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Abstract

Altered metabolism is a hallmark of cancer. Mutations in the metabolic enzymes human
isocitrate dehydrogenase 1 and 2 (IDHI1/2) are common in various cancers, with
significant prevalence in glioma. Small-molecule inhibitors targeting IDH1 and IDH2
variants have been approved for treatment of haematological malignancies, and, recently
for glioma treatment. Resistance to these inhibitors has been observed and is associated
with disease relapse. The precise metabolic mechanisms linking IDHI mutations to
oncogenic drivers in glioma remain unclear. This thesis describes studies investigating
the role of IDH1/2 WT and IDH1 R132H in glioma and studies seeking to identify new
treatment strategies exploiting the resulting metabolic dysfunction. Work carried out to
meet the urgent need for COVID-19 therapeutics is also described, that is, structure-
activity studies aiming to develop a small-molecule inhibitor targeting the SARS-CoV-2

main protease.

Chapter 1 reviews the effects of the IDH1/2 mutation gain-of-function in cancer and
existing therapeutic avenues. Chapter 2 describes the synthesis of inhibitors of IDH1 WT
and IDH2 WT, inhibition studies on the binding kinetics of IDHI WT, and the
investigation of a novel potential scaffold for IDH1 RI132H inhibitors. Chapter 3
describes metabolomic studies on the effects of the IDH1 R132H mutation on LN18
GBM cells, and the effects of IDH1 WT and IDH2 WT inhibitors on LN18 GBM cells,
with and without the IDH1 R132H mutation. Chapter 4 describes the development of

ebselen-type inhibitors against the SARS-CoV-2 main protease.

This thesis tentatively proposes a link between IDH1 R132H and an oncogenic driver in

glioma, and proposes novel therapeutic avenues against IDH1 R132H glioma.
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1. Isocitrate Dehydrogenases and Cancer

1.1. The Identification of Altered Metabolism as a Hallmark of

Cancer

Abnormal metabolism in cancer has long been studied and has recently become a high
priority from a therapeutic perspective.!> Otto Warburg first described changes in the
metabolism of cancer patients in 1930, though at that time metabolic studies in cancer
were not yet considered urgent."" > * > Following the addition of energy metabolism
perturbation as an emerging hallmark of cancer, advances in mass spectrometry based
metabolomics and genome sequencing have enabled powerful metabolic studies leading
to increasing interest in the field from the early 2000s. Metabolic dysfunction is now
considered to be pervasive in cancer cells."" > Nonetheless, a comprehensive
understanding of metabolic dysfunction in cancer, including its roles in tumorigenesis, is

still lacking.%’

Warburg’s work has since been substantiated by the discovery of glucose transporter 1
(GLUTI1) upregulation and increased glucose uptake in tumours, leading to the
conclusion that cancer cells experience a shift from mitochondrial oxidative
phosphorylation toward cytosolic glucose oxidation and glycolysis.!*1° Today, tumours
may be visualised using this ‘Warburg effect’ by the detection of positrons emitted from
BF_fluorodeoxyglucose (FDG) injected into the bloodstream. Phosphorylated FDG
metabolites accumulate in cancer cells; the '8F decays into '*0 before the metabolites
leave the cell, allowing positron emission tomography (PET) to detect the increased

uptake of glucose in cancer cells.!!
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solid arrows. The sites of the reaction on each metabolite are coloured red. Energy carriers
are coloured blue. Only enzymes which are reported to be mutated in cancer are shown. Note,
IDHI and IDH2 also operate independently to the TCA cycle and are more frequently mutated
in cancer than IDH3, which primarily operates in the TCA cycle. G6P = glucose-6-phosphate.
F6P = fructose-6-phosphate. F1,6P = fructose-1,6-bisphosphate. DHAP = dihydroxyacetone
phosphate. G3P = glyceraldehyde-3-phosphate. 1,3PG = 1,3-phosphoglycerate. 3PG = 3-
phosphoglycerate. 2PG = 2-phosphoglycerate. PEP = phosphoenolpyruvate. 6PGL = 6-
phosphogluconolactone. 6PG 6-phosphogluconate. RL5P = ribulose-5-phosphate. R5P =
ribose-5-phosphate. X5P = xylulose-5-phosphate. S7P = sedoheptulose-7-phosphate. E4P =
erythrose-4-phosphate. CoA = coenzyme A. ATP = adenosine triphosphate. NADPH
nicotinamide  adenine  dinucleotide  monophosphate. ~ NADH =  nicotinamide  adenine
dinucleotide. GTP = guanosine triphosphate. FADH, = flavin adenine dinucleotide.

Metabolic changes in cancer cells are not limited to impaired glycolysis and have been
linked to germline mutations in TCA cycle enzymes such as succinate dehydrogenase
(SDH), fumarate hydratase (FH), and malate dehydrogenase 2 (MDH2) (Figure 1.1).
SDH catalyses the conversion of succinate to fumarate, FH converts fumarate to malate,
and MDH2 converts malate to oxaloacetate (OAA). Loss-of-function mutations in SDH
and FH genes are reported in several cancers such as paragangliomas and renal
carcinomas, correlating with succinate and fumarate accumulation in cells, respectively.*
12 Mutations in MDH2 are found in paraganglioma, but do not correlate with malate

accumulation in cells.'? FH deletions are reported in neuroblastomas.’

The most frequently mutated metabolic enzyme in cancer occurs somatically and affects
isocitrate dehydrogenase (IDH).!* !> IDH converts isocitrate to 2-oxoglutarate (2-OG,
also known as a-ketoglutarate) (Figure 1.1). Originally classified as loss-of-function, a
seminal paper by Dang et al. demonstrated that mutations in IDH1 and IDH2 are gain-
of-function and enable the neomorphic production of (R)-2-hydroxyglutarate (2-HG, also
known as D-2-HG) from 2-OG (Figure 1.2).'% Accordingly, high concentrations of 2-HG

are detected inside cells bearing mutations in IDH1 or IDH2.!¢
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Figure 1.2 | IDH1/2 WT catalyses the oxidative decarboxylation of isocitrate to 2-oxoglutarate. Mutant
IDH1/2 is also able to catalyse the reduction of 2-oxoglutarate to (R)-2-hydroxyglutarate.

1.2. The Role of Wild-Type IDH and Endogenous 2-

Hydroxyglutarate in Homo sapiens

1.2.1. The Physiological roles of IDH1, IDH2, and IDH3

IDH1/2 wt

NADP* NADPH

Isocitrate N 2-Oxoglutarate
NAD* NADH

IDH3 wt

Figure 1.3 | IDHI/2 WT catalyse the reversible oxidative decarboxylation of isocitrate to 2-
oxoglutarate with concomitant reduction of NADP* to NADPH. IDH3 WT catalyses the
irreversible oxidative decarboxylation of isocitrate to 2-oxoglutarate with the concomitant
reduction of NAD" to NADH.

IDH in humans exists as three isoforms — IDH1 WT and IDH2 WT, which share 70%
sequence identity, and IDH3 WT, which is phylogenetically distinct.!” All isoforms of
IDH catalyse the oxidative decarboxylation of isocitrate to give 2-OG. IDHI1 and IDH2
can operate independently to the forward-direction TCA cycle and catalyse the reaction
reversibly. In contrast, the oxidation of isocitrate as catalysed by IDH3 is primarily within
the TCA cycle and is apparently irreversible (Figure 1.3).'"® The reverse reaction
catalysed by IDH1/2 entails the reductive carboxylation of 2-OG and CO:x to isocitrate,

which may be converted to citrate via the bidirectional enzyme aconitase.'!® All IDHs are

28



dehydrogenases that belong to the oxidoreductase enzyme superfamily and use
NAD'/NADP" as co-substrates.!”-2° IDH1 and IDH2 are heterodimers. IDH1 and IDH2
each contain two Rossmann folds, each of which comprises an a-helix and two parallel
B-strands linked by a glycine-rich loop for pyrophosphate binding, to bind the
nicotinamide and adenine rings of NAD*/NADP" separately.?’ IDH3 is a heterooctamer

and the structure is considerably more complex than those of IDHI and IDH2.%!

IDH1 is found in the cytosol and peroxisomes, and contains a type-1 peroxisomal
targeting sequence.'® 2> IDH1 activity and enzyme localisation have been detected in the
majority in mammalian peroxisomes. Reports have suggested IDH1 may have been
considered cytosolic because it leaks out during cell homogenization.?*?* The established
role of IDH1 is to generate NADPH outside the mitochondria, alongside 2-OG
synthesis.!® The production of NADPH is particularly important in the oxidising
environment of the peroxisome, where there is evidence that peroxisomal 2,4-dienoyl
CoA reductase (pDCR) utilises NADPH for the reduction of 2,4-dienoyl-CoA thioesters
to 3-enoyl-CoA thioesters during the B-oxidation of both short and very long chain
unsaturated fatty acids (VLCFA, n > 20 carbons).?>2® IDH1 deficiency attenuates
gluconeogenesis.”? RNA interference (RNAi) knockdown of IDHI (by MiR-181a)
activates P-oxidation genes and deactivates lipid biosynthesis genes, suggesting that
IDH1 is involved in lipid metabolism regulation.>® 3! Furthermore, mutations in IDH1

are strongly associated with cancer.'®

IDH2 is found in the mitochondrial matrix where it is considered to provide NADPH
molecules as reducing equivalents to help protect mitochondria from oxidative damage,
as well as to mitochondrial 2,4-dienoyl CoA reductase (mDCR) catalysing the -
oxidation of unsaturated fatty acids (n < 20 carbons).!” ® 28 Despite the localisation of
IDH2 to the mitochondria, the relationship between IDH2 and B-oxidation is potentially

29



more complicated and less direct than IDH1; one recent study reported evidence that
IDH2 deficiency exacerbates weight gain, while another reported that IDH2 deficiency
protects against weight gain.*> 3 IDH2 is also involved in both hepatic glycolysis and
gluconeogenesis, providing evidence that it may perform the reduction of 2-OG to
isocitrate under physiological conditions.*” Similarly to IDH1, mutations in IDH2 are

frequently reported in cancer.'®

IDH3 is thought to be a key rate-limiting enzyme in the TCA cycle, and, like IDH2, IDH3
is localised in the mitochondrial matrix.!'®:3* 33 IDH3 is a heterooctamer formed as a dimer
of heterotetramers, which are in turn formed of heterodimers containing two of three
subunits, a, B, and v, in the final form (afay)2.2" 3¢ Heterodimers of IDH3, af or ay,
associate via a CLIP-associated protein (CLASP) domain made of two antiparallel
B-sheets, into heterotetramers (afoy).?! The y-subunit N-terminus of one heterotetramer
of IDH3 inserts into the B-subunit of the opposing heterotetramer, producing the
heterooctameric quaternary structure (afay)2.2"> 3> 3¢ There is limited association of the

IDH30 subunit, encoded by IDH34, with cancer.!® 3>

1.2.2. The Physiological Role of 2-Hydroxyglutarate

Both enantiomers of 2-hydroxyglutarate (2-HG), R-2-HG (D-2-HG) and S-2-HG (also
known as L-2-HG), occur naturally at low levels in the human body (Figure 1.4).37-4
Studies have reported both enantiomers in blood plasma (low micromolar concentrations)

and urine (low micromolar concentrations for new-borns, low millimolar concentrations

for adults).3”4?
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Figure 1.4 | Metabolic routes that produce R-2-HG and S-2-HG. The dotted line indicates
more than one reaction in a metabolic route. LDH = lactate dehydrogenase. MDH = malate
dehydrogenase. = PHGDH = phosphoglycerate  dehydrogenase. =~ HOT = hydroxyacid  oxoacid
transhydrogenase.

R-2-HG may be formed by reactions in the metabolism of 5-hydroxy-L-lysine,
4-hydroxybutyrate, and by phosphoglycerate dehydrogenase (PHGDH) (Figure 1.4),
exacerbated under acidic conditions.*!*** S-2-HG, which is proposed to regulate cellular
redox homeostasis in periods of stress, may be formed at low levels by malate
dehydrogenase 1 (MDHI1), malate dehydrogenase 2 (MDH2), and lactate dehydrogenase
(LDH) (Figure 1.4), and, like R-2-HG, is exacerbated by increased acidity and
hypoxia.*>**® Under normal physiological conditions, low levels of R-2-HG and S-2-HG
are converted to 2-OG by the corresponding dehydrogenase, D2ZHGDH or L2ZHGDH. A
deficiency in the respective mitochondrial 2-HG dehydrogenase for either R-2-HG or S-
2-HG leads to the corresponding aciduria with accumulation of 2-HG in the plasma,
urine, and cerebrospinal fluid.**>* This in turn correlates with cardiomyopathy (R-2-HG
only), cerebral ataxia, epilepsy, and neurological and developmental abnormalities.’®->
Interestingly, despite the status of R-2-HG as an oncometabolite, R-2-HG aciduria is not

associated with the same cancers as IDH mutations.>® By contrast, S-2-HG is associated

with sporadic cases of central nervous system tumours.>’-% It is plausible that some of
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these reactions may be reversible under suitable conditions, such as a shift in redox

balance or pH.

1.3. The Discovery of Mutated IDH and Elevated 2-HG in

Gliomas

The first IDH mutations in cancer were reported in 2008, and involved IDHI1 point
mutations in grade II and III glioma, and secondary glioblastoma multiforme (GBM)
(now ‘Astrocytoma, IDH-mutant CNS WHO grade 4°).°""%3 In acute myeloid leukaemia
(AML), IDH1 and the more prevalent IDH2 mutations were discovered in 2009.93-7 The
most common substitution in IDH2 found in AML is R140Q.%3-%7 Since then, mutations
of IDH1 and IDH2 have been shown to be prevalent in a wide array of cancers, including
grade 2/3 gliomas (> 75%), secondary GBM (55 — 88%), AML (14 -33%),
chondrosarcoma (17 — 70%), angioimmunoblastic T-cell lymphoma (20— 33%),
sinonasal undifferentiated carcinoma (35 — 80%), solid papillary carcinoma with reverse

polarity (> 77%), and intrahepatic cholangiocarcinoma (7.5 — 41%).'% 61-107

Gliomas make up 30 — 40% of brain tumours and derive from glial cells, non-neuronal
brain cells that are required for neuronal survival and function.'% % The major types of
glial cells in the central nervous system (CNS) are astrocytes, oligodendrocytes,
microglia, and ependymal cells; examples in the peripheral nervous system (PNS) include
Schwann cells.!®-!'! Glial functions include facilitating neurotransmission, metabolism,
inflammation, and formation of the blood-brain barrier.'”!'! As an unfortunate result,
gliomas are intra-axial and grow intermixed with healthy brain tissue.''? The
aggressiveness of a resulting glioma is classified as low-grade (grades 1 and 2) or
high-grade (grades 3 and 4).!'3''* IDH1 and IDH2 mutations are not common in primary
GBM (now ‘Glioblastoma, IDH-wild-type, CNS WHO grade 4’) and mutations in either
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isoform were included in the diagnostic criteria for CNS tumours in 2016. Therefore, in
2021, the World Health Organisation (WHO) changed IDH-mutation status to a
requirement for the diagnosis of certain adult-type diffuse gliomas, such as astrocytoma

(grade 2-4) and oligodendroglioma (grade 2 and 3).%!- % 67-71. 115, 116

The tumour type strongly correlates with the nature of the IDH mutation.!!” Solid tumours
present early mutations in IDHI or IDH2 during their development.
Co-mutation of IDH1 with IDH2 is exceedingly rare and often considered mutually

68,70, 71, 85, 118 TDH] is the most frequently mutated isoform, particularly in

exclusive.
gliomas and secondary GBM, whereas IDH2 mutations are more common in
AML.!'7 6 117 Known IDH1 mutations in gliomas lead to the substitutions R132H,
R132C, R132S, R132L, R132G, R132V, and R100Q. Of these mutations, the most
commonly found in grade 2/3 gliomas and secondary GBM is the substitution R132H
(85— 90%), followed by R132C, R132S, R132L, R132G, R132V (5 — 8%), and most
infrequently R100Q (< 1%).6% 63106 119 R100Q is reported to have the lowest catalytic
efficiency.'?® IDH2 mutations are rarer in gliomas than IDH1 mutations, and lead to the
substitutions R172K, R172M, R172W, R172S, R172G (3 — 5 %), of which R172K is the

most common, %% 106 119

Soon after discovery the initial discovery of IDH mutations in cancer, studies identified
that IDH1 mutations negatively impacted the ability of the enzyme to catalyse isocitrate
to 2-OG turnover and a dominant negative phenotype was observed.®”> 12! Work by Dang
et al. reported the IDH1 R132H mutation to cause a gain-of-function and enable the
reduction of 2-OG to R-2-HG, driving a detectable accumulation of R-2-HG in
IDH-mutated cancer cells.'® Later, IDH2 R172K and IDH2 R140Q were also found to
catalyse the synthesis of R-2-HG, driving R-2-HG accumulation.®® From this point on,
R-2-HG is referred to as 2-HG unless otherwise specified.
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1.4. The Structure and Mechanism of Action of Wild-type and

Mutant IDH1

1.4.1. The Structure of IDH1 WT

IDH1 WT forms a homodimer (Figure 1.5),'”> each monomer consisting of three
domains: a large domain (233 residues: 1-103, and 286-414) (Figure 1.5.C), a small
domain (133 residues: 104-136, and 186-285) (Figure 1.5.D), and a CLASP domain (two
double-stranded antiparallel B-sheets) (Figure 1.5.E).'??> The large domains each contain
a dinucleotide-binding Rossmann fold. The small domains form the dimer-interface via
both 09 and a10 helices (Figure 1.5.D). The CLASP domain of each monomer interlock
to hold the two monomers together, and two symmetrical active sites are formed in the
clefts between the small and large domains of each monomer, utilising residues from both
monomers (Figure 1.5.E, Figure 1.5.A).'?2 The homodimer can assume two established
conformations: inactive and active, in addition to one putative semi-active
conformation.'??> The inactive conformation exhibits active site distances (Co. — Ca) of
18.8 A (L250 monomer A — 176 monomer B) and 21.2 A (I76 monomer A — L250
monomer B) (Figure 1.6.A).'?? Residues D275, D279N, and K212 from monomer A are
far from the active site. In particular, D275 and D279N are in the a10 helix, which is not
well resolved, flexible and loop-like. Together, these features define an ‘open’ active site
cleft compared to the active conformation, hence this conformation is referred to as the

‘open-inactive’ conformation.'?* Only NADP" is bound in this conformation.'??
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Figure 1.5 | Views from a crystal structure of IDHI WT homodimer in the closed-active
conformation (pdb: 1TOL)."? The backbone of the monomer A subunit is teal, the backbone of
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the monomer B subunit is crimson. Substrate carbons (ICT and NADP*) are coloured . In
all small molecules present as sticks, oxygen atoms are coloured red, nitrogen atoms are
coloured blue, and sulfur atoms are coloured . Metal ions are coloured . A. The
entrance to one of two symmetrical active sites in IDHI WT, located in the cleft between the
large domain of monomer B (crimson) and the small domain of monomer A (teal). Stick
representations of NADP*' (cyvan) and isocitrate (cvan) can be seen within. B. Surface render
of the 3D structure of an IDHI WT homodimer, viewed from the front. C. Cartoon secondary
structure of the 3D structure of an IDHI WT homodimer, viewed from the front. The large
domains of monomers A (teal, right) and B (crimson, left) flank the small domains (D). The
small domains (D), and the CLASP domains (E) of monomers A (tcal) and B (crimson) are
circled. D. Top-down view of the small domains of monomers A (teal, bottom) and B (crimson,
top). The dimer interface can be seen as a gap between a-helices of monomer A (teal, bottom)
and monomer B (crimson, top). The perspective displayed in C is indicated. E. Bottom-up view
of the CLASP domains of monomers A (teal) and B (crimson). The perspective displayed in C
is indicated.

The binding of an isocitrate-metal complex (likely isocitrate—magnesium under
physiological conditions) to IDHI WT in the open-inactive conformation is able to
trigger a structural transformation to the active conformation.'?* !25 Residues K212,
D275, and D279N are recruited to the active site by the substrate complex and in turn are
proposed to move the 10 helix towards the active site.'?? This proposal is supported by
experiments in which pre-incubation removes a lag-phase commonly observed at the
beginning of turnover assays.'?* The active conformation accordingly exhibits shorter
active site distances (Co — Ca) than the open-inactive conformation, 13.4 A (L250
monomer A — 176 monomer B, cf. 18.8 A) and 12.6 A (176 monomer A —L250 monomer
B, cf. 21.2 A) (Figure 1.6.B).!?? As a result, the active conformation is referred to as the

‘closed-active’ conformation.
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L250

Figure 1.6 | Views of the active site distances (Ca — Ca) from a crystal structure of IDHI WT
homodimer in the open-inactive and closed-active conformations. The backbone of the
monomer A subunit is teal, the backbone of the monomer B subunit is crimson. Substrate

carbons (ICT and NADP") are coloured . In all small molecules present as sticks, oxygen
atoms are coloured red, nitrogen atoms are coloured blue, and sulfur atoms are coloured
Metal ions are coloured  green. A.  Open-inactive  conformation, 176

monomer A — L250 monomer B (pdb: 1T09). B. Closed-active conformation, 176 monomer A —
L250 monomer B (pdb: 1TOL). 1%

Once bound, eight residues from both monomers are involved in binding isocitrate
(monomer A — K212, T214, D252; monomer B — T77, R100, R109, R132, and D275)
(Figure 1.7.A) and three residues coordinate the metal ion (monomer A, o9 — D252;
monomer B, 010 — D275 and D279) (Figure 1.7.B)."*> >* The metal ion is also

coordinated by the C1 carboxyl and C2 hydroxyl groups of isocitrate (Figure 1.7.B). '**
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Figure 1.7 | Views of the active site of IDHI WT (pdb: 1TOL). Amino acid carbons from the
monomer A subunit are coloured teal, amino acid carbons from the monomer B subunit are
coloured crimson, and substrate carbons (ICT and NADP*) are coloured cyan. In all chemical
structures represented as sticks, oxygen atoms are coloured red, and nitrogen atoms are
coloured blue. Metal ions are coloured green. A. Isocitrate (ICT, cyan) bound by D252, K212,
and 1214 of monomer A (teal), R100, RI132, RI109, D275, and T77 of monomer B (crimson),
and Ca** (green). B. Metal ion (here Ca®', green) bound by D252 of monomer A (teal), D275
and D279 of monomer B (crimson), and the CI carboxyl and C2 hydroxyl of isocitrate (ICT,
cyan). Note, Ca®*" is a catalytically-inactive substitute for Mg**.1??

At the active site of IDH1 WT, NADPH is coordinated within the large domain similarly
in open-inactive and closed-active conformations.!?? Before isocitrate binding, D-279
coordinates via hydrophobic interactions with the nicotinamide ring.'?? This interaction

is then sustained by the substrate upon isocitrate binding, ready for electron transfer.'??
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1.4.2. The Mechanism of IDH1 WT

Isocitrate and magnesium bind to IDH1 WT as a complex with high affinity, adjacent to
NADP/NADPH (Figure 1.8).!° NADPH typically copurifies with IDHI WT. Initial
time-dependent studies reported that one molecule of NADPH per homodimer was
released into solution after long-term incubation without turnover. The release of only
one NADPH molecule suggests that the second active site does not exchange substrates
with the solution, and implies half-site reactivity of the enzyme by extension.'?* This

proposal has been further supported by absorbance and crystallographic studies.!?*

The catalytic mechanism of IDH1 WT is currently proposed to involve the following
steps: D-279 deprotonates K212, which in turn deprotonates the C2 alcohol of isocitrate
(Figure 1.9.A);'?° NADP" abstracts a hydride from the C2 position of isocitrate (Figure
1.9.B), oxidising the alcohol to a ketone; then decarboxylation at C3 (Figure 1.9.C)
produces an enolate, finally deprotonating Y-139 (Figure 1.9.D) to form 2-OG (Figure

1.9.E).124’ 126, 127
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Figure 1.8 | A view of the interactions of NADP* and the IDHI WT active site residues which
react with isocitrate (ICT, cyan), K212 (teal) and Y139 (crimson) (pdb: I1TOL). Amino acid
carbons from the monomer A subunit are coloured teal, amino acid carbons from the monomer
B subunit are coloured crimson, and substrate carbons (ICT and NADP*) are coloured cyan.
In all chemical structures represented by sticks, oxygen atoms are coloured red, nitrogen
atoms are coloured blue, and sulfur atoms are coloured . Metal ions are coloured
green. RI32 (crimson) can be seen coordinating the Cl and C6 carboxyls. The metal ion (here
Ca’*, green) can be seen behind ICT (cyan), coordinated by the CIl carboxyl and C2
hydroxyl.'?
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Figure 1.9 | The proposed catalytic mechanism of IDHI WT. A. Isocitrate is deprotonated. B. Isocitrate is
oxidised to oxalosuccinate. C. Oxalosuccinate is decarboxylated to give an enolate intermediate. D. The
enolate abstracts a proton from Tyr-139 (Y-139) to form 2-OG (E.).
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1.4.3. Structural and Mechanistic Effect of the R132 Substitution

IDH1 R132H catalyses the turnover of isocitrate to 2-OG and subsequently reduces 2-
OG in the active site to 2-HG, as shown by NMR studies.!?® IDH1 R132H can also
catalyse the reduction of 2-OG not derived from isocitrate as shown by absorbance assays
and NMR.'® This gain-of-function is proposed to be due to differences in the geometries
of IDH1 R132H leading to a subtly different closed-active conformation compared to

IDH1 WT.

The observed gain-of-function R132 substitutions replace arginine with histidine,
cysteine, serine, or a number of other short side chain residues.®? 6% 19119 It is proposed
that binding of the isocitrate C3 carboxylate by R132 is lost when arginine is replaced
with a shorter side chain because the distance is too far to form favourable interactions
(Figure 1.8, Figure 1.10).>> The 2-OG reduction gain-of-function is similar for seven
different mutations, supporting the conclusion that it is the lack of arginine that drives the
observed phenotype.®’ In IDH1 R132H, residues D252, D275, and D279 are displaced
compared to IDH1 WT, and Y139 coordinates 2-OG (Figure 1.10). IDH1 WT can
catalyse the reduction of 2-OG with carboxylation at C3 to form isocitrate, enabled by
the coordination of CO2 by R132 at the appropriate position adjacent to C3 (Figure
1.8).!% % Short amino acid side chains such as H132 of IDH1 R132H are unable to
coordinate CO2 (Figure 1.10), allowing for the reduction of 2-OG to 2-HG, but not the

requisite carboxylation in the reverse reaction to form isocitrate.!®-

42



139
& ¢ moo

Figure 1.10 | Comparative views of ICT bound in the active site of IDHI WT (A, pdb: ITOL,
Figure 1.7.A) and 2-OG bound in the active site of IDHI RI32H (B, pdb: 4KZ0).'?> 2 Amino
acid carbons from the monomer A subunit are coloured teal, amino acid carbons from the
monomer B subunit are coloured crimson, and substrate carbons (ICT and NADP*) are

coloured . In all molecules, oxygen atoms are coloured red, and nitrogen atoms are
coloured blue. Metal ions are coloured green. Note that in IDHI RI32H, HI32 (crimson) does
not coordinate the substrate (here 2-0OG, ), and Y139 (crimson) has moved substantially

closer to the substrate.

1.5. The Physiological Effects of Mutated IDH in Glioma

The presence of mutated IDH in cells impairs the physiological function of wild-type
IDH, and introduces the neormorphic function of mutated isoforms, for example IDH1
R132H. ¢ ¢7 12l Dye to the dominant negative effect of IDH1 R132H in IDHI
heterodimers, it is possible that one quarter of IDH1 dimers (IDH1 WT homodimers)
may result in the production 2-OG, while three quarters of IDHI1 dimers may result in a
net production of 2-HG (25% IDH1 R132H homodimers, 50% IDH1 WT/IDH1 R132H

heterodimers). As a result, there is less overall production of 2-OG and NADPH by IDH1
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WT in afflicted cells.'?” The neomorphic 2-HG forming reaction has three immediate
consequences: the consumption of 2-OG, the consumption of NADPH, and the
production of 2-HG.!% 13° Therefore, it follows that the effects of mutated IDH1 and IDH2
in glioma will be derived from these catalysed reactions. The decreased production of 2-
OG and NADPH by IDH1 WT, and increased consumption of 2-OG and NADPH by
IDH1 R132H, is cumulative. Thus, at least simplistically, the causes of potential effects
of IDH mutation can be classed as being due to lowered levels of 2-OG, lowered levels
of NADPH, and higher levels of 2-HG. Note, however, that compensatory adaptation

mechanisms may restore levels of these metabolites.

Low levels of 2-OG could impair the function of 2-OG dependent enzymes, including
prolyl-hydroxylases (PHDs), collagen prolyl hydroxylases (P4Hs) lysine demethylases
(KDMs), and 10,11-translocases (TETs).!*!"** Along with many other metabolites,
however, decreased levels of 2-OG are inconsistently detected in IDH1 and IDH2 mutant
cells, making it hard to draw conclusions.!3% 13314 [t is likely in any case that 2-OG is at
least partly replenished by glutamate dehydrogenase as both GLUDI1 and GLUD2 have

been observed to be upregulated in gliomas.?’

Low levels of NADPH impair fatty acid metabolism and the ability of a cell to respond
to oxidative stress.'*> ¥ NADPH and NADP" are required to metabolise unsaturated
fatty acids in the peroxisome, and conduct fatty acid biosynthesis.?® %7 143 Glutathione is
a free-radical scavenging, anti-oxidant, tripeptide possessing a free thiol that forms a
disulfide bridge with another glutathione molecule after an oxidation event.'** NADPH
1s necessary to regenerate the reduced form of glutathione (GSH) from oxidised
glutathione (GSSG) and uphold cellular redox homeostasis.!*> IDH1 WT has been
reported to produce ~65% of total NADPH in glioblastoma tissue, with R132H
substitution resulting in a ~40% decrease of NADPH production.'*’ In addition to global
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redox dysregulation, the depletion of NADPH as a cofactor may contribute to
downstream effects in IDH mutant glioma such as altered metabolism, which are

discussed in Sections 1.5.2, 1.5.3, 1.5.4, and 1.5.5.

Normal physiological levels of 2-HG are usually low, in part due to 2-HG dehydrogenase
activity, as discussed in Section 1.2.2. It is proposed that IDH1 and IDH2 mutations
overwhelm the capacity of the 2-HG dehydrogenases, leading to the accumulation of
2-HG (5 —35 umol g, 5 — 35 mM at an assumed tissue density of 1g mL™1).!%!7 In turn,
high levels of 2-HG can inhibit 2-OG dependent enzymes (Section 1.5.1), and may also
contribute to downstream effects in the cell such as altered metabolism (Sections 1.5.2,

1.5.3, 1.5.4, and 1.5.5).

Metabolism in glioma cells, in addition to the relative levels of 2-OG, NADPH, and 2-
HG, has been consistently reported as being altered in samples from patient tissue
biopsies (PTB), patient-derived xenograft mouse models (PDX), and multiple cell lines
(CL).130, 135141, 146-I51 Thege changes are discussed in Sections 1.5.2, 1.5.3, 1.5.4, and
1.5.5. Interestingly, although levels of 2-HG appear to increase in higher grade brain
tumours, the levels are consistent across all brain tumour grades when normalised

according to tumour cellularity.!5% 153

1.5.1. Effects of Mutated IDH on 2-OG Dependent Oxygenases

Similar to the dicarboxylic acids succinate and fumarate, in vitro studies have shown high
levels of 2-HG are able to inhibit 2-OG dependent oxygenases such as prolyl hydroxylase
domain-containing protein 2 (PHD2) (ICso = 7.3 mM), and the predominantly nuclear
enzymes lysine-specific demethylase 4A (KDM4A) (ICs0=24uM) and tet
methylcytosine dioxygenase 2 (TET2) (ICso = 5.3 mM).> 12 132 154155 While in cellulo

studies reporting nuclear effects of 2-HG have commonly utilised octyl-2-HG as a
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treatment substitute to ensure cell permeability, 2-HG has been detected in tumour
interstitial fluid and in non-brain tumour samples from IDH1 R132H glioma-bearing
mice, suggesting that 2-HG may distribute across multiple compartments, possibly via
protein carriers or other transport mechanisms.!?* % 157 Furthermore, the S-enantiomer
of 2-HG (S-2-HG) was recently detected directly within the nucleus using a bespoke
biosensor, providing further evidence that 2-HG species may access different cellular
compartments in vivo.'>® Although definitive evidence for the direct in vivo modulation
of 2-OG-dependent oxygenases by 2-HG remains to be established, it is nonetheless
prudent to consider how IDH mutations may contribute to gliomagenesis through the

dysregulation of PHD2, KDM4A, and TET2.

PHD2 is an essential enzyme in the physiological response to hypoxia in animals.'>

Under normoxic conditions, 2-OG and molecular oxygen are utilised by PHD2 to
hydroxylate the hypoxia-inducible factor alpha (HIFa) isoforms.!*® The hydroxylated
form of HIFa is recognised by von Hippel-Lindau (VHL) protein and consequently
ubiquitinylated for degradation by the proteosome.!®® Under hypoxic conditions, low
levels of O2 prevent PHD2 from efficiently hydroxylating HIFc.!® HIFa that is not
recognised by VHL is able to associate with the HIFf} monomer, forming the HIFof
heterodimer.'®® HIFaf binds hypoxia-response elements in the promoter regions of
multiple genes, leading to the transcription and subsequent expression of proteins
necessary for the cellular hypoxic response.'®® Inhibition of PHD2 by sufficiently high
concentrations of metabolites such as 2-HG, succinate, and fumarate could in part mimic
low levels of Oz, leading to a pseudohypoxic response.'? ! Pseudohypoxia aids tumour
growth by triggering angiogenesis, upregulation of glucose uptake, and glycolysis.!¢!
Nonetheless, the potential for PHD2 inhibition by 2-HG is not conclusive evidence that

IDH mutation directly causes HIFa stabilisation. 2-HG is not a potent PHD2 inhibitor
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(ICs0 = 7.3 mM) and some studies suggest 2-HG is an activator of PHD2, while others
suggest non-enzymatic conversion of 2-HG to complicate matters.'3> 162163 Gliomas with
IDH mutations also do not show a consistent link with HIF upregulation: HIF levels have
been found to be elevated, decreased, or unchanged.!” While HIFo has been proposed as
an oncogene in some cancers, especially kidney tumours, it may actually act as a tumour
120, 164, 165

suppressor in cancers with IDH mutations, such as glioma and leukaemia.

Indeed, PHD inhibitor mediated HIFa upregulation is a potential treatment for AML.'%¢

KDMA4A and TET2 are 2-OG dependent oxygenases which participate in DNA regulation
via catalysing demethylation. KDM4A demethylates N-methylated lysines on histones,
and TET2 oxidises 5-methyl-cytosine to 5-hydroxymethylcytosine in DNA.¢7- 168 2_HG
inhibits both enzymes to different degrees (KDM4A, ICso = 24 uM;
TET2, ICso = 5.3 mM).!3% 5% TInhibition of KDM4A and TET2 leads to a
hypermethylation phenotype and widespread gene silencing, which can be oncogenic by
hindering cellular differentiation.!” Hypermethylation has been reported in cancers with
IDH mutations, such as gliomas and leukaemia.'” '® It is plausible that 2-HG
accumulation (>5mM) could exacerbate epigenetic changes, given that this
concentration exceeds the KDM4A ICso (24 uM) and approaches that of TET2 (5.3
mM).16 17 132 134 ‘However, the local availability of 2-HG within specific cellular
compartments, and its potential binding to additional proteins, may substantially
influence its effective concentration. Further studies are thus required to confirm whether

these in vitro ICso values reliably translate into physiologically relevant inhibition in vivo.
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1.5.2. Alterations in Glycolytic and TCA Cycle Metabolites in IDH

Mutated Glioma

Enzyme levels measured in IDHI R132H PTBs and PDXs exhibit a shift away from
reliance on glycolysis, and towards mitochondrial pathways (see Figure 1.1 for outline
of the glycolysis pathway).!46: 16% 170 Fyrther reports suggest that IDH1 R132H gliomas
favour glutamate and potentially lactate as anaplerotic substrates, rather than glucose,
glutamine, and acetate putatively favoured by IDH1 WT glioma (also see Section
1.5.3).146: 169172 A shift away from glycolysis in glioma cells is supported by reports that
glucose uptake is reduced, mono-carboxylate exporters (MCT-1, MCT-4; export lactate
and other mono-carboxylate metabolites) and lactate dehydrogenase-A (LDHA; catalyses
pyruvate to lactate) are downregulated, and lactate dehydrogenase-B (LDHB; catalyses
lactate to pyruvate) is upregulated.!46: 16% 170.173-176 pyryyate carboxylase (PC) is reported
to be upregulated in glioma cells while pyruvate dehydrogenase is reported to be
downregulated, leading to the majority of pyruvate in IDH1 R132H gliomas fuelling
OAA synthesis instead of acetyl-CoA.!””17® At the time of writing, the levels of lactate
were reported to be decreased in four out of five studies using the NHA astrocyte cell
line, and U87, and LN18 glioma cell lines. PDX studies reported either decreased or
unchanged levels of lactate, and studies of HOG cell lines and PTBs reported no change
in lactate (Table 1.1). In PTBs, this may be due to the mixing of extracellular and
intracellular lactate during tissue homogenisation, where cell line harvesting avoids
mixing,!33-13% 141. 147 Alterations of metabolites involved in glycolysis are shown below
(Table 1.1). Many intermediates are inconsistently altered across studies, suggesting no
clear change overall. Ribulose-5-phosphate and 3-phosphoglycerate showed decreased
levels overall, and acetyl-CoA showing increased levels (Table 1.1). With the exception

of acetyl-CoA, the absence of consistent changes in the levels of glycolytic metabolites
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across studies supports previous reports that IDH1 R132H PTBs and PDXs may rely less

on glycolysis and to a greater degree on mitochondrial pathways, in turn suggesting that

IDH mutations may promote the utilisation of alternative fuel sources by the cel

1 146, 169,

170 While levels of acetyl-CoA were reported by one study to be consistently increased in

the presence of either IDH1 or IDH2 mutations in HOG cells, studies utilising additional

disease models are required to confidently conclude that IDH mutations consistently lead

to altered levels of acetyl-CoA.

Alteration IDH Mutation Model Analysis method Source
Glucose-1-phosphate -

- IDH1R!32H PTB CE-MS 133
- [DHR132H CL (LN18)  IC-MS 138
Glucose-6-phosphate -

- IDH1R!32H PTB CE-MS 133
- IDHR!32H PTB GC-MS/LC-MS 4
! IDHR132H CL (U87) NMR 136
- IDH2R!72K CL (U87) NMR 136
6-Phospho-gluconate

- IDH1R132H PTB CE-MS 135
l IDH]R!32H PTB GC-MS/LC-MS 14l
Ribulose-5-phosphate |

- IDH1R132H PTB CE-MS 135
l IDH1R132H CL (LN18)  IC-MS 138
! IDH1R132H CL (U87) NMR 136
1 IDH2RI72K CL (U87) NMR 136
Ribose-5-phosphate -

- IDHR!32H PTB CE-MS 135
- IDHR!32H PTB GC-MS/LC-MS 14l
! IDHR!32H CL (LN18) IC-MS 138
Seduheptulose-7-phosphate -

- IDHR!32H PTB CE-MS 135
- IDHR!32H PDX MSI/LC-MS 137
l IDHR!32H CL (LN18)  IC-MS 138
Fructose-1,6-bisphosphate -

! IDHRI32H PTB GC-MS/LC-MS 141
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(Fructose-1,6-bisphosphate) cont.

- IDHR132H CL (LN18)  IC-MS 138
Fructose-6-phosphate -

- IDHR!132H PTB CE-MS 135
- IDHR!132H PTB GC-MS/LC-MS 14l
- IDHRI32H CL (LN18)  IC-MS 138
- IDHRI32H CL (U87) NMR 136
- IDH2RI72K CL (U87) NMR 136
Dihydroxyacetone phosphate -

- IDH1R!32H PTB CE-MS 133
Glyceraldehyde-3-phosphate -

- IDHR132H PTB CE-MS 133
1 [DHR132H CL (LN18)  IC-MS 138
Phosphoenolpyruvate -

- IDHR!32H PTB CE-MS 135
l IDH]R!32H PTB GC-MS/LC-MS 14l
1 IDH]R!32H CL (LN18)  IC-MS 138
3-Phospho-glycerate |

- IDHR!32H PTB CE-MS 135
l IDH]R!32H PTB GC-MS/LC-MS 14l
l IDH]R!32H CL (LN18)  IC-MS 138
Acetyl-CoA 1

1 IDHR!32H CL (HOG) LC-MS 139
1 IDH2R!72K CL (HOG) LC-MS 139
Pyruvate -

- IDHR!32H PTB CE-MS 135
- IDHR!32H PDX MSI/LC-MS 137
- IDHR!32H CL (HOG) LC-MS 139
- IDHR!32H CL (LN18)  IC-MS 138
! IDHR!32H PTB GC-MS/LC-MS 14l
! IDHR!32H PTB LC-MS 137
- IDH2R!72K CL (HOG) LC-MS 139
Lactate -

- IDHR132H PTB CE-MS 135
- IDHR!32H PTB GC-MS/LC-MS 14l
- IDHRI32H PTB LC-MS 137
- IDHRI32H PDX MSI/LC-MS 137
- IDHRI32H CL (HOG) LC-MS 139
! IDHRI32H PDX MRSI 146
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(Lactate cont.)

