sheath lines, delivering a fluid maintained at a constant
temperature. The capillary lines exit the block and connect to the reaction vessel at point (H).

Images courtesy of Martin Hofmann, Bruker Ltd.
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5.3.Pumps

The InsightMR flow unit is suitable for use with a variety of different pumps, and
compatibility is only limited by the available connectors between the capillary flow lines
and the pump lines. The choice of pump involves consideration of several factors,
including pumping mechanism, rate of flow, stability of flow, and pumping direction. The
ability to change flow speed is very important, as different experiments may require faster
or slower flow rates around the system. Flow stability is related to the pumping
mechanism and the consistency of pressure applied to the fluid. Some positive
displacement pumps use alternating pistons that can cause a variable pressure profile,
resulting in pulsed or uneven fluid movement along the flow lines. The ability to reverse
direction of the flow is useful when flushing out the system, although not strictly required
for experimental monitoring of the reaction mixture.

For the purpose of this project a key requirement was the ability to clean and sterilise
any part of the system in contact with the reaction fluid. Biological samples may be
classified as biohazardous material, depending on species of origin and associated risk of
infection. Moreover, any microbial growth within the system will confound results

regarding metabolic turnover.

Three pumps were chosen to test with live cells and the flow system.

e A high performance liquid chromatography (HPLC) quaternary pump (Dionex
Ltd, UK) provides fine control of flow rates with real-time information on system
parameters, such as pressure.

e An M-series positive displacement, syringe-free pump (VICI, USA) offers

computer controlled flow rates and bidirectional pumping.

72



e A peristaltic pump (Masterflex, UK) avoids direct contact between the fluid and
pump, reducing risk of shearing forces from pistons or other components. This is

advantageous when pumping suspensions of live cells.

While both the HPLC and M series pump performed well (consistent, programmable
flow rates), neither were ultimately suitable for the application of monitoring real-time
cell metabolism. Unfortunately the M series pump failed, likely as a result of repeated
exposure to aqueous and solvent fluids in the presence of air bubbles. The HPLC pump
was difficult to permanently locate close to the spectrometer due to space restrictions.
Constantly moving the large pump into and out of the laboratory was not an optimal
solution. The long sections of tubing running from the HPLC to the flow system also
greatly increase the whole system volume.

The peristaltic pump had the advantage of maintaining a sterile environment, as fluid
1s not in contact with any pump mechanisms and tubing can be autoclaved. It is also very
small, light, and easy to situate adjacent to the spectrometer. Chemically resistant tubing
is readily available and can used for hundreds of hours before being replaced. While the
pump itself did not offer any programmable flow rates or detailed system information,
such as flow rate and pressure, it is be possible to upgrade to a model with greater

functionality.
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5.4. Flow Patterns and Signal Intensity

The residence time of the reaction fluid inside the NMR tube depends on the flow rate
and the flow pattern inside the tube (i.e. plug, laminar, turbulent). Ideal plug flow is
characterised by a constant fluid velocity over the cross-sectional area of the tubing with
no interactions between the fluid and the tubing walls. Laminar flow has a parabolic
velocity profile, smooth layers of flow result from the fluid element at the centre traveling
faster than at the tubing walls. In contrast, the primary feature of turbulent flow is chaotic
mixing of the fluid due to non-uniform velocity across the tubing ['®].

A coloured tracer was used to characterise the flow pattern inside the NMR tube in
order to investigate mixing of the fluid inside during peristaltic pumping. Aqueous fluid
dynamics and slow flow rates of the peristaltic pump, together with the low system
volumes were expected to produce a laminar flow ['7°].

For this experiment the capillary flow lines were flushed with water and a red tracer
dye was used to visualise the movement of fluid in and out of the NMR tube. The tracer
flowed via the inlet capillary to the NMR tube, then out to waste via the outlet capillary.
Once the system was filled with dye a bolus of water was pumped in, flushing out the
dye. Total volume of the system was approximately 8.5 ml (0.5 ml in the NMR tube and
8 ml in the 1/16 ” polyether ether ketone (PEEK) capillary lines).

Appearance of the tracer dye in the NMR tube was asymmetric, due to the PEEK
tubing bending slightly towards one side of the glass tube (see Figure 5.3) which resulted
in one side of the tube taking longer to fill, and empty than the other side. Several system
volumes of fluid were therefore required to completely flush the dye from the NMR tube.
As the final visible traces of the dye disappeared from the tube a pulsed-flow pattern was

observed, resulting from peristalsis of the pumping mechanism.
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While this type of flow dynamics would not be a suitable methodology for monitoring
rapid reactions, as the sample would not be well mixed inside the NMR tube, it is
sufficient for the application of real-time cell metabolism where flow rates are very slow.
Here long acquisition times are used as metabolic products build up over hours of data
collection, therefore the slight disturbance of the flow profile has little impact on the final
kinetics being measured. The volume of fluid required to displace the dye was set as the
minimum flush volume for the cleaning protocol (see methods section 4.1).

Although PEEK tubing is rigid, it was not possible to keep it centred in the middle of
the NMR tube. The inlet line would always bend slightly towards the glass, possibly as a
consequence of the angle of direction of entry into the tube holder. PEEK had been
selected for use on the basis that a larger bore, rigid tubing might be more compatible
with a flowing suspension culture. Smaller capillary lines could become blocked if cells
clumped together as they flowed around the tubing. Less rigid tubing could also develop
bends and kinks as it moves and twists during relocation of the transfer line in and out of

the magnet.
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Figure 5.3 Peristaltic flow pattern inside the NMR tube.

Flow regime patterns inside the InsightMR tube are illustrated using a red tracer dye,
demonstrating residence of an aqueous fluid at a low flow rate (1 ml/min) using a peristaltic pump.
The pumping mechanism resulted in a pulsed flow profile, seen as alternating bands of dye and
water during the flushing out of the dye. A bend in the inlet capillary line results in a slightly
asymmetric distribution of flow into the tube, marked by an arrow in the above photo. Laminar
flow is indicated by the dye progressing up the interior of the tube faster than the peripheral

regions.
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The presence of the capillary line inside the NMR tube disturbs the otherwise
cylindrical symmetry of the flow tube assembly, contributing to non-homogeneity of the
sample. This phenomenon can impact the NMR lineshape in comparison to a standard
NMR tube and reduce the overall spectral quality (as shown in Figure 5.4). However this
does not have a significant impact on the integration of metabolite resonances as at least
one peak from each relevant metabolite could still be adequately resolved.

A flowing sample can significantly change quantitation due to flow effects on signal
intensity; residence time inside the NMR tube must be sufficient for full magnetisation of
the nuclei under investigation ['7!]. It is possible to establish a compensation factor by
comparing spectra with flow off and then flow on. The difference between peak integrals
serves as a reference for percentage attenuation due to the flow rate used for acquisition,
with each proton resonance having its own factor due to variation in longitudinal
relaxation rate (T1).

Optimal flow rates were established by monitoring a solution and recording intensity
of the signals as a function of flow rate. Up to the maximum flow rate of the peristaltic
pump (1 ml/min) there was no significant difference between the static signal intensity
and the flowing sample intensity. Higher flow rates would likely induce a change in

signal intensity ['7].
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Figure 5.4 Differences in spectral quality due to the capillary line in NMR tube

Presence of the capillary line inside the InsightMR tube (blue trace) results in a minimal increase
in linewidth compared to a normal NMR tube (red trace). Zoom of resonances corresponding to
branched chain amino acids at Ippm and aromatic amino acids at 7 ppm show little difference
between the two spectra. Peaks are still well resolved with the capillary line inside the NMR tube
and the typical TMSP peak width is around 2.5Hz when medium is supplemented with 10%

scrum.
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5.5. Cells and Flow

Maintaining live cells adjacent to, or even inside the spectrometer presents many
challenges. In particular, mammalian cells require a controlled environment such as
constant temperature ['"*], buffered physiological pH and adequate oxygen supply [!74].
The manner in which these parameters are controlled depends on where the cells are
housed and the flow system offers three configurations based on cells being either inside
or outside the spectrometer, or a combination of both. The first two are compatible with

both adherent and suspension cultures, while the last is only usable with suspension cells:

1. The inlet and outlet capillary lines can be connected together, to close the system
into a minimum volume loop. The cells could reside inside the NMR tube while the
medium is circulated around the system. Depending on the volume and number of the
cells used, the spectrum would reflect a mixture of intracellular metabolites and medium
components.

2. A suitable vessel, such as a cell culture flask or bioreactor, could be used to
maintain the cells outside the spectrometer. Cells would be prevented from entering the
capillary flow lines by a filter/membrane while the medium is circulated around the
system. The spectrum would reflect the metabolic footprint, providing information on the
changing composition of the medium as nutrients are used and cellular by-products
effluxed.

3. Cell lines that grow in suspension could be pumped around the whole system. The
spectrum would reflect the mixture of metabolites inside and outside the cells, depending

on the cell size and density.

5.5.1. Cells inside the spectrometer

79



Initial experiments investigated the possibility of loading the NMR tube with an
aliquot of myeloid Kasumi-1 suspension cell culture. Cells very quickly formed a
sediment at the bottom of the tube, just as they would in a normal cell culture flask (Figure
5.5, panel A). This is unsuitable for NMR as the sample is inhomogeneous, being
composed of the cell pellet and the medium.

Moving forward, a low flow rate was used in an attempt to buoy the cells inside the
detection region of the coil, with the aim of avoiding sedimentation of the cells and
maintaining a homogenous sample. This would only be successful if the cells could be
kept below the level of the outlet capillary line, otherwise they would be pumped out of
the NMR tube. Unfortunately, we were unable to find a compromise between a flow rate
low enough to keep the cells from reaching the outlet line and high enough to prevent
sedimentation.

An alternative approach was to circulate the entire cell suspension around the system.
This was attempted at a flow rate of 0.5ml/min, followed by 0.1ml/min. Unfortunately,
both flow rates resulted in a stringy precipitate forming inside the tube (pictured Figure
5.5, panel B). This could have been due to the cells hitting the wall of the glass tube as
they enter via the capillary inlet. The force of shear stress may have been sufficient to
induce cell death and/or burst the cells, releasing DNA. Reversing the flow, pumping cells
into the tube via the outlet capillary, did not improve viability.

The next method introduced a filter or membrane to keep the cells inside the NMR
tube. The reusable filter frit (designed and manufactured by Bruker Ltd) was positioned
at the top of the NMR tube and slid over the capillary line. The idea was to prevent any
cells escaping while medium was perfused via the inlet line. The flow rate would keep
the cells floating, without being forceful enough to push them against the frit. This setup

was tested by slowly loading cells into the NMR tube via the inlet line. The flow rate was
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then increased to buoy the cells and the system was left circulating medium overnight.
After only a few hours the frit had become blocked and a stringy precipitate was visible
in the tube. A close up taken using an optical microscope is shown in Figure 5.5, Panel
D. This result was likely due to cells being broken apart by mechanical stress from flow
inside the tube and against the filter frit. On removal of the flow tube a clear difference
in medium colour could be seen (Figure 5.5 Panel C), indicating that the cells had been
alive long enough to produce some lactate. An aliquot of suspension from the tube was
taken for trypan blue staining. Most remaining intact cells appeared to be dead at this

point.
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Figure 5.5 Problems with cells and shear stress due to fluid flow

(A): Cells pooled at the bottom of the NMR tube immediately after being aliquoted. (B):
Precipitate formed from cell lysis inside capillary lines and NMR tube. (C): Filter frit blocked in
the centre of the tube. While the medium contained in the upper part is cell free, the bottom is
yellow due to cells acidifying the medium with metabolic by-products. (D): Close up of cell
precipitate, likely to be DNA and chromatin. The shear forces from the flow were sufficient to

cause cell clumping, death and eventual lysis.
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Normal blood flow involves circulation of blood cells through arteries, veins and
capillaries. Velocity of flow varies with pressure and site of circulation, with maximum
turbulent flow in the aorta around 100 cm/s, while laminar flow in capillaries is around
1000 times slower [!7°]. While some cell types, particularly red blood cells, are quite
robust and able to deform under the pressures of flow, others are more rigid and less
elastic. However, the assumption that the various types of cell that constitute blood are
able to withstand the forces associated with flow, as isolated cells, is incorrect. The
immature myeloid precursors were likely vulnerable to flow due to the lack of other
component cell types that would normally act as protective buffers [17°].

Adherent cell types may be more amenable to direct exposure to flow. In many
cellular systems the biomechanical force generated by blood flow, known as shear
stress, stimulates cells to change morphology, activating cells to initiate particular
functions and even induce stem cells to undergo differentiation ['77,!7%]. While
investigating changes associated with flow could be a useful application of the system it
is not the aim of this project. Rather, the focus of this work was to study the metabolism
of haematological cells. Consequently, the decision was made to concentrate on
protecting cells from shear stress. The next steps involved investigation of methods to
house the cells outside of the spectrometer bore, and circulate the medium into the
NMR tube.

Mammalian cell lines are usually cultured at relatively low densities in comparison
to bacteria and other eukaryotes, such as yeasts. For example, Kasumi-1 (around 1 pL in
volume) are seeded at 3x10° cells/ml and split around 1.2x10° cells/ml, corresponding
to a maximum intracellular volume of 0.3 pl in a sample size of 0.5 ml. Consequently it
would not be possible to detect signals from molecules inside the cells and there is

therefore no reason to keep them inside the detection region of the coil. Instead, uptake
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of nutrients and efflux of metabolic by-products in the culture medium can be
monitored for around thirty metabolites. While this would generate a metabolic
footprint, rather than providing any intracellular data, it would allow cells to be kept in

the same conditions as in a normal cell culture.

5.5.2. Cells outside the spectrometer

Maintaining cell cultures adjacent to the spectrometer facilitates non-invasive studies
of live systems as environmental parameters can be controlled during NMR acquisitions.
This is particularly important when monitoring metabolism as cells constantly adjust their
nutrient usage in response to outside stimuli, and growth rates and survival are strongly
affected by key variables of temperature, pH and oxygen levels ['7°,!80181] Therefore a
single static measurement can’t replace the metabolic activity caused by constant turn-
over of metabolites.

Model cell lines, such as immature myeloid cells, are not viable when exposed to flow
in the context of a flow system. Consequently, it was necessary to engineer a system
which can maintain cell cultures adjacent to the spectrometer. This was achieved using a
cell culture incubator, Galaxy 48R (Eppendorf, UK), in which cell cultures were placed
to maintain temperature, buffer pH and control oxygen concentration, as depicted in
Figure 4.1.

In this set up the capillary flow lines enter the incubator via an access port on the rear
side, which was sealed with a rubber cork and Parafilm™ in order to maintain a gas tight
seal. A bioreactor or cell culture flask was attached to the capillary lines in order to
perfuse medium through the bioreactor and the flow system. The incubator provides an

optimal environment with a humidified atmosphere and controlled temperature. pH was
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maintained at physiological levels, between pH 7.2 and pH 7.4 by using bicarbonate

buffer system at concentrations of 5 to 10 % carbon dioxide.

5.6. Sterile Environment

A critical consideration in mammalian cell culture is a sterile environment. Cell
cultures need to be kept free from microorganisms (bacteria, fungi, viruses) by using
aseptic techniques and handling in laminar flow hoods. This avoids contamination by
organisms that could otherwise influence behaviour of the living system under study or
confound metabolism of the cell lines of interest which that of contaminants ['?]. In order
for real-time NMR analysis to maintain sterile conditions, it was necessary to develop a
protocol to sterilise the InsightMR system and ensure that cells could be transported to
and from the cell culture laboratory and the NMR facility without compromising the

sterility of the sample.

5.6.1. Bioreactor

Cells are usually grown inside flasks, culture plates or dishes, depending on the
number and type of cells. Plates and dishes are unsuitable for transport as their lids are
not held firmly in place and fluid could escape during movement. Flasks have screw top
lids and are more amenable to transport. They also offer the possibility to attach capillary
flow lines through the lid. Initial experiments used this approach without success, as the
flow lines seemed to damage cells. There was no simple way to fit filters to keep the cells
inside the flask, and ultimately the flasks are limited due to the set sizes. Instead, a
bioreactor was designed to transport and maintain the cells. While it is possible to buy
prefabricated bioreactors the types available are not suitable for the constraints of the flow

NMR experiment. Therefore, a bioreactor compatible with the flow system was
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fashioned around the dimensions of a six-well plate. This set up is compatible with the
use of commercially available Transwell inserts to protect the cells from flow.
The bioreactor design was tested by circulating medium through the system overnight.

Cells were protected from shear stress by the membrane in one of two configurations:

1. Capillary lines are connected into the bioreactor under the membrane, as pictured
in Figure 5.6. Cells are placed on top of the membrane, and metabolites can diffuse across

the membrane into the flow system.

2. Cells sit on the plate surface and the capillary lines run into the top of the

Transwell insert, above the membrane.

The design makes use of a gas permeable membrane on top of the bioreactor to allow
gas exchange for oxygenation and buffering. In both cases the cells remained viable after
12 hour exposure to flow in the bioreactor.

The only difference between the two configurations is the mixing of the fluid either
inside or underneath the Transwell insert. When the lines enter into the top of the insert
the fluid underneath is not exposed to flow and consequently not well mixed.

By resting the insert directly above the flow lines the motion of the fluid encourages
diffusion through the membrane, as anything moving through will be pulled out of the
bioreactor into the flow lines.

This mixing and diffusion was tested by flushing the system with 1 mM TMSP (10 %
D;0), allowing the flow to equilibrate for around 20 minutes, followed by injection of a
small aliquot of metabolite into the bioreactor. The signal intensity of the relevant

metabolite was recorded as a function of time. When no membrane was used the
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maximum metabolite signals were detected in the first spectrum after addition, therefore
taking only 2 to 3 minutes to reach maximum intensity. When the Transwell insert was
in place there was a lag time between injection of the metabolite and appearance of
maximum intensity caused by diffusion through the membrane. It took around 20 minutes
for the signal intensity to plateau, indicating that the aliquot had fully mixed with the total
system volume. In each case we observed a slight kink in the signal intensity curve, as
the initial bolus of metabolite entered the NMR tube before being fully diluted by the
system volume.

In collaboration with Dr Lauren E. J. Thomas-Seale and Joseph Crolla, at the
Department of Mechanical Engineering, a prototype bioreactor was produced using a

design that is optimised to transfer samples between labs.
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Figure 5.6 Bioreactor prototypes and Transwell membrane diffusion kinetics.

Transwell membrane diffusion kinetics (n = 3) for example metabolites. Plots show metabolite
peak area (AUC) normalised to the TMSP standard for over time. The flow system was
equilibrated for 20 minutes (i.e. from t = 0 to t = 20 minutes), following which a bolus of
metabolite was injected (at t = 20 minutes). All tested metabolites reach a maximum peak
intensity 20 minutes after injection (t = 40 minutes). While this is not fast enough to monitor
reactions on a short time scale, it is adequate for the purposes of monitoring real time metabolism
over many hours. Photo: Initial bioreactor design using cell culture plate with PEEK flow lines
entering the bioreactor underneath the Transwell membrane. Prototype fabricated by Department
of Mechanical Engineering. A gas permeable membrane covers the top of the bioreactor to allow

oxygen and carbon dioxide gas exchange.
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5.6.2. Sterile Conditions: Cleaning and Disinfection

A variety of approaches to decontaminate the flow system were considered and tested.
The aim was to achieve a sterile environment inside the capillary lines and NMR tube, so
that samples taken from the tissue culture laboratory would remain free from
microorganisms. This was to ensure that cell behaviour would not be influenced by any
contamination and that results would not be confounded by any non-mammalian
metabolism. It was also necessary to clean the system after use, to avoid any carryover of
material from one experiment to another, and to ensure that no hazardous biological waste
remained.

Antimicrobial substances can be used to disinfect surfaces, meaning neutralising or
removing most microorganisms, often with the exception of bacterial spores. This method
is distinct from sterilisation, the process of destroying all viable life and its germinative
elements. For the purpose of the flow system it would be sufficient to reduce any
microorganisms to low numbers, i.e. undetectable levels. This could be confirmed by
examining components under the microscope and keeping aliquots of medium to look for
any subsequent growth.

When selecting methods for decontamination various factors have to be considered,
including; spectrum of organisms to be inactivated, corrosive properties of substances

used, and contact times required for efficacy.

Three approaches were considered for the flow system:

1. Autoclave. The components of InsightMR are made from PEEK,
polytetrafluoroethylene (PTFE) and glass. All of which could be suitable for sterilisation

under the heat and pressure of the autoclave.
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2. Chemical disinfection. A range of antimicrobial fluids are compatible with the

flow system. These could be pumped in and directly out, or left to soak over time.

3. Heat sterilisation. The flow unit has temperature controlled transfer lines,
connected to a circulating pump, capable of heating the sheath fluid to temperatures

sufficient to kill microorganisms.

Two of the three options were tested, as the autoclaving was not a practicable choice,
since the flow unit would have to be disconnected from the sheath lines and transported
to a separate building. While this process would not necessarily compromise the
equipment and its cleanliness post-autoclave, it would be disruptive to routine work.
Chemical disinfection was therefore considered as the next best option.

Three types of chemical disinfectant were tested; sodium azide, Distel and alcohol.

Biocides, such as sodium azide, are routinely used in NMR buffers to prevent
microbial growth. Any acutely toxic compound presents a potential hazard to users via
dermal and oral exposure. Azide also poses a risk through formation of explosive metal
compounds when in contact with lead/copper surfaces, often when entering waste
streams. Sodium azide (NaN3) is unfortunately not easily NMR visible, as N is very
insensitive. It would therefore be difficult to know whether purged had removed all azide
from the system before continuing with cell based experiments. This would make it
difficult to assess the point at which the flow system could be used after decontamination.
The azide ion binds Fe*" in mitochondrial cytochrome oxidase, disrupting oxidative
phosphorylation, and any carry over could therefore kill any eukaryotic cells ['33,134].

The effectiveness of the azide solution was tested when there were visible levels of

contamination (i.e. cloudy medium due to microorganism growth) in the flow lines and
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NMR tube. After flushing the system with a solution of NaN3 (2 %) and leaving overnight,
a solution of RMPI medium was circulated around the equipment. This medium also
turned cloudy, suggesting that exposure to NaN3; was not sufficient to remove the
contamination. Due to the lack of effectiveness, and associated risks of azides, this
method of disinfection was not pursued any further.

Distel, a halogenated tertiary amine compound, is effective against a range of bacteria,
fungi and viruses. It is commonly used in tissue culture laboratories to clean surfaces,
removing biological material by destroying RNA and DNA ['*%]. Distel was tested on the
flow system in a similar manner to azide; it was left circulating overnight (10 % solution,
as recommend by the manufacturer). The system was flushed with sterile water to remove
the Distel, followed by PBS, before reloading the system with RPMI medium. The RPMI
was circulated for two hours while the incubator equilibrated to 37 °C and cells samples
were prepared. Control cells were seeded in a plate and placed in the incubator. The
bioreactor containing Kasumi-1 cells was seeded at the same density and connected to
the flow unit and a spectrum acquired to check for any residual presence of Distel. The
RPMI medium was left to circulate overnight and after 12 hours exposure the system was
disconnected from the bioreactor and all samples taken back to the tissue culture
laboratory for analysis. Staining with Trypan blue and comparing the cells from the
bioreactor and plate, it was clear that cells inside the bioreactor had died, whereas those
from the plate were alive and close to confluence, as pictured in Figure 5.7, panel B.