! IDHR!32H CL (U87) NMR 147
! IDH | R132H CL (NHA)  NMR 147
l IDH]R132H CL (LN18)  IC-MS 138
1 IDHRI32H CL (U87) NMR 136
- IDH2RI72K CL (HOG) LC-MS 139
! IDH2RI72K CL (U87) NMR 136

Table 1.1 | Table summarising the alterations of glycolytic and pentose phosphate pathway
metabolites in IDH mutant samples w.r.t IDH WT samples. A red arrow (1) represents a
significant increase in metabolite level. A blue arrow (|) represents a significant decrease in
metabolite level. A black dash (-) represents no significant change. The overall change of a
metabolite observed across studies is indicated next to the metabolite name. PTB = Patient
tumour biopsy. PDX = Patient-derived (mouse) xenograft. CL = Cell line. Table adapted from
Hvinden et  al with  permission  under  the  Creative  Commons  CC-BY 4.0
license, https://creativecommons.org/licenses/by/4.0/."°

TCA cycle metabolite levels on the whole exhibit decreases or no change in levels across
the metabolomic studies included in Table 1.2, involving 2-OG, OAA, citrate, cis-
aconitate, isocitrate, succinate, fumarate, and malate; individual exceptions were OAA in
IDH1 R132H U87 cells, citrate in IDH2 R172K HOG cells, malate in IDH1 R132H U251
cells, and three instances of succinate in IDH1 R132H HOG, U251, and U87 cells (Table
1.2). The most prominent trends are the decrease of 2-OG and malate, but the remaining
metabolites exhibited studies with no changes, or opposing changes. (Table 1.2). The
alterations of TCA cycle intermediates in mutant IDH cell samples compared to wild-

type IDH cell samples are shown below (Table 1.2).

Alteration IDH Mutation Model Analysis method Source
2-HG 1

1 IDH]R!32H PTB CE-MS 135

1 IDHRI32H CL (U87) NMR 136

1 IDH]R!32H PTB GC-MS/LC-MS 141

1 IDH]R!32H PTB LC-MS 137

1 IDHR!132H PDX MSI/LC-MS 137

1 IDHRI32H CL (LN18)  IC-MS 138
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(2-HG cont.)

1 IDHRI32H CL (HOG) LC-MS 139
1 IDHR!32H CL (LN18)  IC-MS 140
1 IDH2R!72K CL (HOG) LC-MS 139
1 IDH2R!72K CL (U87) NMR 136
2-0G |

- IDH | R132H PTB CE-MS 135
- IDH | R132H CL (U87) NMR 136
- IDH | R132H CL (U251) LC-MS 130
! IDH | R132H PTB GC-MS/LC-MS 141
! IDH | R132H PTB LC-MS 137
! IDH | R132H PDX MSI/LC-MS 137
! IDH | R132H CL (LN18)  IC-MS 138
! IDH 1 R132H CL (HOG) LC-MS 139
! IDH 1 R132H CL (LN18)  IC-MS 140
- IDH2R172K CL (HOG) LC-MS 139
! IDH2R!72K CL (U87) NMR 136
OAA -

- IDHR132H PTB GC-MS/LC-MS 141
1 IDH1R132H CL (U87) NMR 135
l IDH2RI72K CL (U87) NMR 135
Citrate -

- IDHR!32H PTB CE-MS 133
- IDHR!32H PTB GC-MS/LC-MS 141
- IDH]R!32H PTB LC-MS 137
- IDH]R!32H PDX MSI/LC-MS 137
- IDH1R132H CL (U87) NMR 133
- IDH1R132H CL (LN18)  IC-MS 138
- IDH1R132H CL (U251) LC-MS 130
! IDH1R132H CL (HOG) LC-MS 139
1 IDH2RI72K CL (HOG) LC-MS 139
l IDH2R!72K CL (U87) NMR 133
Cis-aconitate -

- IDH | R132H PTB CE-MS 135
l IDHR!32H CL (HOG) LC-MS 139
Isocitrate -

- IDHR132H PTB CE-MS 135
! IDH]R!32H PTB GC-MS/LC-MS 141
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Succinate -

- IDHR!32H PTB CE-MS 135
- IDHR!32H PTB LC-MS 137
- IDHR!32H PDX MSI/LC-MS 137
! IDHR!32H CL (LN18)  IC-MS 138
1 IDHR!32H CL (HOG) LC-MS 139
1 IDHR!32H CL (U251) LC-MS 130
1 IDHR!32H CL (U87) NMR 135
! IDH2R!72K CL (U87) NMR 135
! IDH2R!7K CL (HOG) LC-MS 139
Fumarate -

- IDHR132H PTB CE-MS 135
- IDHR132H PTB GC-MS/LC-MS 4l
- IDHRI32H CL (U87) NMR 135
- IDHRI32H CL (U251) LC-MS 130
! IDHRI32H CL (HOG) LC-MS 139
! IDH1R132H CL (LN18)  IC-MS 138
- IDH2RI72K CL (U87) NMR 135
l IDH2RI72K CL (HOG) LC-MS 139
Malate |

- IDHR!132H PTB LC-MS 137
- IDH1R132H CL (U87) NMR 133
! IDH]R!32H PDX MSI/LC-MS 137
! IDH1R132H CL (LN18)  IC-MS 138
! IDH1R132H CL (HOG) LC-MS 139
1 IDH1R132H CL (U251) LC-MS 130
- IDH2RI72K CL (U87) NMR 133
! IDH2RI72K CL (HOG) LC-MS 139

Table 1.2 | Table summarising the alterations of TCA cycle metabolites in IDH mutant
samples w.r.t IDH WT samples. A red arrow (1) represents a significant increase in metabolite
level. A blue arrow (|) represents a significant decrease in metabolite level. A black dash (-)
represents no significant change. The overall change of a metabolite observed across studies is
indicated next to the metabolite name. PTB = Patient tumour biopsy. PDX = Patient derived
xenograft. CL = Cell line. Table adapted from Hvinden et al. with permission under the
Creative Commons CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0/."°
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1.5.3. Alterations in Amino Acid Metabolites in IDH Mutated Glioma

IDH mutated glioma cells are proposed to utilise glutamate as an anaplerotic substrate. 4

169,170, 172 GLUD1 and GLUD2 catalyse the conversion of glutamate to 2-OG and are
upregulated in IDH1 R132H glioma, and IDH1 R132H glioma growth is enhanced by
nerve-specific GLUD2 upregulation,!46: 169 170, 179, 180 The observation that levels of

glutamate are reported to be decreased in the majority of studies supports this proposal

(Table 1.3).

Cytosolic branched chain amino acid transaminase 1 (BCATI) catalyses the
transamination of a branched chain amino acid (BCAA; leucine, isoleucine, valine) and
2-0G, forming the respective branched chain keto-acid (BCKA; a-ketoisocaproate,
L-a-keto-B-methylvalerate, a-ketoisovalerate) and glutamate.!®!> 82 BCAT1 is widely
expressed in the brain because BCAAs are a major source of nitrogen in the brain. '8! 183-
185 PTBs and PDXs of IDHI R132H gliomas consistently show decreased levels of
BCATI, possibly because it would be counterproductive to utilise glutamate-derived 2-

OG to produce glutamate.'*% 16% 186 [n addition, 2-HG has been reported to inhibit BCAT1

and BCAT?2 at high concentrations ([2-HG] > 3 mM).'®’

It is noteworthy that leucine is reported to activate GLUDI via an allosteric binding
site.!% 189 Levels of isoleucine and valine are reported to be elevated in the majority of
studies in Table 1.3, as expected, but leucine was found to vary between elevated,

decreased, and unchanged.

Glutaminolysis, the process of energy release from glutamine degradation, is a hallmark
of some cancers but a key enzyme, glutaminase (GLS, which -catalyses
glutamine — glutamate + NH3), is reported to have unchanged expression in IDHI

R132H glioma patient samples.'*% 1% The fate of glutamine is of particular interest in

54



glioma because an essential function of astrocytes is the conversion of glutamate to
glutamine for use by neurons.'” Indeed, glutamine synthase (GS) has been reported to
be exclusively expressed in astrocytes.'”® When not under depolarisation, astrocytes
convert > 85% of up taken glutamate to glutamine for recycling to neurons, which are
unable to synthesise glutamate from sources other than glutamine.'”''”* Together,
glutamine and concomitant GS activity have been reported to enable malignancy, fuel
nucleotide biosynthesis, mediate the immune response, and mediate the surrounding
tumour microenvironment (TME) in GBM, but the role of GS in IDH mutant glioma is
not yet fully understood.!**1%® Asparagine synthetase (ASNS, which catalyses glutamine
+ aspartate — glutamate + asparagine) and glutamate OAA transaminase (GOT, which
catalyses 2-OG + aspartate <> glutamate + OAA) are upregulated in IDH1 R132H
glioma patient samples.'” GLS inhibition did not substantially decrease proliferation in
patient-derived cell cultures, likely because glutamate was produced from glutamine,
aspartate, and potentially 2-OG instead.'®® Alternatively, ASNS may serve as an alternate
route for converting glutamine to glutamate, while GOT may provide an alternative route
for glutamate to 2-OG, consuming OAA produced from pyruvate by PC (Section 1.5.2).
Levels of glutamine and OAA do not show overall trends in alterations, however
aspartate is decreased and asparagine is increased in the majority of studies as would be

expected from the function of ASNS (Table 1.2, Table 1.3).

Most proteinogenic amino acids (13/20) display altered levels in IDH mutant glioma
samples and cell cultures across metabolomic studies included in Table 1.3. Of these, the
levels of glutamate, aspartate, alanine, glycine, and phenylalanine (5/13) show overall
decreases across metabolomic studies, and the levels of asparagine, isoleucine, lysine,
methionine, threonine, tryptophan, tyrosine, and valine (8/13) are elevated overall across

metabolomic studies (Table 1.3). Arginine, cysteine, glutamine, histidine, leucine,
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proline, and serine (7/20) did not display an overall change in a particular direction in the
majority of metabolomic studies (Table 1.3). The alterations of proteinogenic amino
acids in IDH mutated cell samples compared to wild-type IDH cell samples are shown

below (Table 1.3).

Alteration  IDH Mutation Model Analysis method Source
Glutamate |

- IDHR!32H PTB GC-MS/LC-MS 141
- IDHR!32H PDX MRSI 146
l IDH]R!32H PTB CE-MS 135
l IDH]R!32H PTB LC-MS 137
! IDHR!32H PTB NMR 148
l IDH1R132H CL (U87) NMR 136
l IDH1R132H CL (HOG) LC-MS 139
! IDH1R132H CL (U87) NMR 147
! IDHR!32H CL (NHA) NMR 147
1 IDH1R132H CL (U251) LC-MS 130
- IDH2RI72K CL (HOG) LC-MS 139
1 IDH2RI72K CL (U87) NMR 136
Aspartate |

- IDHR!32H PTB CE-MS 135
- IDHR!32H PTB GC-MS/LC-MS 141
- IDHR!32H CL (NHA) NMR 147
! IDHR!32H PTB LC-MS 137
! IDHR!32H CL (HOG) LC-MS 139
! IDHR!32H CL (U87) NMR 147
! IDH2R!7K CL (HOG) LC-MS 139
Alanine |

- IDHR132H PTB CE-MS 135
l IDH]R!32H PTB GC-MS/LC-MS 141
l IDH1R132H CL (U87) NMR 136
1 IDHRI32H CL (HOG) LC-MS 139
l IDH2RI72K CL (U87) NMR 136
1 IDH2RI72K CL (HOG) LC-MS 139
Arginine -

- IDHR!32H PTB CE-MS 135
1 IDH]R132H CL (HOG) LC-MS 139
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(Arginine cont.)

l IDH2RI72K CL (HOG) LC-MS 139
Asparagine

l IDH]R!132H PTB CE-MS 135
1 IDH]R!132H PTB GC-MS/LC-MS 141
1 IDH1R132H CL (HOG) LC-MS 139
1 IDH1R132H CL (LN18)  LC-MS 140
1 IDH2RI72K CL (HOG) LC-MS 139
Cysteine -

- IDH | R132H PTB CE-MS 135
- IDH | R132H CL (HOG) LC-MS 139
1 IDH | R132H CL (LN18)  LC-MS 140
- IDH2R172K CL (HOG) LC-MS 139
Glutamine -

- IDHRI132H PTB GC-MS/LC-MS 141
- IDHR132H PTB LC-MS 137
- IDHR!32H CL (NHA) NMR 147
l IDH]R!32H PTB CE-MS 133
l IDH]R!32H CL (U87) NMR 147
1 IDH R!32H PDX MRSI 141
1 IDHR!32H CL (HOG) LC-MS 139
1 IDH2R!72K CL (HOG) LC-MS 139
Glycine |

- IDHR132H PTB CE-MS 135
l IDH]R!32H PTB GC-MS/LC-MS 141
l IDH1R132H CL (U87) NMR 136
1 IDH1R132H CL (HOG) LC-MS 139
l IDH2RI72K CL (U87) NMR 136
1 IDH2RI72K CL (HOG) LC-MS 139
Histidine -

- IDH [ R132H PTB CE-MS 135
1 IDH [ R132H CL (HOG) LC-MS 139
1 IDH [ R132H CL (LN18)  LC-MS 140
- IDH2R!72K CL (HOG) LC-MS 139
Isoleucine 1

- IDH | R132H PTB CE-MS 135
! IDH | R132H CL (U87) NMR 136
1 IDH | R132H CL (HOG) LC-MS 139
1 IDH | R132H CL (LN18)  LC-MS 140
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(Isoleucine cont.)

1 IDH2R!72K CL (HOG) LC-MS 139
1 IDH2RI72K CL (U87) NMR 136
Leucine -

- IDHR132H PTB CE-MS 135
l IDH1R132H CL (U87) NMR 136
1 IDH1R132H CL (HOG) LC-MS 139
l IDH2RI72K CL (U87) NMR 136
1 IDH2RI72K CL (HOG) LC-MS 139
Lysine 1

- IDH | R132H PTB CE-MS 135
1 IDH | R132H CL (HOG) LC-MS 139
1 IDH2R172K CL (HOG) LC-MS 139
Methionine 1

- IDHRI132H PTB CE-MS 135
1 IDHR!32H CL (HOG) LC-MS 139
1 IDHR!32H CL (LN18)  LC-MS 140
1 IDH2R!72K CL (HOG) LC-MS 139
Phenylalanine |

l IDH]R!32H PTB CE-MS 133
(Phenylalanine cont.)

l IDH1R132H CL (U87) NMR 136
1 IDH1R132H CL (HOG) LC-MS 139
l IDH2RI72K CL (U87) NMR 136
1 IDH2RI72K CL (HOG) LC-MS 139
Proline -

- IDH [ R132H PTB CE-MS 135
- IDH [ R132H CL (HOG) LC-MS 139
! IDH2R!72K CL (HOG) LC-MS 139
Serine -

! IDHRI32H PTB GC-MS/LC-MS 141
1 IDHR!32H CL (HOG) LC-MS 139
- IDH2R!72K CL (HOG) LC-MS 139
Threonine |

- IDHR132H PTB CE-MS 135
l IDH]R132H CL (U87) NMR 136
1 IDHR!32H CL (HOG) LC-MS 139
1 IDH2R!72K CL (U87) NMR 136
1 IDH2R!72K CL (HOG) LC-MS 139

58



Tryptophan 1

- IDH1R132H PTB CE-MS 133
1 IDH1R132H CL (HOG) LC-MS 139
1 IDH2RI72K CL (HOG) LC-MS 139
Tyrosine 1

- IDHR!32H PTB CE-MS 135
) IDHR!32H CL (HOG) LC-MS 139
1 IDH2R!7K CL (HOG) LC-MS 139
Valine |

- IDH]R!32H PTB CE-MS 135
! IDHR!32H CL (U87) NMR 136
1 IDHR!32H CL (HOG) LC-MS 139
1 IDHR!32H CL (U87) NMR 147
) IDH]R!32H CL (NHA) NMR 147
1 IDH2R!72K CL (U87) NMR 136
1 IDH2R!72K CL (HOG) LC-MS 139

Table 1.3 | Table summarising the alterations of amino acid metabolites in IDH mutant

samples w.r.t IDH WT samples. A red arrow (1) represents a significant increase in metabolite
level. A blue arrow (|) represents a significant decrease in metabolite level. A black dash (-)
represents no significant change. The overall change of a metabolite observed across studies is
indicated next to the metabolite name. PTB = Patient tumour biopsy. PDX = Patient derived
xenograft. CL = Cell line. Table adapted from Hvinden et al. with permission under the
Creative Commons CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0/."°

N-Acetylated amino acids (NAAAs) have been found to be consistently decreased in
glioma patients by magnetic resonance spectroscopy (MRS), for both IDH mutant and
IDH WT glioma.!#- 200201 Comparing IDH mutant and IDH WT gliomas, studies using
PTBs, PDXs, and cell lines found N-acetylaspartylglutamate (NAAG), N-acetylaspartate
(NAAsp), N-acetylalanine (NAAla), N-acetylglutamate (NAGlu), N-acetylhistidine
(NAHis), N-acetylserine (NASer), N-acetylthreonine (NAThr) to be decreased in IDH
mutated samples, and N-acetylglutamine (NAGIn), N-acetylglycine (NAGly), N-
acetylmethionine (NAMet), exhibit no change in the majority of studies (Table 1.4).
Total NAAAs in IDH mutant gliomas showed no change or elevated levels compared to

IDH WT gliomas (Table 1.4). The alterations in NAAAs are show below (Table 1.4).
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Alteration IDH Mutation Model Analysis method Source
Total NAAA -

IDH1R132H
1 IDH2RI72K PTB MRS 149
- IDH[R!132H PDX MRS 146
NAAG |
1 IDH | R132H PTB LC-MS 137
- IDH | R132H PDX MSI 137
! IDH | R132H CL (HOG) LC-MS 139
! IDH | R132H CL (LN18)  IC-MS 138
! IDH | R132H CL (LN18)  IC-MS 140
! IDH2R!72K CL (HOG) LC-MS 139
NAAsp |
l IDH]R132H PTB CE-MS 133
l IDH]R132H PTB LC-MS 137
- IDHR132H PDX MSI 137
l IDH]R132H CL (HOG) LC-MS 139
l IDH2RI72K CL (HOG) LC-MS 139
NAAla |
l IDH1RI32H CL (HOG) LC-MS 139
l IDH2R!I72K CL (HOG) LC-MS 139
NAGIn -
! IDH | R132H CL (HOG) LC-MS 139
- IDH2R172K CL (HOG) LC-MS 139
NAGIu |
l IDH]R132H PTB CE-MS 133
l IDH]RI32H CL (HOG) LC-MS 139
l IDH2RI72K CL (HOG) LC-MS 139
NAGly -
1 IDH]RI32H CL (U87) NMR 136
l IDH2RI72K CL (U87) NMR 136
NAHis |
l IDHR132H PTB CE-MS 135
NAMet -
l IDHIRH CL (HOG)  LC-MS 1
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(NAMet cont.)

1 IDHR!32H CL (LN18)  IC-MS 140
- IDH2RI7K CL (HOG) LC-MS 139
NASer |

l IDH]R132H CL (HOG) LC-MS 139
l IDH2R!I72K CL (HOG) LC-MS 139
NAThr |

! IDH [ R132H CL (HOG) LC-MS 139
! IDH2RI72K CL (HOG) LC-MS 139

Table 1.4 | Table summarising the alterations of N-acetylated amino acid metabolites in IDH
mutant samples w.r.t IDH WT samples. A red arrow (1) represents a significant increase in
metabolite level. A blue arrow (|) represents a significant decrease in metabolite level. A black
dash (-) represents no significant change. The overall change of a metabolite observed across
studies is indicated next to the metabolite name. PTB = Patient tumour biopsy. PDX = Patient
derived xenograft. CL = Cell line. Table adapted from Hvinden et al. with permission under
the Creative Commons CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0/."°

1.5.4. Alterations in Redox and Energy Metabolites in IDH Mutated

Glioma

IDH1 WT, IDH2 WT, malic enzyme 1 (ME1), glucose-6-phosphate dehydrogenase
(G6PD), and 6-phosphogluconate dehydrogenase (6PGD) are the primary sources of
NADPH in cells (Figure 1.1), with IDH1 WT being of particular importance in the
brain.!*> 292203 A5 mentioned in Section 1.5, IDH1 WT is reported to produce ~65% of
the total NADPH in glioblastoma tissue, with R132H substitution resulting in a ~40%
decrease in NADPH production.'*® NADPH is necessary to produce and regenerate
antioxidants, such as glutathione, protecting against ROS driven dysfunction in the
cytosol (IDH1 WT) and mitochondria (IDH2 WT).!42- 204208 NADPH levels are proposed
to be partially, but not completely, preserved by increased activity through the pentose
phosphate pathway (G6PD, 6PGD), and NAD" kinase
(NAD'+ ATP — NADP"+ ADP).!?: 130. 209 By contrast, a recent study found the
NADP/NADPH ratio to not be significantly changed in IDH1 R132H glioma cells.'*

Furthermore, NADH in the mitochondria may be converted to NADPH via nicotinamide
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nucleotide transhydrogenase (NNT, NADH + NADP" — NAD" + NADPH). IDHI
mutant glioma cell lines have exhibited upregulation of enzymes involved in glutathione
biosynthesis, including nuclear factor erythroid 2-related factor 2 (Nrf2) and
cystathionine-y-lyase (CSE).2!% 2!! In addition, IDH1 mutant glioma cell lines have
exhibited ameliorated redox homeostasis, represented by both NADP'/NADPH and
glutathione GSSG/GSH ratios, upon addition of extracellular glutamate.?'> An increased
consumption of cysteine for glutathione synthesis would be supported by the observed
decrease in levels of cystathionine, however decreased levels of glutathione, both GSSG
and GSH, in the majority of studies indicate IDH mutant cells struggle to meet glutathione
production demands (Table 1.5). Considering cysteine levels appear unchanged, the
variation in reports of NADP'/NADPH ratios, and that extracellular glutamate
ameliorates redox homeostasis, decreased levels of glutamate, and potentially glycine,
may primarily form the bottleneck that hinders the synthesis of sufficient glutathione in

IDH mutant gliomas (Table 1.3, Table 1.5).'40-212

Decreased levels of cystathionine and glutathione, both reduced (GSH) and oxidised
(GSSG), have been detected in most of the studies in Table 1.5. NADH has been
measured as elevated, and Creatine, ATP, ADP, AMP, NAD", NADP", and NADPH are
reported as unchanged in the majority of studies in Table 1.5. The alterations in redox
and energy metabolites in IDH mutated cell samples compared to wild-type IDH cell

samples are shown below (Table 1.5).

IDH
Alteration Mutation Model Analysis method Source
Glutathione (GSSG / Oxidised) |
l IDHIRIZH - CL (HOG) LC-MS 139
! IDH2R!2K CL (HOG) LC-MS 139
Glutathione (GSH / Reduced) |
- IDHIR3H  pPTB LC-MS 137
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(Glutathione (GSH / Reduced) cont.)

- IDHIRI3ZH pDX MSI/LC-MS 137
- IDHIR2H  CL(NHA)  NMR 147
l IDHIRPZH CL (HOG) LC-MS 139
! IDHIRIZH  CL (U87) NMR 147
l IDHIRZ2H  CL (LN18)  IC-MS 138
1 IDHIRIZH  CL (U87) NMR 136
! IDH2R!2K CL (U87) NMR 136
| IDH2RI72K  CL (HOG) LC-MS 139
Cystathionine |

l IDHIRI3ZH  pDX MSI/LC-MS 137
Creatine -

- IDHIR32H  CL(NHA)  NMR 147
! IDHIR32H  CL (U87) NMR 136
! IDHIR32H  CL (U87) NMR 147
- IDH2R!2K - CL (U87) NMR 136
ATP

- IDHIR32H  PTB LC-MS 137
- IDHIRI2H  CL(LN18)  IC-MS 138
! IDHIRI3ZH pDX MSI/LC-MS 137
ADP -

- IDHIRI3ZH  pDX MSI/LC-MS 137
1 IDHIR¥H  CL(LN18)  IC-MS 138
AMP -

- IDHIR!*2H  PTB LC-MS 137
- IDHIR!I#Z2H  pDX MSI/LC-MS 137
- IDHIRZ2H CL (LN18)  IC-MS 138
NAD*

! IDHIRI3ZH CL (U87) NMR 136
1 IDH2R!2K CL (U87) NMR 136
NADH 1

1 IDHIR2H CL (LN18)  IC-MS 138
NADPH -

- IDHIRIZH CL(LN18)  LC-MS 140
NADP' -

- IDHIRI3ZH  CL(LN18)  LC-MS 140

Table 1.5 | Table summarising the alterations of redox and energy metabolites in IDH mutant
samples w.r.t IDH WT samples. A red arrow (1) represents a significant increase in metabolite
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level. A blue arrow (|) represents a significant decrease in metabolite level. A black dash (-)
represents no significant change. The overall change of a metabolite observed across studies is
indicated next to the metabolite name. PTB = Patient tumour biopsy. PDX = Patient derived
xenograft. CL = Cell line. Table adapted with permission from Hvinden et al. under the
Creative Commons CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0/."

1.5.5. Alterations in Lipid Metabolism in IDH Mutated Glioma

Acetyl-CoA for fatty acid synthesis can be supplied by IDH1 WT and IDH2 WT by the
reductive carboxylation of 2-OG to isocitrate, followed by the conversion of isocitrate to
citrate via cis-aconitate, and ultimately the conversion of citrate to acetyl-CoA and OAA
(Figure 1.1).3> 213 214 NADPH is also required for fatty acid synthesis and unsaturated
fatty acid metabolism.?® 27> 215 Mutations in either isoform of IDH hinder NADPH
production, prevent reductive carboxylation of 2-OG, and are proposed to sensitise cells
to ferroptosis (iron dependent cell-death mediated through Ilipid peroxide
accumulation).?'®2! The treatment of cells with exogenous 2-HG also promotes the
accumulation of lipid peroxides.?'® 2! As mentioned in Section 1.2.1, IDH1 WT and
IDH2 WT have been consistently linked to lipid metabolism, and their dysfunction has

been consistently implicated in lipid dysregulation.3®3!-220-223

Phosphocholine and phosphoethanolamine levels have been reported to be decreased
overall across studies in Table 1.6, glycerophosphocholine and phosphatidylinositol have
been reported as increased overall across studies in Table 1.6, and
glycerophosphoethanolamine has been reported to have no change in all studies (Table
1.6). The alterations in phosphorylated lipid metabolites in IDH mutant cell samples

compared to wild-type IDH cell samples are shown below (Table 1.6).
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Alteration IDH Mutation Model Analysis method Source
Phosphocholine |

) IDHRI32H PTB 1H NMR 148
- IDHR!32H PTB 31P NMR 150
- IDHR!32H PDX 31P MRI 150
) IDHR!32H CL (U251) 31P NMR 150
! IDHR!32H CL (HOG) LC-MS 139
! IDHR!32H CL (U87) 1H NMR 147
! IDHR!32H CL (NHA) 1H NMR 147
! IDH2RI72K CL (HOG) LC-MS 139
Glycerophosphocholine

) IDH]R!32H PTB 1H NMR 148
) IDH]R!32H PTB 31P NMR 150
) IDH]R!32H PDX 31P MRI 150
) IDH]R!32H CL (U251) 31P NMR 150
1 IDH]R!32H CL (HOG) LC-MS 139
) IDH]R!32H CL (U87) 1H NMR 147
- IDH]R!32H CL (NHA) 1H NMR 147
! IDH2RI72K CL (HOG) LC-MS 139
Phosphoethanolamine |

- IDH]RI32H PTB 1H MRI 151
! IDH]RI32H PTB 31P NMR 150
! IDH]RI32H PDX 31P MRI 150
! IDH]R132H CL (U251) 31P NMR 150
Glycerophospho-ethanolamine -

- IDHR!32H PTB 31P NMR 150
- IDHR!32H PDX 31P MRI 150
- IDHR!32H CL (U251) 31P NMR 150
Phosphatidylinositol |

1 IDH]RI32H PDX MSI 137

Table 1.6 | Table summarising the alterations of phosphorylated lipid metabolites in IDH
mutant samples w.r.t IDH WT samples. A red arrow (1) represents a significant increase in
metabolite level. A blue arrow (|) represents a significant decrease in metabolite level. A black
dash (-) represents no significant change. The overall change of a metabolite observed across
studies is indicated next to the metabolite name. PTB = Patient tumour biopsy. PDX = Patient
derived xenograft. CL = Cell line. Table adapted with permission from Hvinden et al. under

the Creative Commons CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0/."°
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1.5.6. Alterations in the Levels of B-Citryl-Glutamate in IDH Mutated

Glioma

B-Citryl-glutamate (BCG) is a small-molecule metabolite that was first discovered in the
brains of newborn rats.??* BCG consists of one glutamate molecule N-linked to one citric
acid molecule at C-B (Figure 1.11).2>* BCG is a metal-chelator and is reported to chelate
iron to activate aconitase.?> Studies on mice have shown that BCG is synthesised by
RIMKLB, an isoform of RIMKLA which synthesises the most abundant peptide
neurotransmitter in the brain NAAG.??® BCG is hydrolysed by glutamate
carboxypeptidase 3 (GCP3), an isoform of GCP2, also known as prostate specific
membrane antigen (PSMA).?26-228 Similar to NAAG, BCG is found predominantly in the
brain.?** 2% BCG is also found in the testes and, at a lower level, in the eyes.?** %% BCG
appears at high concentrations during neuronal growth and differentiation, then decreases
during neuronal maturation, controlled by the expression and activity of RIMKLB and
GCP3.224225. 231 BCG is proposed to play a regulatory role during the development of

neur0ns.224, 225,231

Recent work by Dr John Walsby-Tickle (Department of Chemistry, University of
Oxford) and Dr Ingvild Hvinden (Department of Chemistry, University of Oxford)
identified levels of BCG to be consistently decreased in IDH R132H glioma cell lines
(LN18), and to be increased after the inhibition of IDH1 R132H.'3% 140 More widely,
levels of BCG have been reported as altered in both directions in a number of studies.
BCG has been reported to decrease in glioma cells (U87MGQG) after forming 3D
multicellular tumour spheroids (MCTSs) from 2D cells, after the differentiation of
muscle cells into myotubes, in the brain cortex during sleep, and in hypoxic-ischemic
encephalopathic (HIE) brains.?*?>* BCG levels are reported to increase in humans after

chronic resistance exercise training, in the testes upon the appearance of spermatids, in
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the serum of older humans (mean age = 77.8 years) compared to younger humans (mean
age = 25.8 years), and in cells with the 1925 risk allele for coronary heart disease (CHD),
type 2 diabetes, and downregulation of GS.?**2*° Furthermore, BCG levels are altered
along with other 4-hydroxybutyric acid (GHB) metabolites after exogenous GHB
exposure, leading to its investigation as a biomarker for GHB exposure.”** RIMKLB
mutation leads to infertility in male mice and its expression increases by 43% after acute
resistance exercise.”** 2*! Despite evidence of alterations in BCG due to a multitude of
conditions such as tissue differentiation, exercise, age, and cancer, the physiological role

of BCG is not yet understood.

B-citryl-glutamate

Figure 1.11 |The chemical structure of fCG.

1.6. The Utilisation of IDH-Mutation Status for Therapeutic

Benefit

1.6.1. Peptide Vaccines Targeting IDH Mutations

Glioma cells have been reported by researchers at the University Hospital Heidelberg to
present tumour-specific neoantigens corresponding to IDH1 R132H on their cell surface
via the major-histocompatibility complex (MHC).?** 2#* 10-mer and 15-mer peptides
were therefore tested therapeutically as potential cancer-vaccines against IDH1 R132H
mutant glioma in mouse models. A 15-mer peptide elicited an IDH1 R132H tumour cell-

specific CD4" T cell response which inhibited tumour growth and achieved the
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elimination of a subset of tumours in the treated group.’*> A Phase I clinical trial was
subsequently conducted utilising standard of care glioma therapy (radiotherapy,
temozolomide, or both) in addition to eight vaccinations. Over the 23-week course of
treatment, ~93% of patients developed a vaccine-induced immune response with
evidence of apparent infiltration into the lesions by immune cells and no vaccine-related
adverse events higher than grade 1. 84% of patients survived three years or longer. By
contrast, a phase II clinical trial conducted by researchers at Duke University in
combination with standard of care therapy exhibited a much lower response rate of ~43%
and did not disclose survival data.*** Therefore, while early results may appear promising,
contrasting phase II results suggest that the high costs associated with the development
and delivery of peptide vaccines may not ultimately be economical in comparison with
potentially efficacious small-molecule therapies. Nonetheless, a follow-on phase I
clinical trial in combination with a checkpoint inhibitor by researchers at the University

Hospital Heidelberg, is ongoing.>*

1.6.2. Small-Molecule Inhibitors Targeting IDH Mutations

Small-molecule inhibitors of mutant IDH isoforms have been classed by Lin et al.
according to their mechanisms of action.?*® Class-I inhibitors bind the active site, Class-
II inhibitors bind in an allosteric pocket on mutant IDH1 (or IDH2), and Class-III
inhibitors bind allosterically to both IDH1 and IDH2 mutant isoforms (Figure 1.12).24
Most clinically tested small-molecule inhibitors fall into the class II category, in which

there is a substantial degree of structural variability (Figure 1.12).

Studies of class II inhibitors with IDH1 demonstrate the ability of inhibitors to lock IDH1
into an open-inactive conformation, and to bind both variant and wild-type isoforms.'?>
247-249 The affinity of IDH1 WT for the isocitrate-magnesium complex substrate is higher

than the affinity of IDH1 R132H for 2-OG and magnesium, which bind separately and
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more weakly than the isocitrate-magnesium complex.'” Mutant IDH1 and IDH2
selective inhibitors indirectly compete with magnesium, mediated via the allosteric
binding pocket, and are able to outcompete magnesium binding to mutant IDH
isoforms.!>® The isocitrate-magnesium complex substrate binds wild-type IDH1 and
IDH2 more tightly, and with higher affinity, limiting the efficacy of inhibitor binding at

the allosteric binding pocket.!?
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Figure 1.12 | Structures of selected IDHI inhibitors. Class I: SYC-435. Class II: Olutasidenib,
Ivosidenib, GSK321, ‘Compound 1°, BAY-1436032, [IDH305, DS-1001B. Class IilI:
Vorasidenib.
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Until recently there were no approved IDH inhibitors for use in glioma. The initial
development of IDH inhibitors focused on AML, reflecting in part the absence of blood-
brain barrier constraints.>** >*! In August 2024, vorasidenib (Class III) was approved ‘for
adult and pediatric patients 12 years and older with Grade 2 astrocytoma or
oligodendroglioma with a susceptible IDH1 or IDH2 mutation, following surgery
including biopsy, sub-total resection, or gross total resection’; daily treatment with
vorasidenib (40 mg) led to a longer median progression-free survival of 27.7 months
compared to 11.1 months under placebo treatment.>*?>>* For AML containing mutations
in IDH1 and IDH2, there are three clinically approved small-molecule inhibitors:
olutasidenib (FT-2102, IDHI1 specific), ivosidenib (AG-120, IDHI1 specific), and
enasidenib (AG-221, IDH2 specific).?!> 25257 There are also a number of pre-clinical

inhibitors published, which are discussed in greater detail later in Chapter 2.

Clinically approved inhibitors have demonstrated efficacy against initial mutations in
IDH1 and IDH2, however several important limitations restrict their overall therapeutic
potential. Although IDH variant inhibitors suppress the production of 2-HG, they may
fail to fully reverse epigenetic changes associated with the initial stages of oncogenesis
in the presence of variant IDH isoforms.?>® The persistence of certain chromatin states
established during tumour initiation may not be fully reversible through inhibition of 2-
HG production alone, and may necessitate combinatorial strategies involving direct
targeting of chromatin-modifying enzymes.?*® Additionally, IDH variant inhibitors may
inadvertently contribute to resistance against DNA-damaging therapies, including
radiotherapy and alkylating chemotherapy, although the mechanistic basis for this

d 258, 259

phenomenon remains incompletely understoo IDH variant inhibitors have also

demonstrated relatively limited efficacy in more advanced, contrast-enhancing, gliomas,
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where tumours may have acquired genetic and epigenetic alterations that render them less

dependent on IDH variant activity. 25% 26

Finally, patient responses to IDH inhibitors are variable, highlighting a need for improved
predictive biomarkers to identify the most likely beneficiaries.?® In particular relapse is
frequently defined by additional resistance-associated mutations which can restore 2-HG
production and render first-generation inhibitors ineffective. 26°-26* Therefore, there is a
need for next-generation treatment strategies tailored to address these limitations in

gliomas containing IDH mutations.

1.6.3. Resistance to IDH Inhibitor Treatments of IDH Mutated Cancer

Documented cases of resistance are comprised of isoform switching, transallelic

mutations, and second-site mutations, in each case restoring the production of 2-HG in

the cell 261-264

Isoform switching follows treatment with a selective inhibitor for mutated IDH1 or
IDH2.?®! A mutation occurs in the uninhibited, previously wild-type, isoform of IDH and
causes novel homo- and heterodimers to be expressed. 2! Three AML patients treated
with ivosidenib experienced relapse after initially exhibiting the IDH1 R132C mutation.
The patients acquired IDH2 R140Q mutations in two cases, and IDH2 R172K in the
third.?¢! Similarly, a case of IDH2 R140Q AML responded well to enasidenib in one

patient until they acquired an IDH1 R132C mutation.*®!

Transallelic mutations occur on the opposing allele to the original mutation within the
same gene.”%* Typically, the substituted residue is located at the allosteric binding site of
the inhibitor, the dimer-interface, and restores activity in the presence of the inhibitor.?%*
IDH1 R132C AML patients treated with ivosidenib have been reported to gain D279N

or S280F substitutions, and IDH2 R140Q AML patients treated with enasidenib have
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been reported to gain Q316E or I319M (homologous to S280F) substitutions.?*>2% After
acquiring a resistance enabling mutation, 2-HG levels rose to previously observed
levels.?** Some transallelic mutations have only been observed once to date, that is

R119P, G131A, G289D, and H315D.?%

Second-site mutations are similar to transallelic mutations, because they restore activity
in the presence of an inhibitor, but differ because the second mutation occurs on the same
allele as the original mutation.?®*?** The most common second-site mutation entails the
S280F substitution in IDH1, observed as IDH1 R132C S280F.2%22% This substitution
interferes with the activity of ivosidenib, raising the ICso value from 19 nM

(IDHI R312C), to >100 uM.(IDH1 R132C S280F).262-264

The dimer-interface mutations restore activity by preventing the efficacious binding of
inhibitors. AGI-14686 (an ivosidenib analogue) was modelled into IDH1 R132H, before
the S280F substitution was introduced. The novel phenylalanine side chain, F280, was
found to sterically clash with the bound inhibitor.?*¢ Further modelling with vorasidenib
also exhibited clashes with F280, and suggested ivosidenib would previously have been
able to H-bond with S280. Thus, the S280F substitution additionally loses this favourable
interaction.?> As vorasidenib nears approval, it is possible that it will already be
susceptible to known and new resistance mechanisms.>> Nonetheless, the clinical
adoptions of IDH1 and IDH2 mutant inhibitors demonstrate that altered metabolism is a

robust hallmark of cancer and can be targeted for therapeutic gain.! 26°

1.6.4. Therapeutic Avenues Targeting Metabolic Vulnerabilities in IDH

Mutated Cancer

Small-molecule inhibitors of mutant IDH isoforms are frequently reported to reduce

levels of 2-HG in vivo; however, decreased 2-HG does not always correlate with slowed
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growth in glioma and chondrosarcoma cell lines.?*® 267 In addition, selective
monotherapies such as ivosidenib and enasidenib are susceptible to resistance via point
mutations (Section 1.6.3). However, regardless of the specific point-mutation, the

common effect of 2-HG elevation may reveal novel therapeutic avenues.*®

Inhibitors of glutaminase (GLS) have been reported to reduce the viability of IDHI
mutant cell lines compared to IDHI WT.2%272 However, patient-derived glioma cells
exhibit cell-line dependent effects.” A clinical trial of a GLS inhibitor, telaglenastat
(CB-839), in conjunction with radiotherapy and temozolomide for treatment of
astrocytoma with IDH1 or IDH2 mutations is ongoing.?’®> A separate study reported that
telaglenastat was not cytotoxic and had a tumour stabilising effect.>’* Ultimately,
glutaminase inhibitors may be most effective in patients for whom glutamine-starvation

is a confirmed tumour vulnerability.?”> 276

Glioma cells with IDH mutations are reported to express elevated levels of GLUD?2,
likely to fuel glutamate anaplerosis, as previously discussed in Section 1.5.3.146- 169, 170,
179.180 Chloroquine, amongst known functions as an antimalarial and autophagy inhibitor,
is also a nerve-specific GLUD2 inhibitor.?””-?”° Preliminary studies of chloroquine
applied to IDH1 WT stem-like glioma cells increased cell death, but were inconclusive
as to whether the effects of chloroquine were GLUD2 mediated or autophagy inhibition

was induced.?%°
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1.7. Aims of the Work Described in this Thesis

There is currently no cure for glioma. Challenges facing vorasidenib, and the
development of novel mutant IDH1 and IDH2 inhibitors for treatment of gliomas, include
resistance as well as a lack of understanding behind the biological functions of IDH1 and

IDH2 mutations. The project aims were fourfold:

e To investigate the metabolic effect of wild-type IDH1 and IDH2 as therapeutic
targets in glioma cells with mutant IDH1-induced metabolic dysfunction.

e To differentiate the effects of the dominant negative phenotype, and the
gain-of-function, in glioma cells bearing IDH1 mutations.

e To investigate the metabolic link between IDH1 mutations and an oncogenic
driver responsible for the tissue-specific prevalence of IDH1 mutations in glioma.

e To identify novel therapeutic avenues enabled by metabolic dysfunction for the

treatment of IDH mutant gliomas.