An aliquot of medium was taken from the bioreactor for NMR analysis. Residual
Distel appeared in spectrum as a doublet at 1.18 ppm (See Figure 5.7, panel A). Although
the flow unit had been flushed with several volumes of water, PBS and RPMI it still
appeared to have a small amount of Distel still present, sufficient to kill the Kasumi-1

cells during such a long exposure time. The experiment was repeated, with a further
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flushing of the system. However, the Distel resonance was present at the end of each
overnight exposure. This suggested that it could not be flushed from the system, perhaps
due to adsorption onto the capillaries or connections in the flow system. The long
circulation of fluid provided sufficient time for it to desorb and enter the fluid flow.
Alcohol is used to sterilise surfaces and instruments for cell culture. The biocidal
mechanism is thought to be due to denaturing proteins thereby destroying enzymes and
structural molecules required for cell viability. It is generally used at concentrations
between 50 to 80 % in water, in order to aid penetration into cells. At higher
concentrations cell wall and membranes may coagulate on exposure to alcohol, forming
a protective layer ['¢]. As an endogenous metabolite ethanol is often present in metabolic
samples, so another solvent was chosen to disinfect the flow system. It has been noted
that the efficacy of alcohols as biocides decreases with alkyl chain length ['*7]. For this
reason two alcohols (methanol and isopropanol), and an alternative solvent (acetonitrile)

were tested.
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Figure 5.7 Disinfection of InsightMR flow system with Distel

Panel A: Spectrum of RPMI medium (purple) and Distel (green). The two most intense resonances
are in the aliphatic region between 1 ppm and 2 ppm. Inset: zoom of most intense peak, with
Distel spectrum scaled down to show overlap with ethanol triplet at 1.18 ppm . Panel B: Cells
cultured in a sterile plate compared to cells maintained in the bioreactor after exposure to the flow
system following disinfection with 10 % Distel. Trypan blue stain shows that most cells have
taken up the dye and therefore have compromised membranes and are likely dead, or dying. Panel
C: Comparison of two aliquots from the flow system. RPMI after 2 hour equilibration (blue) and
RMPI after 12 hour overnight circulation (red). The doublet characteristic of Distel is present

after the 12 hour circulation time.
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Methanol has the advantage of being easily identifiable using the methyl proton
resonance, a singlet at 3.35 ppm in an area of the medium spectrum with few other signals.
As with the previous tests RPMI was flushed out of the system with water, and a solution
of 70 % methanol was pumped in and allowed to circulate in the closed loop configuration
overnight. The flow unit was then flushed with sterile water, followed by PBS, and set up
for an experiment with cells. RPMI was allowed to equilibrate to temperature while
flowing around the system. During this time it became clear that there was still a trace
amount of methanol in the system. Over the duration of the 12 hour experiment the
methanol peak increased in size, in a similar manner to the Distel peak previously.

This result seemed to suggest a hidden reservoir of solvent inside the system, either
due to adsorption to surfaces or some artefact of the internal connections inside the
system. The experiment was repeated with isopropanol and acetonitrile, in both cases the
result was the same. After flushing the system with sterile water, followed by PBS, a
solvent peak would reappear after several hours of circulation.

The two capillary lines are connected into the tube holder by two Fine Unified Screw
Thread (UNF) fittings, shown in Figure 5.8. They enter and descend into the tube holder
through a Y-shaped void before reaching the NMR tube. It is possible that fluid could
become trapped in this area and gradually leach out over long circulation times.

The PTFE and PEEK tubing were both tested with the solvents to see if they adsorbed
anything over long exposure times of 12 hours. Lines were filled with solvent and left
overnight, then purged with water. Aliquots were taken and analysed for content by NMR.
All tubing was free from solvent within minutes, and further soaking and flushing failed

to recapitulate the phenomenon of reappearing solvent as seen with the flow unit.
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Figure 5.8 Solvent retention in NMR tube holder assembly.

Top Panel: methanol peak at 3.35 ppm increasing over time (initial spectrum blue, final spectrum
red). Bottom panel: schematic of the InsightMR A: NMR tube, B: tube holder. C: UNF fitting, D:
transfer sheath line. The area of potential stagnation, around the UNF fittings, where methanol

may reside is highlighted.
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Several attempts were made to modify the flow system in order to remove the potential
reservoir inside the tube holder. This included trying to block off the area with resin and
also forcing both capillary lines down into the NMR tube. No modifications were
successful and the use of solvent for disinfection was abandoned.

Heat sterilisation was the final method tested. The flow system is made of thermally
resistant materials capable of withstanding long durations of time at temperatures in
excess of 100°C. The sheath fluid can be heated up and pumped around the capillary lines
while the NMR tube can be placed into the heated waterbath. This approach was simple
and effective; when the system was sterilised weekly no further contamination was seen.

The system was prepared for sterilisation by flushing out any residual material with
several system volumes of isotonic PBS. This was to ensure that any cellular material
residing in the lines would be flushed out, as osmotic shock could cause cells to burst and
clump together, blocking the lines. To ensure that no debris was left inside the lines the
NMR tube was disconnected and the capillary lines were blown through with compressed
air. The NMR tube was reconnected and the system filled with water. The circulating
pump was set to 95 °C and the NMR tube place in the water bath. The system was left to
equilibrate for one hour, after which the water was pumped around the capillary lines for
three further hours. This procedure was scheduled to coincide with the magnet nitrogen

fill, so no spectrometer time was lost.
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5.7. Data Acquisition

Monitoring live samples using 1D proton experiments requires a pulse sequence with
solvent suppression. Three pulse sequences, using different water suppression
approaches, were compared to establish which would be most suitable for real time
acquisition. See Figure 5.9 for an overlay of example spectra.

While the 1D NOESY had a residual water peak in the spectrum, adjacent resonances
were not adversely affected and the dynamic range of the digitiser was still sufficient to
handle the large signal. The baseline was reasonably flat and peaks could be integrated.
In contrast the excitation sculpting and WATERGATE sequences showed distortion of
some resonances due to evolution of scalar coupling during delay periods.

In the complex spectra of real time samples, with a range of overlapping peaks from
both known and unknown compounds, the integration of resonances is challenging. Any

distortions to the peak shapes should be avoided
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Figure 5.9 Comparison of water suppression using standard pulse sequences

Comparison of NOESY with presaturation (blue trace), excitation sculpting, and watergate pulse
sequences applied to a sucrose standard. The zgesgp (purple trace) and w5 (green trace) pulse
sequences completely remove the water resonance, whereas the NOESY-1D leaves a significant
residual signal. The disadvantage of the zgesgp and w5 are the reduction in peak intensities around
the water and peak distortion, as illustrated for the chemical shift standard DSS (inset). All

sequences were from the Bruker library.
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Live metabolic samples contain a mixture of large and small molecules, including;
sugars, amino acids, lipids and proteins. All of these will contribute to the 1D 'H NMR
spectrum in some way. The small molecule metabolites will give distinct, sharp
resonances, whereas the larger molecular species can contribute broad humps to the
spectrum ['®%]. The serum component of medium, containing significant amounts of
protein, is responsible for these interfering resonances (see top panel in Figure 5.10). The
constituent proteins are crucial to maintain cell viability and cannot be completely
replaced.

Overlaps of the broad signals can complicate integration as no signals can be baseline
resolved, and in some cases protein resonances completely obscure smaller peaks. One
method to reduce the macromolecular contribution from the spectrum is to use a Carr-
Purcell-Meiboom-Gill (CPMG) pulse train of spin echoes. The CPMG sequence removes
the protein signals using a relaxation filter, essentially exploiting the faster relaxation
rates of large molecules ['*]. The disadvantage of the CPMG sequence is that the total
pulse train time influences the evolution of scalar coupling and can produce artefacts in
peak shape. This distortion of multiplets from scalar coupled peaks is due to the
development of antiphase magnetisation during the echo time.

Two parameters defining the relaxation filter in the CPMG are the T2 filter loop (L4)
and echo time (d20). Together they define the total length of the pulse train as the sum of
consecutive spin echoes. A set of spectra were acquired to compare the difference in
protein contributions, and potential distortions in multiplets, as the spin echo time was
increased (see bottom panel, Figure 5.10). In relation to a standard NOESY spectrum

there is a considerable reduction in the broad baseline using the CPMG.
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Figure 5.10 Protein contributions to media spectra

Top: Comparison of two medium samples with and without serum. Standard RPMI 1640 medium
(purple trace) had a flat baseline, with sharp distinct peaks. The supplemented medium (blue
trace) has broad baseline resonances due to the protein content in 10 % FBS. The metabolites
present in the serum also contribute to the spectrum, for example lactate and alanine peak
intensities are noticeably increased. Bottom: Expansion of region corresponding to the methyl
resonances of the branched chain amino acids. NOSEY (noesygpprld) (dark green trace)
compared to CPMG acquisitions (cpmgprld, darker greens correspond to increasing T2 filter

loop). Inset: basic CPMG pulse program.
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A time course of twelve hours of data from a live cell sample was acquired using
interleaved CPMG and NOESY spectra, with a data point acquired roughly every 45
minutes. Resonances corresponding to the branched chain amino acids, key carbon
substrates and metabolic by-product were integrated. Results were compared to establish
if the two pulse sequences yielded significantly different results.

While the metabolite intensity-time plots overlay, the CPMG data shows more
variability for the metabolites whose resonances are affected by the macromolecular
component of the medium (illustrated in Figure 5.11). This could be due to subtle
distortion of peak shapes, or variations in peak intensity due to the length of spin echo.
As there is no way to tailor the CPMG to all metabolites in the medium it was decided

that NOESY was the better pulse sequence for acquisition.
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Figure 5.11 Metabolite intensity-time plots compared for CPMG and NOESY

Time course data was collected using live cells with interleaved CMPG (cpmgprld) and NOESY
(noesygpprld) acquisitions. Data quality was compared for metabolites across the "H ppm range,
demonstrating that when samples have considerable protein content the baseline is distorted. Plots
show metabolite peak areas (AUC) normalised to the TMSP standard over the time course of 24
hours. Representative metabolites show that the CPMG (red plot) is less consistent than the
NOESY (blue plot), particularly when the resonances are situated in areas with the broad baseline

humps due to protein (previously illustrated in Figure 5.10).

102



5.7.1. Calculating pH

Chemical shifts are dependent on the chemical environment and as such pH has an
effect on resonances associated with acidic or basic groups which has the advantage of
providing the spectroscopist with an inbuilt pH probe, as many compounds produce
resonances that shift with changing pH.

RPMI 1640 medium contains the amino acid histidine at a concentration of 100 uM.
This compound has an imidazole side chain containing two basic nitrogens (shown in
Figure 5.12) which influences the chemical shifts of the adjacent protons. The relative
chemical shifts of these protons can be used to construct a calibration curve to calculate
pH of the sample ['*°]. Values were derived from data generated by K. Koczula using

RPMI medium adjusted to a pH range of pH 3 to pH 9 [°'].
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Figure 5.12 pH measurements using histidine proton resonances.

Imidazole resonances of histidine, highlighted in orange, can be used to calculate the pH of the
sample. The relative shift of the two ring protons, shown as a dotted line here, can be calibrated
to yield a pH measurement (see methods section 4.5.2 for calculation). The example spectrum
shows an overlay of spectra acquired during a time course of 12 hour (initial spectrum is blue,
final is red, with intermediate spectra transitioning though green, yellow and orange). The

resonances shift over time as the culture medium becomes acidified due to metabolic by-products.
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5.8. Workflow

The flow system is prepared by flushing the system lines with the same medium to be
used in the experiment, in order to eliminate any carryover from previous experiments.
The incubator is switched on and left to equilibrate to temperature while RPMI medium
circulates in the 5 % CO: atmosphere and buffers to physiological pH.

Cells are then seeded into the bioreactor in the sterile environment of the tissue culture
laboratory. The bioreactor is sealed with a gas permeable membrane, and then placed
inside a thermally insulated box for transfer to the NMR facility. Once at the facility the
bioreactor is placed inside the incubator and the InsightMR capillary flow lines are
connected up. The culture medium is perfused around the system into and out of the NMR
tube. The total volume of the system is comprised of the bioreactor, the NMR tube and
the capillary flow lines, around 9 ml.

Over the duration of the 12 hour time course, data is acquired in the form of sequential
1D proton NOESY spectra. This data dense approach provides a continuous metabolic
readout from the cell culture medium, a sampling strategy that may provide a better

representation of the biological state than fewer, replicate measurements ['°?].
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CHAPTER 6

MEASUREMENT OF REAL-TIME

CELLULAR METABOLISM
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6. Monitoring Cellular Metabolism with Flow NMR

This chapter describes the experiments performed to establish the metabolic changes
that take place in cell culture medium under laboratory standard conditions. These results
were used to guide the modifications to the flow system, and its associated components,
together with the development of appropriate protocols for real-time flow NMR studies.

An example is made of the situation where metabolic changes are observed that do
not correlate with the expected cell metabolism. This is used to illustrate the importance
of validating the application of real-time flow NMR to mammalian cell metabolism, in

order to be confident in the reliability and consistency of results.

6.1. Overview

The quantification of temporal changes in cell media, either with or without
perturbation of cellular states, generates an overview of nutrient usage and overflow
metabolism. Global changes include the consumption of carbon and nitrogen sources
from the culture medium, such as glucose, glutamine and amino acids. Metabolic by-
products are effluxed from cells, resulting in the accumulation of compounds in the
medium, notably lactate and alanine in proliferative cells ['°*]. Concentrations of some
species can fluctuate over time, as certain metabolites are effluxed then taken up again by
cells later in a time course. This is a characteristic of co-cultured cells, where interactions
between niche and malignant cells include exchange of metabolites, seen as efflux of
excess carbon from one cell type subsequently taken up by adjacent stroma ['%%].
Meanwhile, some components of the medium will remain at a constant level, with no
detectable variations in concentration over the duration of the experiment.

In order to interpret data correctly and attribute concentration changes to biological

processes there should be confidence that the observed metabolic profiles are genuinely
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a product of mammalian cell metabolism. When using the flow system this includes
verifying that metabolic profiles are equivalent when cells are monitored outside the
sterile cell culture laboratory compared to in the NMR facility. The work described in this
chapter endeavoured to establish an understanding of what constitutes a normal metabolic
footprint for cell lines cultured under standard conditions (exponential growth rate, 37
°C, pH 7.4, atmospheric O»).

Two sets of experiments were set up in 75 cm?® cell culture flasks to provide a basic
overview of the major metabolic changes in the culture medium, with the following

comparisons:

1. Cell-free media vs proliferative cell culture. This was to establish which
changes in medium composition related to metabolic activity of cells, rather

than thermal degradation of components, or other outside influences.

2. Various suspension cell cultures. These experiments generated a range of
metabolic profiles to provide a scale of metabolic footprints in cancer cell lines.
Further work was based on the differences observed compared to these initial

profiles.

Cell culture flasks were maintained over 24 hours in the sterile environment of the
tissue culture laboratory. Aliquots of cell medium were taken from cultures at different
time points during the experiments and then analysed by 'H NMR. Datasets were used
for later comparisons with metabolic data generated during flow system development.

As described in Chapter 5 the development of the flow system presented a variety of

challenges with respect to contamination from chemical and microbial sources. This
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chapter describes the metabolic changes in cell culture medium observed during
development of the cleaning and sterilisation methods. Initial experiments served to
identify changes in medium concentration due to microbial metabolism and leaching from

chemical components.
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6.2. Metabolic Changes During Cell Culture

6.2.1. Medium Composition

Culture medium is designed to support cell growth and viability, and is often tailored
to meet the individual requirements of specific cell lines. Media are typically composed
of a variety of nutrients, osmolytes, vitamins, hormones, proteins, salts and buffers. The
origin and concentrations of each substituent will depend on the biological application
[%°]. Commonly, chemically defined media are supplemented with fetal bovine serum
(FBS), the cell-free liquid fraction of clotted blood, in order to provide a range of essential
factors required for cell growth including protein carriers or chelators together with
albumin, hormones, including insulin, and a range of cytokines.

Components of the medium degrade over time, a process that is slowed by storing
media at 4 °C. Therefore, during real-time monitoring degradation of components could
contribute to the metabolic footprint and mask changes in metabolite concentrations due
to the presence of cellular activity. For example, the anapleurotic substrate glutamine is
known to be thermally labile and breaks down non-enzymatically in aqueous media
during storage ['*°]. Such degradation could also occur over the time scale of experiments
using the flow system.

In order to understand the stability of the medium, and generate a comparative profile
of live-cell related metabolism, a series of medium aliquots were taken from flasks
maintained in a tissue culture environment. Four sets of flasks were set up, in triplicate,

containing the following:

1. RPMI 1640 medium, the base formulation used for many cancer cell lines.

2. RPMI 1640 supplemented with 10% FBS.
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3. Spent medium, the product of a previous culture where cells had been removed
by centrifugation after a suitable culture period with supplemented RPMI 1640.
4. A suspension culture of JIN3 cells in supplemented RPMI 1640. JIN3 are a
multiple myeloma line, established from the bone marrow of a patient with

leukaemia [*7].

A small panel of metabolites were chosen to represent the expected changes in cultured
cancer cell lines, based on their metabolic importance and distinct 'H NMR resonance.
These compounds also covered a substantial spectral window, with proton resonances
from 0.9 ppm to 8.5 ppm.

Primary carbon sources, glucose and glutamine, were chosen as readouts for glycolytic
and anapleurotic TCA metabolism, characteristic of the Warburg effect. The proteogenic
branched chain amino acids (isoleucine, leucine and valine) where chosen due to their
association with myeloid cancer progression [!*’]. Key overflow metabolites (alanine,
lactate, pyruvate and formate) were selected to reflect the metabolic fate of the main
carbon sources. While these metabolites are not present in the base RPMI formulation
they will be present in the FBS and therefore seen when medium is supplemented, or has
previously supported cells.

The first experimental set compared the cell-free media with and without
supplementation, and demonstrated consistent concentrations for all metabolites over
time, as shown in Figure 6.1. We observed no appreciable degradation of glutamine over
the 24 hour period of culture, indicating that the instability of this compound requires

longer periods of time.
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Figure 6.1 Metabolic changes in cell culture medium over 24 hours.

Plots show peak area (AUC) relative to TMSP standard over the 24 hours of cell culture. All peak
areas are normalised to one at the start of the experiment, regardless of the absolute concentration.
During the experiment cell-free media (red, green and blue) show no significant changes over
time. RPMI 1640 is the basic medium formulation that does not contain lactate, alanine, pyruvate
or formate. These spectra therefore did not contain the corresponding resonances, and the peak
area was consequently zero. The supplemented and spent medium contains FBS and therefore has
the additional small molecule metabolites. The culture containing live JIN3 cells (purple) shows
consumption of main fuel substrates glucose, glutamine and branched chain amino acids. Lactate,

alanine, pyruvate and formate are all effluxed and therefore concentrations gradually build up in

the culture medium.
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The spent medium could contain metabolic enzymes due to apoptotic release of
cytoplasmic contents, a phenomena often used to assess viability [!°°]. The comparison
of medium formulations between fresh and spent medium showed no significant changes,
indicating that there was no significant release of enzymes into the medium that could
confound results during the 24 hour experiment.

The culture containing JIN3 cells showed a variety of changes in composition
compared to the cell-free media. The cells consumed nutrients and effluxed metabolic by-
products, as expected. Glucose and branched chain amino acids were used up, while
overflow of lactate, alanine and formate was observed. Pyruvate concentration increased
over the first 12 hours of culture, after which it seemed to reach a plateau then decreased
slightly in the latter 12 hours indicating that pyruvate was reabsorbed and used by JIN3
cells as a substrate. Pyruvate is known to protect cells against reactive oxygen species and
consumption in cell culture medium has been shown to be linked to peroxide
concentrations [2%°,21]. Cells are also known to uptake pyruvate, via moncarboxylate

transporters (MCTs), and convert it to lactate by LDH [2%?].

6.2.2. Metabolic Footprints

A panel of metabolic changes, established under standard cell culture conditions,
provides a point of reference for data collected using the flow unit. Any major deviations
from the data generated in the tissue culture laboratory will point to potential
contamination or perturbation of cell metabolism due to the use of the flow unit.

Three blood cancer cell lines were selected for the following experiments:
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1. HL-60. A promyelocytic cell line established from a patient with chronic
myeloid leukaemia in blast crisis [>°*]. It contains an amplified c-myc proto-
oncogene [2*].

2. Kasumi-1. A cell line established from the blast cells of a patient with relapsed
t(8:21) acute myeloid leukaemia [*%°].

3. JIN3. A subclone of the JIN-1 line, established from the bone marrow of a

patient with multiple myeloma leukaemia [2%¢].

These cell lines are highly proliferative and can be seeded at low densities and grown
up to generate cultures containing millions of cells per millilitre. Growth curves were
generated to ensure that all three cell types could be maintained at similar densities for
comparison of metabolic footprints, shown in Figure 6.2. This procedure ensured that
metabolic changes could be detected in the medium, and cells would not rapidly exhaust
the medium in too shorter time. Recommended cell densities for each culture are in the
range of 1x10° to 30x10° per millilitre [*°7].

The myeloma cell line, JIN3, is more proliferative than HL-60 and Kasumi-1. The
rate of proliferation of all three cell lines increases once cells reach a density of

30x10*/ml.
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Figure 6.2 Growth rates of three cancer cell lines.

Three cell lines were grown over five days from a very low seed density. Medium was changed
every day along with the cell count. Growth rates, and optimal culture densities, of the three cells
lines were similar enough to use identical conditions for each cell line during metabolic
experiments. The three cell lines were used to establish metabolic changes in cell culture medium
during periods of 12 to 24 hours. At the end of a five day growth period cell numbers were

significantly different for all three cell lines (p < 0.001).
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For one experiment, three flasks were prepared for each cell line, seeding at a density
of 5x10° cells/ml. Aliquots of culture medium were taken over a 24 hour culture period.
The same set of nine metabolites was used to build a metabolic footprint over time, as
shown in Figure 6.3.

Comparison of data from each cell line produced a range of rates for the consumption
and efflux of the main metabolic substrates and products. Each cell line demonstrated
usage of nutrients such as glucose, glutamine, and amino acids. Effluxed metabolites
included lactate, alanine, glutamate, pyruvate and formate.

As the most proliferative cell line, JIN3 cells showed a marked difference in the rate
of glucose consumption and lactate production compared to Kasumi-1 and HL-60 cells,
with growth rates roughly proportional to glucose usage and lactate production.
Interestingly, all three cell lines used a similar amount of branched chain amino acids,
such as leucine, valine and isoleucine.

Overflow metabolism was different for each cell line. While JIN3 produced several
fold more alanine than the other cells lines, it produced less formate than both HL-60 and
Kasumi-1 cells. HL-60 cells used more glucose and produced more lactate than Kasumi-

1, but it did not show any significant efflux of alanine or pyruvate.
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Figure 6.3 Metabolic features of proliferative suspension cell cultures

Plots show relative peak areas (AUC) normalised to the TMSP standard. All cell lines
demonstrated detectable consumption of glucose, glutamine and branched chain amino acids.
Overflow metabolism was different for each of the three cell lines. Efflux of lactate, alanine,
pyruvate and formate varied significantly, with HL-60 cells producing very little alanine and
formate. JIN3 produced a greater amount of lactate, alanine and formate than the other cell lines
(p <0.001). Together these metabolite changes provide a cell line specific reference profile to be

replicated using the NMR flow system.
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6.3. InsightMR: Sources of Contamination

Methods of analysis should not perturb the cell lines under investigation or introduce
artefacts into the data. The flow unit should generate data comparable to standard cell
culture conditions and observed differences in the metabolic footprint must come from
the cell’s metabolic processes. Unfortunately, during development of the flow system
there were a variety of problems that resulted in datasets not reflecting the metabolic
profiles generated under sterile conditions in the tissue culture laboratory.

Contamination from external sources can confound results. Three distinct sources were

identified during the development and subsequent validation of the flow system:

1. Chemicals leaching from system components.
2. Microorganisms infecting cultures.

3. Residual material carrying over from previous analyses and cleaning procedures.

In order to ensure quality data is produced using the flow system, steps must be taken
to confirm that observed metabolic changes are from cell activity not external factors.
Care must be taken not to incorrectly attribute spectral changes to expected, or desired,

metabolic processes.

6.3.1. Chemical Contamination

The flow system is composed of a variety of different materials. The NMR tube is
glass, while most components and capillary lines and tubing connections are made from
chemically inert PTFE and/or PEEK. Manufacturing processes can leave residue on new

equipment, peristaltic force can degrade surfaces, while heat and exposure to chemicals
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can damage surfaces. Therefore any component could contribute to contamination by
chemical or physical degradation.