The coronavirus disease 2019 (COVID-19) pandemic emerged in 2020 shortly before the
commencement of the work in this thesis. In addition to the work conducted on glioma,
work was initially conducted on COVID-19. Prior to the invention of vaccines against
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the Schofield Group
focussed on developing a potential novel small-molecule therapeutic. The project aim

was singular:

e To develop an inhibitor scaffold with the potential to manifest selectivity and

potency against SARS-CoV-2 main protease (MP™).
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2. Identification and Synthesis of Small-Molecule Tools
to Investigate the Effects of Wild-Type IDH1 and

IDH2 in Gliomas Containing Mutant IDH1

2.1. Introduction

Most small-molecule therapeutic interventions targeting cancers containing IDH
mutations have focussed on inhibiting the resultant IDH variant enzyme isoforms
(Chapter 1, Section 1.6.2). There are currently two clinically approved small molecules
selective for mutations in IDH1, olutasidenib (FT-2102) and ivosidenib (AG-120).23! 25>
281,282 There is one clinically approved small-molecule for mutations in IDH2, enasidenib
(AG-221).2%% 257 Vorasidenib (AG-881) is a dual IDH1/2 variant inhibitor, recently

approved for use in treatment of patients with grade 2 glioma with IDH1/2 mutations.?*

254

The clinical outcomes of the variant IDH inhibitors reveal extension of lifespan, however,
there is documented evidence of relapses caused by acquired resistance.?®*?% This
resistance can be mediated by acquired mutations in the remaining wild-type (WT) IDH
isoform or additional substitutions in the already mutated variants, such as S280F in
IDH1, and 1319M in IDH2 (Chapter 1, Section 1.6.3).26!° Mutations arise during
treatment and convey resistance to currently approved IDH selective treatments
ivosidenib (AG-120) and enasidenib (AG-221), restoring the production of

2-hydroxyglutarate (2-HG).?¢!: 283

Considering IDH variants are both gain-of-function and dominant-negative for IDH WT,

it is crucial to understand the physiologically relevant roles of the WT IDH reaction in
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the context of mutant IDH glioma. Indeed, it is possible that the effect of some IDH1/2
variant inhibitors may be mediated by WT IDH inhibition or inhibition of heterodimeric
WT/variant complexes. This chapter describes synthetic chemistry and biochemical
studies that were utilised to prepare small-molecules to investigate the effects of the
inhibition of WT IDHI and IDH2 reactions, including in gliomas containing IDH

mutations.

2.2. Wild-type IDH1 and IDH2 as Drug Targets

A strategy to inhibit the cellular activities of IDH1 WT or IDH2 WT in the presence of
IDH1 R132H was devised. IDH1 R132H was chosen for study as it is the most common
IDH mutation in grade 2/3 gliomas and secondary GBM (85 — 90%).6% 63- 106 119 IDH WT
activity is reported to be responsible for 65% of NADPH production capacity in human
glioblastoma, which is reduced to 27% in the presence of an IDH mutation.® 28
IDH1 WT is reported to contribute to the reduction of glutathione in the cytosol and to
protect cells against y-ray irradiation, UVB irradiation, and singlet oxygen induced
apoptosis.?*’2¥ IDH2 WT has been considered to be the primary source of NADPH in
the mitochondria.'#*2% siRNA knockdown of IDH2 WT is reported to sensitise gliomas
and HeLa cells to y-ray irradiation, and HeLa cells to heat shock, high-glucose,
doxorubicin, actinomycin D, etoposide, and tumor necrosis factor-o (TNF-a) induced
apoptosis.?04 287:290-293 IDH1 and IDH2 mutations appear to be mutually exclusive, with
rare exceptions.!® 68 80, 85. 86,294, 295 Tnhibiting the corresponding IDH WT may also
determine if synthetic lethality can be triggered in cells with an IDH mutation, despite

the rare occurrences of concurrent mutations.®® 8% 8¢ Small-molecular inhibitors of IDH1

WT or IDH2 WT were therefore identified as desirable investigative tools, which may
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enable potential therapeutic avenues in glioma cells with the most frequently mutated

isoform, IDH1.

To ensure that non-cancerous cells in the human body would retain at least one
uninhibited isoform of NADP'-dependent IDH, a dual inhibitor of IDH1 WT and
IDH2 WT (class III as defined by Lin et al.) is likely not useful.*® Indeed, selectivity
between IDH1 WT and IDH2 WT was prioritised over selectivity between IDH1 WT and
IDH1 mutant isoforms or IDH2 WT and IDH2 mutant isoforms, in addition to overall
potency for the WT isoform. An active site inhibitor (class I as defined by Lin et al.) was
ruled out due to the similarity of IDH1 WT and IDH2 WT active sites. As a result,
supported by their documented selectivity as inhibitors of IDH1 and IDH2, allosteric

binders (Class II as defined by Lin et al.) were assessed.?*¢

2.2.1. Identification of a Potent Inhibitor of IDH1 WT

Class II IDHI1 inhibitors were profiled from Agios, GSK, Sanofi, Bayer, Forma
Therapeutics, Daiichi Sankyo, Lilly, and Novartis (Figure 2.1, the structures of class II
inhibitors from Figure 1.12 are shown again here for reference). Ivosidenib (AG-120,
Agios) is reported to potently inhibit IDH1 WT (ICso = 24-71 nM), however ivosidenib
is a substrate for p-glycoprotein (PGP).2°® Therefore, ivosidenib is unlikely to efficiently
cross the blood brain barrier (BBB).2?® GSK321 (GSK) is also reported to potently inhibit
IDH1 WT (ICso = 46 nM) and has been studied exclusively in haematological
malignancies.?’” The bis-imidazole ‘Compound 1’ (Sanofi) is reported to poorly inhibit
IDH1 WT (ICso > 30 uM); Urban et al. also reported that ‘Compound 1’ was a poorer
inhibitor of IDH1 R132H (ICso > 13uM) than the original authors (ICso = 13 nM),
measured by a fluorescence assay.?’® 2% BAY-1436032 (Bayer) is reported to poorly
inhibit IDH1 WT (ICso = 20 uM).?® 3% A structural analogue of BAY-1436032 was

shown to form a salt bridge between its own carboxylate (in a similar position on BAY -

78



1436032) and H132 in complex with IDH1 R132H.2%% 3% BAY-1436032 may poorly
inhibit IDH1 WT because IDH1 WT contains R132 instead of H132. FT-2102 (Forma
Therapeutics) was reported to not inhibit IDH1 WT at measured concentrations
(measured up to 20 pM).?* DS-1001B (Daiichi Sankyo) was reported to not have any
effect on IDH1 WT tumors and is reported to require extended preincubation in inhibition
assays (ICso> 10 uM). LY3410738 (Lilly) is a covalent inhibitor that is reported to
selectively inhibit IDH1 variant enzymes; however, there is no available structure or
structural, binding, or inhibition data for LY3410738 with any IDH isoforms.**! IDH305
(Novartis) is reported to moderately inhibit IDHI WT (ICso = 6.1 uM) and exhibits BBB

penetration properties.*%?

The Novartis series of IDH]1 inhibitors were chosen for further consideration. The clinical
candidate IDH305 is reported to be a moderately potent BBB-penetrant inhibitor of IDH1
WT (ICs0 = 6.1 uM). Ivosidenib (AG-120) (ICso = 24-71 nM) and GSK321 (ICso = 46
nM) have greater potency against IDH1 WT, but lack any evidence of BBB penetration
(a property important for glioma treatment).?*® 2%’ Three reports from Novartis describing
the development of 3-pyrimidin-4-yl-oxazolidin-2-ones as allosteric inhibitors of mutant
IDH1 were in consideration for potential IDH1 WT inhibitors, Levell et al., Cho et al.,

and Zhao et al. (Figure 2.2).>%23%
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Figure 2.1 | An overview of the structures of selected Class II IDHI inhibitors (reproduced
from Figure 1.12)
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Levell et al. identified the 3-pyrimidin-4-yl-oxazolidin-2-one IDH125 from a
high-throughput screen against IDH1 R132H. IDHI125 manifests moderate potency
(ICs0 =220 nM) and BBB penetration (Figure 2.2).>” The optimal stereochemistry of
IDH125 was determined to be (C4-S, Cl13-S) (Figure 2.2).3% The
3-pyrimidin-4-yl-oxazolidin-2-one scaffold was developed to improve potency,
pharmacodynamic (PD), and pharmacokinetic (PK) properties, leading to the lead
compound IDH889 (ICso = 20 nM) (Figure 2.2). Further optimisation of PD and PK
properties by Cho et al. led to IDH305 (ICso = 27 nM), a clinical candidate with
satisfactory potency, selectivity, and BBB penetration (Figure 2.2).*%? Zhao et al.
performed  subsequent  structure-activity  relationship (SAR) studies on
3-pyrimidin-4-yl-oxazolidin-2-one inhibitors.*** The SAR studies focused on improving
in vitro and in vivo stability and identified ‘Compound 19’ as a potent (ICso= 21 nM),
brain-penetrant, and orally bioavailable compound (Figure 2.2).3°* A preliminary screen
of reported compounds containing 3-pyrimidin-4-yl-oxazolidin-2-one cores against
IDH1 WT was conducted by a collaborator, Dr Xiao Liu.3®> The screen identified
‘Compound 15° from Zhao et al. as a very potent inhibitor of IDHI WT (ICso = 20
nM).3% 305 Compound 15 was selected for synthesis in-house for further study; it is

referred to as Compound ‘1’ from here on.
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Figure 2.2 | Structures of Novartis IDHI inhibitors containing the 3-pyrimidin-4-yl-oxazolidin-2-one core.
2.2.2. Identification of a Potent Inhibitor of IDH2 WT

The IDH2 variant inhibitor enasidenib (AG-221) contains a triazine core (Figure 2.3).2%’
A follow on screen of compounds containing triazine cores against IDH2 WT was
conducted by Leonard Lee (Department of Chemistry, University of Oxford) and Dr Xiao
Liu. The screen identified a triazine derivative, ‘Compound 16b’, which is structurally
related to the brain-penetrant IDH1/2 dual inhibitor vorasidenib (AG-881), which is
currently in clinical trials for glioma containing mutations in IDH (Figure 2.3).2> 25

‘Compound 16b’ was found to be a potent inhibitor of IDH2 WT (ICso = 105 nM), R140Q

(ICso = 13 nM), and R172K (ICso = 151 nM) isoforms and, crucially, selective with
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respect to IDH1 isoforms (ICsos > 10uM).?%% 3% ‘Compound 16b’ was selected for

synthesis in-house for further study and is referred to as Compound ‘2’ from here on.
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Enasidenib (AG-221) Vorasidenib (AG-881) 2 (Leonard Lee - '‘Compound 16b’)

Figure 2.3 | Structure of the Servier (formerly Agios) IDH2 variant inhibitor enasidenib (AG-221),
IDH1/2 dual inhibitor vorasidenib (AG-881), and ‘Compound 16b° (‘2°).

2.3. The Synthesis of Inhibitors of IDH1 WT and IDH2 WT

2.3.1. Synthesis of Oxazolidone 1

The synthesis of Oxazolidone 1 commenced with a copper catalysed Ullman coupling of
1-chloro-4-iodobenzene and 1H-imidazole-4-carbaldehyde (Figure 2.4.A-F).3%3%7 The
synthetic procedure involved six steps. The fifth step required the intermediate 11
(Figure 2.4.F). 11 was synthesised in (E) from commercially available

(8)-4-isopropyloxazolidin-2-one (Figure 2.4.E, Figure 2.7.B).
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Figure 2.4 | Overview of the synthesis of oxazolidone 1. Reagents and conditions: A: 1-Chloro-4-
iodobenzene, Cul/trans-(1R,2R)-N,N'-dimethyl 1,2-cyclohexane diamine, CsCO3;, DMF, 110 °C, 3h, 64%.
B: (S)-2-Methylpropane-2-sulfinamide, pyrrolidine, CH,CL, 60 °C, overnight, 59-88%. C: MeMgBr,
CH>Cl,, Et,O, -70/-40/25 °C, overnight, 25-41%. D: HCI, MeOH, 1,4-Dioxane, rt, 1h, 50%.
E: 2,4-Dichloropyrimidine, NaH, DMF, 0/25 °C, 18h, 20-34%. F: Et;N, DMSO, 90 °C, 22h, 11%.

Cl
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Following a patent reported procedure, 1H-imidazole-4-carbaldahyde was coupled with
1-chloro-4-iodobenzene under Ullmann-type reaction conditions to produce aryl
derivative 7a.’°" Initially, when cuprous iodide and trans-(1R,2R)-N,N'-dimethyl
1,2-cyclohexane diamine were dissolved in anhydrous DMF, a blue colour was observed.
The blue colour indicated a Cu(Il) species, which could have been introduced via
molecular oxygen in the solvent. Thus, poor turnover of the starting material was
observed corresponding with a low yield of 7a. Surprisingly, aldehyde 7b was isolated in
32% yield (Figure 2.5). Anhydrous DMF was purged with nitrogen for 2 hours to remove
molecular oxygen, and, upon dissolving trans-(1R,2R)-N,N'dimethyl 1,2-cyclohexane
diamine and cuprous iodide in DMF, a green colour (Cu(l) species) was observed. The
reaction was then heated for 3 hours at 110 °C, and, following full consumption of
1 H-imidazole-4-carbaldahyde (observed by thin-layer chromatography (TLC)),
purification ensued. Pleasingly, aryl 7a was synthesised in 64% yield, superseding the

reported 56% yield.*"?

F\_y
1H-imidazole-4-carbaldehyde N\/)\/
I
Cl

=
HN\¢N 7a
A
+
| /O
e
Cl Cl
1-chloro-4-iodobenzene 7b

Figure 2.5 | Synthesis of aryl 7a and 4-chlorobenzaldehyde 7b. Reagents and conditions:
A: I-chloro-4-iodobenzene, Cul, trans-(1R,2R)-N,N'-dimethyl 1,2-cyclohexane diamine, Cs:CO3;, DMF,
110 °C, 3h, 64%.
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Ellman’s chiral auxiliary was envisioned by Zhao, Manning and co-workers for the
stereoselective addition of the methyl group to provide sulfinamide 9a (C13-(S),
N15-(S)). Aryl 7a was condensed with (S)-2-methylpropane-2-sulfinamide by using
pyrrolidine and heating to 60 °C in CH2Cly, furnishing sulfinyl imine 8 in 88% yield
(Figure 2.6.B). An excess of methyl magnesium bromide was added over four hours to
sulfinyl imine 8 on a 20 mg scale at -70 °C; the mixture was subsequently, stirred at -40
°C for 1h. Incomplete conversion of sulfinyl imine 8 was observed, corresponding to a
low yield of sulfinamide 9a (41%). In order to have sufficient material for the ensuing
reactions, the reaction was repeated on a larger scale (650 mg cf. 20 mg). Unfortunately,
the larger scale produced a lower yield of sulfinyl imine 9a (173 mg, 25% cf. 12 mg,
41%). The reaction was repeated, and in an attempt to improve the conversion, the
mixture was allowed to warm to rt in an ice bath overnight after the stirring -40 °C. Full
conversion of sulfinyl imine 8 was observed, and the mixture of diastereomers 9a and
9b—produced by the higher temperature of the reaction—were able to be separated by

flash chromatography (Figure 2.6.C).

A large number (>100) of solvent systems were explored for the separation of the
diastereomers 9a and 9b. The relatively non-polar solvent used was CH2Cl2. The
concentration of the more polar solvent (99% ethyl acetate, 1% triethylamine, v/v) was
increased along a gradient from 0% to 100%. Subsequently a second polar solvent (99%
methanol, 1% triethylamine, v/v) was introduced and increased along a gradient from 0%
to 1%. Two overlapping peaks with mixed fractions eluted in an approximate 1:1:1 ratio.
To identify which peak represented diastereomer 9a, "H NMR spectra of eluted fractions
from each peak were compared with the 'H NMR spectrum of a stereospecifically
synthesized sample of 9a reported by Cho et al..*?® Most of the peaks in the 'H NMR

spectra of 9a and 9b were observed to overlap.>®® The chemical shift of protons at position
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14 in the '"H NMR spectrum of the initially eluting fraction peak matched the reported
chemical shifts corresponding to 9a, and the peak was identified as primarily consisting
of9a (8§ =1.57 cf. 1.58,d cf. d,J = 6.67 Hz cf. 6.65 Hz, 3H cf. 3H).3% The chemical shift
of protons at position 14 in the "H NMR spectrum of 9b differed from the reported value
(8 =1.66 cf. 1.58, d cf. d, J = 6.79 Hz cf. 6.65 Hz, 3H cf. 3H).>*® The initially eluting
fraction peak contained a mixture of 9a:9b in a ratio > 99:1 and the later eluting fractions
peak contained a mixture of 9b:9a in a ratio > 95:5. A higher yield of sulfinamide 9a
(35% cf. 25%) and excellent diastereomeric ratio of 9a:9b (>99:1) supplied sufficient

material to progress.

§,S8:8,S >99:1

9a

19 20

10 15 1*54 21

7a 8 SFN 11 HN: 'S 16
4 8 \
3 N % 137
5 12 ’14 17
6
1CI 2 7
S,R:S,S >95:5
9b

Figure 2.6 | Synthesis of sulfinyl imine 8 (B) and the formation of diastereomers 9a and 9b (C). Conditions:
B: (S)-2-Methylpropane-2-sulfinamide, pyrrolidine, CH,Cl;, 60 °C, overnight, 59-88%. C: MeMgBr,
CH:Cl,, Et;0, -70/-40/25 °C, overnight, 25-41%.

Deprotection of sulfinamide 9a by HCI in methanol and dioxane gave amine 10 in 50%
yield (Figure 2.7.A). To produce pyrimidine 11, (S)-4-isopropyloxazolidin-2-one,

2,4-dichloropyrimidine, and DMF were stirred at 0 °C, then sodium hydride was added
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portion wise. The mixture was allowed to warm slowly to rt, and stirred for 18 hours to
produce pyrimidine 11 in 34% yield (Figure 2.7.B). In the final step (Figure 2.7.C),
amine 10 and pyrimidine 11 were heated with triethylamine in DMSO to construct 1. The
literature procedure reported removing the DMSO in vacuo at 80 °C; however, this was
considered unfeasible with the equipment available.>* Instead, the reaction mixture was
diluted with CH2Cl2, heated to 40 °C, and then placed under a stream of nitrogen to
evaporate the majority of the DMSO. Unfortunately, neither this procedure, nor diluting
with organic solvent with aqueous washes succeed in removing the residual DMSO.
DMSO removal was successfully achieved by diluting the mixture with a large excess of
Et20 and gently stirring with ice in a separatory funnel. To ensure the aqueous layer
remained at 0 °C, ice was added as required. As the ice melted, the aqueous layer was
separated, and this process was repeated 4 times. The crude mixture was purified using
flash chromatography to give oxazolidone 1 in 11% yield). The reported ternary solvent
system for chromatography of 1 was adapted, utilising ethyl acetate and methanol as

before, but utilising cyclohexane in place of heptane.>*
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Figure 2.7 | Synthesis of oxazolidone 1. Reagents and conditions: A: HCI, MeOH, 1,4-Dioxane, rt, 1h,
50%. B: 2,4-Dichloropyrimidine, NaH, DMF, 0/25 °C, 18h, 20-34%. C: Et;N, DMSO, 90 °C, 22h, 11%.

2.3.2. Synthesis of 2

Triazine 2 was synthesised in two steps from cyanuric chloride as reported in Leonard
Lee’s Master’s thesis.?® Thus, propylamine was added dropwise to cyanuric acid in
acetone and water at 0 °C, and then stirred at 45 °C for 2 hours to form the disubstituted
triazine 15 intermediate (Figure 2.8). Crude disubstituted triazine 15, was reacted via
Suzuki-Miyaura cross-coupling with 2-fluorobenzeneboronic acid in the presence of
[1,1'-bis(diphenylphosphino)-ferrocene]-dichloropalladium(Il) (Pd(dppf)Cl2), sodium
carbonate, water, and dioxane. After stirring overnight at 115 °C, trisubstituted triazine 2

was fashioned in 41% yield over 2 steps (Figure 2.8).
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Figure 2.8 | Synthesis of aryl 2. Reagents and conditions: A. Propylamine, Acetone/H>0, 0/45 °C, 2h. B.
Pd(dppf)Cl,, Na;COs, H>O, 1,4-Dioxane, 115 °C, overnight. Overall yield, 41% (over 2 steps).3"

2.4. The Synthesis of a Putative PROTAC-type Inhibitor

targeting IDH2 WT

Preliminary work by Dr Ingvild Hvinden indicated that oxazolidone 1 and triazine 2 did
not trigger a strong metabolic effect in LN18 GBM cells expressing IDH1 R132H or
IDH1 WT (discussed in Chapter 3, Section 3.4, Section 3.5). It was hypothesised that
inducing proteasomal degradation of either IDH isoform may result in a stronger
metabolic effect than inhibition. However, considering IDH1 R132H inhibits IDH1 WT
activity via the formation of IDH1 WT/R132H heterodimers, it was proposed that IDH1
WT degradation in cells expressing IDH1 R132H would have a reduced impact on the
production of 2-OG and NADPH compared with the degradation of IDH2 WT, which is
otherwise unaffected by the IDH1 R132H mutation.®”> '?! Therefore, IDH2 WT was
selected for degradation to maximally arrest a target cell’s IDH1/2 WT activity and

achieve a stronger overall metabolic effect.

Proteolysis targeting chimeras (PROTACS) are heterobifunctional small-molecules that
are able to target cellular proteins for degradation by the proteosome, typically via an E3

ligase complex.®?31® PROTAC-type inhibition may also help avoid second-site mutation
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mediated resistance mechanisms, since it is not necessary for a PROTAC to inhibit the
target protein while bound.?®* 3!! Thalidomide—a synthetically appealing, well-studied,
E3 ligase recruiter molecule—binds the E3 ligase substrate adapter cereblon; therefore,
combining an IDH2 WT inhibitor, triazine 2, and thalidomide for IDH2 WT degradation

was conceived (Figure 2.9).

The design of the PROTAC warhead was guided by an analysis of synthetically
accessible sites for linker attachment on the triazine core of compound 2. Two primary
positions were considered: replacement of the 2-fluorobenzene group or replacement of
one of the propylamine substituents. Both strategies were pursued, yielding the warhead
designs of compound 3 with the linker attached at the phenyl position, and compound 4
with the linker replacing a propylamine group (Figure 2.9). To incorporate a
thalidomide-derived E3 ligase ligand, 4-fluoro-thalidomide 12 was selected, as it contains
a halide substituent amenable to linker installation via SNAr, providing a straightforward
synthetic route.’'? In addition, PROTAC efficacy is frequently influenced by linker
properties, including composition, length, attachment chemistry, and attachment site.?!3
Accordingly, potential PROTACs 3 and 4, were designed by coupling 4-fluoro-
thalidomide 12 with derivatives of triazine 2 using simple four-carbon alkyl linkers and
amine attachments to facilitate initial synthesis and handling, with the intention of
refining linker properties at a later stage (Figure 2.9). Future work will focus on

optimising linker length, composition, and placement to maximise the efficacy of these

molecules as IDH2 WT degraders.
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Figure 2.9 | Simplified representation of the design of potential PROTAC inhibitors 3 and 4, which enable
the degradation of IDH2 WT homodimers. The IDH2 WT selectivity of triazine 2 and cereblon-binding
activity of thalidomide were combined via derivatives of triazine 2 and 4-fluoro-thalidomide into
‘2’-thalidomide conjugates 3 and 4. R, represents either a propylamine or 2-fluorobenzene substituent.

Initially, installing a linker at the C2 position of the 2-fluorobenzene was attempted to
form carbamate 6. Three conditions were tested for reacting triazine 2 with amine 5
(Figure 2.10): A. 35 °C in CH2Cl2 with caesium carbonate overnight, B. 60 °C in dioxane
with caesium carbonate overnight, and C. 90 °C in DMF with DIPEA overnight. The
insertion of amine 5 into triazine 2 was not observed in all cases. As such, the synthesis

of carbamate 6 was ultimately abandoned.
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Figure 2.10 | Synthesis of carbamate 6 from triazine 2. Conditions: A. Amine 5, Cs;CO3;, CH>Cl,, 35 °C,
overnight. B. Amine 5, Cs;COs, dioxane, 60 °C, overnight. C. Amine 5, DIPEA, DMF, 90 °C, overnight.

Amino thalidomide 14 was synthesised in three steps from 3-fluorophthalic anhydride
(Figure 2.11).3'%37 Following a reported procedure for the insertion of furfurylamine
into phthalic anhydride, 3-fluoropthalic anhydride and L-glutamine were heated neat at
170 °C for 6h (Figure 2.11.A).*'* Two main products were isolated and characterised,
uncyclized thalidomide 62 in ~50% yield and glutarimide 12 in ~24% yield (Figure
2.11.A). A different procedure utilising 3-aminopiperidine-2,6-dione and sodium acetate
in acetic acid was used to furnish glutarimide 12 in higher yields (48%) (Figure

2.11.B)3"5
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Figure 2.11 | Synthesis of E3 ligase ligand 12 (A or B) and the instalment of the linker to produce 14 (D,
F). Conditions: A. L-Glutamine, 170 °C, 6h, 24%.*'* B. 3-Aminopiperidine-2,6-dione, sodium acetate,
acetic acid, reflux at 120 °C, 4h, 48%.3"° C/D. Amine 5, DIPEA, DMF (C) or NMP (D), 90 °C, 12h, 16%
(D).3'% E. 1,4-Diaminobutane, rt, 1h. F. HCI, methanol, rt, 2h, 97%.37

Glutarimide 12 was reacted with N-Boc protected (Figure 2.11.C and 2.10.D), and
unprotected 1,4-diaminobutane (Figure 2.11.E). Unprotected 1,4-diaminobutane did not
yield the desired amino thalidomide 14 (Figure 2.11.E). Glutarimide 12 was instead
reacted with N-Boc protected 1,4-diaminobutane, DIPEA in DMF and heated to 90 °C
for 12h (Figure 2.11.C). The reaction produced three products which were readily
separated by reverse-phase flash-chromatography, and identified as thalidomides 13a,

13b, and 13c¢ using LC-MS. Surprisingly, dimethylamine appeared to insert into
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glutarimide 12 to form thalidomides 13b and 13¢. Similar reactions have been reported
in literature, suggestingthat side products 13b and 13¢ may have formed from the addition
of dimethlyamine via SNAr following the degradation of DMF in base.*'® 3! To avoid
side products 13b and 13¢, N-methyl-2-pyrrolidone (NMP) (Figure 2.11.D) was used as
the solvent to construct thalidomide 13a (16%). The deprotection of thalidomide 13a with
HCI in methanol produced amino thalidomide 14 in high yield (97%, Figure 2.11.F). The
sensitivity of thalidomide to base hydrolysis and thermal degradation negatively affected
the overall yield of amino thalidomide 14.%2% 32! Considering the low amount of material
produced, an alternative route was chosen to install the linker into the triazine core first,

and then insert the linker into glutarimide 12 as the final step.

The synthesis of conjugate 3, which contains a 1,4-diaminobutane linker in place of a 2-
fluorobenzene substituent, was first attempted (Figure 2.12). Then, amine 5 was reacted
with crude disubstituted triazine 15 in DIPEA and NMP at 90 °C overnight (Figure
2.12.B). The starting materials were removed by using a silica chromatography column
to give N-Boc triazine 16 (48%) as a crude product. Without further purification, N-Boc
triazine 16 was deprotected with HCI in methanol at rt overnight (Figure 2.12.C).
Methanol was removed in vacuo and aqueous extraction of the crude residue yielded
amino triazine 17 in a high 88% yield. An SNAr reaction ensued to assemble conjugate 3
by heating amino triazine 17 and Glutarimide 12 in NMP at 90 °C over 4h without the

use of base (12%, Figure 2.12.D).
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Figure 2.12 | Synthesis of conjugate 3. Conditions: A. THF, 0 °C, 2h, 66%. B. amine 5, DIPEA, NMP,
90 °C, overnight, 48%. C. HCI, methanol, rt, overnight, 88%. D. Glutarimide 12, NMP, 90 °C, 4h, 12%.
E. Amino thalidomide 14, DIPEA, NMP, 80 °C, overnight, 5%.

To compare overall yields of the different routes towards conjugate 3, another SnAr
reaction was conducted by heating crude disubstituted triazine 15 and amino thalidomide
14 in NMP at 80 °C over 4h (5%, Figure 2.12.E). Installing the linker into glutarimide
12 first resulted in a 5-step synthesis with an overall yield of 0.4% for conjugate 3.
However, installing the linker into disubstituted triazine 15 first demonstrated a 5-step
synthesis with an overall yield of 5% for conjugate 3. Thus, installing the linker into

disubstituted triazine 15 first was a more efficient and economical route.

Conjugate 4, which contains a 1,4-diaminobutane linker in place of a propylamine
substituent, was then synthesised (Figure 2.13). To avoid the accidental formation of the
disubstituted triazine 15 by the double addition of propylamine, a stoichiometric amount

of propylamine was added dropwise over 30 minutes to cyanuric chloride in THF at 0 °C
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(Figure 2.13.A). The reaction mixture was stirred further at 0 °C for 2h to synthesise
monosubstituted triazine 18 in 60% yield. 2-Fluorobenzeneboronic acid was cross-
coupled with monosubstituted triazine 18 via Suzuki-Miyaura cross-coupling in the
presence of Pd(dppf)Clz, caesium carbonate, and dioxane (Figure 2.13.B). The reaction
mixture was stirred at 100 °C for 1h to produce aryl 19 (10%). Aryl 19 was subjected to
an SnAr reaction with amine 5 and DIPEA in NMP at 90 °C. After stirring for 6h, the
starting materials were removed using a silica column to give N-Boc amine 20 (77%,
Figure 2.13.C). Deprotection of N-Boc amine 20 with HCI in methanol supplied amine
21 (41%, Figure 2.13.D). Amine 21 was introduced via an SNAr reaction with
glutarimide 12 in NMP (Figure 2.13.E). The reaction mixture was stirred at 90 °C for 4h
and flash chromatography yielded a crude product, conjugate 4 (~12%). The overall yield

for the 5-step synthesis of 4 with respect to 3-fluorophthalic anhydride was ~5%.
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Figure 2.13 | Synthesis of conjugate 4. Conditions: A. Propylamine, DIPEA, THF, 0 °C, 2h, 60%.
B. 2-Fluorobenzeneboronic acid, Pd(dppf)Cls, Cs;COs, dioxane, 100 °C, 1h, 10%. C. Amine 5, DIPEA,
NMP, 90 °C, 6h, 77%. D. HCI, methanol, rt, overnight, 41%. E. Glutarimide 12, NMP, 90 °C, 4h, 12%.
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Conjugate 3 was applied to LN18 GBM cells during the synthesis of conjugate 4. The
treatment of LN18 GBM cells with conjugate 3 exhibited a promising effect as measured
in metabolomic studies discussed in Chapter 3, Section 3.6. Therefore, conjugate 4 was
not pursued further, as was the case for the synthesis of conjugates with a linker length
of ten carbons (63, 64, 65, 66, 67, 68), which was limited to a small number of test

reactions.

2.5. Biochemical Investigation of IDH1 WT Inhibition Binding

Kinetics

2.5.1. Reproduction of Reported IDH1 WT inhibition by 1

The reported inhibition of IDHI WT by Compound 1 was confirmed by NADPH-based
absorbance assays (Section 6.2.2). Reported procedures measured the increase in
concentration of NADPH over time by absorbance at 340 nm as a proxy of IDHI WT

activity (Figure 2.14).'%

IDH1 WT Compound 1 Isocitrate NADP*
A S(W 3(-0*6 3‘-«‘5
Y g @ vy 9
Y 4 l Y 4
X12 min
—p —p
A B C

Figure 2.14 | Overview of the NADPH-based absorbance assay methodology adapted from Liu et al.'> A.
Enzyme (here, IDHI1 WT) and inhibitor (here, compound 1) are dispensed in reaction buffer into an assay
plate (here, 96 wells) and incubated together for 12 minutes. B. Substrates (here, isocitrate and NADP")
are added in reaction buffer simultaneously into each reaction well to initiate the reaction. C. The assay
plate is immediately submitted for measurement, and the change in NADPH absorbance (340 nM) over
time is recorded.
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Different reaction conditions to Dr Xiao Liu’s preliminary screen, including a higher
concentration of IDH1 WT (4.5 nM cf. 2 nM), were employed primarily to ensure
consistency with previous studies investigating the roles of metal ions in IDH1 R132H
and IDH1 WT that utilised enzyme from the same production batch.!*3% Ideally, future
work should ensure that conditions and specific enzyme activity are matched with

previously reported assays to enable direct comparison.

Following procedures adapted from Liu et al, compound 1 was incubated across a range
of 10 concentrations (generated by fourfold serial dilution from a maximum
concentration of 100 uM, yielding a final concentration series: [1] = 0.38 nM — 100 uM)
with IDH1 WT (final concentration: [IDH1 WT] = 4.5 nM) in reaction buffer (100mM
Tris, 10 mM MgClz, 0.2mM DTT, 0.005% (v/v) Tween-20, 0.1 mg/mL BSA, pH 8.0) at
rt for 12 minutes (Figure 2.14.A, Figure 2.15).!>° The reaction was initiated by addition
of reaction buffer containing the enzyme substrates (final concentrations: [isocitrate
(ICT)] = 150 uM, [NADP'] =75 uM) (Figure 2.14.B, Figure 2.15). Under these
conditions compound 1 demonstrated potent inhibition of IDH1 WT (ICso = 6 nM),
similar to the previously measured inhibition by Dr Xiao Liu (ICso = 19 nM) (Figure

2.15).305
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Figure 2.15 | Plot of inhibition of IDHI WT (%) against [1] Log M. Conditions: 4.5 nM IDHI WT, 150uM
ICT, 75uM NADP*, reaction buffer: 100mM Tris, 10 mM MgCl, 0.2mM DTT, 0.005% (v/v) Tween-20, 0.1

mg/mL BSA, pH 8.0. No. of experiments = 2. Technical replicates (per experiment): 1, n = 8; controls, n
= ]6.

2.5.2. Inhibition of IDH1 WT by 1 Under Turnover Conditions Using
the e-Leaf

The following experiments and derivations were conducted by a collaborator, Dr Ryan
Herold (Department of Chemistry, University of Oxford). The experiments utilised a new
technology for studying redox driven enzyme turnover called the e-Leaf (Figure 2.16).2%:
322-324 In brief, in the e-Leaf method, ferredoxin NADP* reductase (FNR) is first adsorbed
onto an electrode with pores composed of indium tin oxide (ITO). Electrons from the
electrode can directly tunnel into FNR and reduce/oxidise NADP"/NADPH. This allows
FNR and NADP/NADPH production to be directly driven by manipulating the current
of the system. Introducing a second NADP'/NADPH dependent enzyme into the pore,
here IDH1 WT, allows for the recycling of NADP*/NADPH.?* The second enzymatic
reaction can then be indirectly driven in either the forward or reverse direction, here
oxidising ICT or reducing 2-OG. Conventional kinetic assays typically yield endpoint
measurements or ICso values, but these approaches often fail to resolve the complexities
of slow-binding or multi-step inhibition under continuous turnover conditions. In

contrast, the e-Leaf’s real-time, activity-based readout enables direct observation of
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enzyme catalysis and the dynamic effects of inhibitors introduced after turnover has been
initiated, potentially providing mechanistic insights inaccessible to pre-incubation-based

methods.
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Figure 2.16 | Overview of the experimental setup and mechanism of the e-Leaf, reproduced from Herold
et al. under the Creative Commons CC BY license.’*

Previous work by Dr Ryan Herold used the e-Leaf to investigate the kinetics of IDH1
variant inhibition, revealing that IDH1 variant inhibitors, such as ivosidenib (AG-120)
and IDH224, inhibit IDH1 R132H more slowly when introduced after the enzymatic
reaction has been initiated, compared to reported ICso incubation times (>12 minutes).**
323,324 For example, after 12 minutes of incubation with isolated IDH1 R132H and MgCl>,
IDH224 displayed potent inhibition (ICso = 4.3 nM). By contrast, when the reaction was
initiated in the absence of IDH224, subsequent addition of a much higher concentration

of IDH224 (1 pM cf. 4.3 nM) resulted in <50% inhibition of IDHI R132H for longer

than 30 minutes.’

The slower inhibition observed under turnover conditions may arise from the
conformational dynamics of IDH1 R132H. Specifically, the open-inactive conformation
of IDH1 R132H, which predominates in the absence of substrate and magnesium (as
occurs during the pre-incubation phase of conventional ICso assays), is proposed to allow

ivosidenib to bind, but possibly the closed-active conformation does not.'* 3> Once
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substrate (ICT or 2-OG) and magnesium bind, the enzyme adopts a closed-active
conformation, resulting in slower inhibition if the inhibitor is introduced after catalysis
has commenced. Conversely, successful inhibitor binding of the open-inactive
conformation may hinder magnesium ion binding, thereby stabilising the open-inactive

state. Therefore, the allosteric inhibitors-are-competitive with respectto magnesium ions

in the presence of substrate.'?®

Based on these findings, Dr Ryan Herold proposed a kinetic mechanism for the inhibition

of IDH1 R132H by variant inhibitors, consistent for both ivosidenib and IDH224 (Figure

2.17).3%5
BINDING:
Rapid, reversible, and
Closed (active) non-inhibitory.
// l(pre = 1.64uM Magnesium
Mg?* + 206 / \ d O independent
ko= 15x 10~ 571 | Mg2*
Magnesium - fast | — : Ky =34 mM
independent @ « x ©ff = 4600 s (~1.25 h) «— VEros
' K3%¢ = 0.124 mM
77, > 100s
0 — ‘ § I
N=A NADPH
kians = 7x1073 571 |
INHIBITION: Open (inactive)

At: [Mg?*] = 0 mM
[20G] = 1 mM

Slow and reversible.

Figure 2.17 | Proposed kinetic mechanism for the inhibition of IDH1 R132H by ivosidenib. Kinetic binding
data of IDH224 with IDHI R132H are consistent with ivosidenib. Other allosteric dimer interface-binding
IDH1/2 inhibitors likely follow this mechanism. Here, the binding and dissociation steps for 2-OG and
Mg** are shown in the active site of a single monomer. In reality, there i likely half-site reactivity.'*
Values for the pre-equilibrium enzyme-inhibitor complex, KZre, K 506, K ;VIg , and ty, are reported from
Dr Ryan Herold’s prevous work. The kS value presented is the limiting rate, determined by plotting the
Mg?*-dependent k5™ values against [Mg>*] and extrapolating to [Mg>*] = 0 M. Figure adapted with
permission from Dr Ryan Herold.’?

Given that IDH224 and 1 share a common 3-pyrimidin-4-yl-oxazolidin-2-one core

(Figure 2.18), and that the ICso values for IDHI RI32H inhibition by IDH224
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(ICso0 =4.2 nM) and for IDH1 WT inhibition by 1 (ICso =6 nM) are similar, it was of
interest to determine whether the kinetic behaviour observed by Dr Ryan Herold for IDH1
R132H would extend to IDH1 WT.?®* Therefore, using the e-Leaf, 1 was introduced into
a pre-initiated reaction mixture containing IDH1 WT to investigate whether a similar

reduction in potency would be observed under turnover conditions.

N

’ c HN%\} /N HN%\
g*@ patt Q 9sg Jes }f

Ivosidenib (AG-120) IDH224 1

Figure 2.18 | Structures of IDHI RI132H inhibitors ivosidenib (AG-120) and IDH224, and IDHI WT
inhibitor 1.