The first experiments with the flow system and live cells used the M6 pump, up until
its failure, and subsequently all experiments were conducted with the peristaltic pump.
During these acquisitions cell suspensions were pumped around the system, and as
described in section 5.5, and underwent significant stress due to shear forces in the
system. In the case of initial experiments using the M6 pump, the cells quickly died, and
very little metabolic change was seen over the time course. Using the peristaltic pump
cells survived slightly longer, but still died and formed a visible precipitate in the NMR
tube. A signal at 1.92 ppm was detected. This peak was not present in medium from cells
cultured in flasks, indicating that it could be related to perturbation by flow, or pumping
mechanism. A singlet resonance at 1.92 ppm could correspond to acetate, a metabolite

[298,2091, In order to clarify

generated by central carbon pathways and effluxed from cells
the source of this compound the experiment was repeated using cell-free RPMI medium.
In this case the resonance at 1.92 ppm was still evident, suggesting that the source was

not from cell metabolism, but likely related to the peristaltic pump tubing (shown in

Figure 6.4).
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Figure 6.4 Real-time detection of a peristaltic tubing contaminant.

Comparison of data obtained using normal cell culture flask and the flow system with the M6
pump (top left) and the flow system with the peristaltic pump (right). Shear forces in the M6 pump
may have accelerated cell death in comparison to the peristaltic pump and no significant metabolic
changes were seen in these spectra. When the peristaltic pump was used a peak at 1.92 ppm
increased over time, both with and without cells. In contrast aliquots of medium taken from a
Kasumi-1 cell culture (bottom left) at 0 and 24 hours show no equivalent peak. This demonstrates
that the contaminant was related to the use of the peristaltic pump. After the tubing was replaced

the contaminant peak was no longer seen.
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Moving forward, tubing compatible with the Masterflex peristaltic pump and
InsightMR tubing connections were purchased based on chemical stability and
robustness. The TygonE and Masterflex PharMed were selected for testing, based on
advertised biocompatibility and resistance to solvents. Tubing sections were cut to size
and washed with distilled water prior to use in order to remove any residues from
manufacturing that could interfere with analysis. While degradation of the tubing material
is expected over time, as peristalsis eventually removes the elasticity and reduces flow
rate, this should not occur during the relatively short time frames of the real-time flow
NMR experiments (12 to 24 hours).

Experiments conducted with the Tygon tubing all had the same resonance at 1.92 ppm,
whereas once the tubing was changed to MasterFlex PharMed the contaminant was no
longer seen. Previous studies with Tygon have questioned its biocompatibility, with one
report also containing a small resonance at 1.9 ppm [*'°]. PharMed tubing was used for
further experiments, with the expectation that any resonance appearing at 1.9 ppm could

be attributed to cell metabolism.
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Other sources of chemical contamination include the sheath water used to control the
temperature in the transfer lines between the reaction vessel and the spectrometer bore.
This water is circulated around the outside of the transfer capillaries and could ingress
into the system via the UNF fittings in the NMR tube holder (see Figure 6.5). UNF
fittings, each with a PEEK retainer, hold the capillary lines in place as they enter and
descend into the tube holder. If these fittings are not tight enough the sheath water can
ingress through any gap and enter the NMR tube. The use of these components is
complicated by an opposing thread, making it very easy to inadvertently unscrew during
changing of the capillary lines.

Ethylene glycol is used as an additive in the waterbath, to protect against corrosion of
the circulator pump and act as a biocide. If any of the fluid from the sheath lines enters
the flow system the ethylene resonance will be visible at 3.7 ppm. This was indeed the
case when the UNF fittings were initially reused and ingress of sheath fluid led to a
detectable resonance at the end of the time course (shown in Figure 5.9). The ethylene
glycol peak appeared and rapidly increased over time to become the most dominant peak
in the spectrum. Exposure to ethylene glycol at these concentrations is likely to affect
cells as its biocidal activity is linked to osmotic effects and membrane disruption [>'!].

Any experimental data collected during glycol ingress should therefore be discarded.
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PEEK RETAINER

Figure 6.5 Ingress of sheath water into capillary flow lines

Left: Capillary flow lines connect to the NMR tube via the UNF fittings, which screw into PEEK
retainers in the NMR tube holder. These components are all threaded. The UNF fittings screw
into the retainer in the opposite sense to that of the retainer into the tube holder. Consequently, it
is relatively easy to unscrew the retainer while connecting the UNF fittings. Right: Ethylene
glycol resonance at 3.7 ppm is indicative of water ingress due to the compromised internal

connections.
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6.3.2. Microbial Contamination

Infection of cell cultures, with bacteria or fungi, is very rare under the strict conditions
of the tissue culture laboratory. Routine cell culture work is undertaken in a sterile
environment and a laminar flow hood is used to for all procedures, ensuring that only
filtered, sterile air comes into contact with cultures. Aseptic technique is used to protect
against contamination while materials are autoclaved, and surfaces are disinfected with
70 % ethanol as a further defence against microbial growth.

Cultured cells are often observed under an optical microscope in order to monitor
cellular growth and viability, and to follow any changes in cell morphology over time.
During each one of these procedures contamination by microorganisms would be seen as
small cells, distinct from the mammalian cell line. In contrast, the flow system cannot be
directly inspected for microbial contamination. Instead aliquots of medium have to be
taken from the flow lines and transported to the tissue culture laboratory for analysis, with

an associated lag time in understanding the status of the system.

6.3.3. Microbial metabolism

Initial experiments, during development of the flow system sterilisation protocol
described in the previous chapter, were plagued by problems with microbial
contamination. This provided an opportunity to identify which metabolic signatures are
associated with bacteria and how they can be recognised when combined with
mammalian cells under study.

After each attempt to sterilise the system, either by chemical means or application of
heat, sterile cell-free medium was introduced via the capillary lines and circulated

overnight. Testing for residual contamination was achieved by:
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1.

Monitoring the metabolic footprint of the medium during the overnight
circulation (approx.12 hours). Sterile RPMI medium should not show any
variation in metabolite concentrations during this time. Any significant

changes can be attributed to microorganisms still alive in the system.

Taking an aliquot of medium from the flow system after the overnight
circulation. Any contamination can be seen under the microscope, or in cases
of established colonies, by direct visual inspection. In some cases there may
be no metabolic changes detectable in the medium, even though
microorganisms can be seen under the microscope. In this case the
sterilisation procedure should be repeated until no further contamination can

be observed.

If no contamination is evident the medium aliquot is stored at room
temperature for several days. Any low level contamination should bloom
within 24 to 48 hours and be visible under the microscope. Any data acquired
during this time should be discarded as metabolic profiles may be influenced

by an equivalent growth of microorganism in the flow unit.

After a variety of unsuccessful attempts to disinfect the flow unit with biocides and
solvents, as described in section 5.6.2, several analytical runs demonstrated metabolic
signatures contrary to those seen with mammalian cells in culture. This phenomenon was
often twinned with the production of cloudy medium from the flow lines, indicating that
the microorganisms were proliferating. Bacterial contamination was confirmed using

optical microscopy, where small cells could be seen moving in the medium. In order to
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verify that these cells were indeed alive and multiplying an aliquot of infected medium
was taken from the flow system and cultured over several days. The aliquot was diluted
with fresh, sterile RPMI and split into three replicates. Growth rate of the bacteria was
assessed using optical density measurements, where the rate of proliferation was
correlated to the ODgoo (shown in Figure 6.6). The linear growth rate indicates that the
bacteria are multiplying, but still in the lag phase and adapting to conditions outside the
flow unit.

There are a limited number of ways the flow system can become contaminated. The
two capillary lines are only transiently open to the air during connection and
disconnection of the bioreactor. This may be enough time for micro-organisms, in the air
or from contact with the user, to enter the system. Colonies can grow to the point they are
dense enough to be visible and identified. At this point it would be likely that they would
be sufficient in number to influence the observed metabolic profile, and therefore
invalidate any data acquired. As such it is prudent to inspect medium at the end of a time
course for any signs of non-mammalian cells. It can take time for microorganism
populations to bloom and for the resulting contamination to be visible. Consequently, an
aliquot of medium is retained after all experiments and kept for at least 48 hours after data
acquisition. If no sign of micro organismal growth is seen post acquisition metabolic data

can be considered reliable.
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Figure 6.6 Bacterial Contamination of NMR Flow System

Top Panel: Aliquot of cloudy supplemented medium after circulation around flow system and
magnification (20X), showing the small clusters of cells present. These motile cells are much
smaller than any cultured mammalian cell used in this project. Bottom panel: Comparison of
analytical runs over three consecutive days. A fresh aliquot of cell-free RPMI medium,
supplemented with 10 % FSC, was circulated each night. (Left) No changes in main metabolites
over time. At this point the system does not show any macroscopic sign of contamination, even
though it still contains a small bacterial population. (Middle) Lactate consumption starts around
the half-way point, while glutamine concentrations decrease nearer the end of the time course.
Glucose concentration is stable. (Right) Consumption of all three metabolites occurs. Initially
lactate and glutamine, with glucose concentrations starting to show a decrease in the final hours

after exhaustion of lactate. These differing profiles reflect the blooming bacterial population.
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6.4. Real-Time Flow NMR: Observing Metabolic Profiles

The myeloma cell line JIN3 was used to evaluate metabolic profiles generated using
the flow system during development of the sterilisation protocol. Data from cultures
maintained in a sterile environment, summarised in Figures 6.1 and 6.3, should be
reproducible using the flow system. Profiles for three main metabolites were used to
assess the system, with the expectation that a 12 hour time course should show
consumption of glucose and glutamine, and concomitant production of lactate.

Initial experiments showed some curious metabolic behaviour whereby glucose and
glutamine were consumed and lactate fluctuated. This was due to the co-culture of JIN3
and bacteria, with the bacteria consuming the lactate produced by the proliferative JIN3
cells. While it is possible for some mammalian cell lines to use lactate as an alternative
carbon source [?!%], it was not expected for the JIN3 as previous experiments
demonstrated lactate build-up over 24 hours.

Reliable data were only obtained after heat sterilisation, consequently this procedure

was used weekly for the rest of the project.
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Figure 6.7 Establishing Metabolic Profiles of Mammalian Cells

Comparison of analytical runs before (squares) and after (circles) successful sterilisation. Plots
show peak area (AUC) relative to the TMSP standard. Over the 12 hour time course glucose and
glutamine were consumed. The unexpected profile for lactate without sterilisation was due to
bacteria using the lactate produced by JIN3 cells. Without prior knowledge of expected
metabolism, or investigation into the sterilisation of the flow system, this data would have been

interpreted as JIN3 not showing overflow metabolism.
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CHAPTER 7

APPLICATIONS OF REAL-TIME

MONITORING USING FLOW NMR
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7. Metabolic Signatures in Disease

This chapter explores the applications of the flow system in the context of monitoring
cellular metabolism associated with disease. Initial experiments use a panel of cell lines
to demonstrate that real-time NMR is capable of detecting different metabolic
phenotypes. From this panel two cell lines are chosen to explore the possibility of
measuring responses to therapeutic agents using the flow system.

Further experiments show metabolic changes measured over longer time courses, with
the flow system used to monitor changes in a leukaemia cell line with an shRNA targeting
a gene responsible for the proliferative leukaemic cell type.

Clinical applications of the flow system are also explored, with a focus on how best
to prepare samples when using patient cells with the flow system. The utility of real-time

monitoring is demonstrated for proliferating patient cells.

7.1. Overview

The central dogma of biology, as first proposed by Crick [*'*] “DNA makes RNA
makes protein”, reflects the culmination of cellular information passing through
genomic, epigenetic, transcriptomic and proteomic processes. All cellular functions are
governed by the genome via changes in gene expression, which in turn, drives alterations
in biomolecule production. The metabolome forms the final layer of this cascade, and
consequently metabolism provides a read out of biological status of the cell, for example,
whether it is healthy or diseased. [>'4,2!°].