Chronoamperometry time course experiments of IDH1 WT inhibition by 1 showed
slower inhibition when 1 was injected after the reaction was initiated, than the rate of
inhibition observed in reported ICsos. This observation agrees with previous experiments
involving inhibition of IDH1 RI132H by IDH224 (e-Leaf with delayed injection:
[IDH224] = 1uM, <50% inhibition after 30 minutes cf. solution ICso with pre-incubation:
[IDH224] = 4.3 nM, ~50% inhibition after < 12 minutes). The binding kinetics of IDHI
WT with 1 were much slower than IDH1 R132H and IDH224 (Figure 2.19). The
maximum inhibition of IDHI WT by 1 was also poorer than the inhibition of IDH1
R132H by IDH224 (Figure 2.19). The different potencies of 1 and IDH224 measured
after delayed injection under e-Leaf conditions are notable given the comparable values
of 1 and IDH224 measured after pre-incubation under solution ICso conditions (ICso = 6
nM, cf. 4.3 nM, respectively) (Figure 2.19). After 2 hours at a concentration of 1 puM,
IDH224 manifested >80% inhibition, but 1 manifested <40% inhibition. Indeed, after 2

hours at a concentration of 70 uM, 1 did not achieve 80% inhibition (Figure 2.19.B).
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Figure 2.19 | Chronoamperometry plots of IDHI RI132H activity in the presence of IDH224, and IDH1
WT activity in the presence of 1. A. Different concentrations of IDH224 (0 p /M, 50 nM, 100 nM, 1 uM, and
5 uM) reduce the amount of active IDHI R132H over time. The shaded region shows the range for 3 DMSO
controls. Blue (50nM) and red (100 nM) boxes represent the recovery of IDHI R132H activity by removal
of the inhibitor by buffer exchange, in each case demonstrated by a subsequent increase in enzyme activity
to a level in line with controls. Conditions: (FNR + IDHI R132H) @ ITO/PGE electrode, area = 0.06 cm?,
electrode rotation rate = 1000 rpm temperature = 25 °C, E =—0.513 Vvs SHE, O, < I ppm, reaction
buffer = 20 mM MES, 20 mM TAPS, 20 mM CHES, 10 mM MgCl,, 10 uM NADPH, 10 mM 2-OG, pH =

Time (hours)
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8, total volume = 4 mL. Enzyme loading molar ratios: FNR:IDHI R132H = 1:2.5. Inhibitor (various
concentrations, 2.5 uL. DMSO) was injected at t = 0. B. Different concentrations of 1 (0 uM, , ,

, , 30 uM, 50uM, and 70uM) reduce the amount of active IDHI WT over time. Conditions:
(FNR + IDHI WT) @ ITO/PGE electrode, electrode area = 0.03 cm?, electrode rotation rate = 1000 rpm,
temperature =25 °C, E = +0.24 Vvs SHE, O> < 1 ppm, reaction buffer = 100 mM HEPES, 10 uM NADP",
150 uM DL-ICT, pH = 8, total volume =5 mL. Enzyme loading molar ratios: FNR:IDHI WT = 1.8.
Inhibitor (various concentrations, 2.5 uL. DMSO) was injected at t = 0. Data in B are not corrected for
film loss, pending further wild-type control experiments; correction will cause the time-course data in B
to plateau at slightly higher values. Figures adapted with permission from Dr Ryan Herold, under the
Creative Commons CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0.3%> 3%

The chronoamperometry data from Figure 2.19.B was plotted logarithmically according
to Eq. 1. The resulting plot demonstrated pseudo first-order binding kinetics between

IDH1 WT and 1, similar to the observed binding kinetics of IDH1 R132H and IDH224

(Figure 2.20).
Eq. 1
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Figure 2.20 | Chronoamperometry data of IDHI WT in the presence of 1 (Control, , \
30 uM, 50uM, and 70uM) plotted logarithmically according to Eq. 1 (without correcting for the

equllzbrlum value in each case). The plot shows pseudo first-order reaction kinetics of inhibition.
Conditions: as described in Figure 2.19.B. Figures adapted with permission from Dr Ryan Herold.’?
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For low concentrations of 1 (2uM —20uM), the observed rate constant (k) was derived
from the gradient of the first 20 minutes (0 hours — 0.33 hours) of data for each
concentration shown in Figure 2.20, then plotted against [1] (Figure 2.21). The plot
showed a linear relationship that allowed forward (k) and reverse (k¢f) rate constants

to be deduced (Figure 2.21).
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Figure 2.21 | The observed rate constant ( k,ps) for inhibition of IDHI WT by 1, plotted using data from
the first 20 minutes of Figure 2.20. The forward rate constant (k,,) = slope = 5.91 M~'s™!. The reverse
rate constant (Kop) = intercept = 3.90 x 10 s . The dissociation constant (Kg) = (Kopp)/(Kon) = 6.58
uM. Experiment repeats = I1-3. Figures adapted with permission from Dr Ryan Herold, CC BY 4.0.3%3 3%

Compound 1 demonstrated substantially lower ko, (5.91 M's!) and kyg
(3.90 x 107 s!) values than IDH224 (ko= 82 M 's™!, ko =1.27 x 10* s) (Figure
2.21).%* The kg value for IDHI WT and 1 corresponds to a dissociation half-time (4 /,)
of ~5 hours compared to 1.5 hours for IDH224.%° 1 binds to IDH1 WT in an inhibitory

manner more slowly than IDH224 binds to IDH1 R132H, but stays bound roughly 3 times
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longer. The resultant dissociation equilibrium constant (K,;) for 1 is ~7 M, compared to

~1.5 uM for IDH224.

The e-Leaf data from ivosidenib and IDH224 inhibition implied that the observed rate
constant (kgp,s') exhibits a hyperbolic dependence on the concentration of inhibitor
according to Eq. 2.3% The activity of IDH1 WT and concomitant inhibition by 1 plateaus
at high concentrations of inhibitor, as seen in the chronoamperometry data and the plot
of k,ps against [1] (Figure 2.19, Figure 2.22). The similarities between the data for the
inhibition of IDH1 R132H by IDH224, and IDH1 WT by 1 (Figure 2.19), suggest that

the inhibitors share similar kinetic mechanisms of action (Figure 2.17).

Eq. 2

1

Utilising Eq. 3, ————
tising £q ’ (kobs_koff)

can be plotted against [—1] to deduce the rate constant for the

intramolecular isomerization reaction (k£fa") at the y-axis intercept and the dissociation
constant for the pre-equilibrium enzyme-inhibitor complex (Kflre) at the x-axis intercept
(Figure 2.22).

Eq. 3

1 1 Kg® 1

= +
(kobs = kofe)  kon™®  kone [1]

The non-inhibitory IDH1 WT-1 complex is less stable (K¢ = 57.7 uM) than the

IDH1 R132H-ivosidenib or IDH1 R132H-IDH224 complexes (Kgre: ~1.6 uM for both)
(Figure 2.22). In addition, IDH1 WT and 1 in equilibrium (k82" = 4.3 x 10™*s71) take

~16 times longer than IDH1 R132H and ivosidenib to form the inhibited open-inactive

conformation (t; /, = ~27 minutes cf. 100 seconds) (Figure 2.22). The notable
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difference can be clearly seen by plotting ks against [1] for IDH1 WT, and ks against

[ivosidenib] for IDH1 R132H, on the same axes (Figure 2.23).
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Figure 2.22 | Data supporting the proposal that 1 likely shares a similar two-step binding-inhibition
mechanism with ivosidenib and IDH224 (Figure 2.17). A. Extended k¢ plot from Figure 2.21 showing a
hyperbolic dependence of the rate of inhibition on the concentration of 1 according to Eq. 2. Experimental
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repeats, n = 1-3. B. Data from panel A plotted according to Eq. 3 to obtain ko™ and K} “values. Figures
adapted with permission from Dr Ryan Herold.’?
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Figure 2.23 | Comparison of the observed rate constants (k,,s) values for 1 and ivosidenib against

IDHI WT and IDHI RI32H. The observed rate constant (k,ps) values for the inhibition of IDHI WT
(blue) by 1 are plotted from Figure 2.22. A. The observed rate constant (k,,s) values for inhibition of
IDHI R132H by ivosidenib are given for [Mg®"] = 3mM (red) and [Mg®'] = 10mM (black). See Figure

2.19 for conditions of IDHI WT and 1. Figure adapted with permission from Dr Ryan Herold.’?

The incubation of IDH1 WT with 1 before reaction initiation appears to lead to superior
inhibition compared to the introduction of 1 after IDHI WT has initiated the catalytic
cycle. Even considering a K4 value (~7 uM) higher than the measured I1Cso value (6 nM),
concentrations up to 20 uM failed to achieve 50% inhibition. This is clearly different
from ivosidenib which inhibits up to 100% at concentrations around the K4 value (~1.6
uM).32> As previously proposed, this suggests that binding does not necessitate
inhibition.?#’

One explanation for the difference in potencies between ivosidenib and 1 when

introduced to a steady-state reaction could be that there is a different mechanism of
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inhibition for ivosidenib and 1. On the basis of reported crystallography studies, only 1
molecule of ivosidenib (an analogue of AGI-5198) is proposed to bind to IDH1 R132H,
compared to 2 molecules of IDH224 (a partial structural analogue of 1).%!:3% In this case,
binding of a single inhibitory molecule of 1 to IDH1 WT may be insufficient. A second
molecule may be required to achieve complete inhibition. The ICso value for inhibition
of IDHI WT by 1 suggests that this is unlikely because of the robust data showing 100%
inhibition at close to stoichiometric concentrations of enzyme (4 nM) and inhibitor (6
nM), after 12 minute incubations. Assuming that the proposed outline for the kinetic
mechanism of inhibition may be accurate (Figure 2.17), there is an alternative possible
explanation for the difference in measured potencies of ivosidenib and 1 under e-Leaf

conditions, as discussed in Section 2.5.4.3%

2.5.3. The Inhibition of IDH1 WT by 1 Under Turnover Conditions

Using NADPH Absorbance-based Assays in Solution

A key consideration for the comparison of solution ICso assays with experiments
conducted by the e-Leaf method is the reaction environment. The e-Leaf drives enzyme
activity in a nano-confined space. *** NADPH absorbance-based assays contain enzyme
which is free in solution.>?* Solution experiments were thus conducted to investigate the
effects of injecting 1 into reaction mixtures containing IDH1 WT after the reactions had
been initiated , as measured by NADPH absorbance. For solution experiments, the
concentration of IDH1 WT was reduced (250 pM) compared to the concentration of
IDH1 WT utilised for ICso measurement (4.5 nM). The concentration IDH1 WT was
reduced in this way to slow the rate of NADPH production, extending the linear region
of a graph of absorbance plotted against time. A linear region of a plot of absorbance

against time facilitates the calculation of kinetic parameters under pseudo-first order
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conditions. IDH1 WT was injected into a reaction mixture containing buffer (100mM
Tris, 0.2mM DTT, pH 8.0), bL-ICT (150 uM) and NADP" (75 uM). The rate of increase
of absorbance was allowed to linearise (3-5 minutes) before compound 1 was injected

into a reaction mixture.

Compound 1 was injected at a range of final concentrations (0.1 uM, 1 uM, 5 uM, 10 pM,
25 uM, 50uM, 100 uM) into reaction mixtures containing either ImM MgClz (Figure
2.24.A), or 10 mM MgCL (Figure 2.24.B). 10 mM MgCl> was chosen to enable
comparisons with the previous e-Leaf experiments and ICso experiments. 1 mM MgClz
was chosen as a closer approximation of the reported concentration of magnesium in
astrocytic cytosol (~125 uM) and cerebrospinal fluid (CSF, ~900 uM).3?% 32" In one of
the reactions containing 1 mM MgClz, compound 1 (0.1 uM) was pre-incubated with
IDH1 WT for 12 minutes to enable a comparison in the absence of reported ICso data.
The reactions were monitored for 1 hour, then the measured absorbance was plotted

against time (Figure 2.24).
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Figure 2.24 | Plots of NADPH absorbance (340 nM) over time from reactions containing IDHI WT
(250 pM) and compound 1 (0 uM, 0.1 uM, , , 25 uM, 50 M, 100 uM). Conditions: 100 mM Tris,
0.2 mM DTT, pH 8.0, 150 uM DL-ICT, and 75 uM NADP*. A. Conditions: 1 mM MgCl. B. Conditions: 10
mM MgCl,. Note that the plots for concentrations of compound 1 below at 1 mM MgCl, (A), and
below at 10 mM MgCl, (B), could not be differentiated from noise and are omitted for clarity.

The fraction of IDH1 WT activity was deduced by calculating the gradient of the curve

at a given timepoint. The fraction of IDH1 WT activity was interpreted as the
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concentration of active IDH1 WT (Figure 2.25). As expected, compound 1 (0.1 pM)
completely inhibited IDH1 WT after 12 minutes of pre-incubation in the presence of 1
mM MgCl. The potent inhibition measured in the presence of 1 mM MgCl
(0.1 uM, 100% inhibition) supports the low ICso value (6 nM) measured in the presence
of 10 mM MgClz and the proposal that inhibition occurs rapidly in the absence of
substrate (Figure 2.25.A). For reactions without pre-incubation, the observed inhibition
was reduced, supporting the observations of the previous e-Leaf experiments (Section
2.5.2). 30 minutes after the delayed injection of inhibitor, the fraction of active IDH1 WT
activity was ~65% in the presence of 5 uM 1, and ~5% in the presence of 100 uM 1
([MgCl2] = 1 mM, Figure 2.25.A). At a higher MgClz concentration (10 mM cf. 1 mM),
the plot of the concentration of normalized active IDH1 WT against time was comparable
to the corresponding e-Leaf experiment (Figure 2.25.B cf. Figure 2.19.B). 30 minutes
after the delayed injection of inhibitor, the measured fraction of IDH1 WT activity in the
presence of 1 (100 uM) and 10 mM MgClz was ~40% in the NADPH absorbance assay
(cf. ~55% in the e-Leaf experiment, Figure 2.25.B). The plots of the normalised
concentration of active IDH1 WT against time displayed greater inhibition by 1 in the

presence of | mM MgClz than 10 mM MgCla.

The results described here support the proposed mechanism of allosteric inhibition
competitive with respect to magnesium ions (Figure 2.17).!%> 2* Nonetheless, the
concentration of 1 (100 uM) required to approximate 100% inhibition in the presence of
1 mM MgCl after 30 minutes was three orders of magnitude greater than a sufficient
concentration (0.1 pM) under pre-incubation conditions. The plots of absorbance against
time could not be differentiated from noise due to the low levels of inhibition for a

moderate concentration of 1 (5 uM) in the presence of 10 mM MgClz, and low
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concentrations of 1 (0.1 uM, 1 uM) in the presence of either 1 mM MgCl:» or

10 mM MgClz (Figure 2.24).
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Figure 2.25 | Plots of the normalised concentration of active IDHI WT (fraction of IDHI WT activity)
against time from reactions containing IDHI WT (250 pM) and compound 1 (control, 0.1 M,
25 uM, 50 uM, 100 uM). The fraction of IDHI WT activity for each reaction was calculated using the dam
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shown in Figure 2.24. Conditions: 100 mM Tris, 0.2 mM DTT, pH 8.0, DL-ICT (150 uM), and NADP* (75
uM). A. Conditions: 1 mM MgCly. B. Conditions: 10 mM MgCl,.

The observed rate constant (k,,s) was plotted for concentrations of 1 <50 uM in the
presence of 1 mM MgCl: (Figure 2.26.A) and 10 mM MgClL (Figure 2.26.B). The
measured k, s values in the presence of | mM MgClz (8.2 x 10 s') and 10 mM MgCl
(7.6 x 107 ") appeared to agree (Figure 2.26), supporting the proposed mechanism that
inhibitor dissociation is magnesium ion independent (Figure 2.17). Therefore, the
measured k, ¢ values for 1 and IDH1 WT in the presence of 1 mM MgCl2 (8.2 x 10 s
and 10 mM MgCL (7.6 x 107 s™) were averaged (avg korr = 7.9 x 10” s7') to represent
the proposed shared mechanism of magnesium-independent inhibitor dissociation. The
plots from Figure 2.26 with were then overlaid using the new y-intercept (avg kosr)

(Figure 2.27).

The measured k,,, of IDH1 WT and 1 was higher in the presence of 1 mM MgClz
(30.8 M! 57!, Figure 2.26.A, Figure 2.27) than with 10 mM MgCl (5.6 M! s”!, Figure
2.26.B, Figure 2.27), supporting the proposed mechanism that inhibition is competitive
with respect to magnesium (Figure 2.17). The measured k,, of IDHI WT and 1 at
10 mM MgClz (5.6 M 5!, Figure 2.26.B, Figure 2.27) agrees with the measured k,,,
from the e-Leaf experiment (5.91 M s}, in the presence of 10 mM MgCly, Figure 2.21).
The calculated avg k,rr in the presence of either 10 mM MgCla or 1 mM MgClz
(7.9 x 10° s !, Figure 2.27), was also similar to the measured k, 7r from the e-Leaf
experiment (3.9 x 107 s’!, Figure 2.21). The resulting K; values were 2.6 uM in the
presence of 1 mM MgCly, and 14.1 uM in the presence of 10 mM MgCl: (Figure 2.27,

cf. 6.58 uM in the presence of 10 mM MgClz in the e-Leaf experiment, Figure 2.21).
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Figure 2.26 | The observed rate constant (k,s) plotted against [1] for inhibition of IDHI WT by 1. (k,ps)
values were derived in the same manner as Figure 2.21. A. Conditions: 1 mM MgCl,. The forward rate
constant (kon) = slope = 30.8 M's™. The reverse rate constant (k,sr) = intercept = 8.2 x 107 s, The
dissociation constant (Kg) = (kope)/(Kon) = 2.7 uM.  B. Conditions: 10 mM MgCl,. The forward rate
constant (Koy) = slope = 5.6 M's'. The reverse rate constant (kosr) = intercept = 7.6 x 107 s7'. The
dissociation constant (Kg) = (ko e)/(kon) = 13.6 uM.
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Figure 2.27 | Overlaid plots of (kops) against [1] from Figure 2.26. The values of (k) from Figure 2.26
were averaged, and the output was defined as the common y-intercept for both plots. I mM MgCl, (black):
The forward rate constant (ko,) = slope = 30.8 M s, The (new) reverse rate constant
(kog) = intercept =8.2x 107 s The (new) dissociation constant (Kq) = (kore)/(Kon) = 2.6 uM
(cf. 2.7 uM). 10 mM MgCl; (blue): The forward rate constant (Kyy) = slope = 5.6 M 's™!. The (new)
reverse rate constant (k,sr) = intercept = 7.9 x 10° s7!. The (new) dissociation constant

(Ka) = (Kogp)/(Kon) = 14.1 yM.

The overall findings of the NADPH absorbance-based investigation into IDHI WT
inhibition under solution conditions appear to support the initial findings of the e-LEAF
experiments (Section 2.5.2). In the presence of the same concentration of MgClz
(10 mM), the rate constants for association (k,, = 5.6 M' s! Figure 2.27,
cf. 5.91 M s-!, Figure 2.21) and dissociation (avg k,rr = 7.9 x 10° !, Figure 2.27, cf.
3.9x 107 57!, Figure 2.21), and the equilibrium constant for dissociation (K; = 14.1 uM,
Figure 2.27, cf. 6.58 uM, Figure 2.21), are comparable between the e-Leaf and NADPH
absorbance-based experiments. The findings of the NADPH absorbance-based assay also
appear to support the proposed kinetic model of indirect competitive inhibition with

respect to magnesium, and the magnesium-independent dissociation of the inhibitor
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(Figure 2.17). The rate constant for association was higher in the presence of 1 mM
MgClz than 10 mM MgClz (k,, = 30.8 M s”!, Figure 2.26.A, cf. 5.6 M"' s-!, Figure
2.26.B), and the rate constant for dissociation was approximately the same in 1mM
MgCl> and 10 mM MgCl (ko rf = 7.6 x 107 s, Figure 2.26.A, cf. 8.2 x 107 s, Figure
2.26.B). Accordingly, the equilibrium constant for dissociation was lower in the presence
of 1 mM MgCl: than 10 mM MgCL: (K; = 2.7 uM, Figure 2.26.A, cf. 13.6 uM, Figure

2.26.B).

2.5.4. Discussion of IDH1 WT Inhibition Under Turnover Conditions

IDH1 WT and IDH1 R132H exhibit differences at the allosteric inhibitor binding pocket
at the IDH1-IDH1 homodimer interface.**® Changes in the conformation of the enzyme
due to the R132H mutation are suggested to be the basis for an observed reduction in the
affinity for Mg?*.!?> The new active site geometries in IDHI R132H enable the reduction
of 2-OG to 2-HG.'® %> These conformational changes also likely affect the topology of
the allosteric binding pocket, putatively conveyed by a shift in the position of the dimer-
interface/active-site/magnesium binding site spanning o-10 regulatory segment.3?®
Differences in the topology of the allosteric binding pocket may drive the selectivity of
clinically approved IDH1 inhibitors for IDH1 mutants over IDH1 WT.??® The approved
allosteric inhibitors are competitive with respect to Mg?".!'>> In the proposed kinetic
binding mechanism, once inhibitor is bound, inhibition relies on the exit of Mg?* from
the active site and the enzyme to shift to the open-active conformation.?*” Upon shifting
conformations, the enzyme is trapped in the open-inactive conformation until the
inhibitor dissociates (Figure 2.17).%° The lower affinity of IDH1 R132H for Mg*" (Km
= 4.4 mM, reduction of 2-OG) results in the slower binding and earlier dissociation of

Mg?" from the active site.!”® The variant enzyme spends longer periods without
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magnesium and substrate, increasing the likelihood that any enzyme with inhibitor

already bound will isomerise to the open-inactive conformation and become inhibited.

In IDH1 WT, the substrate is the ICT-Mg?" complex, and the affinities for Mg*" (Km =
36 uM, oxidation of ICT,) and ICT (Km = 38 uM, oxidation of ICT) are over 100-fold
greater than Mg?" in IDH1 R132H, where it might bind alone.'*® Indeed, the ICT-Mg**
substrate complex binds IDH1 WT tightly, while 2-OG and Mg** bind weakly and likely
separately. IDH1 WT will be without substrates and co-factors less often than IDHI1
R132H, affording a shorter window of opportunity in which the open-inactive
conformation may form if inhibitor is bound. This does not prevent the rapid initial
binding of inhibitor to IDH1 WT, and this is likely represented by the potent ICso value
(ICso = 6 nM). Note the presence of Mg?" in the reaction buffer will not prevent the
conformational isomerisation of the enzyme without the presence of ICT. During the pre-
incubation period, it is likely that the purified enzyme is at least partly in the open-inactive
conformation; the inhibitor can bind and trap the enzyme in the open-inactive
conformation for the duration of the assay (kofr = 3.90 x 107s™!, #12= ~5 hours). While
this effect applies to both IDHI WT and IDHI1 R132H, the 100-fold difference in
affinities for Mg?" (as part of ICT-Mg?") results in the isomerisation and concomitant

inhibition of many fewer IDH1 WT-inhibitor complexes.

2.6. Quaternary Ammonium lons as Ligands of Mutant IDH1

A consequence of R132H substitution in IDH1 is the neomorphic formation of 2-HG,
along with decreased production of NADPH.!® The IDH variants also conduct the WT
IDH reaction, albeit at a reduced rate.'>> A dominant negative mechanism of inhibition
of IDH1 WT by IDHI1 R132H in WT/R132H heterodimers is proposed to result in ~25%

of IDHI dimers maintaining WT catalytic activity.!?!> 32 33 The restoration of
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physiological catalytic activity in IDH1 R132H may therefore have a positive effect on
the (local) concentration of NADPH within cells, which may supersede the effect of

IDH1 R132H inhibition. A strategy was proposed to promote WT catalytic activity in

IDH1 R132H monomers.

N271

Y139

H132

R100

0275

Figure 2.28 | A. A view of the IDHI WT active site with polar interactions between residues R132 and
N271 depicted (pdb: 1TOL)."?? Note that R132 exhibits polar interactions with N271 and ICT. B. A view of
the IDHI R132H active site with residues HI132 and N271 depicted (pdb: 4KZ0)."*® Note that HI32 does
not sustain polar interactions with N271, and Y139 has moved to form a polar interaction with D275
(Chapter 1, Section 1.4.3).

A recent study by Xie et al. suggested that the loss of a R132-N271 charge-charge
interaction underpins the conformational change between the active site and the a10 helix
that reduces Mg?" affinity and enables 2-HG production (Figure 2.28).2*® Monovalent
quaternary ammonium ions, including the tetraethylammonium ion, can replace Mg** and
maintain proton-pumping ability in bacteriorhodopsin (Figure 2.29).2*! Trimethylamine
N-oxide (TMAOQ) is a quaternary ammonium ion, produced in the human body by the
oxidation of trimethylamine.3> 333 Although neutral, TMAO stabilises compact
conformations of proteins and counteracts the unfolding effects of urea in vitro (Figure
2.29).332:33 [f TMAO or tetraecthylammonium were to induce activity in IDH1 R132H in

the absence of magnesium, it would suggest that some quaternary ammonium ions could
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act as a functional replacement for magnesium in IDH1 R132H. IDH variant inhibition
by TMAO or tetracthylammonium may suggest that quaternary ammonium ions are able
to occupy the magnesium binding site, warranting further investigation. Therefore,
following adapted procedures for the screening of IDH1 variant inhibitors (10 pM) using
an NADPH absorbance-based assay, TMAO and tetracthylammonium chloride (TEAC)
were screened (10uM) against IDH1 R132H in the presence and absence of magnesium,

and in conditions for oxidation of ICT and reduction of 2-OG. 33*

TMAO TEAC

/_
~

SN
_/

Figure 2.29 | Chemical structures of trimethylamine n-oxide (TMAQO) and tetraethylammonium chloride
(TEAC).

2.6.1. Effect of Trimethylamine-/NV-oxide and Tetraethylammonium ions

on IDH1 R132H

In the absence of magnesium, TMAO and TEAC were not found to cause an increase in
activity of R132H for either the WT or variant reaction, as measured by the NADPH
absorbance assay (Figure 2.30). IDH1 R132H did not exhibit ICT oxidation in the
absence of magnesium, consistent with prior reports, and neither TMAO nor TEAC were
able to recapture this capability.'?® Similarly, IDH1 R132H exhibits a very low level of
activity (~7%) for the reduction of 2-OG in the absence of magnesium, which was not
significantly altered by TMAO (~8%) or TEAC (~7%). In combination, these results
suggested that quaternary ammonium ions may not be a promising route to promote
activity in IDHI1 R132H. Additionally, the screened concentration of TMAO and TEAC

(10 uM) was substantially lower than concentrations used in fragment-based screening
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(up to 2 mM); considering the small size of TMAO and TEAC, future work should screen
higher concentrations (>200 uM) to confidently rule out any low-affinity or transient

interactions. 3%
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Figure 2.30 | Activity of IDHI R132H (400 nM) performing the oxidation of ICT or reduction of 2-OG in
the absence of Mg*", and in the presence of TMAO or TEAC (10 uM). Error bars: standard error of the
mean (technical replicates = 16). A. Oxidation of ICT (1.5 mM) and reduction of NADP* (300 uM). B.
Reduction of 2-OG (1.5 mM) and oxidation of NADPH (300 uM). Buffer: 100 mM Tris, 0.2 mM DITT,
0.005% (v/v) Tween-20, 0.1 mg/mL BSA, pH 8.0.

2.6.2. Inhibition of IDH1 RI132H by Compounds Containing
Quaternary Ammonium Ions

To investigate if quaternary ammonium ions could nonetheless interfere with the
magnesium-dependent activity of the enzyme, IDH1 R132H was then incubated with
TMAO and TEAC in the presence of magnesium. Inhibition of the oxidation of ICT by
TMAO (~3%) and TEAC (~6%) was marginal, if any, however the inhibition of IDH1
R132H catalysed reduction of 2-OG by TMAO (~16%) and TEAC (~8%) was slightly
more pronounced (Figure 2.31). Considering R132H has a higher affinity for ICT (Km =
257 uM) than 2-OG (Km = 652 uM)!'?%, a mechanism of competitive inhibition could
explain why the oxidation of ICT was less affected by TMAO and TEAC. As mentioned

previously, future work should also screen higher concentrations of TMAO and TEAC

123



(>200 uM) to elucidate any weak interactions that may be overlooked at lower
concentrations (e.g., 10 uM). Nonetheless, increasing the IDH1 R132H affinity of a
quaternary ammonium ion by employing a structural backbone mimicking aspects of 2-

OG may lead to superior inhibitor of IDH1 R132H.

A B

30+ 301
S S
< 20+ < 20-
c c
2 S
5 3 {
£ 10 £ 101 %

(]
0- ................................................. 0_ .................................................
¥ W & © s &
«é\ & & «@ & O&

Figure 2.31 | Inhibition of IDHI R132H (400 nM) performing the oxidation of ICT or reduction of 2-OG
in the presence of TMAO or TEAC (10 uM). Error bars: standard error of the mean (technical replicates
= 16). A. Oxidation of ICT (1.5 mM) and reduction of NADP* (300 uM). B. Reduction of 2-OG (1.5 mM)

and oxidation of NADPH (300 uM). Buffer: 100 mM Tris, 10 mM MgCl,, 0.2 mM DTT, 0.005% (v/v)
Tween-20, 0.1 mg/mL BSA, pH 8.0.

To test this hypothesis, seven compounds containing quaternary ammonium ions and of
a similar size to 2-OG were kindly provided by Dr Shyam Basak (Department of
Chemistry, University of Oxford) (Figure 2.32). The compounds were screened (10 uM)
for inhibition against IDH1 R132H in the presence of magnesium. SB11, SB15, SB17,
SB18, and SB53 contain a quaternary ammonium ion and a carboxylic acid group
separated by three atoms, similar to the structure of 2-OG which contains two carboxylic
acid groups separated by three carbon atoms. Variations included a sulfonic acid group
instead of a carboxylic acid in the backbone of SB12, a four carbon atom chain between
the ammonium ion and carboxylic acid of SB69, a double bond at the C2 position of

SB17, a methyl group at the C4 of SB11, an ethyl substituent at the N5 of SB15, an allyl
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substituent at N5 of SB18, and an additional methylated nitrogen (N4) in the backbone

of SB53.
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Figure 2.32 | The structures of the compounds containing quaternary ammonium ions, SB11-SB69, and
2-0OG for comparison.

The inhibitory activity of quaternary ammonium ion-containing compounds against
IDH1 R132H was poor (Figure 2.33). Compounds that did not have an unbranched three
carbon linker between the acid group and quaternary ammonium ion exhibited very low,
if any, inhibition, namely SB11 (~3%), SB53 (~2%), SB69 (~0%). The sulfonic acid
SB12 (~21%), ethyl substituted ammonium SB15 (~17%), and alkene SB17 (~16%) also
inhibited poorly, but less so. The backbones of SB15 (~17%) and SB69 (~0%) are eight
atoms long and differ only in the position of the nitrogen atom, N5 and N6 respectively.
This is sufficient to reduce inhibition from 17% to 0%, possible reflecting the sensitivity
of the IDH1 R132H active site to polar groups at positions analogous to the carboxylic
acids at C1 and C5 of 2-OG or ICT. Interestingly the ethyl substituted SB15 (~17%) was
somewhat more potent than the allyl substituent of SB18 (~6%). SB18, like SB15,
contains nitrogen at position five, but has nine backbone atoms compared to eight,

suggesting the active site is also sensitive to the maximum compound length.
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Figure 2.33 | Inhibition of IDHI RI32H (400 nM) performing the reduction of 2-OG by compounds
containing quaternary ammonium ions (10 uM). Error bars: standard error of the mean (experimental
repeats = 2, technical replicates = 8). Conditions:1.5 mM 2-OG, 300 uM NADPH. Buffer: 100 mM Tris,
10 mM MgCl,, 0.2 mM DTT, 0.005% (v/v) Tween-20, 0.1 mg/mL BSA, pH 8.0.

Despite structural similarities with elements of 2-OG, the inclusion of quaternary
ammonium ions into carbon backbones produced derivatives lacking inhibition (> 50%)
at a high concentration (10 uM), and did not improve inhibition compared to TMAO
(~16%). The results for SB12 (~21%), SB15 (~17%), and SB17 (~16%) demonstrated
that incorporating the quaternary ammonium ion into a backbone is at best equivalent to
TMAO, while SB11 (~3%), SB18 (~6%), SB53 (~2%), and SB69 (~0%) show that minor
deviations can abolish inhibition completely. As a result, 2-OG analogues containing

quaternary ammonium ions were not pursued further.
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3. Metabolomic Studies on the Role of Wild-type
IDH1/2 in Glioma Cells Containing IDH1 R132H

Mutations

3.1. Introduction

Previous metabolomics work focussing on the effects of IDH mutants has mostly
addressed the difference between IDH1 R132H and IDH1 WT glioma metabolism using
cell lines, mouse models, and patient derived tumour samples.!” The results manifest
alterations in central carbon metabolism, amino acid metabolism, lipid metabolism, and
redox homeostasis.'® It is still unclear if the apparently causal links between mutation in
IDHI1 and these effects are due to direct enzyme inhibition by 2-HG, and/or indirect

effects on gene transcription.

The effects of IDH1 variant inhibitors on glioma cells has primarily focussed on cellular
levels of 2-HG, cell viability, and specific metabolic pathways. 0% 250: 251,266,297, 299, 300, 336-
338 The number of metabolites and inhibitors studied in dedicated metabolic studies has
also been limited.’% 33934 A collaborator, Dr Ingvild Hvinden (Department of
Chemistry, University of Oxford), conducted a rigorous investigation of the effects of
IDH1 variant inhibitors on IDH1 WT and IDH1 R132H glioma cells to investigate the
cellular effects of IDHI R132H inhibition and further understand existing therapeutic
strategies.'* The results provided an insight into the changes in glioma caused by the

neomorphism of IDHI1 R132H, but do not inform the changes caused by the dominant-

negative phenotype of IDH1 and IDH2 mutations.
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IDH1 variant inhibitors can inhibit IDH1 WT at higher concentrations, but the potential
off-target effects on IDH1 WT have previously been overlooked. In addition, Dr Ingvild
Hvinden reported experiments using ['*C]-tracer experiments indicating that most of the
carbon in the total 2-HG pool is originally derived from glutamine, in IDH1 WT cells
(58%) and IDH1 R132H cells (72%).'"*" Dr Ingvild Hvinden applied the glutaminase
(GLS) inhibitor CB-839 to glioma cells with and without IDH1 R132H mutations. The
results exhibited decreased cell viability, but unperturbed 2-HG levels. The 2-HG levels
may have been maintained by compensatory asparagine synthetase (ASNS) and

glutamic-oxaloacetic transaminase (GOT) activity.!*

To further investigate the role of the IDH1 R132H mutation in glioma cells, wild-type
IDH1 and IDH2 were inhibited in glioma cells with and without IDH1 R132H mutations.
Glioma cells were treated with small-molecule inhibitors of IDH1 WT (1) and IDH2 WT
(2), and a putative PROTAC targeting IDH2 WT (3). The cells were then harvested and

subjected to metabolomics analyses.

3.2. Methodology for the Metabolomics Experiments

The LN18 glioblastoma multiforme (GBM) cells used in metabolomics experiments were
kindly provided by Dr Chiara Bardella (University of Birmingham) and Dr Ingvild
Hvinden (Department of Chemistry, University of Oxford). The cells were transfected
with either an empty vector or IDH1 R132H. The over expression of the IDH1 R132H
gene in the latter case was confirmed by quantitative reverse transcription polymerase
chain reaction (qQRT-PCR).?®* In accordance with Dr Ingvild Hvinden’s established
protocols to capture metabolic shifts induced by IDH1 variant inhibitors, cells were
grown in supplemented low-glucose DMEM (1.0 g/L glucose), initially incubated for 24

hours without treatment to permit reattachment and recovery to a uniform growth phase,
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and subsequently exposed to treatment for a further 24 hours to allow stable global
metabolic reprogramming, while acknowledging that earlier, transient events may remain
undetected.(Section 6.3.15, Section 6.3.16). Following harvesting, the cellular contents
were processed into samples to be analysed by IC-MS (Section 6.3.17). Relative DNA
concentration was used as a proxy for cell count and the extracts were normalised
accordingly by dilution with aqueous methanol (80% methanol, 20% H2O, v/v) (Section
6.3.18). The samples were analysed by untargeted IC-MS (Section 6.3.19). The data were
pre-processed using Progenesis QI (Section 6.3.20) and features were identified by
comparing retention time, m/z, isotopic similarity, and fragmentation pattern to a known
standard (Section 6.3.20). Relative abundances of identified metabolites were determined
by integration of the extracted ion chromatograms (Progenesis QI). Data filtration,
normalisation, univariate statistical analysis, and multivariate statistical analysis were

conducted using MetaboAnalyst 6.0. www.metaboanalyst.ca (Section 6.3.21, 6.3.22).

Univariate analysis entailed the pairwise comparison of normalised data using a t-test,
determined by the false-discovery-rate (FDR) adjusted p-value (FDR < 0.05).
Abundances were considered substantially altered if the calculated relative fold-change
(FC) was greater than or equal to 1.2 (FC > 1.2). Multivariate analyses entailed the
generation of partial least squares-discriminant analysis (PLS-DA) models using the

website www.metaboanalyst.ca. PLS-DA model performance was assessed using leave-

one-out-cross-validation (LOOCV) and permutation testing (Section 6.3.24). Validated
PLS-DA models were used to generate variable importance in projection (VIP) scores. A

summary of the metabolomics experiments carried out is presented in Table 3.1.
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DMSO IDH Total
Expt. Treatment(s) Biological Replicates
(%, VIV) Mutation Dishes
Compound 1, and IDH1 WT, 1(10), 2 (10), Ctrl (10)
| 0.1 60
Compound 2 IDH1 R132H | 1(10),2 (10), Ctrl (10
IDH1 WT, 3(5), Ctrl (5)
2 Compound 3 0.50 20
IDH1 R132H | 3 (5), Ctrl (5)

Table 3.1 | Overview of all metabolomics experiments. The table contains the experiment number,
treatment applied, final percentage of DMSO in the growth media, IDH mutation status (consistent for all

groups).

Experiments 1 and 2 were performed to investigate the effect of IDH1 WT and IDH2 WT
inhibition in LN18 GBM cells with and without IDH1 R132H mutations. From here on,
LN18 GBM cells expressing the mutant IDH1 R132H enzyme are referred to as ‘MUT’
cells, and LN18 GBM cells without IDH1 R132H mutations are referred to as “WT’ cells,

unless otherwise specified.

In experiment 1, IDH1 WT inhibitor 1, and IDH2 WT inhibitor 2 were incubated for 24
hours with MUT and WT cells, which were then harvested, processed, and analysed by
IC-MS; the data were pre-processed by Dr Ingvild Hvinden. Sixty biological replicates
were prepared, consisting of WT cells (total n = 30) and MUT cells (total n = 30), which
were each split equally between three treatment conditions: control (n = 10), 1 (10 uM,

n=10), and 2 (10 uM, n = 10) (Table 3.1).

In experiment 2, a putative IDH2 WT PROTAC inhibitor, 3, was applied to MUT and
WT cells as in experiment 1. After treatment and incubation, the cells were harvested,
processed and normalised with aqueous methanol as described. The samples were kindly
submitted for IC-MS analysis by Rachel Williams (Department of Chemistry, University
of Oxford). IC-MS output data were then pre-processed to identify known metabolites

before statistical analyses. Twenty biological replicates were prepared, consisting of half
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WT cells (total n = 10) and half MUT cells (total n = 10). The cells of each IDH
mutational status were in turn split between two treatment conditions: control (n=15), and

3 (5 uM, n = 5) (Table 3.1).

For the univariate statistical analysis of each treatment, the data were median normalised
(Section 6.3.21, Section 6.3.22) and experimental groups were compared pairwise in
three combinations: untreated WT cells vs untreated MUT cells (control), untreated vs
treated WT cells, and untreated vs treated MUT cells. The ion abundances of each
compound feature were subjected to FDR adjusted t-tests (significantly altered was
defined as FDR < 0.05) and relative fold-change calculations (substantially altered was
defined as FC > 1.2). A set of eleven ‘core’ metabolites (set A) were assessed each time
univariate analysis was conducted. Ten metabolites in set A comprised compounds
representing the Warburg Effect (glucose, lactic acid), the TCA cycle (citric acid, cis-
aconitic acid, isocitrate, 2-oxoglutaric acid (2-OG), succinic acid), the
glutamine-glutamate cycle (glutamine, glutamate), and the IDHI RI132H
gain-of-function molecule 2-hydroxyglutarate (2-HG). The final metabolite in set A was
B-citryl-L-glutamic acid (B-CG). Recent reports suggest that B-CG is regularly decreased
in MUT cells with respect to WT cells.!*® %0 Therefore, it was decided to assess the
relative abundances of B-CG each time univariate analysis was performed. Any additional
identified metabolites found during univariate statistical analyses to exhibit significant

differences in abundances between WT cells and MUT cells were labelled set B.

For the multivariate analysis of each treatment, the data were transformed and scaled in
addition to normalisation. The data in experiment 1 were median normalised, log
transformed, and auto scaled (Section 6.3.22). The data in experiment 2 were median
normalised, square root transformed and mean centred (Section 6.3.22). PLS-DA models
were generated for WT and MUT cells using control and treated groups for each treatment
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(e.g., WT control, WT 1, MUT control, MUT 1) to investigate systematic changes

between experimental groups.

3.3. The Effect of the IDH1 R132H in LN18 GBM Cells

3.3.1. Univariate Statistical Analyses of Untreated LN18 GBM Cells

T-test and relative FC analyses of untreated WT and MUT Cells

Control WT and MUT cells (DMSO = 0.1%, v/v) were compared to confirm the
expression of IDH1 R132H in experiment 1 and experiment 2. The relative levels of
2-HG were used as a biomarker. Significant and substantially high levels of 2-HG were
detected in MUT cells with respect to WT cells in both cases (FDR = 4.18 x 10,
FC = 141.6, experiment 1; FDR = 0.0024, FC = 110.0 experiment 2) (Table 3.2.A). This
observation provides evidence the cells were producing recombinant active IDH1 R132H

leading to accumulation of 2-HG.

2-Hydroxyglutarate

Experiment | Experiment 2

6000 4
15004

10004 40004

5001 2000

Normalised Metabolite Abundance

WT MUT WT MUT

Figure 3.1 | Box plot of the median normalised abundances of 2-hydroxyglutarate (2-HG) in WT cells
(blue) and MUT cells (red). Each datapoint represents the normalised metabolite abundance for one
sample. Yellow diamonds represent mean values. Box plot middle lines represent median values. Box plot
limits are defined as upper and lower quartiles. Number of samples per group: experiment 1 = 10,
experiment 2 = 5.

In set A, in addition to 2-HG, B-CG was significantly and substantially decreased in MUT
cells with respect to WT cells in experiment 1 (FDR = 0.0004, FC =2.61, experiment 1)
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(Table 3.2.A). There were no other metabolites in set A found to have significantly
different abundances between MUT cells and WT cells (Table 3.2.A). In set B, 11
metabolites were found to be significantly and substantially altered (Table 3.2.B):
2-hydroxybutyric acid (FDR = 0.0024, FC = 6.92, experiment 2), 4-hydroxybutyric acid
(FDR=4.18 x 10®, FC=54.2, experiment 1), adenylosuccinate (FDR = 0.0024,
FC = 1.67, experiment 2), citramalic acid (FDR = 4.32 x 107, FC = 3.93, experiment 1),
erythrose-4-phosphate (E4P, FDR=0.0498, FC = 2.08, experiment 1), glutaconic acid
(FDR = 2.66 x 10, FC = 1.50, experiment 1), ribose-5-phosphate (R5P, FDR = 0.0499,
FC = 1.63, experiment 2), ribulose-5-phosphate (RL5P, FDR = 0.0482, FC = 1.37,
experiment 2), succinic semialdehyde (FDR = 0.0024, FC = 9.61, experiment 2),
N-acetylaspartylglutamic acid (NAAG, FDR = 0.0033, FC = 2.18, experiment 1), and

valeric acid (FDR = 0.0064, FC = 1.36, experiment 1).
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Experiment 1 Experiment 2

p-value p-value
Metabolites Higherin  FC (FDR) Higher in FC (FDR)
A
Glucose - - - n/a n/a n/a
Lactic acid - - - - - -
Citric acid - - - - - -
cis-Aconitic acid - - - - - -

Isocitrate - - - - - -
2-0G - - - - - -
Succinic acid - - - - - -
Glutamine - - - - - -
Glutamic acid - - - - - -
2-HG MUT 141.6  **** MUT 110.0 *ok
B-CG WT 2.61 ok - - -
B
2-Hydroxybutyric acid - - - MUT 6.92 ok
4-Hydroxybutyric acid MUT 54.2 oAk - - -
Adenylosuccinate - - - MUT 1.67 ok
Citramalic acid MUT 3.93 okl - - -
Erythrose-4-phosphate MUT 2.08 * - - -
Glutaconic acid MUT 1.50 okl - - -
Ribose-5-phosphate - - - MUT 1.63 *
Ribulose-5-phosphate - - - MUT 1.37 *
Succinic semialdehyde - - - MUT 9.61 ok
NAAG WT 2.18 ** - - -
Valeric Acid WT 1.36 ok - - -

Table 3.2 | Overview of identified metabolites that were significantly and substantially different between
control WT and MUT cell samples (DMSO = 0.01%, v/v), in experiment 1 and experiment 2. Set A: Selected
metabolites representing the Warburg Effect, TCA cycle, glutamine-glutamate cycle, IDHI RI132H
gain-of-function and B-Citryl-L-glutamic acid. Set B: Additional significantly and substantially different
metabolites. Significantly different (FDR): * < (.05, ** < 0.01, ¥*** < 0.001, **** < (0.0001. Substantially
different: FC > 1.2. Metabolites that were not identified in an experiment are marked ‘n/a’. Significantly
higher abundances in IDHI WT cells are blue. Significantly higher abundances in IDHI R132H cells are
red.  Statistical tests and calculations were performed on median normalised data.
2-0OG = 2-Oxoglutaric acid. 2-HG = 2-Hydroxyglutaric acid. p-CG = p-Citryl-L-glutamic acid.
NAAG = N-acetylaspartylglutamic acid.

Closer inspection of the significantly altered metabolites revealed different areas of
metabolism, which may be affected by the IDH1 R132H mutation, including the pentose
phosphate pathway (PPP), de novo nucleotide synthesis pathways, neurotransmitter
homeostasis, amino acid degradation, and short chain fatty acid homeostasis. These

metabolites are grouped, and the results associated with them described below.
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Significantly altered metabolites in the pentose phosphate pathway and de novo

nucleotide synthesis

Normalised Metabolite Abundance

5.04

4.5+

4.04

354

204

Ribulose-5-phosphate

Ribose-5-phosphate

60

50

404

304

WT MUT

Erythrose-4-phosphate

WT MUT

Adenylsuccinate

——

154

104

. -

WT MUT WT MUT

Normalised Metabolite Abundance

Figure 3.2 | Box plots of the median normalised abundances of ribulose-5-phosphate (RL5P, p < 0.05,
experiment 2), ribose-5-phosphate (R5P, p < 0.05, experiment 2), erythrose-4-poshpate (E4P, p < 0.05,
experiment 1), and adenylosuccinate (p < 0.01, experiment 2) in WT cells (blue) and MUT cells (red). Each
datapoint represents the normalised metabolite abundance for one sample. Yellow diamonds represent
mean values. Box plot middle lines represent median values. Box plot limits are defined as upper and lower
quartiles. Number of samples per group: experiment 1 = 10, experiment 2 = 5.

The abundances of RSP, RL5P, E4P, and adenylosuccinate in MUT cells were found to
be significantly and substantially higher than in WT cells (Table 3.2.B, Figure 3.2). In
the PPP, none of the other metabolites were found to have significantly or substantially
different abundances between untreated WT and MUT cells (glucose-6-phosphate (G6P,
not identified in experiments 1 or 2), 6-phosphogluconolactone (not identified in
experiments 1 or 2), 6-phosphogluconate, xylulose-5-phosphate (X5P, not identified in

experiment 1), sedoheptulose-7-phosphate (S7P), fructose-6-phosphate (F6P, not
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identified in experiment 1), and glyceraldehyde-3-phosphate (G3P, not identified in
experiment 1), Figure 3.3). RL5P is the final metabolite in the oxidative phase of the
PPP, which yields two molecules of NADPH per molecule of RL5P produced from G6P
(Figure 3.3).>*> RL5P is then converted into either R5P by ribulose-5-phosphate
isomerase, or X5P by ribulose-5-phosphate epimerase (Figure 3.3).3* 3% R5P may
progress through the PPP to form E4P undergoing two successive reactions catalysed by
transketolase (catalyses RSP + X5P — G3P + S7P or E4P + X5P — G3P + F6P), then
transaldolase (catalyses G3P + S7P «» F6P + E4P) (Figure 3.3).3*? Ultimately, E4P may
re-enter glycolysis by reaction with X5P, catalysed by transketolase as previously
described. Alternatively, RSP may enter de novo nucleotide biosynthesis pathways after
phosphorylation by the ATP-dependent enzyme ribose-phosphate diphosphokinase, to
form phosphoribosyl pyrophosphate (PRPP).>** Originally derived from PRPP, inosine
monophosphate (IMP) is a late stage intermediate in the de novo synthesis of purine
nucleotides.>*3%* The reaction of IMP with aspartate by the GTP-dependent enzyme
adenylosuccinate synthase produces adenylosuccinate, the penultimate intermediate in de

novo AMP synthesis.>>
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Glycolysis Pentose Phosphate Pathway
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Figure 3.3 | Overview of glycolysis and the pentose phosphate pathway. The figure is adapted from Figure
1.1. Dashed lines represent reactions between metabolites. Products are denoted by solid arrows. Energy
carriers are coloured blue. G6P = glucose-6-phosphate. F6P = fructose-6-phosphate. F1,6P = fructose-
1,6-bisphosphate. DHAP = dihydroxyacetone phosphate. G3P = glyceraldehyde-3-phosphate. 1,3PG =
1,3-phosphoglycerate. ~ 3PG =  3-phosphoglycerate. = 2PG = 2-phosphoglycerate. =~ PEP =
phosphoenolpyruvate. 6PGL = 6-phosphogluconolactone. 6PG = 6-phosphogluconate. RL5P = ribulose-
5-phosphate. R5P = ribose-5-phosphate. X5P = xylulose-5-phosphate. S7P = sedoheptulose-7-phosphate.
E4P = erythrose-4-phosphate. PRPP = phosphoribosyl pyrophosphate. IMP = inosine monophosphate.
CoA = coenzyme A. ATP = adenosine triphosphate. NADPH = nicotinamide adenine dinucleotide
monophosphate. NADH = nicotinamide adenine dinucleotide. GTP = guanosine triphosphate.

137



Significantly altered metabolites in neurotransmitter homeostasis

N-Acetylaspartylglutamic acid

B-Citryl-L-glutamic acid
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Figure 3.4 | Box plots of the median normalised abundances of N-acetylaspartylglutamate (NAAG,
p <0.01, experiment 1), p-citryl-L-glutamic acid (B-CG, p < 0.001, experiment 1), succinic semialdehyde
(p < 0.05, experiment 2), and 4-hydroxybutyric acid (p < 0.0001, experiment 1) in WT cells (blue) and
MUT cells (red). Each datapoint represents the normalised metabolite abundance for one sample. Yellow
diamonds represent mean values. Box plot middle lines represent median values. Box plot limits are defined
as upper and lower quartiles. Number of samples per group: experiment 1 = 10, experiment 2 = 5.

The levels of 4-hydroxybutyric acid (also known as y-hydroxybutyrate (GHB)) and
succinic semialdehyde in MUT cells were significantly and substantially increased with
respect to WT cells (Figure 3.4). Conversely, levels of N-acetylaspartylglutamate
(NAAG) and the closely related metabolite B-citryl-L-glutamic acid (B-CG) in MUT cells

were significantly and substantially decreased compared to WT cells (Figure 3.4).

4-Hydroxybutyric acid is a neurotransmitter that is synthesised from succinic
semialdehyde by succinic semialdehyde reductase.** Succinic semialdehyde and

glutamate are produced by GABA transaminase from the transamination of 2-OG with
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GABA, an inhibitory neurotransmitter.*>> 3¢ 4-Hydroxybutyric acid can be converted
back to succinic semialdehyde through two different reactions; the y-hydroxybutyrate
dehydrogenase (GHB-dehydrogenase) catalysed oxidation of 4-hydroxybutyric acid
directly to succinic semialdehyde, or 4-hydroxybutyric acid can react with 2-OG to form
succinic semialdehyde and 2-HG, as catalysed by hydroxyacid-oxoacid transhydrogenase
(HOT).** %7 Other reactions catalysed by HOT are reversible, such as the
transhydrogenation of (S)-3-hydroxybutanoate and 2-oxoglutarate to form acetoacetate
and 2-HG.* Therefore, considering the high levels of 2-HG measured in the presence of
IDH1 R132H, it seems likely that at least some succinic semialdehyde may react with 2-

HG to produce 4-hydroxybutyric acid and 2-OG via HOT activity.

4-Hydroxybutyric acid shares similar chromatographic properties with 2-HG in the
metabolite database used for compound identification (rt = 10.65 cf. 10.90 respectively).
It is therefore possible that the compound feature identified as 4-hydroxybutyric acid
could be an unrecognised fragment of 2-HG; the mass of 2-HG (148) after
decarboxylation (-44) equals the mass 4-hydroxybutyric acid (104). Accordingly, any
conclusions regarding the relationship between 4-hydroxybutyric acid and the IDHI
R132H mutation should be considered in the context of supporting evidence, including
changes in the levels of related metabolites. In this case, alterations in the levels of the
related metabolite succinic semialdehyde were also observed, suggesting observed
alterations in the levels of 4-hydroxybutyric acid may be relevant. Nonetheless, such

conclusions should be drawn with appropriate caution.

NAAG is synthesized from N-acetylaspartate (NAAsp) and glutamate, predominantly by
the enzyme RIMKLA, and has been found in unpublished work by Sam Atwal
(Department of Chemistry, University of Oxford) to be synthesised to a lesser extent by
the closely related enzyme RIMKLB (Figure 3.5).22¢ By contrast, B-CG is synthesised
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from citric acid and glutamate, predominantly by RIMKLB, and is reported to be
synthesised to a lesser extent by RIMKLA, confirmed in unpublished work by Sam Atwal
(Figure 3.5).?? In addition, NAAG and B-CG are respectively broken down to
NAAsp/citric acid and glutamate by homologous enzymes, glutamate carboxypeptidase
IT (GCPII, also known as prostate specific membrane antigen, PSMA) and glutamate
carboxypeptidase III (GCPIII) (Figure 3.5).2>® The role of NAAG as a neurotransmitter
and the most abundant dipeptide in the brain is documented,?*° however, although NAAG
and B-CG are closely related metabolites, the precise physiological role of B-CG is not

yet understood.
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Figure 3.5 | Overview of the synthesis and degradation of NAAG and f-CG. The synthesis and degradation
of NAAG is performed by RIMKLA (predominantly), and GCPIIL. The synthesis and degradation of f-CG
is performed by RIMKLB (predominantly), and GCPIII.

Considering recent reports that B-CG abundances are consistently observed to be
decreased in MUT cells,'#° it was unexpected that the difference between abundances of

B-CG was significant in experiment 1 (FDR = 0.0004), but not experiment 2 (FDR =
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0.0755) (Figure 3.6).'* Therefore, the box plots of B-CG abundances in experiment 2

were examined more closely (Figure 3.6).

B-Citryl-L-glutamic acid
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Figure 3.6 | Box plot of the median normalised abundances of p-CG in WT cells (blue) and MUT cells
(red). Each datapoint represents the normalised metabolite abundance for one sample. Yellow diamonds
represent mean values. Box plot middle lines represent median values. Box plot limits are defined as upper
and lower quartiles. Number of samples per group = 5.

The relative abundance of B-CG in experiment 2 were substantially decreased in MUT
cells with respect to WT cells (FC = 1.57), corroborating a recently reported FC value
(FC = 1.77).1%° The raw p value of B-CG in experiment 2 was significant (p = 0.001);
however, the FDR adjusted value was not (FDR = 0.0755; the significance level was
defined as FDR < 0.05). The relative abundances of B-CG in four MUT samples were
tightly grouped (range: 290 — 350) close to the mean abundance value (~320), but one
MUT sample is notably higher in abundance (~415). The MUT sample exhibiting the
highest abundance (~415) is comparable to the lowest abundance exhibited by a WT
sample (~450). As the data from experiment 2 was normalised and PCA plots did not
detected any outliers (Section 6.3.21), the high abundance of B-CG in one MUT sample

may be due to ‘natural’ variance. It is relevant to consider that experiment 1 contained
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more samples per experimental group than experiment 2 (n =10 cf. n = 5) (Table 3.1).
Sample size has a strong effect on significance; therefore, were future experiments to
contain more samples per experimental group (n > 5), substantial differences between

WT and MUT cells may be revealed as being significant, or not.

Significantly altered metabolites in amino acid degradation, and other, pathways
Glutaconic acid Citramalic acid

[
o

304

204
64 -
. 104 . |
L L]

WT MUT WT MUT

Normalised Metabolite Abundance
@

2-Hydroxybutyric acid Valeric acid

804 . .

604
3.04

404
2.5+

Normalised Metabolite Abundance

204
2.0

WT MUT WT MUT

Figure 3.7 | Box plots of the median normalised abundances of glutaconic acid (p < 0.0001, experiment 1),
citramalic acid (p < 0.0001, experiment 1), 2-hydroxybutyric acid (p < 0.01, experiment 2) valeric acid (p
< 0.01, experiment 1) in WT cells (blue) and MUT cells (red). Each datapoint represents the normalised
metabolite abundance for one sample. Yellow diamonds represent mean values. Box plot middle lines
represent median values. Box plot limits are defined as upper and lower quartiles. Number of samples per
group: experiment 1 = 10, experiment 2 = 5.

Glutaconic acid, citramalic acid, and 2-hydroxybutyric acid levels in MUT cells were
found to be significantly and substantially higher than WT cells (Figure 3.7). Valeric
acid levels were found to be significantly and substantially lower in MUT cells than WT

cells (Figure 3.7).
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Glutaconic acid is an intermediate in the shared final phase of lysine, hydroxylysine, and
tryptophan degradation pathways. 2-Oxoadipic acid derived from lysine, hydroxylysine,
or tryptophan, is decarboxylated and reacts with free CoA, as catalysed by 2-oxoadipic
acid dehydrogenase, to form glutaryl-CoA.*° Glutaryl-CoA is then oxidised in two steps
to crotonyl-CoA, as catalysed by glutaryl-CoA dehydrogenase. The first step of this
reaction involves dehydrogenation on the glutaryl- moiety to produce glutaconyl-CoA .3
Accumulation of glutaryl/glutaconyl-CoA in the mitochondria can lead to dysregulation
of the ester-CoA/free-CoA ratio and ultimately mitochondrial toxicity.¢! 3> Therefore,
excess glutaconyl-CoA 1is reacted with carnitine to form glutaconyl-carnitine and

transported across the inner mitochondrial membrane, where the free acid is released.*®

Citramalic acid is a metabolite in the C5-dicaboxylate acid degradation pathway, which
is broken down into pyruvate and acetyl-CoA by citramalyl-CoA lyase, an enzyme which
is also reported to exhibit weak citramalyl-CoA synthase activity and strong malate/[-

methylmalate synthase activity.>® 3%

2-Hydroxybutyric acid is a by-product of glutathione synthesis under conditions of
limiting cysteine. Homocysteine is diverted from methionine synthesis to form
cystathionine  via transulfuration.®®  Cystathionine is then cleaved by
cystathionine y-lyase to release cysteine for glutathione synthesis, and 2-ketobutyric acid.
2-Ketobutyric acid is then converted to 2-hydroxybutyric acid by lactate dehydrogenase

(NADH dependent)'366, 367

Valeric acid (also known as pentanoic acid) is a short chain fatty acid (SCFA) that is five
carbons long; it is often derived from the diet. Valeric acid, derivatised as pentanoyl-
368

CoA, is also a substrate and an intermediate in oxidation of odd-numbered fatty acids.

B-Oxidation progressively shortens fatty acid chains, releasing a molecule of acetyl-CoA
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(number of carbons = 2) after each reaction cycle. Therefore, odd-numbered fatty acid
chains longer than valeric acid (number of carbons > 5) necessarily progress via
pentanoyl-CoA (number of carbons = 5) as the penultimate acyl-CoA intermediate before

the release of propionyl-CoA (number of carbons = 3) as the final product.*®®

3.3.2. Discussion

The presence of the IDH1 R132H mutation leads to the consumption of NADPH, !¢ and
the oxidative phase of the PPP (G6P — RL5P) is a major source of cellular NADPH.34?
Elevated levels of metabolites in the PPP, namely RL5P, R5P, and E4P, suggest that
MUT cells may have upregulated the PPP to compensate for the elevated consumption
of NADPH relative to WT cells. In addition, the non-oxidative phase of the PPP, RL5P
converts into RSP and indirectly E4P, then E4P ultimately returns to the glycolysis
pathway in the form of G3P and F6P (Figure 3.3).!30:342.369.370 A¢ MUT cells are likely
often rapidly dividing cancer cells, the resulting increase in R5P may supply the
necessary substrate for de novo nucleotide biosynthesis to meet the increased demand
from DNA replication. Observed elevated levels of adenylosuccinate suggest that this
could be the case, at least for the production of AMP. Thus, consumption of NADPH by
the IDH1 R132H mutation may promote elevated PPP which also helps fuel nucleotide

biosynthesis.!°

Astrocytes, a common progenitor of IDH1 mutated glioma, recycle neuronally derived
neurotransmitters including GABA to glutamine as part of their physiological role at the
synaptic cleft.®!> % 70, 113, 114,190, 371, 372 The recycling pathway of GABA in particular
involves the transamination of GABA and 2-OG to produce glutamate and succinic
semialdehyde, which usually enters the TCA cycle via succinic acid.>*> 3”3 The elevated
levels of succinic semialdehyde and 4-hydroxybutyric acid suggest that GABA

transamination may be occurring at a higher rate, and a substantial proportion of succinic
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semialdehyde is converted to 4-hydroxybutyric acid. Although this conversion can be
directly catalysed by succinic semialdehyde reductase,*>* the very high concentrations of
2-HG in MUT cells would likely drive reactions with succinic semialdehyde through
HOT to form 2-OG and 4-hydroxybutyric acid. Therefore, a metabolic benefit of
increased HOT activity may be an indirect route to regenerate 2-OG from 2-HG. Via
increasing 2-HG levels, the IDH1 R132H mutation may protect the cell against the
negative effects of accumulated succinic semialdehyde and enable increased nitrogen

utilisation from GABA.

The degradation pathways of lysine, hydroxylysine, and tryptophan terminate after the
conversion of glutaryl-CoA to crotonyl-CoA. High levels of glutaconic acid have been
observed in diseases with deficiencies in glutaryl-CoA dehydrogenase, such as glutaric
aciduria 1 (GA1).%% 361362 The accumulation of glutaryl-CoA in the mitochondria may
also lead to oxidation events catalysed by other acyl-CoA dehydrogenases, producing
glutaconyl-CoA. Whether by incomplete glutaryl-CoA dehydrogenase catalysis or
overwhelming glutaryl-CoA concentrations, glutaryl-CoA accumulation leads to
increased levels of glutaconyl-CoA 3%1- 3% 374.375 [nterestingly, the pipecolate pathway of
lysine degradation begins in the peroxisome, where IDH1 R132H is localised.?* 37
Therefore, localised dysfunction caused by NADPH and 2-OG depletion, or 2-HG
accumulation may have some effect on lysine degradation via pipecolate. However, the
peroxisomal phase of the pipecolate pathway is not fully elucidated; more evidence is

required to establish whether the relationship between glutaconic acid and IDH1 R132H

is derived from the gain-of-function or dominant negative phenotype.

In the presence of IDH1 R132H, B-oxidation appears to be upregulated in the
mitochondria, suggested by the decreased levels of valeric acid. The mitochondria is

exclusively able to oxidise fatty acids with a maximum carbon chain length of 20.2% 37
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In the peroxisome, B-oxidation occurs preferentially with very long chain fatty acids
(VLCFA, number of carbons > 22) and enzymatic activity decreases with carbon chain
length; one third the activity observed with 20 carbon substrates was observed using eight
carbon substrates, and substrates with 4 carbon chain lengths exhibited no activity.’”
Therefore, B-oxidation products originating in the peroxisome are likely released at a
length between 5-8 carbons long, commonly understood to be mostly octanoyl-CoA, but
potentially including pentanoyl-CoA. Decreased levels of valeric acid suggest an
increased rate of consumption, which would necessarily take place in the mitochondria.
The rate of lipolysis in the cell is reported to be governed by the peroxisomal sensing of
B-oxidation.’” The first step in peroxisomal B-oxidation produces H202, which leads to
increased levels of reactive oxygen species (ROS) in the peroxisome. The levels of ROS
are sensed by peroxisomal biogenesis factor 2 (PEX2) as a signal of B-oxidation.>”
Increased levels of ROS indicate an increased rate of f-oxidation, which causes PEX2 to
promote adipose triglyceride lipase (ATGL) activity and trigger lipolysis.*”® IDHI1
R132H, which is localised to the peroxisome,?* may trigger this mechanism by depleting
the local levels of NADPH; higher levels of ROS may indirectly lead to an increased rate
of B-oxidation by triggering lipolysis, and resulting depletion of valeric acid. In this way,

the IDH1 R132H gain-of-function may push the cell towards elevated levels of

[-oxidation.

Increased oxidative stress caused by higher levels of ROS may increase the rate of
glutathione synthesis sufficiently for demand to exceed the concentration of available
cysteine. If so, the resultant conversion of homocysteine to cysteine via cystathionine
would fulfil the demand and produce the observed increase in levels of 2-hydroxybutyric
acid in the process.*%% 37 2-Hydroxybutyric acid has also been reported to be an early

indicator of type-II diabetes as a sign of fatty acid metabolic dysregulation.*°
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The enzymes which control the synthesis and degradation of NAAG and B-CG are closely
related and apparently similarly affected by the presence of the IDHI1 R132H
mutation.'#%227-381 The increased conversion of glutamate to 2-OG as a result of the gain-
of-function may limit the availability of glutamate for NAAG and B-CG synthesis;
however, glutamate levels do not appear to be significantly altered. In neuroblastoma
cells, NAAG levels are reported to decrease in direct response to application of the
protein kinase C (PKC) activator, phorbol ester.*>? Phorbol esters are known mimics of
the endogenous PKC activator diacylglycerol (DAG), which itself is the first intermediate
in the lipolysis pathway.*®* 34 In particular, PKC8 may be activated by phorbol esters,
DAG, and oxidative stress in the peroxisome (via H202 or oxidative stress signal c-
Abl).3% 385 Therefore, the speculative peroxisomal effects of IDH1 R132H may cause
activation of PKC9, leading to downregulation of NAAG; however, a direct link between

NAAG, B-CG, a specific PKC, and IDHI1 R132H has yet to be reported.

Elevated concentrations of citramalic acid have been reported in humans with
propionyl-CoA deficiency (> 50 times above normal).’®® As previously mentioned,
propionyl-CoA is the final product released from the f-oxidation of odd-numbered fatty
acids, including valeric acid itself.®® The observations of elevated levels of citramalic
acid and decreased levels of valeric acid in the presence of IDH1 R132H suggest that is
a link to fatty acid metabolic dysregulation, a previously reported metabolic effect of the

IDH1 R132H mutation.3! 129 137, 141, 150,219, 222, 223, 387-390

Overall, the findings of experiments 1 and 2 in untreated WT and MUT cells agree with
the findings of previous reports; in particular, IDH mutations cause dysregulation and
alterations in  the PPP, nucleotide metabolites, lipid metabolism,
lysine/hydroxylysine/tryptophan degradation pathways, and levels of NAAG/B-CG.?! 2%

130, 136, 137, 140, 141, 150, 219, 222, 223, 387-390 Thege cumulative effects of the IDH1 R132H
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mutation may be derived from the gain-of-function or the dominant negative phenotype,
however, it is difficult to distinguish which behaviour is responsible for which effect.
Elevated 2-HG levels as a result of the gain-of-function may directly inhibit metabolic
reactions. The gain-of-function is also likely, at least in part, responsible for increased
oxidative stress via local NADPH depletion and downstream effects of 2-HG
accumulation. Observed alterations in the abundances of some metabolites can tentatively
be linked to the gain-of-function via the depletion of NADPH (RL5P, R5P, E4P, 2-
hydroxybutyric acid), or concurrent depletion of 2-OG and accumulation of 2-HG
(succinic semialdehyde, 4-hydroxybutyric acid), while valeric acid and adenylosuccinate
may be speculatively linked to IDH1 R132H via NADPH depletion. Unfortunately,
although a significant relationship appears to exist between the presence of the IDH1
R132H mutation and the metabolites NAAG, B-CG, glutaconic acid, and citramalic acid,
there is not yet enough evidence to conclude what drives the changes in abundance
observed. Indeed, the metabolic alterations reported here were observed in only two
independent experiments comprising a combined total of fifteen sample replicates;
therefore, further independent experiments should be conducted with a greater number of

sample replicates in order to confirm these findings.
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3.4. The Effect of IDH1 WT Inhibitor 1, on LN18 GBM Cells

3.4.1. Univariate Statistical Analysis of WT LN18 GBM Cells Treated

with IDH1 WT Inhibitor, 1

T-test and relative FC analysis of WT Cells treated with compound 1

Control WT cells (DMSO = 0.01%, v/v) and treated WT cells (DMSO = 0.01%, v/v;
[1] =10 uM) were compared to investigate the effect of an IDH1 WT inhibitor, 1, on WT
cells. An FDR adjusted t-test and relative FC calculation was performed on the

abundances of each metabolite pair between experimental groups.

None of the 11 metabolites in set A were found to have significantly different abundances
between control WT cells and treated WT cells (Table 3.3.A). One metabolite in set B,
glutaric acid (FDR = 0.0020, FC = 1.43) was found to be significantly and substantially

altered (Table 3.3.B).

p-value

Metabolites Higherin  FC (FDR)

A

Glucose - - -

Lactic acid - - -
Citric acid - - -
cis-Aconitic acid - - -
Isocitrate - - -
2-0G - - -
Succinic acid - - -
Glutamine - - -
Glutamic acid - - -
2-HG - - -
B-CG - - -
B

Glutaric acid WT 1 1.43 %

Table 3.3 | Overview of identified metabolites that were significantly and substantially different between
control WT cell samples (DMSO = 0.01%, v/v) and treated WT cell samples (DMSO = 0.01%, v/v,
[1] = 10 uM; treatment duration = 24 hours). Set A: Selected metabolites representing the Warburg Effect,
TCA cycle, glutamine-glutamate cycle, IDHI RI32H gain-of-function and p-Citryl-L-glutamic acid.
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Set B: Additional significantly and substantially different metabolites. Significantly different
(FDR): * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Substantially different: FC > 1.2. Significantly
higher abundances in treated WT cells are teal. Statistical tests and calculations were performed on median
normalised data. 2-OG = 2-Oxoglutaric acid. 2-HG = 2-Hydroxyglutaric —acid. p-CG = p-
Citryl-L-glutamic acid. NAAG = N-acetylaspartylglutamic acid.

Levels of glutaric acid are significantly altered in WT cells treated with 1
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Figure 3.8 | Box plot of the median normalised abundances of glutaric acid in control WT cells (blue) and
treated WT cells (teal) (p < 0.01, experiment 1). Each datapoint represents the normalised metabolite
abundance for one sample. Yellow diamonds represent mean values. Box plot middle lines represent
median values. Box plot limits are defined as upper and lower quartiles. Number of samples per
group = 10.

The levels of glutarate, the free acid form of glutaryl-CoA, were found in treated WT
cells to be significantly and substantially higher than in control WT cells. As discussed
in Section 3.3.1, glutaryl-CoA is a metabolite in the shared final phase of lysine,
hydroxylysine, and tryptophan degradation pathways.>>* Glutaric acid is formed from the
oxidation of 2-oxoadipic acid by succinate dehydrogenase and usually progresses via
glutaconyl-CoA to crotonyl-CoA. Excess glutaryl-CoA, often caused by dysfunction in
the glutaryl-CoA dehydrogenase enzyme, is reacted with carnitine to release CoA and
prevent mitochondrial toxicity. The glutaryl-carnitine is then transported across

mitochondrial inner membrane where glutaric acid is released.
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3.4.2. Univariate Statistical Analysis of MUT LN18 GBM Cells Treated

with IDH1 WT Inhibitor, 1

FDR adjusted t-test and relative FC analysis of MUT Cells treated with compound 1

Control MUT cells (DMSO = 0.01%, v/v) and treated MUT cells (DMSO = 0.01%, v/v;
[1] =10 uM) were compared to investigate the effect of IDH1 WT inhibitor, 1, on MUT
cells. An FDR adjusted t-test and relative FC calculation was performed on the

abundances of each metabolite pair between experimental groups.

Two metabolites in set A were found to have significantly different abundances between
control MUT cells and treated MUT cells; 2-HG (FDR = 4.83 x 10%, FC = 64.3) and

B-CG (FDR = 0.0009, FC = 1.99) (Table 3.4.A).

Six metabolites in set B were found to be significantly and substantially altered;
4-hydroxybutyric acid (FDR = 4.83 x 1078, FC = 34.6), citramalic acid (FDR =2.27 x 107,
FC = 3.67), glutaconic acid (FDR =4.36 x 10”7, FC = 1.53), glutaric acid (FDR = 0.0006,
FC =1.69), NAAG (FDR =0.0011, FC = 1.89), valeric acid (FDR = 0.0091, FC = 1.34)

(Table 3.4.B).
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p-value

Metabolites Higherin  FC (FDR)
A

Glucose - - -
Lactic acid - - -
Citric acid - - -
cis-Aconitic acid - - -
Isocitrate - - -
2-0G - - -
Succinic acid - - -
Glutamine - - -
Glutamic acid - - -
2-HG MUT Ctrl  64.3  ****
B-CG MUT1 199  **x
B

4-Hydroxybutyric acid MUT Ctrl  34.7  ***=*
Citramalic acid MUT Ctrl  3.67  *#**
Glutaconic acid MUT Ctrl  1.53 kA
Glutaric acid MUT 1 1.69 Hokk
NAAG MUT 1 1.89 **
Valeric Acid MUT 1 1.34 ok

Table 3.4 | Overview of identified metabolites that were significantly and substantially different between
control MUT cell samples (DMSO = 0.01%, v/v) and treated MUT cell samples (DMSO = 0.01%, v/v,
[1] = 10 uM; treatment duration = 24 hours). Set A: Selected metabolites representing the Warburg Effect,
TCA cycle, glutamine-glutamate cycle, IDHI RI32H gain-of-function and p-Citryl-L-glutamic acid.
Set B: Additional significantly and substantially different metabolites. Significantly different
(FDR): * < 0.05, ** < 0.01, *** < 0.001, ¥**** < 0.0001. Substantially different: FC > 1.2. Significantly
higher abundances in control MUT cells are red. Significantly higher abundances in treated MUT cells
are orange. Statistical tests and calculations were performed on median normalised data.
2-0G = 2-Oxoglutaric acid. 2-HG = 2-Hydroxyglutaric acid. p-CG = p-Citryl-L-glutamic acid.
NAAG = N-acetylaspartylglutamic acid.

Closer inspection of the results of statistical analyses involving MUT cells treated with 1
reveals two groups of significantly altered abundances of metabolites; glutaric acid,
which was also observed after treatment of WT cells, and metabolites associated with the

presence of IDH1 R132H in control MUT cells.
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Levels of glutaric acid are significantly altered in MUT cells treated with

compound 1
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Figure 3.9 | Box plot of the median normalised abundances of glutaric acid in control MUT cells (red) and
treated MUT cells (orange) (p < 0.01, experiment 1). Each datapoint represents the normalised metabolite
abundance for one sample. Yellow diamonds represent mean values. Box plot middle lines represent
median values. Box plot limits are defined as upper and lower quartiles. Number of samples per
group = 10.

The level of glutaric acid was significantly and substantially increased in treated MUT
cells compared to control MUT cells (Figure 3.9). A late-stage intermediate in lysine,
hydroxylysine, and tryptophan degradation pathways (as described above, p.g. 136), **!
glutaric acid was elevated by a comparable amount in treated MUT cells compared to
control MUT cells (FDR < 0.001, FC = 1.69), and treated WT cells compared to control
WT cells (FDR < 0.01, FC = 1.43). The metabolic steps involving glutaric acid are
described previously (Section 3.3.1, Section 3.3.2, Section 3.4.1), but in brief, glutaric

acid may accumulate as a consequence of glutaryl-CoA dehydrogenase deficiency and

subsequent release of the free acid outside of the mitochondria.
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Levels of metabolites associated with the presence of IDH1 R132H are significantly

altered in MUT cells treated with compound 1
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Figure 3.10 | Box plots of the median normalised abundances of 2-HG (< 0.0001), 4-hydroxybutyric acid
(< 0.0001), citramalic acid (< 0.0001), glutaconic acid (< 0.0001), NAAG (< 0.01), -CG (< 0.001), and
valeric acid (< 0.01) in control MUT cells (red) and treated MUT cells (orange). Each datapoint represents
the normalised metabolite abundance for one sample. Yellow diamonds represent mean values. Box plot
middle lines represent median values. Box plot limits are defined as upper and lower quartiles. Number of
samples per group = 10.

The abundances of 2-HG, 4-hydroxybutyric acid, citramalic acid, and glutaconic acid in
treated MUT cells were significantly and substantially lower than in control MUT cells,
while the abundances of NAAG, B-CG, and valeric acid in treated MUT cells were
significantly and substantially higher than in control MUT cells (Figure 3.10). The
abundances of 2-HG, 4-hydroxybutyric acid, citramalic acid, glutaconic acid, NAAG, -
CQG, and valeric acid were also found to be significantly altered between control MUT
cells and control WT cells; therefore, the respective metabolic pathways for the synthesis
and/or degradation of each metabolite were previously described in greater detail
(Section 3.3.1). Interestingly, all seven metabolites are significantly altered in treated
MUT cells in the same direction as control WT cells, when compared to control MUT

cells.
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3.4.3. Multivariate Statistical Analysis of LN18 GBM Cells Treated with

IDH1 WT Inhibitor, 1

PLS-DA model of WT and MUT Cells treated with compound 1

To better understand how altered metabolite abundances collectively led to differences
between the mutant and wild type cells with and without inhibitor treatment, and identify
important features relevant in unseen datasets, multivariate statistical methods were used

to analyse the full dataset comparing WT and MUT cells treated with 1.

A PLS-DA model, incorporating all experimental groups, was generated using

www.metaboanalyst.ca (Figure 3.11). A 2D plot of the model's component scores

highlighted shifts in the XY -direction for cell samples treated with compound 1 (Figure
3.11.A). Control WT cells (WT control) exhibited partial separation from treated WT
cells (WT 1), and control MUT cells (MUT control) exhibited partial separation from
treated MUT cells (MUT 1), in the XY-direction. The presence of the IDH1 R132H
mutation also led to a shift in the XY-direction. Interestingly, the confidence regions for
treated WT cells (WT 1) and control MUT cells (MUT control) partially overlap.
Treatment with 1 and the presence of IDH1 R132H both appear to lead to a shift in the

XY-direction, suggesting a similar effect on LN18 GBM cells (Figure 3.11.A).

The model was assessed using leave-one-out cross-validation (LOOCV) and permutation
testing, revealing good fit, poor validity (3 components, accuracy = 0.48, R? = 0.98, Q?
=0.22, Figure 3.11.B) and insignificant separation (p = 0.382, Figure 3.11.C). The large
number of predictors and low number of samples in the model likely contributes to the
discrepancy between R? and Q. VIP scores could not confidently be used as indicators
of variable importance for yet unseen samples. Therefore, the model was not analysed

further or used to generate VIP scores.
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Figure 3.11 | PLS-DA model of selected groups from experiment 1. Experimental groups: Control WT cell
samples blue (n = 10); WT cell samples treated with 1 are cyan (n = 10); Control MUT cell samples are
red (n = 10); MUT cell samples treated with 1 are green (n = 10). Control cells were incubated in growth
media containing DMSO for 24 hours. Treated cells were incubated in growth media containing 1 (10 uM)
for 24 hours. A. PLS-DA scores plot (X axis = component 1, Y axis = component 2). The shaded area for
each experimental group represents the 95% confidence region. B. Bar plot summarising the performance
of cross-validation (LOOCV, 5 components). C. Bar plot summarising the permutation test
(test statistic = prediction accuracy, permutations = 2000).

3.4.4. Discussion

The observed shift in the PLS-DA plot of treated and mutant groups in the same direction
suggests that the metabolic effects of compound 1 partially mimic those of the R132H
mutation. This may result from the loss of IDH1 WT activity due to the allosteric
inhibition by compound 1 and the dominant negative effect of the IDH1 R132H mutation

in IDH1 WT/R132H heterodimers. However, the treated MUT cells do not align closer
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to control WT cells than control MUT cells, which seems unrepresentative. Notably,
seven out of eight significantly altered metabolites in control MUT cells showed
significant changes in the opposite direction after treatment with compound 1 (2-HG, f-
CQG, 4-hydroxybutyric acid, citramalic acid, glutaconic acid, glutaric acid, NAAG, valeric

acid).

Compound 1 appears to have two distinct effects on LN18 GBM cells. First, it
significantly altered seven metabolite abundances in MUT cells, restoring them to levels
observed in control WT cells, suggesting that direct inhibition of IDH1 RI132H by

compound 1 is responsible.

Second, treatment with compound 1 increased glutaric acid levels across all treated cells
(WT and MUT) compared to controls. This conserved effect suggests that IDHI WT
inhibition, present in both WT and MUT cells, might be involved. The IDH1 R132H
mutation may lead to IDH1 WT inhibition in WT/R132H heterodimers, while compound
1 may allosterically inhibit IDH1 WT in homodimers, in addition to inhibiting IDH1
R132H. The accumulation of glutaric acid and depletion of glutaconic acid in treated
MUT cells suggests that glutaric acid accumulation is linked to IDH1 WT inhibition,
while glutaconic acid accumulation is associated with the IDH1 R132H gain-of-function.
Although both metabolites are involved in the lysine, hydroxylysine, and tryptophan
degradation pathways, IDH1 R132H mutation and IDH1 WT inhibition likely affect these

pathways through different mechanisms.

As discussed in Chapter 2, compound 1 is less potent against IDH1 WT under turnover
conditions than during pre-incubation. In cellular conditions, where IDH1 WT is under
turnover, it may not be fully inhibited, and cellular metabolic flexibility could prevent

significant widespread changes in metabolite concentrations. However, no substantial
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differences in 2-OG levels were observed. The precise cause of the change in glutaric
acid levels remains unclear, but it may involve homeostatic adaptation to maintain 2-OG

levels or localized changes affecting glutaric acid.

Ultimately, the absolute specificity of compound 1 for IDHI WT or IDH1 R132H in this
cellular context has not been definitively confirmed, and potential off-target effects
cannot be ruled out. Consequently, caution is warranted when attributing the observed

metabolic changes solely to IDH1 inhibition.
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3.5. The Effect of IDH2 WT Inhibitor, 2, on LN18 GBM Cells

3.5.1. Univariate Statistical Analysis of WT LN18 GBM Cells Treated

with IDH1 WT Inhibitor, 2

T-test and relative FC analysis of WT Cells treated with compound 2

Control WT cells (DMSO = 0.01%, v/v) and treated WT cells (DMSO = 0.01%, v/v;

[2] = 10 uM) were compared to investigate the effect of an IDH2 WT inhibitor, 2, on WT

cells. An FDR adjusted t-test and relative FC calculation was performed on the

abundances of each metabolite pair between experimental groups.

No metabolites in set A were found to have significantly different abundances between

control WT cells and treated WT cells (Table 3.5.A). One metabolite in set B, galactose

(FDR =0.0194, FC = 1.43) was found to be significantly and substantially altered (Table

3.5.B).