Metabolic biomarkers can be used to diagnose disease, differentiate morbidities, and
predict severity of conditions [2!°]. There is more than just a correlation between disease
mechanisms and metabolism, in fact metabolic dysregulation as a result of disease

processes directly influences disease pathogenesis and progression [2!7,218 219].
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Understanding the altered metabolic states in disease and how multiple metabolic
pathways are linked to cellular functions, such as gene regulation, cell signalling and cell
growth, requires technologies capable of detection and quantification of metabolites [*2°].
Due to the broad range of molecule types in complex biological matrices, sampling,
extracting, and analysing the entire metabolome is challenging. Different analytical
techniques demand different approaches to sample handling and preparation, depending
on physical and chemical properties of the analyte [*>']. While NMR lacks the sensitivity
to detect the entire complement of endogenous small molecules, it has the advantage of
being able to non-destructively identify the more abundant metabolites in complex
mixtures. The non-invasive nature of the technique also allows collection of time course
of data to be built up as samples can be reanalysed without being perturbed or destroyed.

A range of NMR methodologies can be applied to live samples to investigate
metabolic signatures associated with disease. One such signature, known to accompany
proliferative expansion of cell populations, is a distinctive phenotype seen in many
cancers called the Warburg effect [*2], which is characterised by a shift towards lactate

production from glycolysis rather than feeding pyruvate into the TCA cycle.
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7.2. Metabolic Hallmarks in Cancer

Cancer is a catch all term used to describe a variety of different malignancies that can
occur in, and affect, any tissue of higher organisms. Often the tumour site of origin is
used to name the disease, as genetic mutations directing oncogenic transformations act
predominantly in a tissue specific fashion [22*]. These alterations to the genetic code can
drive malignant changes that result in alterations coupled to cellular metabolism [>*4].

The hallmarks of cancer are recognised as characteristics and functional capabilities
that enable disease progression through deregulation of gene expression, cellular
survival, proliferation and dissemination [>*°]. Reprogramming of cellular metabolism is
considered as such an emerging hallmark, altering cell growth by replacing the normal
metabolic programs in healthy cells with a regime that meets the requirements of
uncontrolled proliferation[*%%].

Leukaemia is a group of haematological malignancies characterised by the build-up
of immature blood cells [?*7]. This group of neoplasms display a range of genetic
abnormalities, combined with a highly diverse and flexible metabolism [2%3,%2%,23%], These

highly proliferative, multipotent cells need to fuel cell growth and division and therefore

provide a good model for monitoring nutrient consumption.
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7.2.1. Exometabolome

The untargeted metabolic footprint observed using the flow system provides
information on the changes occurring in culture medium over time. Monitoring the
consumption of substrates while simultaneously detecting the build-up of effluxed
metabolites provides a real-time read out of cell status.

A panel of four acute myeloid leukaemia (AML) cell lines were chosen in order to
compare metabolic profiles and investigate distinct features for each cell line. These
included HL-60 and Kasumi-1, used previously to establish metabolic profiles under

standard conditions in section 6.2.2, and two further leukaemia lines:

1. SKM-1, derived from a patient with monoblastic leukaemia following
myelodysplastic syndrome [*!]. Chromosomal abnormalities involve the p53 anti-
oncogene [**2].

2. MOLM-14, an acute monocytic leukaemia established from peripheral blood of a
patient with AML-M5a at relapse [>**]. This line contains a chromosomal insertion

ins(11;9), a FLT3 internal tandem duplication and the fusion gene MLL-AF9.

Cells were placed in the bioreactor at a concentration of 5x10° cells/ml and medium
was perfused around the flow system at 1 ml/min. The metabolic footprint was monitored
over 12 hours by acquiring consecutive 1D "H NMR spectra. To ensure consistent results
were obtained each culture was treated in the same manner, using identical culture
medium, prepared freshly each day. This guaranteed that the composition of culture
medium was the same for each experiment, enabling relative peak areas to be compared
across triplicates and between cell lines. The panel of nine metabolites, used in section

6.2.1, was again used to compare the cell lines.
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Figure 7.1 Real-Time Metabolic Profiles of Leukaemia Cells Lines

Four cell lines were chosen to investigate the metabolic phenotypes associated with

leukaemia cells. Plots show relative peak areas (AUC) normalised to the TMSP standard,

over the time course of 12 hours. These metabolite-intensity plots demonstrate that the

acquisition technique is sensitive enough to detect metabolic changes and distinguish the

cell lines based on usage of main substrates and overflow metabolism. Significant

differences in final concentrations were measured for at least one cell line per metabolite

(p<0.05).
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All cell lines used glucose, glutamine and branched chain amino acids (BCAA).
MOLM-14 consumed glucose at a slightly faster rate than other cell lines, and both
MOLM-14 and Kasumi-1 used more BCAAs than SKM-1 and HL-60 cells. Glutamine
consumption was similar for all cell lines, with SKM-1 having a slightly slower rate of
usage.

A distinct, cell specific signature was evident as all cells effluxed lactate and other
overflow metabolites at different rates. In particular MOLM-14 showed significantly
more lactate production than the other cell lines, accompanied by a slightly faster rate of
glucose consumption. Clearly, in all these cell lines the glycolytic pathway is active as
glucose is metabolised with concomitant efflux of lactate. However, the usage of
glutamine also suggests that this occurs in parallel with the TCA cycle.

There were distinct differences in overflow metabolism between the four cell lines,
with Kasumi-1 and SKM-1 both effluxing pyruvate at a much faster rate than either
MOLM-14 or HL-60. The efflux of pyruvate is thought to protect cells from oxidative
stress by direct scavenging of hydrogen peroxide [>*4,2*°]. The mechanism involves a
non-enzymatic decarboxylation of pyruvate by the activated peroxide ion [**®].

Formate was universally effluxed, with Kasumi-1 generating slightly more than the
other three cell lines. Formate overflow has been reported as a product of one-carbon
metabolism, fuelled by medium serine [>*7].

Alanine production was evident for SKM-1 and MOLM-14, while HL-60 consumed
a small amount from the medium. In experiments with Kasumi-1 cells no significant
change in alanine levels was detected. The secretion of alanine is linked to glutamine
catabolism via the TCA cycle [**%].

Overall HL-60s showed the lowest levels of nutrient usage and metabolic efflux, while

MOLM-14 had the highest.

136



7.3. Metabolic Response to Therapeutics

Comparing the metabolic profiles of different cell types can provide insight into
relative activity of metabolic pathways. This data can be used to identify possible
metabolic liabilities, as substrate usage can indicate a reliance on fuel substrates [**°].

Targeting dysregulated metabolism as an anticancer therapy is an attractive option, as
all cancer cells rely on rewired pathways for proliferation. Malignant phenotypes can be
similar even when the underlying genetic drivers are completely different. Successful
treatments may therefore be applicable to a range of cancer types. Multipharmacy
approaches could twin metabolic inhibitors with other targeted therapies to improve
efficacy.

Metabolic readouts, such as differences in glycolytic activity, could be used as early
indicators of treatment efficacy before any major clinicopathological changes are
detectable [**°]. Testing new therapeutic strategies on live cells also allows the
identification of chemoresistance due to metabolic plasticity. Conversely, limited
metabolic flexibility can also be uncovered as cells unable to adjust metabolism will be
sensitised to particular treatments.

Cancer cells are known to rewire cellular metabolism in order to undergo uncontrolled
proliferation. Proliferating cells provide an ideal system for testing metabolic therapies
as they multiply over short time scales. For example, in human haematopoiesis blood
cells can be generated at a rate of two million cells each second [?*!]. The oncogenes
responsible for metabolic plasticity that allow cells to produce excess biomass also result
in potential therapeutic liabilities due to the stress on activated biosynthetic pathways.
For example, the reliance of proliferating cells on glucose can be leveraged with the drug
2-deoxyglucose (2-DG). It inhibits glycolysis by out competing glucose and for access

to hexokinase. The resulting phosphorylated 2-DG cannot be metabolised by cells and
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accumulates. It competitively inhibits hexokinase, resulting in decreased glucose uptake
and has shown an anti-proliferative effect in preclinical studies [***].

The flow system can be used to monitor real-time cellular responses induced by
treatments in order to gain insight into the effects of drugs and determine the optimal
therapeutic strategy based on metabolic dependencies. Metabolite-intensity plots can be
used to indicate the efficacy of metabolic inhibitors or anti-neoplastic agents as spectral
changes, relative to a control sample, correlate with metabolic effects.

The biguanide metformin impacts cellular respiration through inhibition of
mitochondrial metabolism. Direct inhibition of respiratory chain complex 1 is
responsible for antineoplastic activity observed in a variety of cancer cell lines [*** 2]
Downstream effects due to reduced activity of the electron transport chain include
activation of AMPK through changes in ATP/AMP ratio. Overall both glucose and
glutamine metabolism have been shown to change as a consequence of metformin
treatment [24].

Two cell lines were used to compare metabolic changes; Kasumi-1 and HL-60. These
were chosen on the basis of their differing rates of overflow metabolism. While HL-60
produced the least pyruvate, Kasumi-1 produced the most. Cells were resuspended in
medium with or without metformin (1 uM) and placed in the bioreactor at a concentration
of 5x10° cells/ml. The medium was perfused around the flow system at 1 ml/min and the
subsequent metabolic footprint was monitored over 12 hours. To ensure consistent results
were obtained each culture was treated in the same manner, and fresh medium was

prepared for each experiment.
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Figure 7.2 Real-Time Monitoring of HL-60 Response to Metformin Treatment

Metabolite-intensity plots show metabolic changes following metformin treatment (red
plot) compared to no treatment (blue plot). Plots show relative peak areas (AUC)
normalised to the TMSP standard, over the time course of 12 hours. There were no

significant changes in other metabolites shown here.
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Figure 7.3 Real-Time Monitoring of Kasumi-1 Response to Metformin Treatment

Metabolite-intensity plots show metabolic changes following metformin treatment (red

plot) compared to no treatment (blue plot). Plots show relative peak areas (AUC)

normalised to the TMSP standard, over the time course of 12 hours. There are no

significant changes in other metabolites shown here.
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7.4. Monitoring Changes in Cell State

The metabolic phenotype associated with AML is a direct reflection of the
accumulation of proliferative multipotent progenitors, unable to differentiate to
functional, mature blood cells. Upregulated glycolysis and overflow metabolism fuel the
malignant state by supplying the cells with nutrients, energy and redox equivalents.

In Kasumi-1 cells the t(8:21) translocation produces the RUNX1/ETO fusion protein
responsible for the block in differentiation. Using shRNA to target the mRNA for this
protein prevents expression, and allows cells move away from the immature phenotype
and begin to differentiate.

This Kasumi-1 system has two markers to monitor expression of the shRNA. A green
fluorescent protein (GFP) is constitutively expressed in the cells, while a DsRed
fluorophore is only active when the doxycycline induced transcript is formed. Flow
cytometry can therefore be used to assess knockdown of the target gene and sort cells
expressing the shRNA, as shown in Figure 7.4. Reduction in RUNX1/ETO mRNA

expression after 24 hours of doxycycline treatment was confirmed using qPCR.

141



20 @ Untreated
I
58 @ 24hr DOX
OQ 154
5< !
7 X0)
S8
5 g 1.0+
< 2
<2
(14 E 0.5~
E5
[
0.0-

A RL "~ R2

DsRed

R4

Figure 7.4 Doxycycline induction of shRNA targeting RUX1/ETO in Kasumi-1.

Doxycyline inducible TET activator system allows selective ablation of the RUNX1/ETO
fusion protein in Kasumi-1 cells. Fluorescent markers GFP and DsRed demonstrate
induction of the shRNA 24 hours after treatment commences, with protein expression
confirmed by qPCR analysis. Cells express the GFP protein constitutively and treatment
with doxycycline induces the expression of the DsRed marker, as shown by a shift from

R4 to R2 quadrant.
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7.4.1. Metabolic Changes Associated with RUNX1/ETO Ablation

Real-time monitoring can be used to detect alterations to metabolism post-
knockdown, as selective removal of RUNX1/ETO leads to inhibition of the leukemic
stem cell phenotype. As cells begin to differentiate the proliferation rate should decrease
and consequently metabolism will change as demand for nutrients decreases and the
related overflow metabolism is affected.