Metabolites

Higher in

p-value
FC (FDR)

A

Glucose
Lactic acid
Citric acid
cis-Aconitic acid
Isocitrate
2-0G
Succinic acid
Glutamine
Glutamic acid
2-HG

B-CG

B

Galactose

WT 2

1.43 *

Table 3.5 | Overview of identified metabolites that were significantly and substantially different between
control WT cell samples (DMSO = 0.01%, v/v) and treated WT cell samples (DMSO = 0.01%, v/v,
[2] = 10 uM; treatment duration = 24 hours). Set A: Selected metabolites representing the Warburg Effect,
TCA cycle, glutamine-glutamate cycle, IDHI RI32H gain-of-function and p-Citryl-L-glutamic acid.
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Set B: Additional significantly and substantially different metabolites. Significantly different
(FDR): * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Substantially different: FC > 1.2. Significantly
higher abundances in treated WT cells are cyan. Statistical tests and calculations were performed on
median normalised data. 2-OG = 2-Oxoglutaric acid. 2-HG = 2-Hydroxyglutaric acid. p-CG = p-
Citryl-L-glutamic acid. NAAG = N-acetylaspartylglutamic acid.

The abundance of galactose is significantly altered in WT cells treated with 2
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Figure 3.12 | Box plot of the median normalised abundances of galactose in control WT cells (blue) and
treated WT cells (teal) (p < 0.05, experiment 1). Each datapoint represents the normalised metabolite
abundance for one sample. Yellow diamonds represent mean values. Box plot middle lines represent
median values. Box plot limits are defined as upper and lower quartiles. Number of samples per
group = 10.

Galactose levels in control WT cells were found to be significantly and substantially
higher than in treated WT cells. B-D-Galactose, normally derived from the hydrolysis of
lactose, is taken up into the cell and reversibly converted to a-D-galactose by galactose
mutarotase.’*?> a-D-Galactose is phosphorylated using ATP by galactokinase to produce
galactose-1-phoshphate, which enters the Leloir pathway to ultimately produce
UDP-galactose.®®> UDP-galactose can then be reversibly converted by
UDP-glucose-4-epimerase  to UDP-glucose.”®> The reversible production of
glucose-1-phosphate and UDP-galactose from UDP-glucose and galactose-1-phosphate
(catalysed by galactose-1-phosphate uridyltransferase) connects galactose, via the Leloir
pathway, to glycolysis.

161



3.5.2. Univariate Statistical Analysis of MUT LN18 GBM Cells Treated

with IDH1 WT Inhibitor, 2

FDR adjusted t-test and relative FC analysis of MUT Cells treated with compound 2

Control MUT cells (DMSO = 0.01%, v/v) were compared with treated MUT cells
(DMSO =0.01%, v/v; [2] = 10 uM) to investigate the effect of 2, on MUT cells. An FDR
adjusted t-test and relative FC calculation was performed on the abundances of each
metabolite pair between experimental groups. No metabolites in set A or set B were found
to have significantly different abundances between control MUT cells and treated MUT

cells.

3.5.3. Multivariate Statistical Analysis of LN18 GBM Cells Treated with

IDH1 WT Inhibitor, 2

PLS-DA model of WT and MUT Cells treated with compound 2

To complement the univariate analyses (FDR-adjusted t-test and relative FC calculations)
performed on WT and MUT cells treated with 2, and identify important features relevant
to treatment with 2 applicable beyond this dataset, multivariate statistical methods were

performed. A PLS-DA model, incorporating all experimental groups, was generated

using www.metaboanalyst.ca (Figure 3.13). Visualization of the model's component
scores in a 2D plot highlighted shifts in the XY-direction for cell samples treated with
compound 2, irrespective of mutational status (Figure 3.13.A). Control MUT cells (MUT
control) exhibited partial separation from treated MUT cells (MUT 2), and control WT
cells (WT control) exhibited partial separation from treated WT cells (WT 2), in the
XY-direction. The presence of the IDH1 R132H mutation defined a shift along the
X-axis, leading to complete separation of MUT from WT groups. The effect of

compound 2 appears to be similar in both WT and MUT cells. Interestingly, treated WT
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cells (WT 2) are closer to control MUT cells (MUT control) than control WT cells (WT

control).

The validity of the model was assessed using leave-one-out cross-validation (LOOCYV)
and permutation testing, revealing poor validity (2 components, accuracy = 0.43, R? =
0.95, Q*> = 0.51, Figure 3.13.B) and significant separation (p = 0.0035, Figure 3.13.C).
The permutation test statistic suggests that the observed model performance is
significantly better than random; nonetheless, the low Q? value suggested that variable
importance in projection (VIP) scores may not be reliable indicators of variable
importance for treated LN 18 samples that were not included in the model. Therefore, VIP

scores were not generated.
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Figure 3.13 | PLS-DA model of selected groups from experiment 1. Experimental groups: Control WT cell
samples blue (n = 10); WT cell samples treated with 2 are cyan (n = 10); Control MUT cell samples are
orange (n = 10); MUT cell samples treated with 2 are orange (n = 10). Control cells were incubated in
growth media containing DMSO for 24 hours. Treated cells were incubated in growth media containing 2
(10 uM) for 24 hours. A. PLS-DA scores plot (X axis = component 1, Y axis = component 2). The shaded
area for each experimental group represents the 95% confidence region. B. Bar plot summarising the
performance of cross-validation (LOOCYV, 5 components). C. Bar plot summarising the permutation test
(test statistic = prediction accuracy, permutations = 2000.

3.5.4. Discussion

The PLS-DA model effectively distinguished the experimental groups, as evidenced by
significant separation, although it did not exhibit predictive validity (Figure 3.13). This
differentiation indicates that systematic alterations define these groups. Notably, similar
directional shifts in the 2D scores plots were observed for cells treated with 2 (WT 2 and

MUT 2) and cells with IDH1 R132H mutations (MUT control and MUT 2), as compared
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with control WT cells (Figure 3.13.A); shared directional shifts imply that the effects of
2 may be similar to the effects of the IDH1 R132H mutation, implying a possible shared
biological impact. Similar to a previous PLS-DA model analysing control and treated
glioma cells (WT control, MUT control; WT 1, MUT 1), a potential common mechanism
is the dominant negative influence of IDH1 R132H on IDH1 WT activity in IDH1
WT/R132H heterodimers, and, here, the inhibition of IDH2 WT by 2. Although 1 targets
IDH1 WT in vitro and 2 inhibits IDH2 WT in vitro, both compounds ultimately inhibit
the same enzymatic reaction. Nonetheless, because the absolute specificity of these
inhibitors has not been thoroughly characterised in this cellular context, the possibility of
off-target effects cannot be excluded, cautioning against definitive attribution of all

observed changes to IDH1 or IDH2 inhibition alone.

Diseases caused by deficiencies in galactokinase and galactose-1-phosphate
uridyltransferase are associated with galactose accumulation, suggesting that compound
2 might inadvertently inhibit these enzymes.>** 3> The relationship between the WT
IDH2 reaction and the Leloir pathway remains ambiguous, as the pathway does not use
or interact directly with IDH2 WT substrates and products such as 2-OG,
NADP+/NADPH, and ICT. An indirect relationship may exist through alterations in
glycolysis; specifically, glycolysis has been reported to be downregulated by RNAi
inhibition of IDH2 WT.?**® Regardless, the metabolic impact of the IDH1 R132H
mutation seems to override any potential impact of IDH2 WT inhibition on galactose
levels, as galactose abundances were not found to be significantly altered between control

and treated MUT cells.
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3.6. The Effect of Putative IDH2 WT PROTAC, 3 Treatment

of LN18 GBM Cells

3.6.1. Univariate Statistical Analysis of WT Cells Treated with

Compound 3

FDR adjusted t-test and relative FC analysis of WT Cells treated with compound 3

Control WT cells (DMSO 0.50%, v/v) were compared with treated WT cells (DMSO =
0.50%, v/v; [3]= 10 uM) to assess the effect of the putative IDH2 WT PROTAC
inhibitor, 3, on WT cells. The effect of PROTAC 3 was compared with that of the IDH2
WT inhibitor, 2. An FDR-adjusted t-test and relative fold change (FC) calculation was

performed on the metabolite abundances between experimental groups.

Three metabolites in set A exhibited significantly and substantially different abundances
between control WT cells and treated WT cells: cis-aconitic acid (FDR = 0.0199, FC =
2.39), 2-OG (FDR = 0.0272, FC = 1.40), and B-CG (FDR = 0.0212, FC = 2.24) (Table

3.6.A).

26 metabolites in set B exhibited significantly and substantially different abundances
between control WT cells and treated WT cells: 2-ketobutyric acid (FDR = 0.0264, FC =
1.40), 4-hydroxyphenylglycine (FDR = 0.0331, FC = 4.14), 4-hydroxyproline (FDR =
0.0273, FC = 2.68), 4-hydroxypyrrolidinone (FDR = 0.0272, FC = 2.07), adenosine
diphosphate (ADP, FDR = 0.0182, FC = 2.25), adenosine triphosphate (ATP, FDR =
0.0272, FC = 2.21), cytidine diphosphate (CDP, FDR =0.0182, FC = 1.76), cytidine
triphosphate (CTP, FDR = 0.0272, FC = 1.67), deoxyguanosine diphosphate (dGDP,
FDR = 0.0348, FC = 2.54), dihydrouracil (FDR =0.0351, FC = 1.76), FAD (FDR =
0.0380, FC = 1.88), fumarate (FDR = 0.0272, FC = 1.70), glutamylcysteine (FDR =
0.0182, FC=1.71), glutathione (GSH, FDR = 0.0201, FC = 1.96), guanosine diphosphate
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(GDP, FDR = 0.0351, FC = 1.92), guanosine monophosphate (GMP, FDR = 0.0264, FC
= 2.01), N-acetyl-aspartate (FDR=0.0348, FC = 2.62), N-acetylglutamate
(FDR=0.0182, FC = 244), N-acetylglycine (FDR=0.0264, FC = 1.58)
N-acetyl-L-alanine (FDR = 0.0182, FC = 1.89), NAD" (FDR = 0.0331, FC = 1.90),
2-oxoadipic acid (FDR = 0.0182, FC = 2.03), pyridoxal-5'-phosphate (P5P,
FDR =0.0296, FC = 2.53), taurine (FDR = 0.0393, FC = 1.79), uridine diphosphate
(UDP, FDR = 0.0264, FC = 1.85), uridine triphosphate (UTP, FDR = 0.0387, FC = 1.62)

(Table 3.6.B).
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p-value
Metabolites Higherin FC (FDR)
A

Glucose - - -

Lactic acid - - -
Citric acid - - -

cis-Aconitic acid WT 3 2.39 *
Isocitrate - - -
2-0G WT 3 1.40 *

Succinic acid - - -
Glutamine - - -
Glutamic acid - - -

2-HG - - -
B-CG WT 3 2.24 *ok
B

2-Ketobutyric acid WT 3 1.40 *
2-Oxoadipic acid WT3 2.03 *
4-Hydroxyphenylglycine WT 3 4.14 *
4-Hydroxyproline WT3 2.68 *
4-Hydroxypyrrolidinone WT 3 2.07 *
ADP WT 3 2.25 *
ATP WT 3 2.21 *
CDP WT 3 1.76 *
CTP WT 3 1.67 *
dGDP WT 3 2.54 *
Dihydrouracil WT 3 1.76 *
FAD WT 3 1.88 *
Fumarate WT 3 1.70 *
v-Glutamylcysteine WT 3 1.71 *
Glutathione (GSH) WT 3 1.96 *
GDP WT 3 1.92 *
GMP WT 3 2.01 *
N-Acetyl-aspartate WT 3 2.62 *
N-Acetylglutamate WT 3 2.44 *
N-Acetylglycine WT 3 1.58 *
N-Acetyl-L-alanine WT 3 1.89 *
NAD" WT 3 1.90 *
P5P WT 3 2.53 *
Taurine WT3 1.79 *
UDP WT 3 1.85 *
UTP WT 3 1.62 *

Table 3.6 | Overview of identified metabolites that were significantly and substantially different between
control WT cell samples (DMSO = 0.50%, v/v) and treated WT cell samples (DMSO = 0.50%, v/v,
[3] = 10 uM; treatment duration = 24 hours). Set A: Selected metabolites representing the Warburg Effect,
TCA cycle, glutamine-glutamate cycle, IDHI RI32H gain-of-function and p-Citryl-L-glutamic acid.
Set B: Additional significantly and substantially different metabolites. Significantly different
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(FDR): * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Substantially different: FC > 1.2. Significantly
higher abundances in treated WT cells are teal. Statistical tests and calculations were performed on median
normalised data. 2-OG = 2-Oxoglutaric acid. 2-HG = 2-Hydroxyglutaric acid. p-CG = p-
Citryl-L-glutamic  acid. ADP = Adenosine  diphosphate. ~ATP = Adenosine triphosphate.
CDP = Cytidine diphosphate. CTP = Cytidine triphosphate. dGDP = Deoxyguanosine
diphosphate. GDP = Guanosine diphosphate. GMP = Guanosine monophosphate.
NAD™ = Nicotinamide adenine dinucleotide. P5P = Pyridoxal-5'"-phosphate. UDP = Uridine
diphosphate. UTP = Uridine triphosphate.

Examination of the findings reveal significantly and substantially altered abundances
between the control WT cells and the WT cells treated with 3 in distinct areas of
metabolism; multiple metabolites were found to be significantly altered including co-
/post-translationally modified amino acids, nucleotides, redox homeostasis and
glutathione synthesis metabolites, and TCA cycle metabolites. Other metabolites
included 4-hydroxyphenylglycine, 4-hydroxypyrrolidinone, 2-oxodipic acid, B-CG, P5P,

and taurine.

Significantly altered abundances of co-/post-translationally modified amino acids in

WT cells treated with 3

N-Acetyl-aspartate, N-acetylglutamate, N-acetylglycine, N-acetyl-L-alanine, and
4-hydroxyproline were significantly and substantially elevated in treated WT cells
compared to control WT cells. N-acetylation of amino acids by N-terminal
acetyltransferases (NATs) occurs at the N-terminus of most proteins (~85%) and
facilitates protein synthesis, stability and localisation.**’ 4-Hydroxyproline is produced
by the post-translational hydroxylation of proline residues in proteins, catalysed by prolyl
hydroxylases. The elevated levels of free N-acetylated amino acids and 4-hydroxyproline

may be increased due to elevated levels of proteolysis in the cell.
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Significantly altered abundances of nucleotides and related metabolites in WT cells

treated with 3

ADP, ATP, CDP, CTP, GDP, GMP, dGDP, UDP, UTP, and dihydrouracil in treated WT
cells were significantly and substantially higher than in control WT cells. ADP, ATP,
GDP, GMP, and dGDP are purine nucleotides derived from R5P and the PPP. IMP is the
final shared intermediate in the de novo purine biosynthesis pathway. To form GMP, IMP
is dehydrogenated by IMP dehydrogenase to form xanthosine monophosphate (XMP,
produces NADH), which is then reacted with glutamine by GMP synthase (ATP
dependent) to yield GMP and glutamate. To form AMP, IMP is reacted with aspartate by
adenylosuccinate synthetase (GTP dependent) to form adenylosuccinate, then cleaved by

adenylosuccinate lyase to release AMP and fumarate.

The de novo purine biosynthesis pathway is regulated at the first step, catalysed by ribose-
phosphate pyrophosphokinase (PRPS1, RSP + ATP — PRPP + AMP), and the second
step, catalysed by glutamine phosphoribosylpyrophosphate amidotransferase
(GPAT/PPAT, PRPP + glutamine + H2O — phosphoribosylamine (PRA) + glutamate +
PPi); PRPSI is activated by Pi and inhibited by purine nucleotides, GPAT/PPAT is
activated by PRPP and inhibited by purine nucleotides. CDP, CTP, UDP, and UTP are
pyrimidine nucleotides derived from glutamine and aspartate. The de novo pyrimidine
synthesis pathway produces UMP from the decarboxylation of orotate monophosphate
(OMP), then UMP undergoes two successive phosphorylation events using ATP to form
UTP, then UTP is reacted with glutamine by CTP synthase (ATP dependent) to produce

CTP.

The de novo pyrimidine biosynthesis pathway is regulated at the first step, which is the

formation of carbamoyl phosphate by carbamoyl phosphatase synthase II from glutamine,
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bicarbonate, ATP, and a water molecule; ATP and PRPP activate the reaction, and UTP
inhibits the reaction. Dihydrouracil is reversibly produced from uracil by dihydrouracil

dehydrogenase (in an NADH dependent manner).

Significantly altered abundances of glutathione synthesis and redox homeostasis

metabolites in WT cells treated with 3

2-Ketobutyric acid, glutamylcysteine, glutathione, NAD", and FAD in treated WT cells
were significantly and substantially higher than control WT cells. Reduced glutathione
(GSH) is an essential endogenous antioxidant that neutralises ROS and free radicals,
producing oxidised glutathione disulfides (GSSG) in the process. Glutamate and cysteine
are reacted by glutamate-cysteine ligase (ATP dependent) to form y-glutamylcysteine,
then y-glutamylcysteine is reacted with glycine by glutathione synthetase (ATP
dependent) to produce glutathione. As mentioned previously (Section 3.3.1), the
concentration of cellular cysteine may become limiting for glutathione synthesis in
periods of elevated oxidative stress; homocysteine is then diverted from methionine
synthesis and reacted with serine by cystathionine-B-synthase to form cystathionine, then
cystathionine is cleaved by cystathionine-y-lyase to release cysteine and 2-ketobutyric
acid. NAD" and FAD are the oxidised forms of electron carriers NADH and FADH:. The
NAD" de novo synthesis pathway converts tryptophan into nicotinic acid adenine
dinucleotide (NaAD), which is finally amidated to NAD". Riboflavin is phosphorylated
by riboflavin kinase (ATP dependent) to form flavin mononucleotide (FMN), FMN is
then adenylated by FAD synthase (ATP dependent) to form flavin adenine dinucleotide
(FAD). NAD" and FAD are derived from nucleotides and are therefore also related to the

significantly altered nucleotide metabolites discussed above.
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Significantly altered abundances of TCA cycle metabolites in WT cells treated

with 3

cis-Aconitic acid, 2-OG, and fumarate levels were significantly and substantially higher
in WT cells treated with 3 than in control WT cells. Acetyl-CoA reacts with OAA,
catalysed by citric acid synthase, to form citric acid (Figure 1.1). Citric acid is reversibly
isomerised in two steps to isocitrate via the intermediate cis-aconitic acid, catalysed by
aconitase (Figure 1.1). Isocitrate is decarboxylated and oxidised to produce 2-OG by
IDH1/2/3 WT (IDH1/2 WT produce NADPH, IDH3 WT produces NADH), then 2-OG
is decarboxylated and oxidised to succinyl-CoA by 2-OG dehydrogenase (produces
NADH) (Figure 1.1). 2-OG can be decarboxylated by 2-OG-dependent dioxygenases in
the presence of molecular oxygen to directly produce succinate and is regularly a
substrate/product in transamination reactions producing/consuming glutamate. Succinic
acid is released from succinyl-CoA by succinyl-CoA synthetase (produces GTP), then
oxidised by succinic dehydrogenase to fumarate (produces QHz) (Figure 1.1). Fumarate
is a side product of the purine synthesis and salvage pathways; IMP reacts with aspartate
to form adenylosuccinate (catalysed by adenylosuccinate synthase), then cleaved by
adenylosuccinate lyase to release fumarate and AMP (Figure 3.3). Fumarate is hydrated
to malate by fumarate hydratase, then malate is oxidised by malate dehydrogenase
(produces NADH) to regenerate OAA (Figure 1.1). Fumarate may be recycled to
aspartate for the synthesis of AMP; fumarate is converted to OAA via the TCA cycle,

then OAA is reacted with glutamate via transamination to produce aspartate and 2-OG.
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Other significantly altered metabolites in WT cells treated with 3

4-Hydroxyphenylglycine, 4-hydroxypyrrolidinone, 2-oxodipic acid, B-CG, P5P, and
taurine were found in treated WT cells to be significantly and substantially higher than

control WT cells.

2-Oxoadipic acid is a shared metabolite in late-phase of lysine, hydroxylysine, and
tryptophan degradation pathways.*’®*°! 2-Oxoadipic acid is the precursor of glutaric acid
(which found to be altered between control WT cells and WT cells treated with 1, Section
3.4.1) and glutaconic acid (which was found to be altered between control WT cells and
control MUT cells, Section 3.3.1). 2-Aminoadipate is derived from lysine or
hydroxylysine and reacts with 2-OG to produce 2-oxoadipic acid and glutamate, as

8 2-Aminomuconate

catalysed by kynurenine/2-aminoadipate amino transferase.®
derived from tryptophan is converted to 2-oxoadipic acid, as catalysed by an unknown
enzyme, in the reaction: 2-aminomuconate + NADH + H" + H2O — 2-oxoadipic acid +
NH3 +NAD").>* 2-Oxoadipic acid is then decarboxylated by 2-oxoadipate
dehydrogenase to produce glutaryl-CoA, which may form glutaric acid and glutaconic

acid in cases of metabolic dysfunction.*00-4%4

B-CG levels were previously found to be significantly altered between control WT cells
and control MUT cells (Section 3.3.1, Section 3.3.2). B-CG is synthesised by RIMKLB,
and a lesser extent RIMKLA, from citric acid and glutamate, then cleaved by GCPIII to
recover citric acid and glutamate.??” 3°% 38! B.CG is structurally related to NAAG, a
neurotransmitter synthesised from N-acetylaspartate and glutamate by RIMKLA, and
RIMKLB to a lesser extent, then cleaved by GCPII to release N-acetylaspartate and

glutarnate 227,229, 358, 405
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Taurine is an abundant non-proteinogenic sulfur amino acid (that makes up ~0.1% total
human bodyweight), which is derived from cysteine, and which is proposed to contribute
to cytoprotection, development, and neurotransmission.*”® Cysteine is oxidised by
cysteine dioxygenase (O2 dependent) to produce cysteine sulfinic acid, then cysteine
sulfinic acid is decarboxylated by sulfinoalanine-decarboxylase to form hypotaurine, then
hypotaurine is oxidised by hypotaurine dehydrogenase (produces NADH) to produce
taurine.*”” Homocysteine may also be converted to taurine via the transulfuration
pathway (discussed previously in the context of glutathione synthesis and

2-ketobutyic acid/2-hydroxybutyric acid production, Section 3.3.1, Section 3.6.1).*%

PSP is the active form of vitamin B6 and a widespread coenzyme in enzymatic reactions
(~4% of classified enzyme activities); notably, transamination, deamination,
decarboxylation, and racemisation reactions. PSP cannot be synthesised in the body and

is usually derived from the diet.

4-Hydroxyphenylglycine is a non-proteinogenic amino acid, similar in structure to
tyrosine. 4-Hydroxypyrrolidinone is structurally related to 4-hydroxyproline. Similar to
4-hydroxybutyric  acid, 2-hydroxybutyric acid, and 2-ketobutyric acid,
4-hydroxyphenylglycine and 4-hydroxypyrrolidinone are structurally related to more
commonly identified biological metabolites. It may be that the compound features are
caused by tyrosine and 4-hydroxyproline fragments or isomers, which were not detected

by the algorithm or absent from the metabolite database used for identifications.
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3.6.2. Univariate Statistical Analysis of MUT Cells Treated with

Compound 3

FDR adjusted t-test and relative FC analysis of MUT Cells treated with compound 3

Control MUT cells (DMSO = 0.50%, v/v) were compared with treated MUT cells
(DMSO = 0.50%, v/v; [3] = 10 uM) to assess the effect of 3, on MUT cells. An FDR
adjusted t-test and relative FC calculation was performed on the abundances of each
metabolite pair between experimental groups. No metabolites in set A or set B were found
to have significantly different abundances between the control MUT cells and MUT cells

treated with 3.

3.6.3. Multivariate Statistical Analysis of LN18 GBM Cells Treated with

Compound 3

PLS-DA model of LN18 GBM Cells treated with compound 3

To supplement the findings of the univariate statistical analysis (FDR adjusted t-test and
relative FC calculations), multivariate methods of statistical analysis were performed on
the data from experiment 2. A PLS-DA model containing every experimental group was

generated using the website www.metaboanalyst.ca (Figure 3.14). The PLS-DA

component scores for each sample were visualised using a 2D plot of component 1 (X
axis) against component 2 (Y axis) (Figure 3.14.A). Treatment with compound 3
appeared to lead to a shift along the X axis for cell samples regardless of mutational
status. The experimental groups comprising control and treated MUT cells
(MUT Control, MUT 3) overlapped, partially separating along the X axis. Similarly, the
experimental groups comprising control and treated WT cells (WT Control, WT 3)
overlapped, partially separating along the X axis. The presence of the IDHI R132H
mutation in cell samples appeared to lead to a shift along the Y axis. The experimental

groups comprising MUT cells (MUT Control, MUT 3) completely separated from the
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experimental groups comprising WT cells (WT Control, WT 3) along the Y axis. The
graphical separation of cell samples in the PLS-DA scores plot suggests that both the
presence of an IDH1 R132H mutation, and treatment with 3, are associated with

systematic alterations in metabolite concentrations within LN18 GBM cells.

The PLS-DA model was assessed by leave-one-out cross-validation (LOOCV) and
permutation testing. LOOCYV yielded acceptable parameters representing the accuracy,
fit, and predictability of the model (5 components, accuracy = 0.75, R> = 0.98, Q* = 0.82,
Figure 3.14.B). Permutation testing determined the separation to be significant
(p =0.024, Figure 3.14.C). The test results indicated that it is possible to have a degree
of confidence in the predictions of the model. Variable importance in projection (VIP)
scores were generated to identify the most important metabolites and compound features

contributing to the model (Table 3.7).
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Figure 3.14 | PLS-DA model of experiment 2. Experimental groups: Control WT cell samples blue (n = 5);
WT cell samples treated with 3 are cyan (n = 5); Control MUT cell samples are orange (n = 5); MUT cell
samples treated with 3 are orange (n = 5). Control cells were incubated in growth media containing DMSO
for 24 hours. Treated cells were incubated in growth media containing 3 (5 uM) for 24 hours. A. PLS-DA
scores plot (X axis = component 1, Y axis = component 2). The shaded area for each experimental group
represents the 95% confidence region. B. Bar plot summarising the performance of cross-validation
(LOOCV, 5 components). C. Bar plot summarising the permutation test (test statistic = prediction
accuracy, permutations = 2000).

The top 15 important features ranked by VIP score contained nine identified metabolites
and six unidentified compound features. The identified metabolites comprised 2-HG (1%,
39.60), 6-phosphogluconic acid (3%, 9.30), glutamic acid (4®, 8.31), BCG (5%, 7.67),
glutathione (GSH) (6, 7.18), N-methyl-D-aspartic acid (NMDA, 7%, 6.35), ADP (8%,
5.81), fructose 6-phosphate (9", 5.35), and uridine 5’-monophosphate (UMP, 15, 4.03)

(Table 3.7). The unidentified compound features are labelled with their retention times
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and ionic (m/z) or neutral (‘n’) mass values, as measured by the I[C-MS. The unidentified
compound features comprised 13.77 97.9767n (2™, 38.99), 13.61 307.0836n (10%,
5.28),9.80 333.0229m/z (11", 5.04), 12.58 339.0735n (12, 4.19), 13.30_195.0508m/z

(131, 4.03) and 11.04_97.9672n (15", 3.81) (Table 3.7).

VIP

Compound score

2-HG 39.60
13.77 97.9767n 38.99
6PG 9.30
Glutamic acid 8.31
B-CG 7.67
Glutathione (GSH) 7.18
NMDA 6.35
ADP 5.81
F6P 5.35
13.61 307.0836n 5.28
9.80 333.0229m/z 5.04
12.58 339.0735n 4.19
13.30_195.0508m/z 4.03
UMP 4.03
11.04_97.9672n 3.81

Table 3.7 | Top 15 identified metabolites and compound features ranked by VIP score. VIP scores were
generated by the PLS-DA model of WT and MUT cells in Figure 3.14.

Important metabolites identified by multivariate analyses are related to

significantly altered metabolites identified by univariate analyses

Nine identified metabolites were ranked in the top 15 important features by VIP score.
Four metabolites considered important by the PLS-DA model were previously identified
as being significantly altered in the univariate analyses (Table 3.6), that is 2-HG, B-CG,

glutathione, and ADP.

The four remaining identified metabolites (6PG, F6P, UMP, and glutamic acid), although
not significantly altered, are associated with pathways containing other significantly

altered metabolites (for example, RL5P, R5P, CDP, CTP, UDP, UTP, P5P, 2-0OG, B-CG,
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y-glutamylcysteine, N-acetylglutamate, and succinic semialdehyde). 6PG and F6P are
intermediates in the PPP (Figure 3.3); the PPP also includes R5P and RL5P, levels of
which were both found to be significantly elevated in MUT cells compared to WT
cells.’*? 3 In the de novo pyrimidine biosynthesis pathway, UMP is the precursor of
UDP, UTP, CDP, and CTP, all four of which exhibited significantly higher abundances

in treated WT cells than control WT cells.**?-412

Glutamic acid participates in several pathways with significantly altered metabolite
abundances. Glutamic acid can be transaminated using P5P as a coenzyme, or
deaminated, to produce 2-OG in the TCA cycle; the abundances of PSP and 2-OG in
treated WT cells were found to be significantly higher than in control WT cells.!80- 189 413-
416 Glutamic acid reacts with citric acid to produce B-CG, acetyl-CoA to produce N-
acetylglutamate, and cysteine to produce vy-glutamylcysteine during glutathione
synthesis; levels of B-CG, N-acetylglutamate, y-glutamylcysteine, and glutathione were
each found in treated WT cells to be significantly higher than in control WT cells. 3! 417

18 Finally, glutamic acid may also be a source of succinic semialdehyde via GABA

synthesis.*"”

Uniquely of the metabolites for which a change was observed, N-methyl-D-aspartate
(NMDA) is not involved in a pathway that had significantly altered metabolites revealed
by univariate analyses. Nonetheless, NMDA 1is a neurotransmitter N-methylated
derivative of D-aspartate, binding selectively to NMDA glutamate receptors.*?’ D-
Aspartate is the precursor of N-acetylaspartate, which reacts with glutamate to form
NAAG; NAAG itself is synthesised by RIMKLA, and to a lesser extent RIMKLB, which

also catalyses the synthesis of B-CG.**! As discussed above, neurotransmitter

homeostasis appeared to be affected by the presence of the IDH1 R132H mutation
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(Section 3.3.1); therefore, here, a related underlying mechanism may inform the VIP

Score.

3.6.4. Discussion

The results imply that compound 3 exhibits differential effects on WT and MUT cells. In
MUT cells treated with compound 3, no significant changes in abundance were observed
when compared to control MUT cells. Conversely, in WT cells, treatment resulted in 29
significantly altered abundances relative to controls. Given that Compound 3 was
designed to target IDH2 WT specifically as a PROTAC, the apparent lack of observed
inhibition of IDH1 R132H is an interesting outcome. Furthermore, the presence of the
IDH1 R132H mutation appears to mitigate the metabolic effects of Compound 3, a
phenomenon similarly noted with the IDH2 WT inhibitor, Compound 2. Without
significant alterations akin to those seen with Compound 1, it is unlikely that Compound
3 inhibits IDH1 R132H. Therefore, while we can infer some level of selectivity in that
Compound 3 likely does not target IDH1 R132H, further investigation is required to

conclusively determine its specificity towards IDH2 WT.

Although further work is required, the observed alterations in several metabolites suggest
that, as intended, the degradation of IDH2 WT may indeed be taking place. In the
mitochondria, IDH2 WT typically facilitates the conversion of 2-OG to ICT, where 2-
OG is often sourced from glutamate. Should IDH2 WT undergo degradation, it could
result in the accumulation of 2-OG, which was found to be significantly higher in treated
WT cells than control WT cells. Elevated levels of 2-OG could potentially lead to a
temporarily increased glutamate concentration because the glutamate dehydrogenase
catalysed reaction is reversible. This local glutamate surplus might then enhance the
synthesis of B-CG, which was found to be significantly elevated in treated WT cells

(compared to control WT cells). B-CG facilitates the activation of aconitase by serving as
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a chaperone for iron (II), delivering it directly to the enzyme’s active site.?2* The chelation
of iron (II) by B-CG is mediated through its citric acid derived group, citric acid itself a
substrate of aconitase.””® Treatment with B-CG can reactivate aconitase that has been
inactivated by ammonium peroxodisulfate.’”> Given the critical function of the
glutamate-glutamine cycle in astrocytes,'” B-CG might also play a regulatory role in
glutamine synthase by acting as a chaperone for magnesium or manganese.”*! This
chelation could perhaps be facilitated by the glutamate moiety of B-CG, a substrate of

glutamine synthase.

Given that B-CG serves as an enhancer of aconitase, this mechanism would explain the
observed rise in cis-aconitate levels in treated WT cells (compared to control WT cells)
by promoting its synthesis.??> Even if metabolic flux attempted to progress via IDH2 WT
in the forward direction, increased levels of B-CG may still lead to increased levels of
cis-aconitic acid; accumulation of isocitrate, which then converts back to cis-aconitate or
citrate via aconitase, could occur. The link between IDH2 WT and B-CG is less direct in
this scenario, but synthesis of B-CG may be influenced by an increase in citrate levels.
Accumulation of citrate may stimulate the production of B-CG, which, in turn, activates
aconitase and enhances the conversion rate of citrate through the cycle. In the absence of
functional IDH2 WT, however, the pathway experiences a bottleneck at isocitrate,

leading to elevated levels of cis-aconitate.

Treatment of WT cells with compound 3 was observed to significantly increase
(compared to control WT cells) the concentrations of N-acetylated amino acids (N-
Acetyl-aspartate, N-acetylglutamate, N-acetylglycine, and N-acetyl-L-alanine) and 4-
hydroxyproline, both of which are typically generated as a result of post-translational
modifications, specifically N-acetylation and hydroxylation.**!*?* These modifications
are generally protein-associated, and their elevated presence in free form strongly
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suggests release from protein degradation. This observation is consistent with the
proposed mechanism of action of compound 3, namely, its role as a protein degrader.
However, while these data are indicative of protein turnover, they do not definitively

establish IDH2 WT as the target of degradation.

The data suggest that treatment with compound 3 induces oxidative stress in cells, as
evidenced by elevated levels of y-glutamylcysteine, 2-ketobutyric acid, and glutathione.
Additionally, an increase in the oxidized forms of the nucleotide electron carriers NAD™*
and FAD was observed, which may partly reflect the increased nucleotide synthesis. A
possible explanation for this oxidative stress is enhanced protein degradation, potentially
involving off-target proteins critical for redox homeostasis. Alternatively, the intended
action of compound 3 as a PROTAC targeting IDH2 WT may disrupt mitochondrial

NADPH production, directly compromising the cell's ability to maintain redox balance.

Targeting the mitochondrial isoform IDH2 WT could conceivably impair compensatory
mechanisms involving IDH1 WT or the pentose phosphate pathway (PPP), both of which
might otherwise mitigate the oxidative burden. In cells with the IDH1 R132H mutation,
the generation of reducing equivalents appears to shift toward the cytosolic PPP,
consistent with the peroxisomal and cytosolic localization of IDH1 R132H. Univariate
analysis of control samples reveals significant upregulation of PPP metabolites in the
presence of the IDH1 R132H mutation, and variable importance in projection (VIP)
scores underscore the PPP’s role across all groups. If this scenario holds true, it highlights
the critical importance of mitochondrial IDH2 WT in maintaining cellular redox

homeostasis.

Treatment with compound 3 resulted in a significant increase in the levels of nearly all

nucleotide forms, including ADP, ATP, CDP, CTP, GDP, GMP, dGDP, UDP, and UTP.
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The underlying mechanism driving this increase is not immediately apparent, but it may
involve the activation of the de novo purine and pyrimidine nucleotide synthesis
pathways. If 3 targets IDH2 WT, it may indicate that IDH2 WT activity is linked to
nucleotide synthesis, but the precise manner in which these pathways are activated

remains unclear and warrants further investigation.

The observed increase in fumarate levels could be attributed to elevated 2-oxoglutarate
levels progressing through the TCA cycle to fumarate. Alternatively, it might result from

enhanced AMP synthesis, releasing fumarate from adenylosuccinate.

Interestingly, the final steps of the lysine, hydroxylysine, and tryptophan degradation
pathways were represented by significantly altered metabolites in the pairwise
comparative observations of control WT and control MUT cells (glutaconic acid), control
WT cells and WT cells treated with 1 (glutaric acid), control MUT cells and MUT cells
treated with 1 (glutaconic acid), and control WT cells and WT cells treated with 3 (2-
oxoadipic acid). Given that the metabolic effects involved were putatively driven by the
IDH1 R132H gain-of-function, IDH1 WT inhibition, and IDH2 WT degradation, further
work is warranted to investigate the relationship between IDH isoforms and the shared
end phase of lysine, hydroxylysine, and tryptophan degradation pathways. The final steps
of these pathways involve the enzymes 2-oxoadipic acid dehydrogenase and glutaryl-
CoA dehydrogenase. Changes in local redox homeostasis near the IDH1 R132H mutation
or inhibited IDH1/2 WT could impair the activity of these enzymes. Furthermore,
considering that 2-oxoadipic acid, glutaric acid, and glutaconic acid are partial structural
analogues of 2-OG and 2-HG, there might be enzymatic promiscuity with IDH1/2 WT
and/or IDHI1 R132H potentially catalysing yet unknown off-target reactions, where 2-
oxoadipic acid, glutaric acid, and glutaconic acid could be involved either as substrates
or products.
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Therefore, while these findings suggest that compound 3 does not target IDH1 R132H,
indicating a certain degree of selectivity, we cannot conclusively assess its efficacy
against IDH2 WT based solely on this data. Interestingly, compound 3 did not lead to a
significant increase in galactose, as observed for treatment with 2. The results suggest
that the IDHI R132H mutation may exert a dominant metabolic influence that can
override disruptions specific to the wild-type enzyme. This observation could represent
an adaptive advantage conferred by the IDH1 R132H mutation, potentially locking the
cell into a metabolic state that is resilient to external perturbations. However, it is
impossible to confidently conclude whether any effects were truly related to IDH2 WT
activity without evidence of its degradation by 3. For the purposes of these studies, this
assessment is critical and must be addressed in future work. Similarly, it should be ruled
out that any metabolic effects observed after treatment with 3 were not solely due to the
activity of the thalidomide moiety, particularly considering thalidomide’s reported

efficacy as an anti-cancer agent in its own right.***

Several important limitations constrain the interpretation of these metabolomic findings.
First, the LN18 cell line used in these studies carries a lentivirally introduced IDHI
R132H mutation, rather than a naturally occurring chromosomal mutation; therefore, the
cellular context likely does not fully reflect the biology of gliomas harbouring
endogenous IDH1 mutations. Second, although compound 3 retains key structural
elements of an IDH2 WT inhibitor (compound 2), its potency against IDH2 WT has not
been directly determined, and, critically, no orthogonal evidence, such as immunoblotting
or proteomic analysis, has been obtained to confirm degradation of IDH2 WT in treated
cells. The absence of direct target engagement data therefore remains a substantial
limitation when interpreting the observed metabolic effects. Third, the metabolomics

analyses for experiment 2 were conducted using a relatively modest sample size (n=5),
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reducing statistical power and increasing the risk of both false positive and false negative
findings. Furthermore, the analytical platform used was optimised for the detection of
TCA cycle intermediates; therefore, potentially relevant alterations in lipid metabolism
may have been under-represented. Additionally, the metabolite identification database
employed, while comprehensive, is inevitably incomplete. Consequently, some detected
features highlighted as significant may instead correspond to unidentified fragments
rather than bona fide metabolites. This limitation, coupled with the use of exogenous
glutamine supplementation, which is likely to have influenced glutamine and glutamate

metabolism, further complicates the assignment of specific pathway-level perturbations.

Collectively, these factors emphasise the need for complementary approaches,
encompassing targeted lipidomics, orthogonal proteomic analyses, and studies in
physiologically relevant cellular and tissue contexts, to fully elucidate the molecular and
metabolic consequences of compound 3 treatment. While the current observations may
be consistent with a role for compound 3 in modulating IDH2 WT function, a more
comprehensive evaluation will be required to define its precise mechanism of action and
to exclude the contribution of off-target effects or potential independent activities arising

from the thalidomide-derived moiety.

3.7. Summary

The IDH1 R132H mutation, frequently occurring in various cancers including gliomas,
significantly disrupts cellular metabolism. This mutation leads to increased consumption
of 2-OG and NADPH and production of 2-HG, impacting redox balance and
biosynthesis.!® In this chapter, significant and substantial differences in measured
metabolite abundances between WT cells and MUT cells were interpreted to suggest

dysregulation in the PPP, de novo nucleotide synthesis, neurotransmitter homeostasis,
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lysine/hydroxylysine/tryptophan  degradation, glutathione synthesis, and lipid
metabolism pathways. Due to the localisation of IDH1 WT in the peroxisome, the R132H
mutation likely impacts peroxisomal function and fatty acid metabolism. The effects
appear to be differentiated between effects that involve the peroxisome, and effects that

do not.**

Treatment of WT and MUT cells with an inhibitor of IDH1 WT, compound 1, revealed
inhibition of IDH1 R132H-induced metabolic effects and putatively IDH1 WT-mediated

effects of glutaric acid accumulation.

Treatment of WT and MUT cells with an inhibitor of IDH2 WT, compound 2,
demonstrated effects in WT cells alone, significantly increasing the concentration of
galactose. Consistent with the measured in vitro selectivity of the inhibitor for IDH2 WT,
no effects were observed in MUT cells after treatment, although, galactose was not

significantly altered in MUT cells either.

Treatment with a putative IDH2 WT-targeting PROTAC inhibitor, compound 3,
demonstrated widespread effects in WT, but not MUT, cells. Metabolites were
significantly altered across multiple areas of metabolism including redox homeostasis, n-
acetylated amino acids, nucleotide synthesis, amino acid degradation pathways and niche
metabolites such as B-CG. The results suggest that the compound does not inhibit or
degrade IDH1 R132H, and may successfully trigger protein degradation, but further

investigation is required to conclude if IDH2 WT is being degraded.

Due to the localisation of IDHI WT in the peroxisome, the R132H mutation likely
impacts peroxisomal function and by extension fatty acid metabolism.>* Indeed, the
effects appear to be differentiated between effects that involve the peroxisome, and

effects that do not.
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Inside the peroxisome, IDH1 R132H likely depletes NADPH levels, leading to increased
reactive oxygen species (ROS) production during the initial steps of peroxisomal -
oxidation.?!> #?° This increase in ROS in the peroxisomes is detected by peroxisomal
biogenesis factor 2 (PEX2), which, sensing heightened B-oxidation, promotes adipose
triglyceride lipase (ATGL) activity, thereby enhancing lipolysis.>”® The first step of
lipolysis releases one molecule of DAG and a free fatty acid chain from a molecule of
triacylglycerol (TAG).**° Then, DAG activates a protein kinase, PKC3, along with c-Abl,
and increased levels of H202.°% 3% In this way, the IDHI R132H mutation might
influence the activation PKC9 via increasing oxidative stress in the peroxisome; PKCo
may be directly activated by H202 and c-Abl, and DAG released from lipolysis triggered
via PEX2 signalling. Increased lipolysis may then lead to higher rates of fatty acid
oxidation; the data discussed previously suggest an increase in overall B-oxidation rates,
marked by the depletion of valeric acid, an odd-numbered short chain fatty acid (Section
3.3.1). Furthermore, elevated levels of citramalic acid, as observed in the presence of the
IDH1 R132H mutation, are a biomarker of propionyl-CoA carboxylase deficiency;
propionyl-CoA carboxylase catalyses the conversion of propionyl-CoA to
methylmalonyl-CoA following the conversion of valeric acid (in the form pentanoyl-

CoA) to propionyl-CoA as the final step of odd-numbered fatty acid -oxidation.386 423

The R132H mutation also affects NAAG and B-CG levels. The IDH1 R132H mutation's
gain-of-function appears to result in increased conversion of glutamate to 2-oxoglutarate
(2-OG), potentially reducing the availability of glutamate needed for NAAG and B-CG
synthesis.*?’” However, glutamate levels themselves are not significantly altered.
Alternatively, treatment of cells with a DAG-mimic activator (phorbol ester) of the PKC
family is reported to deplete levels of NAAG.*? This link suggests that oxidative stress,

influenced by the mutation, might downregulate NAAG through PKCS activation.
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Outside the peroxisome, several diverse pathways appear to be dysregulated. The pentose
phosphate pathway (PPP) appears to be upregulated to restore NADPH levels in MUT
cells. Nucleotide synthesis appears to be upregulated, likely to fuel rapid cell
proliferation. The GABA recycling pathway appears dysregulated, possibly to produce
2-0G in the presence of IDH1 R132H. The mitochondrial phase of the degradation
pathways for amino acids like lysine, hydroxylysine, and tryptophan show signs of
dysfunction. Finally, oxidative stress seems to be increased as evidenced by increased

glutathione synthesis by-products.

Overall, the IDH1 R132H mutation appears to drive complex changes in peroxisomal
dynamics and comprehensive metabolic reprogramming, affecting sugar metabolism,
nucleotide synthesis, fatty acid metabolism, neurotransmitter synthesis, and signaling
pathways, reflecting its profound impact on cellular metabolic homeostasis. Two
treatments that did not target IDH1 R132H, 2 and 3, led to significant changes in treated
WT cells (compared to control WT cells), which were not observed in treated MUT cells
(compared to control MUT cells). Therefore, the metabolic effects of the IDH1 R132H
mutation are apparently strong enough to override the effects of putative IDH2 WT
inhibition.

Further investigation is required (potentially using isotope tracers) to establish the precise
mechanism of the relationship between treatment with 1 and glutaric acid, treatment with
2 and galactose, and the precise mechanism of action by which 3 led to widespread

metabolic changes in WT cells.

188



4. The Development of Novel Inhibitors against SARS-
CoV-2 Main Protease and Mycobacterium

tuberculosis Ldtwy

4.1. Introduction

4.1.1. COVID-19, SARS-CoV-2 Main Protease, and Ebselen

The outbreak of SARS-CoV-2 infections in 2020 and the ensuing pandemic caused part
of the Schofield Group to shift its focus to potential therapeutic avenues against
coronavirus 19 disease (COVID-19). Two thirds of the SARS-CoV-2 genome (~30
kilobases total) is reported to encode for two overlapping polyproteins, ppla (4405 amino
acids) and pplb (7096 amino acids), which are processed by the SARS-CoV-2 main
protease (MP™) and the papain-like protease (PLP™), to release 16 non-structural proteins
(NSP 1-16).428-430 Mpro (NSP5) initially releases itself from NSP4 and NSP6 by autolytic
cleavage before digesting the remaining polyprotein at more than 11 conserved sites.**
430 The mechanism of action of MP™ utilises a catalytic dyad of His-41 and Cys-145 to
conduct a nucleophilic attack on an amide bond in the natural substrate, forming a
thioester linkage that is subsequently hydrolysed by a free water molecule to release the
cleaved products.*?® #3! Early studies identified MP® as being essential for viral
replication and the nucleophilic cysteine was quickly identified as a potential target for

covalent inhibition,*2% 432-43

Ebselen (26) is an organoselenium compound with reported anti-oxidant, anti-
inflammatory, anti-bacterial, anti-viral, anti-parasitic, anti-fungal, mood-stabilising, and

cytoprotective activity.**%#>7 26 has also been investigated for the treatment of noise-
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induced hearing loss, Méniére’s disease, cerebral ischaemia, bipolar disorder.*36-438-461 A

high-throughput screen (HTS) with MP™ conducted by Jin ef al. identified six small-
molecule hits, including two clinically approved drugs (carmofur, disulfiram), and four
pre-clinical candidates (26, shikonin, tideglusib, PX-12), of which 26 was the most potent
(ICso = 0.67 uM).*?* 462467 26 was confirmed by protein-observed mass spectrometry
(POMS) to form covalent adducts with cysteine residues of MP™ (Figure 4.1), leading to
clinical trials of 26 as a therapy against COVID-19.4*-4% 26 may also act beneficially by
scavenging reactive oxygen species (ROS), 26 has, however, also been reported to cause
cellular toxicity, likely as a result of selenium toxicity and potentially due to the
promiscuity of its reaction with cysteines.****° Studies using POMS have shown that 26
can react with up to 12 cysteines in MP™ as well as cysteines in L,D-transpeptidase
Mycobacterium tuberculosis 2 (Ldtmi2), an enzyme which catalyses the formation of L-D
cross-links in the bacterial cell wall. Subsequent crystallographic studies have suggested
that 26 can fragment in the MP™ active site after initial reaction, depositing a free selenium
atom.®! #7470 The discrepancy in the nature of the final products indicates that the
stability of post-reaction adduct is likely condition dependent, and the value of 26 as a

clinical therapy against COVID-19 may be limited.
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Figure 4.1 | The hypothesised reaction of Cys-145 (MP™) with 26, to form a thioselenide bond.

Substitution of sulfur for the toxic selenium of 26 gives a compound named ‘ebsulfur’

(28), consisting of a benzoisothiazolinone (BIT, 27) core with an N-linked phenyl group
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(Figure 4.2.A). Previous work by Dr Timothy Suits (Department of Chemistry,
University of Oxford) found that 27 may react with the active site nucleophilic cysteine
of Ldtmrz; there is evidence from the literature that 27 can react with other cysteine-
containing enzymes.**>* ¥7!47> Therefore, considering that the nitrogen of 27 may bind
equivalently to the P1-P2 backbone amide nitrogen of MP™ natural substrates (analogous
to the P1-P2 amide nitrogen of N3, Figure 4.2.C, Figure 4.2.D), it was decided to
functionalise the core of 27 at the C6, C8, and N2 positions to build favourable
interactions in the binding site, and develop covalent inhibitors selective for MP™ (Figure
4.2.B). The key aim was to decrease the number of cysteines with which an ebsulfur-type

compound would react while maintaining potency.
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Figure 4.2 | Overview of 28 as a covalent inhibitor of MP™, the MP™ substrate backbone, and N3 as
a covalent inhibitor of MP"°. A. The reaction of 28 with Cys-145 to form a disulfide bond. B. BIT core,
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27, and sites of functionalisation. The atom at position 6, Y, was varied between carbon and nitrogen. The
variable groups were labelled as follows: R; at C6, R at C8, and R 3at N2. C. Structures of a potential
MP" substrate fragment (AVLQOS) and its inhibitor analogue N3. The P1-P2 backbone amide nitrogen is
highlighted. D. The structure and active site interactions of covalent peptide inhibitor N3 and MP™. The
PI1-P2  backbone amide nitrogen is highlighted. Cys-145 is covalently linked to Cp 4-
(Aminomethyl)pyrrolidine-2-one occupies the Pl position. Panel C was adapted with permission from
Mensah et al.¥’* Panel D was reproduced from El-Hddad et al. under the Creative Commons Attribution-

NonCommercial 3.0 Unported Licence, hitps.//creativecommons.org/licenses/by-nc/3.0/.47

4.2. The Synthesis and Screening of an Initial Series of

Ebsulfur Inhibitors

The first derivatives of 27 that were synthesised varied at the N2 position to identify an
improved R3 side chain (Figure 4.2.B). Eight compounds (28 - 36) were synthesised
with a variety of alkyl, aryl, non-polar, and polar side chains. In addition, one compound
was synthesised with a 4-(aminomethyl)pyrrolidine-2-one side chain to mimic the natural
substrate (34), which contained a glutamine residue at the P1 position, and a covalent
peptide inhibitor (N3), which also contained a 4-(aminomethyl)pyrrolidine-2-one residue
at P1 position (Figure 4.3). Synthesis was carried out in conjunction with Dr Tim Suits
and his compounds (28, 30, 31, and 35, denoted with an asterisk ‘*”) have been included

for completeness.
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Figure 4.3 | The structure and active site interactions of covalent peptide inhibitor N3 and MP™ are shown
again here for reference. 4-(Aminomethyl)pyrrolidine-2-one occupies the Pl position. This figure was
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reproduced from El-Hddad et al. under the Creative Commons Attribution-NonCommercial 3.0
Unported Licence, https.//creativecommons.org/licenses/by-nc/3.0/.47

4.2.1. Synthesis

The initial nine analogues of 28 (28 - 36) were synthesised in two steps by first forming
an amide from the reaction of a primary amine (R3-NH2) and 2-iodobenzoyl chloride,
followed by ring closure using a copper-mediated sulfur insertion to give a core with the

desired R3 side chain ( Figure 4.4, Table 4.1).

0 A 0 B 0

cl —>» H

Figure 4.4 | The general route of synthesis for the initial series of ebsulfur analogues. A. R3-NH,, DIPEA,
CHClL,, rt, overnight, yields, 13-74%. B. Cul, 1,10-phenanthroline, Ss, K;CO3;, DMF, 110 °C; yields, 30
minutes, 17-81%.
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A. Yield B. Yield Overall Yield
Compound Structure (%) (%) (%)
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¢
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¢
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¢
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S
-0
N
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H
N_oO
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34 C[«"jj 33 17 6
¢
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35+ W/ 34 62 21
¢
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Table 4.1 | Initial ebsulfur (28) analogues that were synthesised. Compounds 28, 30, 31, and 35
were synthesised by Dr Tim Suits and are denoted with an asterisk “*’. This table was adapted with
permission from Dr Tim Suits.*?

4.2.2. Inhibition of MP™ by the Initial Series of Ebsulfur Analogues

The inhibition of MP" was measured by ICso values as determined by Forster resonance
energy transfer (FRET)-based inhibition assays ([MP] = 50 nM), and solid phase
extraction-mass spectrometry (SPE-MS)-based inhibition assays ([MP®] = 2 pM).*?% 470
The FRET-based assay utilised a peptide substrate of MP™ (sequence and cleavage
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site: AVLQ|ISGFRKK) with a fluorophore (5-FAM) at the C terminus (A-1) and a
quencher (dabcyl) N-linked to the side chain of the penultimate lysine (K-9).**° The
fluorescence emission is internally quenched by FRET while the peptide is intact, but
upon cleavage by MP™ the distance between the groups normally increases via diffusion
and the 5-FAM fluorophore signal is detected.*’® The SPE-MS-based assay directly
detects the abundances of cleaved peptide fragments from substrate peptides turned over
by MP™® (sequence and cleavage site: TSAVLQ|SGFRK). Inhibition is quantified by
comparing relative abundances to positive and negative controls.*’ The SPE-MS
experiments were kindly carried out by Dr Tika R. Malla (Department of Chemistry,
University of Oxford) and Dr Anthony Tumber. (Department of Chemistry, University

of Oxford).

The ICso values of compounds 26, and 28 - 36, demonstrated potencies against MP™
ranging from micromolar to sub-micromolar concentrations (2.55 - 0.04 uM) (Table 4.2).
Compound 28 (FRET: 0.13 uM, SPE-MS: 0.34 uM) exhibited the lowest ICso value after
26 (FRET: 0.04 uM, SPE-MS: 0.26 uM), closely followed by the other compounds with
non-polar side chains (29 - 32). Compounds with polar side chains (33 - 36) demonstrated
slightly lower potency on average compared to 26, but further evidence is needed for
confirmation. The R3-groups may therefore be able to access a hydrophobic pocket in the
MP™ active site, possibly corresponding to the P1' (benzyl ester) or P2 (leucine) sites of

N3 (Figure 4.3).
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ICso (FRET)

ICso (SPE-MS)

Compound Structure (LM) (uM)
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27 7@“ 151 +0.09 0.99 = 0.15
9
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s’NO
o p
29 @ﬁﬂ, 0.19 + 0.04 0.43 + 0.03
.
o
30* @ﬁ(N 1.00 £ 0.50 0.53 + 0.05
¢
o
31% @E«Nfﬁ 0.41+0.12 0.47 + 0.02
¢
o
32 @finﬂ 032 +0.04 0.42 +0.03
o
N=
33 S,N@ 0.22+0.10 0.79 + 0.09
H
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o
34 @ﬁ(ij 0.51 +0.02 2.55+0.57
¢
0 /
35% " 0.95 + 0.04 0.78+0.18
¢
o o—
36 @[ﬁnﬂo 0.25 £ 0.02 0.39 + 0.05

Table 4.2 | ICsp values exhibiting the measured inhibition of MP™ by the initial series of ebsulfur analogues.
ICsg values shown + standard deviation. Independent experimental repeats, n = 2. Technical replicates per
experiment, n = 3. Compounds 28, 30, 31, and 35 were synthesised by Dr Tim Suits and are denoted with
an asterisk “*’. This table is adapted with permission from Thun-Hohenstein et al. under the Creative
Commons CC-BY 4.0 license, https.//creativecommons.org/licenses/by/4.0 .#%°
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4.2.3. Reaction of the Initial Series of Ebsulfur Analogues with MP™

Ebselen (26) has been reported to react promiscuously with cysteine thiols, both those
present in MP™ (12 cysteines) and other enzymes such as Ldtme (1 cysteine).*!> 437477478
To investigate whether the Rs-group of ebsulfur (28) would impact the number of
disulfide adducts formed, POMS experiments with MP™ were kindly conducted by Dr
Tika R. Malla. MP® (2 uM) was incubated with an ebsulfur analogue (40 pM) then
analysed by mass spectrometry after two 2 minutes and 35 minutes, and the number of
covalent adducts was calculated (Figure 4.5, Figure 4.6). Generally, a shift towards
fewer adducts was considered to indicate greater selectivity. If a compound were to react
once and retain inhibition, it may be inferred that the compound might only have reacted

with the active site cysteine.

Compound 26 (in a 20-fold excess) reacted with MP™ up to 12 times, with a small
proportion of MP™ having 11 adducts (Figure 4.5). There was little variation in the
number of adducts of 26 between the tested time points. 28 reacted with MP™ up to 11
times, with a distribution of observed number of adducts down to six. The proportion of
MP™ with a higher number of adducts of 28 was greater after 35 minutes (Figure 4.5).
This observation supported the initial hypothesis that a stronger S-N bond would decrease

the promiscuity of 28 in comparison to the Se-N bond of 26.

Compounds 29, 30, 32, 33, and 35 reacted up to six times with MP" but the number of
reactions changed over time. Although the cause was not immediately apparent, the time-
dependent variability was likely influenced by several factors including conformational
changes in the protein and solubility effects. For example, the reaction with specific MP™
cysteine residues could induce structural alterations, thereby exposing additional reactive
cysteines and leading to a subsequent increase in adduct formation over time.

Alternatively, kinetic dissolution could result in an increased concentration of inhibitor,
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further facilitating covalent modification. By contrast, compounds forming less stable
adducts and exhibiting poor solubility may dissociate more rapidly, then aggregate, which

could reduce the number of adducts as the reaction progresses.

The predominant number of adducts increased over time for 30 and 32 from four to six,
and for 33 from two to six, but the predominant numbers of adducts on MP™ decreased
over time for 29 and 35 from four to two (Figure 4.5). For compounds 27 and 36, which
reacted up to five times with MP™, the predominant number adducts decreased over time
from four to two. Compound 31 also reacted with MP™ up to five times, but the
predominant number of adducts remained four after 35 minutes. Compound 34 exhibited
the fewest adducts compared to unmodified 26 (3 cf. 12), reacting a maximum of three
times, and predominantly reacting once with little variation over time. This suggested the
4-(aminomethyl)pyrrolidine-2-one side chain may mimic the P1 positions of the natural
substrate and N3, but additional structural evidence is needed to confirm this hypothesis.
All variations of the R3 group apparently decreased promiscuity relative to 26 and
exhibited time dependent behaviour with the exception of compound 34. Nonetheless, it
is likely that compounds 26 — 36 would still be able to react with other exposed biological

thiols such as glutathione.

For ebselen-type inhibitors, which exert covalent inhibition, it is ideal to determine the

dissociation constant (K1) for the initial reversible binding event, the inactivation rate

K

constant (kinact), and the ratio of in order to evaluate the overall efficiency of MP®

inact

covalent inhibition.*’”® Therefore, future work should seek to address this. A potential
approach to derive K1 and kinact involves using a binding assay, such as Surface Plasmon
Resonance (SPR), to measure the total occupancy of MP™ (%) over time at various

inhibitor concentrations.*’” The resulting data could then be analysed by fitting the
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observed occupancy to Eq. 4. By extracting the observed rate constant (kobs) at each

inhibitor concentration, the kobs values can be plotted and fitted to Eq. 5, thereby enabling

. K
the determination of K1, kinact, and ——.4"°

inact

Eq. 4
Percentage total occupancy = 100(1 — exp(—kgps t))
Eq. 5
k — kinact[l]
obs KI [I]
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Figure 4.5 | POMS experiments of MP™ (33797 Da) incubated with compounds 26 - 31 from the initial
series. The number of adducts formed is indicated next to the observed mass. Technical repeats are
represented by a and b. This figure was adapted with permission from Dr Tim Suits.?”?
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The potency as measured by ICso value for the compounds, 28 — 36, was lower than for
26, but the selectivity of 28 —36 was higher than that of 26 (Table 4.2, Figure 4.5, Figure
4.6). Therefore, an index was devised to combine the potency and selectivity values of
ebsulfur analogues for a weighted comparison against 26; this was labelled ‘relative
potency’. The relative potency was calculated by dividing the pICso (FRET) value by the
maximum number of adducts formed for each compound; compounds were then ranked
accordingly (Table 4.3). The compound with the highest value of relative potency was
considered to have the most useful combination of selectivity and potency.
Unsurprisingly, 26 (0.6) and 28 (0.6) ranked lowest due to their poor selectivity in terms
of cysteine reactivity, indicating that high potency comes with a price of promiscuity.
Eight out of the nine synthesised analogues (27, 29 - 33, 35, 36) were superior to the
unmodified 26 and 28, and exhibited a similar relative potency to each other (1 — 1.3).
This result indicates that while any of the tested side chains were superior to a phenyl
group, most side chains relative to each other sacrificed as much in potency as they gained
in selectivity. Exceptionally, compound 34 exhibited a promisingly higher relative
potency (2.1) despite exhibiting one of the lowest potencies (pICso = 6.29). This
observation may support the hypothesis that substrate backbone mimicry might lead to
improved selectivity and motivated the synthesis of an expanded series of ebsulfur

analogues.
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Maximum  Relative potency
no. of (pICso / max no.
adducts of adducts)

pICso

Compound Structure (FRET)

H
N__oO
[0}
34 @E(ij 6.29 3 2.1
¢

[o]

31% @EfNJI 6.39 5 13

/

35% g 6.11 5 1.2
e O

29 @[f,w 6.75 6 1.1
o]
e

33 @Ef \_/ 6.67 6 1.1
(o] (o]

36 @Ef” o~ 6.61 6 1.1
[~
g8
32 s 6.5 6 1.1

0 O

30% @ﬁ;" 6.03 6 1.0
6 43

27 ,@Eg”“ i 5.82 6 1.0

28* @[fn@ 6.89 1 0.6
o]
N

26 @Eﬁe ) 7.4 12 0.6

Table 4.3 | Compounds 26, 27, and the initial series of compounds, 28 - 36, ranked by relative potency.
This table is adapted with permission from Thun-Hohenstein et al. under the Creative Commons CC-BY
4.0 license, https.//creativecommons.org/licenses/by/4.0.4%°
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4.3. The Synthesis and Screening of an Expanded Series of

Ebsulfur Inhibitors

The results from the initial series of compounds that were synthesised and tested
demonstrate that it is possible to decrease the promiscuity of ebsulfur analogues via
structural variation. In particular, groups that may resemble components of the natural
substrate of MP" or N3 appear to be the most effective. An expanded series of analogues
was therefore synthesised with modifications on the core at positions C6 and C8,
retaining a phenyl- or isopentyl N-linked side chain at position N2 (Figure 4.7). The
chosen N-linked side chains allowed direct comparisons to be made against 26 and 28. If
the N-linked side chains of the analogues were to occupy the P1 position, it was
hypothesised that groups at C6 may be able to extend into P1', P2, or even P3 positions.
Conversely, groups at C8 may sterically hinder general non-specific reaction with

cysteines.

4.3.1. Synthesis

The original pathway was adapted to incorporate pre-substituted starting materials and a
Pd(0)-catalysed cross-coupling reaction as necessary (Figure 4.7). The majority of
starting materials with substituents at position C6 or C8 were prohibitively expensive to
procure as acyl chlorides, therefore the acyl chloride was generated as necessary via
procedure A, then subjected as before to procedure B (procedure A., Figure 4.4). Pre-
substituted alkyl- and aryl-bromide starting materials allowed late-stage functionalisation
via Pd(0)-catalysed cross-coupling reactions, as carried out in procedure D. (Figure 4.7),

as well as the initial investigation into selectivity via C6 and C8 substituents.*30-482
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Figure 4.7 | General synthetic route for the expanded series of ebsulfur analogues. A. Oxalyl chloride,
DMF, CH>Cl,, 0 °C — rt, 3h. B. DIPEA, R3-NH>, CH>Cl,, rt, overnight, 34-70% (A/B. combined). C.
Cul, 1,10-phenanthroline, Ss, KxCO3, DMF, 110 °C, 30 min, 7-86%. D. Phenylboronic acid, K>COs3,
Pd(dppf)ClL,, 1,4-dioxane, 80 °C, 3 h, 19%.

Eight compounds were synthesised to form the expanded series of ebsulfur analogues.
Three were varied at position six (37, 38, 42), and five were varied at position eight (39,

40, 41, 43, 44) (Table 4.4).

Compound Structure A/B. Yield (%) C. Yield (%) Overall Yield (%)
0
37 N~ 34 58 20
O
0
Br.
38 @ﬁ 70 86 60
s’N©

[o]
39 S,N@ 57 7 4
[o]
40 @N@ 51 52 27
Br
o

41 (D.) 19 5

[o]
B
42 '\Cfﬁ,ﬂ 48 15 7
¢

43 g 69 61 42
(.~
44 @N 43 29 12

Table 4.4 | The expanded series of ebsulfur analogues. Only the yield of procedure D. (19%) is shown for
compound 41 because the starting material was 40 and therefore the yields for procedures A/B. and C. are
accounted for.
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4.3.2. Inhibition of MP" by the Expanded Series of Ebsulfur Analogues

The extent of MP™ inhibition was assessed by the FRET ICso assay and the SPE-MS ICso
assay as before, with the SPE-MS assays being kindly conducted by Dr Tika R. Malla
and Dr Anthony Tumber (Table 4.5). Compounds 37 (FRET: 0.48 uM, SPE-MS: 0.43
uM), 38 (FRET: 0.03 uM, SPE-MS: 0.34 uM), and 42 (FRET: 0.21 uM, SPE-MS: 0.43
uM) were varied at position six and exhibited potent inhibition, comparable with the
respective unsubstituted molecules 28 (FRET: 0.13 uM, SPE-MS: 0.34 uM) and 32
(FRET: 0.32 uM, SPE-MS: 0.42 uM). However, substituents at position eight universally
substantially reduced inhibition for all compounds 39 (FRET: > 100 uM, SPE-MS: >100
uM), 40 (FRET: > 100 uM, SPE-MS: 10.88 uM), 41 (FRET: > 100 uM, SPE-MS: > 100
uM), 43 (FRET: > 100 uM, SPE-MS: > 100 uM), and 44 (FRET: > 100 uM, SPE-MS: >
100 uM). This may be due to steric hindrance of bulky groups physically adjacent to the
reactive sulfur, preventing access to free thiols of cysteine residues. Differentiated
electronic effects of substitution at C6 or C8 by the same group are likely to be minor,
comparable to the similar effects of ortho and para substitution on benzene; ebsulfur’s
C6 and C8 themselves are ortho and para to the reactive sulfur.*®® Furthermore, 37
contains a nitrogen at position six and retains similar potency to 28, supporting the
proposal that steric effects had a larger impact than electronic effects on the inhibition of

Mpro
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ICso (FRET) ICso (SPE-MS)
Compound Structure (LM) (LM)
0

N ’
37 @Fﬁn@ 0.48 + 0.09 0.43 +0.01
[o]
Br
38 7@[5«@ 0.03£0.01 0.34+0.01
(o]
39 ) > 100 > 100

40 @"@ >~ 100 10.88 + 0.82

41 > 100

Br.
42 TC[Z(NA 0.21+0.13 0.43 = 0.01

43 ;;E( > 100 > 100

44 @N 94.50 + 8.22 > 100
Br

Table 4.5 | ICsy values exhibiting the measured inhibition of MP'® by the expanded series of ebsulfur
analogues. ICsg values shown + standard deviation. Independent experimental repeats, n = 2. Technical
replicates per experiment, n = 3. This figure was adapted with permission from Dr Tim Suits.*’3

4.3.3. Reaction of the Expanded Series of Ebsulfur Analogues with MP™
Selectivity was assessed as before by POMS experiments with MP™, kindly conducted by
Dr Tika R. Malla (Figure 4.8, Figure 4.9). C8 substituted compounds, 39, 40, 41, 43,
and 44 did not form stable adducts with MP™, mirroring their ICso values and supporting
the conclusion that C8 substitution abolishes the activity of ebsulfur analogues. C6
substituted compounds exhibited substantial decreases in the maximum number of
adducts compared to their respective unsubstituted analogues (cf. 28 vs 38 (11 — 2), and

208



32 vs 42 (6 — 2)). Compound 37 (9) exhibited comparable promiscuity to 28 (11),
indicating that the electronic effect of nitrogen had a minor effect on the selectivity of the
analogue, compared to the steric effect of a bromine substituent. It is likely that the steric

bulk incorporated at position six drives the selectivity of 38 and 42.
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Figure 4.8 | POMS experiments of MP™ (33797 Da) incubated with compounds 37 - 42. The number of
adducts formed is indicated next to the observed mass. Technical repeats are represented by a and b.
This figure was adapted with permission from Dr Tim Suits.??
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Figure 4.9 | POMS experiments of MP™° (33797 Da) incubated with compounds 43 and 44. The number of
adducts formed is indicated next to the observed mass. Technical repeats are represented by a and b.
This figure was adapted with permission from Dr Tim Suits.??

The expanded series of ebsulfur analogues successfully produced compounds with
superior selectivity than the initial series of ebsulfur analogues, as measured by their
relative potency (Table 4.6). Both compounds with C6 substituents, 38 (3.8) and 42
(3.3), achieved higher relative potencies than the most relatively potent compound in the
initial series, compound 34 (2.1). The only other compound modified at the C6 position,
37 (0.7), achieved a similar relative potency to the unmodified analogues, 26 and 28, in
the initial series (1 — 1.3). Compounds substituted at the C8 position were not assigned
relative potencies because they did not exhibit covalent reactions or substantial inhibition.
The time dependent nature of the reaction of ebsulfur analogues and MP™ may lead to
more adducts after a longer period than measured here (e.g. 38), although the precise
cause was not immediately apparent. As mentioned previously, future work should assess
time-dependent solubility to ascertain whether kinetic dissolution or another mechanism
underpins this observation, thereby guiding further investigation. Nonetheless, these data
support the proposal that, with respect to relative potency, C6 substitution (e.g. 38) is
superior to both C8 substitution (e.g. 40) and no substitution (e.g. 28), particularly
because the relative potency index is impacted more greatly by the maximum number of

adducts formed than the pICso value.
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Maximum

Compound Structure (IE)II{%"(I)") no. of Relative potency
adducts (pICso / max no.
of adducts)
0
Br
38 \C[Z( 751 2 3.8
s’NO
(o]
42 B'K;[‘(Nﬂ 6.68 2 3.3
g
(o]
N ’
37 &N@ 6.32 9 0.7
0
39 SIN@ <3 0 -
0
40 @[ﬁ"@ <3 0 -
Br
(o]
N4< >
41 O s <3 0 -
(o]
43 S,NJ_< <3 0 -
(o]
44 @Nﬂ 3.02 0 .

Table 4.6 | The expanded series of compounds, 38 - 44, ranked by relative potency. This was figure was

Br

adapted from Thun-Hohenstein et al.*®’

4.3.4. Future Work to Develop Inhibitors Against MP™

The project aim was to develop novel inhibitors of MP™ that combined the potency of the
ebsulfur scaffold (28) with increased selectivity for reduced toxicity. The initial series of
ebsulfur analogues produced 34 (relative potency = 2.1), an ebsulfur analogue containing

an N-linked 4-(aminomethyl)pyrrolidine-2-one side chain exhibiting an optimal balance
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of potency and selectivity. The expanded series of ebsulfur analogues produced 38
(relative potency = 3.8) and 42 (relative potency = 3.3) — ebsulfur analogues containing
C6 bromo-substituents with greater potency and selectivity than 34. Further research
should include combining the 4-(aminomethyl)pyrrolidine-2-one side chain with a C6
bromo-substituent in the same compound to determine if greater selectivity could be
achieved. Late-stage functionalisation at the C6 position via the bromine substituent
could then be leveraged to further improve the affinity of ebsulfur analogues for the active
site of MP™. In addition, a crystal structure of 34, 38, or 42 displaying the binding pose
of the covalent adduct with Cys-145 would greatly inform the accurate design of

substrate-mimetics.

4.4. Inhibition of Ldtv« by Ebsulfur Analogues

In-house experiments identified the ability of Ebselen (26) and ebsulfur analogue 61 to
react with the nucleophilic cysteine of Ldtmi.**”> *** Therefore, the initial and expanded
series of ebsulfur analogues were subjected to POMS experiments with Ldtme to
investigate whether selectivity within MP™ had an effect on reactivity with other cysteine
containing enzymes (Figure 4.11, Figure 4.12, Figure 4.13). Ldtme contains a single
cysteine as part of a histidine-cysteine catalytic dyad, compared to 12 cysteines in MP™.477
Ideally, compounds selective for MP® would not react with Ldtmw. Alternatively,
compounds that do react with Ldtm may present antimicrobial activity and serve as
potential treatments against Mycobacterium tuberculosis. The following POMS

experiments were kindly carried out by Dr Tika R. Malla.
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Figure 4.10 | Chemical structure of ebsulfur analogue 61.%%*

The initial series of ebsulfur analogues (28 - 32, 35, and 36) formed adducts with all
Ldtme cysteines in solution after five minutes, with the exception of 33 and 34 (Figure
4.11, Figure 4.12). Compounds 33 and 34 contained cyclic polar side chains, compared
to non-polar side chains (28 - 32) or linear polar side chains (35, and 36). This finding
was encouraging because compound 34 exhibited the highest relative potency in the
initial series of ebsulfur analogues, suggesting that the selectivity of high potency
compounds could be tailored to a targeted active site. In particular, the
4-(aminomethyl)pyrrolidine-2-one side chain appears to be selectively beneficial in MP™,

providing evidence that it accesses the P1 site of MP™.

214



-~ Y
§§ &
~
¥
26 —— 28 ]

v T O n g 0T
» >
3 3
5 5
'#”

»
EX
=2

a
) ) ) ) f T T T
A S IR
m/z [Da] [
m/z [Da]
8 K
§§‘ §$
& N & &
§ & § &
29 Y 30 reyras

. T T T . N N N N N
N) ) ) )
N R S
mi/z [Da] m/z [Da]
- r‘\l\
R o
o= 5
s . & A
gy & § €&
31 ¥ 32—
= A 222

a

SRR A

s S S ¥ S & & & 8
m/z [Da] m/z [Da]

Figure 4.11 | POMS experiments of Ldtyuz (40445 Da) incubated with compounds 26 - 32. This figure was
adapted with permission from Dr Tim Suits.?”
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Figure 4.12 | POMS experiments of Ldtyuz (40445 Da) incubated with compounds 33 - 36. This figure was
adapted with permission from Dr Tim Suits.?”?

POMS experiments of the expanded series of ebsulfur analogues with Ldtme
demonstrated an absence of adducts for compounds with substituents around the core (38
- 42), and fully reacted Ldtmr, after 38 minutes of incubation with compound 37 (Figure
4.13). However, compound 37 reacted with Ldtme slower than 28, with apparently
complete reaction after five minutes. The lack of reaction by compounds with substituents
at either the C6 or C8 position indicates that the Ldtme active site did not tolerate steric
bulk around the core. This differs from the trend of reactivity between ebsulfur analogues
and MP™ which did not tolerate C8 substitution, but favoured C6 substitution. The
separation of parameters favouring selectivity against MP™, compared to Ldtmr, supports
the hypothesis that ebsulfur analogues may be developed as selective covalent inhibitors

to target individual enzymes with nucleophilic cysteine active sites.
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Figure 4.13 | POMS experiments of Ldtyiz (40445 Da) incubated with compounds 37 - 42. This figure
was adapted with permission from Dr Tim Suits.*’3
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4.4.1. Antimicrobial Activity of Ebsulfur Analogues Against Multi-drug

Resistant Mycobacterium tuberculosis

Five compounds from the initial and expanded series of ebsulfur analogues were selected
to be screened against M. tuberculosis in whole-cell assays. Three compounds that
reacted with Ldtme (28, 29, 36), and two compounds that did not react (33, 38), were
chosen. The whole-cell experiments were kindly conducted by collaborators Dr. Chris

Moon and Dr. Joanna Bacon et al. (Public Health England).

4.4.2. Flow Cytometry of M. tuberculosis Treated with Ebsulfur

Analogues

A flow-cytometer channels single cells through the path of a laser, allowing the scattered
light to be detected and analysed according to the experiment’s parameters. In this case,
calcein violet acetoxy-methyl ester (CV-AM) and a fluorophore, Sytox green (SG), were
applied to the M. tuberculosis cells prior to measurement. CV-AM enters live cells where
the ester is hydrolysed to give a fluorophore, calcein violet (CV).*® The intensity of CV
fluorescence is dependent on the number of live cells and therefore representative of
cellular proliferation. SG cannot enter live cells with intact membranes but can stain free
nucleic acids. The intensity of SG fluorescence is dependent on the abundance of
extracellular nucleic acids and therefore representative of cell wall and membrane
dysfunction. The flow-cytometer detects and quantifies the intensities of CV and SG per
cell to determine the proportion of live cells (via CV), as well as the proportion of cells

)45 M. tuberculosis cells treated with

with compromised cell membranes (via SG
compounds 28, 29, 33, 36, and 38 were assessed by flow-cytometry to investigate their
effects on cell viability and cell wall integrity (Figure 4.14). At a high concentration (100

uM), all compounds (28, 29, 33, 36, and 38) compromised the viability of the cell wall
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as observed by the high intensity of SG, and disrupted cell metabolism as seen by the low
intensity of CV (cells in upper left quadrant > 70 %) (Figure 4.14, Table 4.7). In addition,
the compounds that reacted with Ldtmr) exhibited moderate minimum inhibitory
concentrations (28, 29, and 36, MIC ~ 30 uM) but the compounds that did not react with

Ldtmr exhibited poor MIC values (33 and 38, MIC > 100 uM) (Table 4.7).
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Figure 4.14 | Flow cytometry experiments of inhibitors against Mycobacterium tuberculosis. Movement
along the y axis from bottom fo top quadrants represents an increase of detected SG, indicating an
increase in the number of compromised cell membranes. Movement along the x axis from left to right
quadrants represents an increase of detected CV, indicating an increase in the number of living cells.
Movement from the bottom-right quadrant to top-left quadrant represents a transition from high numbers
of living cells with intact cell surface membranes to high numbers of dead cells with compromised cell
surface membranes. A. Control. B. Imipenem (a carbapenem f-lactam antibiotic). C. SQ109 (an
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inhibitor of mycobacterium membrane protein large 3). D. 28, E. 29, F. 33, G. 36, H. 38. This figure
was adapted with permission from Dr Tim Suits.*’3

Cells in upper left
quadrant (%)

28* C[‘( 37.04 + 10.70 84.44
s’NO
(o]

29 CE‘(N 38.25 + 10.20 89.65
¢

Compound Structure MIC (uM)

33 C[‘< N= > 100 71.25
s’N@

36 @Nﬂo 30.80 + 6.23 75.65
S

Br.
38 \C[fr«@ > 100 73.89

Table 4.7 |MIC values and flow cytometry data for compounds 28, 29, 33, 38 and 36 against
Mycobacterium tuberculosis. This table was adapted with permission from Dr Tim Suits.*”?

4.4.3. Future Work to Develop Ebsulfur Analogues Against Ldtwme.

The flow-cytometry and MIC data from M. tuberculosis whole-cell assays indicate that
the ebsulfur analogues can exhibit antimicrobial activity. According to the MIC values
measured here, compounds previously shown to react with Ldtme (Figure 4.11.28,
Figure 4.11.29, Figure 4.12.36) exhibited lower MICs (Table 4.7; 28, MIC ~37 uM;
29, MIC ~38 uM; 36, MIC ~31 uM) than compounds which did not react with Ldtme
(Figure 4.12.33; Figure 4.13.38; Table 4.7, 33 and 38, MICs > 100 uM). However,
without direct investigation, it is not possible to conclude that compounds 28, 29, and 36
achieved lower MIC values via superior Ldtme inhibition. The cell wall of M.

tuberculosis was also compromised by all compounds at high concentration, suggesting
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further experiments are required to confirm whether cell wall dysfunction occurred via

slower assembly, or faster degradation.

4.5. Summary and Conclusions

The aim of the work described in this chapter was to help develop a potential small-
molecule therapeutic for use in SARS-CoV-2 infections. The project was inspired by the
reported potency of Ebselen (26) against SARS-CoV-2 MP™ (reported ICso = 0.67 uM),
and the observed selectivity of the active-site mimetic peptide ‘N3’.*? 26 is known to
perform off-target reactions; 26 was measured to react with LdtmT2 and every cysteine in
MP© (12).437-470 Tt was proposed that an analogue which reacted fewer times with MP™

cysteines, and maintained potency against MP™, may produce fewer off-target reactions.

The scaffold of 26 was substituted at the N1, C6, and C8 positions, and the selenium atom
was replaced with a sulfur atom. In comparison with 26, three compounds were found to
form fewer adducts with MP™ cysteines and maintain comparable potency against MP™,
as measured by relative potency (relative potency = pICso / max. number of adducts); 34

(relative potency = 2.1), 38 (relative potency = 3.8), and 42 (relative potency = 3.3).

The most relatively potent compound, 38 (relative potency = 3.8), was tested alongside
compounds 28 (relative potency= 0.6), 29 (relative potency=1.1), 33
(relative potency = 1.1), and 36 (relative potency = 1.1), for antimicrobial efficacy
against Mycobacterium tuberculosis bacteria, which express Ldtmr2.*” Compound 38
(MIC > 100 uM) demonstrated a poorer MIC than compounds 28 (37 uM), 29 (38 uM),

and 36 (31 uM).

In conclusion, 38 exhibited marginally superior potency (ICso = 30 nM) and reduced

reactivity (max. number of adducts = 2) against MP than 26 (ICso= 40 nM, max. number
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of adducts = 12). Compound 38 also exhibited relatively poorer antimicrobial activity
than 28 (37 uM), 29 (38 uM), and 36 (31 uM), as inferred from their respective MIC
values. The higher MIC values exhibited by 38 suggests that modifications putatively
beneficial for the selective inhibition of MP™ may have a detrimental effect on the growth-
inhibitory activity of the ebsulfur scaffold against M. tuberculosis. One explanation may
be that a reduction in off-target reactions relative to MP™ corresponds to fewer reactions
with proteins necessary for the growth of M. tuberculosis, potentially including Ldtmt.
Alternatively, considering compound 38 structurally differs from 28 solely through a
bromide substituent, 38 may be a substrate for metabolic or efflux pathways in
M. tuberculosis where 28 is not, thereby diminishing the antimicrobial efficacy of 38. A
substantial amount of further development would be required to derive an approved
therapeutic agent from the 26 scaffold. Nonetheless, the results support the proposal that

the selectivity of the 26 scaffold can be improved.
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5. Conclusions

5.1. Roles and Therapeutic Potential of Isocitrate

Dehydrogenase Mutations in Cancer

5.1.1. Summary

The primary objectives of this work were to investigate the roles of IDH1 WT and IDH2
WT in glioma cells with IDH1 R132H mutations, differentiate the effects of the IDHI
R132H gain-of-function and dominant-negative phenotypes, investigate a metabolic link
between IDH1 mutations and an oncogenic driver in glioma, and identify novel potential

therapeutic avenues enabled by IDHI1 mutant-induced changes in metabolism.