A control cell line, containing a mismatch shRNA, was used to confirm that there
were no metabolic effects associated with doxycycline treatment. This construct has no
target gene so expression levels should be unaffected and therefore no changes in cell
state should be seen.

Both Kasumi-1 cell lines (shRE containing the RUNX1/ETO shRNA, and shMM
containing the mismatch shRNA) were treated with doxycycline over a seven day time
course. Cell aliquots where taken for analysis using the flow system at three time points:

1. Day Zero. Cells were monitored prior to treatment with doxycycline to
establish a baseline metabolism in their most proliferative state.

2. Day Two. After 48 hours exposure to doxycycline cells were monitored to
look for initial changes in metabolism after induction of the shRNA.

3. Day Seven. After a full week of exposure to doxycycline cells were monitored
to investigate the metabolic changes associated with the onset of
differentiation.

Cell aliquots were taken from a bulk culture and resuspended at 50x10* cells/ml in
medium containing doxycycline (1 pg/ml) where applicable. The medium was perfused
around the flow system at 1 ml/min and the subsequent metabolic footprint was

monitored over 12 hours. Fresh medium was prepared daily to ensure consistent results.

143



10

I

o _-5

X .o
s*° __--

Y S S

2 1 R

£ s3*®

2 ="

©

o

°
=N

0 1 2 3 4 5 6 7
Time (days)

-6- MM -6- MM +DOX -6- RE -6- RE +DOX

Figure 7.5 Kasumi-1 growth during treatment with doxycycline.
Cell growth was monitored over the duration of the seven day time course. Doxycycline
was administered on day zero and every 48 hours thereafter. Ablation of RUNXI1/ETO

reduce proliferation rate of the Kasumi-1 cells by day seven.

144



Glucose Glutamine Lactate

-
o
]

3m
S S S
< ' 2 <,
£ x =
5 3 3
o 0.9+ o o
o o 3
2 2 2 1
©
< 0.84 = %
(4 4 4
0.7 T T 1 T T 1
0 4 8 12 4 8 12
Time (hr) Time (hr) Time (hr)
Isoleucine Leucine Valine
1.5 1.5 1.5
o 2] o
=] =] =]
< < <
4 4 4
3 3 3
s 1'*% s W% : 1IO-W
[ [ [
2 2 2
£ B s
© © o
© © ©
14 4 .4
0.5 T T 1 0.5 T T 1 0.5 T T 1
4 8 12 4 8 12 4 8 12
Time (hr) Time (hr) Time (hr)
Alanine Pyruvate Formate
1.5 5+ 6
(%] O 4 Q
2 2 2
< - < <
4 £ 4
3 5 3
o 1.0 o o
2 ) £ 2
s K K
& & 1 &
0.5 T T 1 T T 1 T T 1
4 8 12 4 8 12 4 8 12
Time (hr) Time (hr) Time (hr)
-DO0 -D2 -=D7

Figure 7.6 Kasumi-1 metabolism after induction of mismatch shRNA

Metabolite-intensity plots show metabolic changes following doxycycline induction of
shMM over a course of seven days. Doxycycline was administered on day zero (blue plot)
and every 48 hours thereafter. Metabolite intensity plots are consistent for all metabolites.
Plots show relative peak areas (AUC) normalised to the TMSP standard, over the time

course of 12 hours.
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Figure 7.7 Kasumi-1 metabolism after shRNA knockdown of RUNX1/ETO.

Metabolite-intensity plots show metabolic changes following doxycycline induction of
shRE over a course of seven days. Doxycycline was administered on day zero (blue plot)
and every 48 hours thereafter. Plots show relative peak areas (AUC) normalised to the
TMSP standard, over the time course of 12 hours. Significant changes in metabolism were
seen after induction of the shRNA targeting RUNX1/ETO. Consumption of glucose and
glutamine decreased from day two (p<0.05) and at day seven (p<0.05). Lactate efflux
increased significantly from day two (p<0.05) and at day seven (p<00001). Consumption

of BCAA decreased between day zero and day seven (p<0.05). While formate efflux
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7.5. Clinical Applications

Cells can be purified from biopsies or blood and analysed using real-time monitoring.
This provides the opportunity to compare metabolic phenotypes, and to test therapeutic
strategies on patient derived material. Individual responses could then be used to
personalise therapies as results from live cell monitoring informs on drug efficacy. This
approach is not dissimilar to pharmacometabonomics where pre-dose metabolite
profiling and chemometrics are used to predict patient responses [*4°].

A specific application would use patient samples to investigate chemoresistance in
cancer therapy. The problem of drug resistance occurs as activation of cell membrane
transporters reduces the effectiveness of xenobiotics over time [**’]. Here, resistance to

cell death correlated with altered metabolic phenotypes.

7.5.1. Sample Storage and Cell Viability for Real Time NMR

Many genomic and epigenetic studies require only a small number of cells, with some
techniques using only a few thousand cells per sample [***]. In contrast, real-time
monitoring of metabolic footprints requires much higher cell numbers in order to see
changes in medium composition due to cellular activity. This can be challenging when
working with patient samples where cell numbers are limited.

Often, samples from patients are taken and frozen for later bioanalysis which allows
collection of all samples so analysis can proceed under the same conditions, an approach
particularly important with techniques such as mass spectrometry where results can vary
from batch to batch [**°]. Unfortunately, the freeze/thaw cycle can kill a significant
number of cells, even when samples are stored in cryoprotectants that stabilise cell

membranes, such as DMSO. In order to reduce intracellular ice formation suspension
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cells are cooled relatively slowly, around 1 °C per min. The DMSO can then diffuse into
cells and reduce osmotic shock during freezing and thawing [**°].

To assess the feasibility of real-time NMR using frozen cells a patient sample was
defrosted, purified for CD34" cells, and prepared for use with the flow system to
investigate the suitability of freezing samples for later analysis. See methods section
4.2.4 for details of defrost and preparation. Cells were suspended at a concentration of
5x10° live cells/ml. Medium was perfused around the flow system at 1ml/min, and the
metabolic footprint was monitored over 12 hours. During this time no change in
metabolite intensities were detectable.

Subsequent analysis of cell viability using flow cytometry with annexinV (AV) and
propidium iodide (PI) showed that most cells were undergoing apoptosis (70 %) or dead
(25 %), as shown in Figure 7.8. AV binds to phosphatidylserine, a lipid that translocates
to cell surface membranes during apoptosis, and PI enters cells with compromised
membranes to bind to DNA.

Further experiments used fresh cells to avoid problems associated with freezing and

thawing.
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Figure 7.8 Freeze-Thawing Patient Samples.

To assess the feasibility of using previously frozen cells with the flow system a patient

sample was defrosted and prepared for use with the bioreactor. After the 12 hour time

course no metabolic changes were seen. Subsequent flow cytometry using an AV/PI stain

demonstrated that most cells were apoptotic or dead.
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7.5.2. Metabolic Activity is Associated with the Cell Cycle

The location of the NMR facility, adjacent to the hospital and biomedical institute,
means that transport of live samples is relatively straightforward. A blood sample can be
taken from a patient in the hospital and transferred to the biomedical institute for
purification. The cells of interest can then be prepared for analysis and transported to the
NMR facility. In this manner the real-time analysis commences only a few hours after
the cells are taken from the patient.

To test this approach an AML sample was taken from a patient by a clinician and
immediately processed by a member of the Bonifer lab using density centrifugation.
Mononuclear cells were separated out from a peripheral blood sample and flow
cytometry was used to confirm the presence of cell type using the CD34+ stem marker.
A magnetic bead sort ensured that a purity of greater than 95% was achieved in the final
sample. An aliquot of these cells was used (5x10° live cells/ml) for real-time analysis.
Medium was perfused around the flow system at 1 ml/min and the metabolic footprint
was monitored over 12 hours.

During the time course no clear metabolic response was seen in the sample; metabolite
concentrations remained constant over time. Post-acquisition analysis by flow cytometry

demonstrated that these cells were indeed alive, as shown in Figure 7.9.
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Region Stain Status Count % Hist % All
Total - 9600 100 87.78
R3 PI Dead 13 0.14 0.12
R4 PI/AV Dead 111 1.16 1.01
RS none Alive 9041 94.18 82.66
R6 AV Apoptotic 435 4.53 3.98
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T
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Figure 7.9 Metabolically Inactive Fresh Patient Sample.
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Post-NMR acquisition flow cytometry analysis by AV/PI stain shows that most cells are

still alive (95 %). However, there are no detectable changes in metabolite levels during

the 12 hour time course. Representative metabolite intensity plots shown for main carbon

sources glucose and glutamine, and common overflow product lactate show no significant

changes.
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Further analysis indicted that the majority of these cells were in the GO/G1 phase of
the cell cycle (see Figure 7.10). This indicates that they were not proliferating, but in a
dormant state of either quiescence or senescence. The difference between these states
depends on the cells ability to re-enter the cell cycle. Senescent cells have completely
lost their proliferative potential, whereas quiescent cells retain their capacity to divide
after appropriate activation [*°!,%52]. The cells that still possess the ability to proliferate

can re-enter the cell cycle, grow and divide at a later point in time.

1420
G0/G1

1085
(]
E 7104
[ &

G2
355 = S
I} T T
0 g4 128 192 256

PE-CyS Area

Figure 7.10 Quiescent patient sample resting in G0/G1
The DNA dye 7-amino actinomycin D (7-AAD) was used to stain cells to establish the
relative populations of the stages of the cell cycle. Gating separates cells into GO/G1, S

and G2 phases. In this case most cells were quiescent, resting in the GO/G1 stage.
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7.5.3. Real-Time Metabolic Changes in Live Patient Cells

As fresh patient cells did not show metabolic changes, a proliferative primary patient
cell line was used to investigate metabolic activity. A surplus of cells from a diagnostic
patient sample was sorted for the cell surface marker CD34+, as described in methods
section 4.2.5. Cells were cultured on stroma and expanded over a period of several weeks
to yield sufficient numbers for a triplicate analysis by real-time monitoring.

This cell line is an AML double mutant for CEBPA (CCAAT/enhancer binding
protein alpha), with two distinct mutations resulting in proliferative activity [*°*]. The first
mutation, in the C-terminal region, disrupts binding to DNA. The second mutation, in
the N-terminal, produces a short isoform that lacks the transactivation domain. Normally
this transcription factor plays a part in differentiation, and initiating commitment to
myeloid lineages [***]. It also acts as a tumour suppressor inhibiting cell proliferation
[259].

Cell aliquots were taken from the bulk culture and resuspended at 5x10° cells/ml in
medium supplemented with a serum free mixture of human cytokines. The medium was
perfused around the flow system at 1 ml/min and the subsequent metabolic footprint was
monitored over 12 hours. Fresh medium was prepared daily to ensure consistent results.

Data quality in this sample was lower than previous samples due to the protein content
of the medium. This proprietary mixture contains a selection of cytokines and growth
factors vital for viability, unfortunately these proprietary factors bind to the analytical
standard. This resulted in variable data, as indicated by large error bars for some
metabolites (see Figure 7.11), as normalisation was affected by the apparent reduced

peak area of TMSP.
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Figure 7.11 Proliferating Patient AML Cells Show Metabolic Activity

Metabolite intensity plots show metabolic changes associated with AML cells grown
from a patient sample. Plots show relative peak areas (AUC) normalised to the TMSP
standard, over the time course of 24 hours. Cell growth plot demonstrates that cells were
proliferating in culture. Pyruvate appears to be the main carbon source, as glucose levels
remain constant. Glutamine and branched chain amino acids are consumed from the

medium, while lactate is effluxed over the duration of the 24 hour time course.
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CHAPTER 8

DISSCUSSION
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8. Discussion

Real-time analysis of physiological parameters at the cellular level, such as
metabolism, requires a non-disruptive method of maintaining live cells. The flow system
achieved this by successfully integrating a cell culture incubator in a controlled
environment suitable for the study of mammalian cells. The development of a bioreactor
prototype facilitated the sterile transfer of samples from the cell culture laboratory to the
NMR facility with minimum disturbance to the live cell samples.

The study of metabolic overflow phenotypes in real-time was achieved by monitoring
the exometabolome in cancer cell lines and patient derived cells. This chapter seeks to
interpret the data generated during this project, followed by discussion of further work

in the area of metabolic analysis by real-time NMR.

8.1. Metabolic Profiles of Cultured Cells

8.1.1. Metabolic Stability of Culture Medium

The first experimental data set used a standard cell culture methodology to compare
the cell-free media with and without serum supplementation. A series of flasks containing
media were prepared and incubated for 24 hours. This experiment demonstrated
consistent concentrations for all metabolites over time, as shown in Figure 6.1. In
particular, we observed no appreciable degradation of glutamine, over the 24 hour period
of culture, indicating that the breakdown of this compound requires longer periods of
time.

The spent medium could contain metabolic enzymes due to apoptotic release of
cytoplasmic contents, a phenomena often used to assess viability [>°°]. The comparison

of medium formulations between fresh and spent medium showed no significant changes,
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indicating that there was no significant release of enzymes into the medium that could
confound results during the 24 hour period of the experiment.

The same, standard cell culture approach was used to determine the metabolic profile
of culture medium, with live cells. Flasks were used to maintain a live cell culture in an
incubator for 24 hours in order to establish changes in the exometabolome due to cellular
activites. The culture containing JIN3 cells showed a variety of changes in the small
molecule composition of the medium compared to the cell-free media. Nutrients were
consumed and metabolic by-products were effluxed by the JIN3 cells. Glucose and
branched chain amino acids were used up, while the overflow of lactate, alanine and
formate was observed. Formate overflow has been reported as a product of one-carbon
metabolism, fuelled by medium serine [*7]. Pyruvate concentration increased over the
first 12 hours of culture, after which it seemed to reach a plateau then decreased slightly
in the latter 12 hours, indicating that pyruvate was reabsorbed and used by JIN3 cells as
a substrate. Pyruvate is known to protect cells against reactive oxygen species (ROS), and
consumption in cell culture medium has been shown to be linked to peroxide
concentrations [>°%,2°]. Cells are also known to uptake pyruvate, via moncarboxylate
transporters, and convert it to lactate by lactate dehydrogenase (LDH) as illustrated in
Figure 1.4 [*%°]. This maintains cytosolic redox potential by regenerating NAD+ and

ensures that glycolysis can continue to consume redox equivalents.

8.1.2. Metabolic Signatures of Live Cells
The metabolic profiles generated in section 6.2.2 demonstrate that growth rate roughly
correlates with rate of usage of substrates and subsequent production of overflow
products. JJN3, the faster growing cell line, used more glucose and produced more lactate

in comparison to the two slower growing lines.
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The type of overflow metabolism varied with each cell line, providing a unique profile
based on just a few metabolites. JJN3 produced most alanine and pyruvate but least
formate, while HL-60 secreted almost no alanine or pyruvate, and only a small amount
of formate. Kasumi-1 produced an intermediate amount of alanine and pyruvate, but

significantly more formate than either HL-60 or JIN3.

8.2. Real-Time Response to Metformin

The value of monitoring live systems lies in the dynamic nature of the information
obtained; instantaneous responses to external stimuli can be observed and followed over
time. This was demonstrated using real-time NMR to follow the initial metabolic reaction
in leukaemia cells to the drug metformin, described in section 7.3.

A variety of studies on metformin-induced metabolic effects have been reported, with
a range of results in the literature, as different cell lines respond to impaired
mitochondrial metabolism in different ways [*°!,>°?]. Under normal conditions
mitochondria produce ATP through oxidative phosphorylation. Other important
functions include generating redox equivalents, namely NADH and FADH», and
precursors for anabolism. Metformin treatment is expected to impair these processes and
result in alterations to the TCA cycle.

During metformin treatment each of the two examined cell types displayed a distinctly
different metabolic response, as illustrated in Figure 7.2 and Figure 7.3. Kasumi-1 cells
showed no change in glutamine usage, but glycolysis was significantly upregulated as
glucose consumption and lactate production increased over the time course. In contrast
the HL-60 cells showed no significant change in glycolysis, instead overflow metabolism
changed and glutamine usage decreased with metformin treatment. Less formate was

effluxed by these cells during treatment, indicating that mitochondrial metabolism may
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have been impaired. In Kasumi-1 cells the formate production was unchanged,
suggesting that either mitochondrial metabolism was unaffected or that the cytosolic
pathway can compensate for dysregulated mitochondrial metabolism by using serine,
either directly from the medium or via glycolysis [>%].

HL-60 also used less alanine and showed no change in BCAA usage or pyruvate
secretion. In Kasumi-1 there were no changes in BCAA metabolism or formate efflux,
while pyruvate secretion was significantly reduced during treatment.

The differences between Kasumi-1 and HL-60 cells could be indicative of metabolic
flexibility, or different metabolic strategies to in response to the effects of metformin.
The upregulation of glycolysis by Kasumi-1 could compensate for the lack of ATP
produced by compromised mitochondria. The reduced overflow of pyruvate could be
indicative of a redirection of metabolic flux, as formation of lactate would regenerate

NAD+.
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8.3. Leukemic Phenotype: Effect of RUNX1/ETO

Metabolism influences all cellular activities, pervading all aspects of biology, from
regulatory mechanism to signal transduction and differentiation. Enzymes that control
gene regulation use substrates derived from cellular metabolism. It is therefore
unsurprising that any shift from the normal physiological state will also be accompanied
by some form of metabolic perturbation. Understanding the precise relationship between
metabolic processes and disease is an ongoing field of work.

The experiments in section 7.4 demonstrated that real-time NMR has the sensitivity
to detect the changes in metabolic phenotype associated with cellular state. In this case
the Kasumi-1 model was used to monitor metabolic effects during the alleviation of a
block in differentiation. Cells were treated with doxycycline over a seven day period in
order to ablate RUNXI/ETO expression and real time NMR analysis of the resulting
phenotype was undertaken at three time points; day zero, day two and day seven.

The control cell line, shMM, showed no metabolic change over the course of seven
days doxycycline treatment, illustrated in Figure 7.6. This confirms that induction of the
expression system has no off target metabolic effects over the duration of the time course.
All metabolites had the same rate of substrate consumption and metabolite efflux at each
time point.

In contrast, the shRE cell line demonstrated that ablation of RUNX1/ETO changed
the metabolic phenotype of the cells over the seven day period, as shown in Figure 7.7.
During the first 48 hours following doxycycline treatment there was a distinct drop in
the rate of lactate efflux, coupled with a decrease in consumption of glucose, glutamine
and branched chain amino acids. While pyruvate secretion was unchanged over time the
level of formate efflux dropped significantly between day two and day seven. These

results demonstrate the potential of the flow system to monitor metabolic changes
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associated with cell state during the course of differentiation. From these experiments it
is also becoming increasingly clear that a static snapshot of metabolism is of limited
scope, as it is often the rate of metabolic turn-over for specific mechanisms that is

affected by cancer related metabolic changes in cells.

8.4. Challenges Associated with Live Patient Cells

The clinical applications for real-time NMR were explored using cells derived from
patient blood. The initial attempt, to use a previously frozen patient sample, was
unsuccessful as there were not sufficient numbers of live cells in the sample after the
freeze/thaw process. It is possible to isolate live cells and expand the culture to reach the
cell numbers required for real time NMR, however this is time consuming, potentially
expensive and may not yield a similar cell population to the original sample. Further
attempts tried to circumvent this problem by using fresh blood, or allowing cells to

recover after the freeze/thaw process.

8.4.1. Quiescent Cells

Cells taken and directly processed for real-time NMR were stuck in the GO/G1 phase
of the cell cycle, as shown in Figure 7.10. For the duration of the experiment these cells
rested in a non-proliferative state of dormancy with no detectable metabolic signature.

Live samples may also have a mixture of cells in different stages of the cell cycle. It
could be advantageous to ensure that all cells are in the same stage before starting a
metabolic analysis.

While this result illustrates the challenges of analysing live cell samples it also opens
up another area of clinically relevant experimentation. In AML the high relapse rate is

due to a small population of cells surviving chemotherapy, remaining unaffected by anti-
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mitotic drugs that target proliferative cells by virtue of their suspended growth. Cells
remain alive and non-dividing for significant time frames until resuming proliferation,
resulting in recurrent disease.

The flow system could be used to probe the mechanisms underlying drug resistance
in certain cell populations by monitoring responses to cell cycle inhibitors and
stimulators. Cells could be stimulated to proliferate and then the flow system would be
an ideal platform to test therapies using metabolic response as a read out. However,

selective modification of the cell cycle may be quite challenging, depending on the cell

type.

8.4.2. Patient Phenotype Differs From Cultured Cells

The patient derived AML cells displayed an interesting phenotype of low glycolytic
activity, different to any of the cultured cell lines. While lactate was effluxed, glucose
was not consumed as the major carbon source, instead pyruvate seemed to be the primary
substrate taken up by the cells. While most was converted to lactate, it is also possible
that some was used in the TCA cycle. This reliance on pyruvate could be a result of the
in vivo niche; AML cells home to the endosteal region of the bone marrow where they
can maintain dormant, supported by distinct molecular mechanisms [***]. Being
sequestered inside the niche environment, where cellular architecture protects circulating
cells, malignant cells have been shown to stimulate secretion of pyruvate in surrounding
stroma and take up the pyruvate [*®]. The patient derived cells also had a much lower

proliferation rate in comparison to the cultured cell lines.
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8.5. Future work

The power of NMR spectroscopy lies in the ability to interrogate live systems with
minimal perturbation. Studies of live systems have major potential to aid in the
development and evaluation of therapeutics as clinical applications may evolve to
include the use of benchtop spectrometers in the future. It is also possible to use the flow
system with tissues or organs, and experiments using perfusion could be easily set up
with the incubator.

Further improvements in the methodology of real-time monitoring are immediately
obvious. Peak overlap can potentially be reduced at higher fields, signal-to-noise can be
improved with more sensitive hardware and stable isotope labelling studies can be used
to prove metabolite specific information [2°¢]. Together with a move to higher field to
improve resolution, and moving from room temperature probe to a cryo-probe, the
spectral quality can be greatly enhanced.

NMR tubes compatible with the InsightMR system are not limited to the larger
volume Smm. The tube holder used in this work mimics a conventional Smm tube and
spinner, however a smaller 3mm tube size is now available, reducing the volume from
550 pl to 180 pl. Reducing the overall volume of the system by decreasing the bioreactor
size would allow smaller cell numbers to be monitored, and therefore make the technique
more amenable to patient samples.

Equally, the volume of the system could be increased for cell line work so multiple
samples could be taken from the flowing medium during acquisition. This offers the
possibility to combine methodologies to take parallel samples. Aliquots of the flowing
suspension could be taken during the time course and extracted to provide intracellular

metabolite levels, providing a complementary set of data points to elucidate metabolic
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pathways [*%7]. Information on intracellular metabolic processes is vital to truly
understand the biological system under study.

Techniques such as DNP can be combined with bioreactor systems to enhance
sensitivity and provide detailed information on dynamic fluxes [2¢].

Alternative acquisition methods can be used to reduce peak overlap, such as using 2D
NMR, in order to confidently assign and quantify more metabolites [>*°]. Another
approach would be to use stable isotope labelling to determine active metabolic
pathways. We have demonstrated the use of 1°C filtering to monitor cell metabolism in a
live cell sample, obtaining *C incorporations from difference spectra [>’°]. Other fast
acquisition techniques, such as 2D HSQC spectra could be used to overcome spectral
crowding and trace '3C substrate usage [*"'].

Another point to consider is the inherently unphysiological nature of cell culture.
Normally cells are seeded at low densities, allowed to grow and harvested when medium
is near exhaustion. The flow system can be altered to provide a continuous flow of fresh
medium, maintaining a stable environment that recapitulates the in vivo niche. It is also
possible to alter medium formulations to reflect the physiological state, rather than the
supraphysiological concentrations often encountered for immortalised cell lines [*7%].

Overall the type of design of bioreactors in this work opens avenues to work with
human cells under conditions that resemble those of well-established lab experiments. It
enables monitoring metabolism in primary patient cells as demonstrated for AML cells.
Most importantly this work shows that metabolic turn-over considerably enhances the

metabolic information, as continuous flux in live cells can be monitored in real-time.
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