Chapter 1 reviewed the significant metabolic effects of IDH1/2 mutations and associated
therapeutic strategies. There appeared to be a lack of evidence on the precise mechanistic
link between IDH1/2 mutations and specific oncogenic drivers. In addition, the emerging
resistance to clinically approved IDH1/2 inhibitors underscores the need for alternative
therapeutic approaches that avoid direct targeting of IDH variants. Given the strong
metabolic alterations induced by IDH1/2 mutations, strategies targeting metabolically

sensitive pathways appear promising, such as IDH1/2 WT inhibition.

Chapter 2 describes the evaluation of existing pre-clinical inhibitor scaffolds targeting
IDH1/2 mutations. Inhibition screens against IDHI WT and IDH2 WT by collaborators
yielded two inhibitors: one for IDH1 WT (1) and another for IDH2 WT (2). The two
inhibitors were then synthesised for further investigation. Additionally, a novel small-
molecule was synthesized, using elements of 2 as the warhead for a potential PROTAC
strategy (3). Inhibition assays, including the e-Leaf and NADPH absorbance-based

methods, demonstrated that IDH1 WT inhibition with 1 was significantly slower when
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the IDH1 WT enzyme had already begun the catalytic cycle, suggesting potential
challenges for in vivo efficacy, where enzymatic activity is continuously present. The
binding kinetics derivations suggest that 1 binds to IDH1 WT freely, but must wait for
IDH1 WT to adopt an open-inactive conformation to trap an inactive conformation and
cause inhibition. Studies on compounds incorporating quaternary ammonium ions as
potential active-site inhibitors indicated minimal impact on enzyme activity and only

modest inhibition effects.

Chapter 3 describes three metabolomics experiments using LN18 GBM cells, with and
without IDH1 R132H mutations. The IDH1 WT inhibitor 1, the IDH2 WT inhibitor 2,
and the putative IDH2 WT PROTAC 3 were applied separately to cells of each mutational
status. The metabolic effects of the IDH1 R132H mutation in cells were compared to the
IDH1 WT cells, and the effects of each treatment were compared to a control within each
mutational status. The untreated IDH1 R132H cells exhibited alterations to the PPP,
nucleotide  biosynthesis, neurotransmitter —homeostasis, redox homeostasis,
lysine/hydroxylysine/tryptophan degradation pathways, fatty acid metabolism, and B-CG
(the role of which is still undefined). 1 led to dysregulation of the
lysine/hydroxylysine/tryptophan degradation pathways and potent inhibitory activity
against IDH1 R132H (as reported in literature).>** Interestingly, IDH1 WT inhibition, and
IDH1 RI132H inhibition, appeared to affect the lysine/hydroxylysine/tryptophan
degradation pathways by different mechanisms; glutaric acid was significantly elevated
in both IDH1 WT and IDH1 R132H cells treated with 1 compared to controls, but
glutaconic acid was elevated in control IDH1 R132H cells and decreased in favour of
glutaric acid when treated with compound 1. IDH2 WT inhibition appeared to affect
galactose metabolism, but the effects were overridden in the presence of the IDH1 R132H

mutation. Compound 3 elicited widespread alterations in metabolite abundances in IDH1
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WT cells, but have no apparent effects in IDH1 R132H cells. While these findings
confirmed that 3 was at least in part selective as it was not targeting IDH1 R132H, it was
not clear if IDH2 WT was the target as galactose was not significantly affected in the
treated groups. Nonetheless, multiple areas of metabolism contained significantly altered
metabolites including co-/post-translationally modified amino acids, nucleotides, redox
homeostasis, the TCA cycle, lysine/hydroxylysine/tryptophan degradation pathways, and

the metabolites taurine and B-CG.

5.1.2. Limitations of the Metabolomics Analyses

The LN18 GBM cell line was transfected with a lentiviral vector to express the IDH1
R132H mutation. Ideally, the mutation would be endogenously present in the
chromosome to more accurately mimic physiological conditions. It would be ideal to

utilise patient-derived samples in which the mutation occurred naturally.

The putative PROTAC compound retained only some structural elements of the original
compound, 2, and the ICso value against IDH2 WT was not measured. Moreover, western
blots were not available to investigate the IDH2 WT protein degradation activity.
Although there was evidence of a strong effect specific to the IDHI WT cell line, the
mechanistic significance of this observation can only be fully understood once its direct

interactions within the cell are confirmed.

The sample size in metabolomics experiment 2 was smaller than experiment 1 (n =5 cf.
n = 10); ideally, sample sizes should be as large as possible to ensure statistical validity
(n > 10). Additionally, the number of repetitions for the metabolomics experiments is a
common limitation in metabolomics analyses. Repeating the entire experiment could
enhance the reliability of the findings. For comprehensive analysis, samples from each

experiment should also be preserved for other analyses, particularly proteomics. This
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would enable the integration of metabolomic and proteomic data, facilitating the
investigation of potential connections, such as the role of PKC9, which may be a crucial

effector in peroxisomal oxidative stress signalling.

The metabolite database is not exhaustive and certain metabolites may have multiple
unidentified fragments contributing to their significance, or lack thereof. For example, it
is possible that the identifications of 4-hydroxybutyric acid and 4-hydroxyphenylglycine
are made on underlying compound features which were fragments of other metabolites,
such as 2-HG. The IC-MS is sensitive to TCA cycle metabolites, but less so for lipid
metabolites, a critical area of significant metabolic dysfunction in IDH1 mutants. In the
future, metabolomics analyses could focus on the detection of fatty acids, especially
diacylglycerol (DAG) from lipolysis, perhaps necessitating an alternative

chromatography-MS method tailored for lipid analysis.

The use of cell lines supplemented with exogenous glutamine potentially biased the levels
of glutamate-glutamine cycle metabolites. It would potentially be more accurate culture
cells in physiological conditions akin to the synaptic cleft. This adjustment could provide

a more accurate representation of cellular responses and metabolic perturbations.

5.1.3. The Roles of IDH1 WT and IDH2 WT and Differentiating
Between the Effects of the IDH1 R132H Gain-of-Function and the

Dominant Negative-Phenotype

It is challenging to identify the roles of IDH1 WT and IDH2 WT from the available data
due to the overall lack of significant alterations of metabolites in IDH1 WT and IDH1
R132H LNI18 cells treated with 1 and 2. It appears that the effects of the IDH1 R132H
are mostly conveyed via the gain-of-function and not the dominant negative phenotype.

Although the potential inhibition of IDHI WT by 1 led to alterations in the
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lysine/hydroxylysine/tryptophan degradation pathways, similarly to the IDH1 R132H
mutation, different altered metabolites in each condition (glutaric acid cf. glutaconic acid)
suggest that the mechanism of action is different, and therefore it is not the dominant
negative phenotype of IDH1 R132H causing glutaconic acid to be altered. Treatment with
2 appeared to have no significant effect in IDH1 WT cells on metabolites that were altered
in the control IDH1 R132H cells, suggesting that IDH2 WT inhibition did not interact
with similar pathways as were affected by the IDH1 R132H mutation. The evidence for
potentially stronger IDH2 WT inhibition by 3 is inconclusive without further evidence to
suggest that IDH2 WT is being degraded itself. In the absence of significant alterations
in the same metabolites as affected by 2, it seems likely that the effects of 3 may be

mediated by off-target effects, if not via IDH2 WT inhibition.

5.1.4. A Proposed Role of IDH1 R132H in Glioma, Linking IDH1

R132H to Polyamines and p53:

IDH1 WT activity is reported to be closely linked to fatty acid metabolism, and the IDH1
R132H mutation is reported to lead to fatty acid metabolism dysregulation.3% 215 220-222
The IDH1 RI132H mutation consumes NADPH and 2-OG, and causes 2-HG
accumulation.'® The IDH1 R132H mutation is also localised to the peroxisome.?* 2’
Crucially, L-a-hydroxyacid oxidase (HAO, catalyses 2-hydroxyacid + O2 — 2-oxoacid +
H>02) is almost exclusively found in the peroxisome.?* In the peroxisome, 2-HG
produced by IDH1 R132H may be immediately oxidised to 2-OG by HAO, producing
H202; 2-OG may then be reduced to 2-HG again by IDH1 R132H at the expense of
another NADPH molecule. The consequent accumulation of ROS can then trigger
tyrosine-kinase c-Abl to activate catalase, regenerating Oz from H202. Thus, 2-OG and
2-HG may cycle indefinitely in the peroxisome until the local NADPH is depleted, and

in the absence of sufficient catalase, H2O2 may also accumulate until the available Oz is
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depleted (Figure 5.1). The PPP appears to be upregulated to compensate for the depletion
of NADPH, but this may not ameliorate the balance in the peroxisome. This cycle could
also be relevant in the case of an IDH2 mutation; if 2-HG from the mitochondria were to
enter the peroxisomes, NADPH depletion would likely remain localised to the

mitochondria, but ROS may accumulate in the peroxisome due to the action of HAO.

IDH1 R132H
-NADPH
(o] (0] (o] (0]
HOWJ\OH HOJ\/\KU\OH
(o] OH
HAO
HO—OH H/O\H

+0,

Catalase

Figure 5.1 | An overview of the potential cycle between 2-OG and 2-HG in the peroxisome, enabled by
IDHI RI132H, HAO, and catalase.

H20:2 and ROS occur at relatively high levels in peroxisomes as a consequence of normal
B-oxidation,*® L-2-hydroxyacid oxidation (here 2-HG),*” and dysregulated unsaturated
fatty acid metabolism;*! lipid peroxides accumulate, derived from unsaturated fatty acids,
which are unable to be reduced without sufficient levels of NADPH. 23 26 27, 218, 223
Critically, lipid peroxides in excess cause ferroptosis (iron-dependent programmed cell
death);?!® treatment of cells with 2-HG is reported to promote the accumulation of lipid

peroxides,?!” and mutant IDH1 is reported to sensitise cells to ferroptosis.?!* Peroxisomal
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biogenesis factor 2 (PEX2) senses the accumulation of ROS as a sign of increased -
oxidation and triggers lipolysis via adipose triglyceride lipase, releasing DAG in the first
step.®” 426 H202, c-Abl, and DAG cooperate to maximally activate protein kinase C delta
PKC3.3%% 35 On activation, PKC3 may deplete NAAG,*® downregulate glutamine

synthase,*®® and activate ornithine decarboxylase (ODC) to produce putrescine. 34!

Putrescine is a polyamine and may be converted into longer polyamines through the
polyamine cycle.*”> Polyamines are reported to be necessary for rapid proliferation,**?
and are reported to increase the permeability of the blood brain barrier,*** which in
particular suggests effects on glial cells.*** Inhibition of polyamine synthesis is reported
to halt cell growth.*® Putrescine levels are reported to be elevated in glioma cells
expressing IDH1 R132H.'*° Polyamines may not immediately lead to proliferation as
they are reported to upregulate p53,*® however, 2-HG may downregulate p53 via HIF-
20,*7 and IDH1 mutation is reported to frequently co-occur with p53 mutation leading
to the suggestion that IDH1 mutation occurs as an initial event in cancer development,

with p53 mutation occurring subsequently. 431483

PKCd may be responsible for the observed tissue-specificity of IDH mutations in cancer;
PKC$ demonstrates pro-apoptotic effects in the majority of cell studie;.*® however,
PKC5d also demonstrates tissue-specific anti-apoptotic effects, particularly in the skin and
brain, which are coincidentally both lipid-rich tissues. Small-molecules inhibitors of
PKC$ have been patented as inhibitors of metastatic melanoma,*® and PKCS is reported
to be anti-apoptotic in glioma cells challenged with virus-induced apoptosis.’*® Inhibition
of PKC3 prevents neurite growth,®' and activation of PKC$ enhances nerve growth
factor (NGF) induced neuritogenesis.’*> Hippocampal cells treated with NGF and
fibroblast growth factor (FGF) require PKCd to activate the Mitogen-Activated Protein
Kinase (MAPK) for growth.*!
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In conclusion, the IDHI R132H gain-of-function, and peroxisome-specific cycling of
2-HG and 2-OG by HAO, may maximally activate PKCd by triggering oxidative stress
and lipolysis simultaneously. PKC9 activation may then lead to some of the observations
commonly seen in IDH1 RI132H mutant cells; namely, glutamine synthetase
downregulation, depletion of NAAG (and potentially B-CG), accumulation of
polyamines, and p53 co-occurrence. 439359 Downregulation of glutamine synthase will
free glutamate from its recycling pathway making it available as a fuel source. This
process may explain the observed net flow of glutamine to glutamate and ultimately 2-
HG, as opposed to the physiological direction of glutamate to glutamine. 4% 190-193. 506
NAAG and B-CG are often observed to be depleted in IDH1 R132H cell lines.'*® The
accumulation of polyamines may prime the cell in a ‘pre-proliferative state’, awaiting

sufficient p53 downregulation via 2-HG accumulation, or eventual p53 mutation. Upon

the mutation of p53, cells may then participate in tumorigenesis.

5.1.5. Therapeutic Avenues for the Treatment of IDH1 R132H Glioma

To date, inhibiting IDH1 WT or IDH2 WT does not seem to be a promising treatment of
IDH1 R132H bearing glioma, at least based on the limited metabolic impact identified
here. While this study did not clearly delineate the roles of IDH1 WT and IDH2 WT in
IDH1 R132H cancers, pathways sensitive to IDH1 mutation appear to include the PPP,
nucleotide synthesis, fatty acid metabolism, and lysine/hydroxylysine/tryptophan
degradation. Accordingly, future therapeutic avenues may benefit from targeting one of

these four metabolic areas.

The pentose phosphate pathway (PPP) is consistently highlighted as key in IDH1 R132H
cell lines, likely serving as a compensatory mechanism to regenerate NADPH.!30: 140

Additionally, nucleotide synthesis, linked to the PPP via ribose-5-phosphate, appears to

be increased. Targeting the PPP and/or inhibiting de novo nucleotide biosynthesis may
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be an effective therapeutic avenue. Recent studies indicate that folate antagonists
selectively kill glioma stem cells (GSCs) without affecting fibroblasts or neural stem cells
in vitro,>”” underscoring the importance of purine nucleotide biosynthesis in gliomas.
Furthermore, glutamine, a key carbon source for accumulated 2-HG and nitrogen source
for carbamoyl phosphate in pyrimidine biosynthesis, shows differential utilization in
mutant cells.'* Dr. Ingvild Hvinden's findings suggest that mutant cells exhibit higher
resilience to glutaminase inhibition than wild-type cells and it was postulated to be caused
by alternative glutamine metabolism pathways; carbamoyl phosphate synthetase II
(CPSII) is part of an alternative route glutaminase for the production of glutamate,’*® and
increased CPSII  activity would promote pyrimidine biosynthesis.’” An inhibitor
targeting the oxidative phase of the PPP could maximise impact in MUT cells by
hindering R5P production for nucleotide synthesis and reducing NADPH compensation.
Ideally, inhibiting the first enzyme in the PPP, glucose-6-phosphate dehydrogenase,
could cease all NADPH production. Alternatively, targeting the third enzyme, 6-
phosphogluconate dehydrogenase, which generates the second molecule of NADPH in

the PPP and produces RL5P (a pentose), may also be effective.

The IDH1 R132H mutation significantly impacts on fatty acid metabolism and the
degradation pathways of lysine, hydroxylysine, and tryptophan. Processes such as
peroxisomal B-oxidation in fatty acid metabolism and the pipecolate pathway in lysine
degradation, which occur early in peroxisomes, are likely disrupted by the IDH1 R132H
mutation’s consumption of local NADPH or the increased accumulation of ROS from the
action of HAO. Additionally, alterations in metabolites observed exclusively after
administering an IDH1 WT inhibitor suggest that normal IDH1 activity is crucial for
regulating these pathways. However, the response to the same inhibitor in cells

harbouring the IDH1 R132H mutation indicates a distinct mechanism of dysregulation to
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the pipecolate pathway, perhaps mediated by the gain-of-function, underscoring the
complex interaction between the mutation and metabolic processes. In the case of an
IDH2 mutation, HAO may mediate similar downstream effects as an IDH1 R132H
mutation via the oxidation of mitochondria-derived 2-HG; although, the relationship
between IDH2 WT and lipid metabolism is not clear given conflicting reports on the

effect of IDH2 deficiency on lipid metabolism.** 33

5.2. Inhibition of the SARS-CoV-2 Main Protease

5.2.1. Summary

A secondary objective of the work described here was to develop an ebselen-type
inhibitor scaffold, which could carry modifications to improve selectivity and potency
against the SARS-CoV-2 main protease (MP™). Chapter 4 described the development of
the ebselen scaffold into a less reactive, but potent, covalent inhibitor of SARS-CoV-2
MP™ Reactivity was modulated by substituting the selenium atom for a sulfur atom (also
known as ebsulfur) and varying substituents on the nitrogen or the benzoisothiazolinone
core. For each synthesised compound, ICso values against MP™ were measured using
FRET and mass-spectrometry, and the number of covalent reactions with MP™ were
observed by POMS. The most promising hit compound incorporated a bromide
substituent at the C6 position of the BIT core, and exhibited comparable potency to
ebselen while reacting only twice with MP™ (compared to 12 in the case of ebselen). A
compound with no modifications to the BIT core, but a 4-(aminomethyl)pyrrolidine-2-
one N-linked side chain, exhibited slightly reduced potency and substantially reduced
reactivity (3 reactions with MP™). The hit compound 38 also exhibited much poorer MIC

values against Mycobacterium tuberculosis than unmodified ebsulfur, suggesting that
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increasing the selectivity against MP™ successfully impaired reactivity with other active

site cysteine enzymes, here Ldtmio.

5.2.2. Limitations

Despite observing a decrease in the number of reactions while maintaining high potency,
the absence of a crystal structure containing MP™ and 38, appropriately means it is not
possible to say the compounds definitively interact with the active site cysteine.
Competition involving irreversible reaction of the active site cysteine with a selective
inhibitor will provide insight into selectivity. It remains unclear whether the compounds
react with glutathione, other cysteine enzymes, or if they are metabolized during first-
pass liver metabolism. Therefore, more specific and detailed biochemical evaluations are

required to clarify the compounds' mechanisms of action and stability

5.2.3. A Novel SARS-CoV-2 MP" Inhibitor

The work described here demonstrates the feasibility of modulating the ebselen scaffold
reactivity without compromising its potency. By combining optimal BIT core
substituents with an optimal N-linked side chain, it may be possible to develop a highly

selective inhibitor targeting MP™.
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6. Materials and Methods

6.1. Chemical Synthesis

6.1.1. General Information

Commercially available reagents and solvents were from Merck, Fluorochem, or Activate
Scientific, and were used as received. All manipulations with air- and moisture-sensitive

compounds were carried out under a positive pressure of argon in flame-dried glassware.

Chromatographic separation/purifications were performed using a Biotage Isolera
system. Unless otherwise specified, the solvent system employed a 0—40% (v/v) ethyl
acetate in cyclohexane gradient using Biotage Sfar® HC Duo cartridges. Reactions were
monitored by TLC on Merck aluminium backed sheets coated with Merck Kieselgel 60
F254 (230-400 mesh) fluorescent treated silica, and visualised under ultra-violet light

(254 nm or 365 nm) and/or stained with ninhydrin.

Melting points were taken on a Stuart® SMP40 automatic melting point instrument.
NMR-spectra were acquired using a 2-channel Bruker AVIII HD 400 Nanobay machine
equipped with a 5 mm z-gradient BBFO probe (multinuclear with '°F), a 2-channel
Bruker AVIII HD 600 equipped with a dedicated 5 mm BB-F/'H Prodigy N2 cryoprobe
optimised for multinuclear observation, or a 2-channel Bruker NEO 600 equipped with a
dedicated 5 mm BB-F/'H helium-cooled cryoprobe optimised for multinuclear
observation. Chemical shifts were referenced to residual protio- and perdeuterio-solvent
resonances (6H 7.26 and 6C 77.16 for CDCl3; 6H 2.50 and dC 39.52 for DMSO-d6; oH
3.31 and 8C 49.00 for CD30D) as internal standards for "H NMR and '*C NMR spectra,
respectively. All NMR spectra were processed using MestReNova software (version

14.2).
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LC-MS (liquid chromatography-mass spectrometry) data were obtained using an Agilent
1200 series LC machine connected to an Agilent 6120 Quadrupole MS using electrospray
ionisation (ESI) machine. LC was performed on a C18 reversed-phase column (Acquity
UPLC BEH C18, 2.1 mm % 50 mm, 1.7 pm) operated at 30 °C, using a linear gradient of
the binary solvent system of buffer A (H20:formic acid, 100:0.1 v/v) — buffer B
(MeCN:formic acid, 100:0.1 v/v), from 0 to 100% (v/v) B in 8.5 min, then 1 minute at
100% B, maintaining a flow rate of 1.5 mL/min. HR-MS (high resolution mass
spectrometry) were obtained using a Bruker pnTOF (ESI) spectrometer or Waters RDa
bench-top TOF used with an Acquity LC system in direct infusion (loop injection) mode
for target confirmation. For analysis using a Waters RDa benchtop TOF mcahine, flow
injection analysis was performed on an Acquity I-Class PLUS UPLC System (Waters,
Milford, MA, USA) coupled to an Acquity RDa mass spectrometer (Waters, Milford,
MA, USA) equipped with an ESI probe; analysis was performed in positive or negative
ionisation mode. The flow rate was set to 0.300 mL/min using a 50% (v/v) methanol (aq)
+0.1% (v/v) formic acid eluent. Scan parameters were set as follows: analyser mode, full
scan; scan range, 50 2000 m/z; scan rate, 2 Hz; cone voltage, 30 V; capillary voltage, 1.5

kV; desolvation temperature, 550 °C; and intelligent data capture, on.

Specific rotations were measured using a Schmidt-Haensch UniPol polarimeter. Values
are expressed in 10" deg cm? g'!'; concentrations (c) are quoted in g/100 mL; D refers to

the D-line of sodium (589 nm).

6.1.2. The Synthesis of 1

1-(4-Chlorophenyl)-1H-imidazole-4-carbaldehyde (7a)*'%3!!

A modified version of the literature procedure was used.’'® The atmosphere of a reaction

vial was purged with argon, then charged with Cul (350 mg, 1.80 mmol, 0.05 equiv) and
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10 trans-R,R-N,N-dimethyl-1,2-cyclohexanediamine (1.03 g, 7.30 mmol, 0.20

o\ equiv). Degassed DMF (69.2 mL, 0.52 M) was cannulated into the vial,

5 3 forming a green solution. CsCOs (23.68 g, 70.0 mmol, 2.0 equiv) was
* N2 added, followed by 4-imidazolecarboxaldehyde (3.46 g, 36.0 mmol, 1.0
equicvl); the solution turned blue. 1-chloro-4-iodobenzene (13.0 g, 55.0 mmol, 1.5 equiv)
was added and the mixture was stirred for 2.5 h at 110° C. The reaction mixture was
cooled to 0° C, washed with saturated NH4Cl solution (350 mL) and extracted with ethyl
acetate (840 mL). The organic layer was separated and dried with Na2SOas. Flash

chromatography (0-100% ethyl acetate in cyclohexane) followed by concentration in

vacuo yielded 2.46 g (33%) of 7a as a yellow solid.

Mp 180-181 °C; 'H NMR (400 MHz, DMSO) & 9.82 (s, 1H, H10), 8.66 (s, 1H, Im-H),
8.50 (s, 1H, Im-H), 7.81 (d, J = 8.8 Hz, 2H, H2, H6), 7.64 (d, J = 8.8 Hz, 2H, H3, H5);
510, 511

the "TH NMR spectroscopic data are consistent with those reported in the literature;

ESI HR-MS: calcd. for [C1o0HsON2CI+H]": 207.0320, found: 207.0320.

(8)-(E)-N-((1-(4-Chlorophenyl)-1H-imidazol-4-yl)methylene)-2-methylpropane-2-

sulfinamide (8)*"’

A modified version of the literature procedure was used.’*’ A

—N

9 14
"/' \ and (S)-2-methylpropane-2-sulfinamide (1.94 g, 12.0 mmol, 1.0
7 8

N

al ., equiv), then the atmosphere was purged with argon.
5
6 2 Dichloromethane (23.8 mL, 0.50 M) and pyrrolidine (0.19 mL,

1

Cl

0.20 equiv) were injected sequentially and the reaction mixture

was stirred for 3 h at 60° C. The crude mixture was then concentrated in vacuo and
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purified using flash chromatography (0-100% ethyl acetate in cyclohexane) to yield 3.22

2 (88%) of 8 as a yellow solid.

Mp 179 °C; '"H NMR (400 MHz, DMSO) & 8.55 (m, 1H, Im-H), 8.48 (m, 1H, Im-H),
8.40 (s, 1H, H10), 7.80 (m, 2H, Ar-H), 7.64 (m, 2H, Ar-H), 1.16 (s, 9H, H12, H13, H14);
the "TH NMR spectroscopic data are consistent with those reported in the literature;*"’

ESI HR-MS: calcd. for [C14aH170N3CIS+H]": 310.0776, found: 310.0775.

(S)-N-((S)-1-(1-(4-Chlorophenyl)-1 H-imidazol-4-yl)ethyl)-2-methylpropane-2-
sulfinamide (92)**® and (S)-N-((S)-1-(1-(4-chlorophenyl)-1H-imidazol-4-yl)ethyl)-2-

methylpropane-2-sulfinamide (9b)

15 A modified version of the literature procedure
14 16
\‘{ \‘/ was used.’”® A reaction vessel was charged with
2unSeo HN S0
N_9'° N 8 (620 mg, 2.00 mmol, 1.0 equiv.) then the
A < T 7
5 T 8 N atmosphere ~ was  purged with argon.
6 3 9a 9b .
A Dichloromethane (6.10 mL, 0.33 M) was added
1
Cl Cl

then the solution was cooled to -70 °C. Methyl
magnesium bromide (3 M in Et20; 1.33 mL, 4.00 mmol, 2.0 equiv.) was added dropwise,
and the mixture was allowed to warm to rt overnight. The reaction was quenched with
saturated aqueous NH4Cl (30.0 mL), then extracted with dichloromethane (30.0 mL). The
organic layer was dried with Na2SO4 and concentrated in vacuo. Purification using flash
chromatography (0—100% (v/v) (ethyl acetate + 1% (v/v) EtsN) in dichloromethane then
0—1% (v/v) (MeOH + 1% (v/v) EtsN) in (ethyl acetate + 1% Et3N)) yielded 230
mg (35%) of 9a (diastereomer ratio 9a:9b 99:1), and 92 mg (14%) of 9b (diastereomer

ratio 9a:9b 5:95) as yellow oils.
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9a: 'TH NMR (400 MHz, CDCl3) 8 7.75 — 7.74 (m, 1H, H7), 7.44 —7.41 (m, 2H, H2, H6),
7.33 —7.29 (m, 2H, H3, HS5), 7.24 — 7.23 (m, 1H, HS), 4.57 (p, J = 6.5 Hz, 1H, HI10),
3.85-3.80 (m, 1H, H12), 1.57 (d,J = 6.67 Hz, 3H, H11), 1.23 (s, 9H, HI14, H15, H16);
the "TH NMR spectroscopic data are consistent with those reported in the literature.>*® 13C

NMR (101 MHz, CDCIs) & 146.6, 135.9, 135.3, 133.3, 130.1, 122.7, 114.8, 55.8, 49.6,

22.7,21.9.

9b: '"H NMR (400 MHz, CDCL3) § 7.76 (d, J = 1.4 Hz, 1H, H7), 7.46 — 7.41 (m, 2H, H2,
HG6), 7.34 — 7.29 (m, 2H, H3, H5), 7.17 — 7.15 (m, 1H, H8), 4.66 — 4.56 (m, 1H, H10),
3.52 (m, 1H, H12) 1.66 (d,J = 6.8 Hz, 3H, H11), 1.22 (s, 9H, H14, H15, H16). *C NMR
(101 MHz, CDCL3) & 146.4, 135.8, 135.3, 133.2, 130.0, 122.5, 114.7, 55.8, 50.1, 23.0,

22.6.
ESI HR-MS: calcd. for [C1sH20CIN3OS+Na]": 348.0908, found: 348.0909.
(5)-1-(1-(4-Chlorophenyl)-1H-imidazol-4-yl)ethan-1-amine (10)**

12 A modified version of the literature procedure was used.’** The
NH,

, </Nj’1/ok atmosphere of a reaction vessel was purged with argon, then
/ 1
N 8

5/, charged with 9a (650 mg, 2.00 mmol, 1.0 equiv.), MeOH (7.13 mL,

° Q ? 0.28 M) and HCI (4 M in 1,4-dioxane, 1.00 mL, 4.00 mmol, 2
equiv.), then the reaction was stirred at rt for 1 h. The mixture was

concentrated in vacuo to remove the organic solvents, then re-dissolved in H2O (15.0
mL). The solution was adjusted to pH 4 with formic acid, then washed with a mixture of
isopropanol/CHCI3 (1:3; 20.0 mL), then adjusted to pH 10 with NaOH (4 M in H20) and

extracted with dichloromethane (30 mL). Concentration in vacuo yielded 162 mg (40%)

of 10 as a yellow oil.
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IR (neat): v (cm’') 3470, 3235, 3196, 3102, 2943, 2915, 2848, 1675, 1600, 1535, 1508,
1429, 1378, 1340, 1275, 1216, 1199, 1163, 1126, 1097, 1076, 1028, 1015, 968, 955, 860,
832, 693, 624; 'H NMR (400 MHz, CDCls) § 7.74 (s, J = 1.4 Hz, 1H, H7), 7.45 — 7.40
(m, 2H, H2, H6), 7.33 — 7.28 (m, 2H, H3, H5), 7.08 (s, J = 1.5, 0.9 Hz, 1H, HS), 4.13 (q,
J=6.6,0.9 Hz, 1H, HI0), 1.79 (s, 2H, H12), 1.46 (d, J = 6.6 Hz, 3H, H11); *C NMR
(101 MHz, CDClLs) & 150.2, 136.1, 135.1, 133.1, 130.1, 122.6, 112.9, 45.6, 23.6;

ESI HR-MS: calcd. for [C11H12CIN3]: 221.0725, found: 221.0728.
(5)-3-(2-Chloropyrimidin-4-yl)-4-isopropyloxazolidin-2-one (11)°'

CI A modified version of the literature procedure was used.’'?> The

0//<5 N=(
M atmosphere of a reaction vessel was purged with argon, then charged
. 10 with (S)-4-isopropyloxazolidin-2-one (1.00 g, 7.70 mmol, 1.0
equiv.), 2,4-dichloropyrimidine (1.15 g, 7.70 mmol, 1 equiv.), and DMF (5.62 mL, 1.37
M). The vessel was cooled to 0 °C and NaH (60% dispersion in mineral oil) was added
portionwise. The reaction was stirred at rt for 18 h. The mixture was diluted with H2O
(14.7 mL), then extracted with ethyl acetate (26.6 mL). The organic layer was separated,
washed with H20 (7.34 mL), then dried with Na2SOa. Flash chromatography (0—10%

(v/v) MeOH in dichloromethane) yielded 637 mg (34%) of 11 as a white solid.

'TH NMR (400 MHz, CDCI3) & 8.46 (d, J = 5.8 Hz, 1H, Ar-H), 8.18 (d, J = 5.9 Hz, 1H,
Ar-H), 4.79 (ddd, J = 8.1, 3.5 Hz, 1H, H7), 4.44 — 4.32 (m, 2H, H6), 2.59 (hd, J = 7.0,
3.7 Hz, 1H, H8), 0.99 (d, J = 7.1 Hz, 3H, C-H3), 0.87 (d, J = 7.0 Hz, 3H, C-Hs); the 'H
NMR spectroscopic data are consistent with those reported in the literature.’'? 3C NMR
(101 MHz, CDCIs) 6 160.3, 159.8, 158.6, 154.5, 107.9, 63.7, 59.0, 27.7, 18.1, 14.5. ESI

HR-MS: calcd. for [C1oH12CIN3O2+Na]": 264.0510, found: 264.0506.
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(8)-3-(2-(((S)-1-(1-(4-Chlorophenyl)-1 H-imidazol-4-yl)ethyl)amino)pyrimidin-4-

yl)-4-isopropyloxazolidin-2-one (1)**

A modified version of the literature procedure

20
19
N—
5 1:-INE< 18 27 304 -
8|//N1° \ 2 was used.”™ The atmosphere of a reaction
3 N 12 16N 1T\ 28
1 13 25 vessel was purged with argon, then charged
1 5 O?SO 24

CI™ 2 with 11 (175 mg, 0.70 mmol, 1.0 equiv.), 10

(177 mg, 0.80 mmol, 1.1 equiv.), DMSO (1.28 mL, 0.63 M), and DIPEA (379 uL, 3
equiv.) were added sequentially, the vessel was heated to 90 °C and stirred for 22 h. The
mixture was diluted with dichloromethane (1 mL), then warmed to 40 ° C for 2 h under a
stream of nitrogen. The crude mixture was re-dissolved in diethyl-ether, then stirred with ice.
The organic layer was separated and dried with Na2SO4. Flash chromatography
(0—80% (v/v) (95:5 ethyl acetate:MeOH) in cyclohexane) yielded 39 mg (11%) of 1 as

a colourless oil.

IR (neat): v (cm™') 3354, 3228, 3104, 3069, 2956, 2923, 2852, 1764, 1584, 1504, 1454,
1421, 1390, 1372, 1334, 1315, 1270, 1207, 1147, 1121, 1096, 1069, 1054, 1013, 978,
968, 937, 867, 828, 812, 792, 771, 755, 722, 705, 636, 644, 620; '"H NMR (600 MHz,
CDCls) 8 8.12 (s, 1H, H19), 7.77 (d, J = 1.6 Hz, 1H, H8), 7.56 (s, 1H, HI8), 7.46 — 7.43
(m, 2H, H2, H6), 7.31 — 7.28 (m, 2H, H3, H5), 7.18 — 7.17 (m, 1H, HI1), 6.91 (m, 1H,
HI4),5.17 (m, 1H, HI2), 4.70 (ddd, J = 8.4, 3.3 Hz, 1H, H25), 4.34 (m, 1H, H24’), 4.28
(dd, J = 9.1, 3.0 Hz, 1H, H24”), 2.43 (m, 1H, H26), 1.65 (d, J = 6.9 Hz, 3H, HI3),
0.87 —0.77 (m, 6H). 3C NMR (101 MHz, CDCL3) § 165.6, 159.9, 158.6, 154.5, 146.3,
135.8,135.2, 133.5, 130.3, 122.6, 114.1, 99.1, 63.3, 59.0, 46.5, 27.9, 21.6, 14.4. ESI HR-

MS: caled. for [C21H23CIN6O2+H]": 427.1644, found: 427.1650.
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6.1.3. The Synthesis of 2

6-(2-Fluorophenyl)-N%,N*-dipropyl-1,3,5-triazine-2,4-diamine (2)*%

13 A modified version of the literature procedure was
12 14
“ used.’® A reaction vessel was charged with cyanuric
F
10
NZ 2 N chloride (2.60 g, 14.0 mmol, 1.0 equiv.) and a mixture of

N N
5 H

4 7
6\/\ ﬂ\\ JZ\H/\B/Q

5:1 H20:acetone (78 mL, 0.3 M). Propylamine (3.46 mL,
42.12 mmol, 3 equiv.) was added dropwise to the suspension at 0 °C, then the reaction
was warmed to 45 °C and stirred for 2 h. The reaction mixture was vacuum-filtered at rt,
washed with H20 and ice-cold diethyl ether, and left to dry under-reduced pressure. This
yielded a crude mixture of 15 as a white solid (645 mg, 3.45 mmol, 25%) which was not
purified further. A new reaction vessel was purged with argon and charged with the crude
mixture (580 mg, 2.50 mmol, 1 equiv.), 2-fluorophenyboronic acid (350 mg, 2.50 mmol,
1 equiv.), Pd(dppf)Cl2 (183 mg, 0.25 mmol, 0.1 equiv.), 1,4-dioxane (25 mL, 0.13 M),
and Na>COs3 (2M in H20, 5 mL, 10.0 mmol, 4 equiv.). The suspension was degassed with
argon for 15 min, then stirred at 115 °C for 15 h. The resulting mixture was concentrated
in vacuo, resuspended in H20 (25 mL) and extracted with ethyl acetate (40 mL). The
combined organic layers were washed with brine (40 mL), dried over Na>SOs4, then
concentrated in vacuo again. Flash chromatography (0—30% (v/v) ethyl acetate in

cyclohexane) yielded 297 mg (41%) of 2 as a white solid.

'H NMR (400 MHz, DMSO) § 7.91 — 7.74 (m, 1H), 7.53 — 7.19 (m, 5H), 3.29 — 3.15 (m,
4H, H4, H7),1.60 —1.64 —1.59 (m, 4H, H5, H8), 0.92 — 0.83 (m, 6H, H6, H9); 3C NMR
(101 MHz, DMSO) ¢ 168.7, 165.5, 161.1, 131.75, 130.9, 127.1, 124.0, 116.4, 41.8, 22.2,
11.5; the 'H and 3C NMR spectroscopic data are consistent with those reported in the

literature.?° ESI HR-MS: calcd. for [C1sH21FNs+H]*: 290.1776, found: 290.1774.
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6.1.4. The Synthesis of 3 and 4

2-(2,6-Dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (12)3!4 513514

F o o . Conditions A: A modified version of the literature procedure

4 4 9
5 2 NH
@EENA%E/%O was used.’!* 4-Fluoroisobenzofuran-1,3-dione (1115 mg, 6.7
6 1
L

1 12
mmol, 1 equiv.) and L-glutamine (980 mg, 6.7 mmol, 1 equiv.)

were heated to 170 °C in a reaction vessel and stirred overnight. The mixture was allowed
to cool to rt, then stirred with a solution of ethyl acetate (7 mL) and acetonitrile (3 mL)
overnight. The resulting solution was washed with HCI (2 M, 15 mL), then dried with
Na2SOs. Reverse-phase flash chromatography (0—100% (v/v) acetonitrile in H2O with
0.1% formic acid), followed by concentration under reduced pressure yielded 436 mg

(24%) of 12 as a white solid.

Conditions B: A modified version of the literature procedure was used.’" 4-
Fluoroisobenzofuran-1,3-dione (1070 mg, 6.4 mmol, 1 equiv.), 3-aminopiperidine-2,6-
dione hydrochloride (826 mg, 6.4 mmol, 1 equiv.), sodium acetate (1050 mg, 12.8 mmol,
2 equiv.), and acetic acid (10 mL, 0.65 M) were added to a reaction vessel, then heated
to 120 °C and stirred for 4 h. The mixture was poured into ice-cold H2O (30 mL) and
filtered to give a grey powder. Reverse-phase flash chromatography (0—100% (v/v)
acetonitrile in H20O with 0.1% formic acid), followed by the removal of acetonitrile under

reduced pressure, then filtration yielded 849 mg (48%) of 12 as a white solid.

Mp: 253 °C (reported: 255.5-257 °C);’'> TH NMR (400 MHz, DMSO) § 11.15 (s, 1H,
HS), 7.98 — 7.92 (m, 1H, Ar-H), 7.80 — 7.71 (m, 2H, Ar-H), 5.16 (dd, J = 12.9, 5.4 Hz,
1H, H10), 2.94-2.84 (m, 1H, HI2"), 2.64 — 2.45 (m, 2H, HI1', HI2"), 2.10 — 2.03 (m,
1H, HI11""); 3C NMR (101 MHz, DMSO) 6 172.8, 169.7, 166.1, 164.0, 158.1, 155.5,

138.1, 138.0, 133.5, 123.1, 122.9, 120.1, 120.0, 117.1, 117.0, 49.1, 30.9, 21.8; ’F NMR
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(376 MHz, DMSO) §-114.68; the physical data, and 'H, ¥C, and F NMR
spectroscopic data are consistent with those reported in the literature.’'* 3!* ESI HR-MS:

calcd. for [C13HoFN204-H]: 275.0474, found: 275.0474.

tert-Butyl(4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)butyl)-

carbamate (13a)°!618

” A modified version of the literature procedure was used.>!'®
20 1 JiL A reaction vessel was purged with argon then charged with
BN 5 o 12 (40 mg, 0.14 mmol, 1 equiv.), dried N-methyl-2-

s 2 M3, 9—NH
G@Nz \ 12130 pyrrolidone (320 pL, 0.45 M), N-Boc-1,4-butanediamine

(o]

(30.3 pL, 0.16 mmol, 1.1 equiv.), and DIPEA (75 puL, 0.43 mmol, 3 equiv.), then warmed
to 90 °C and stirred overnight. The reaction mixture was diluted with ethyl acetate (2
mL), and washed with citric acid (2 mL, 10% (w/w) in H20), then saturated Na>CO3
solution (2 mL), then brine (2 mL). Flash chromatography (0—7% (v/v) methanol in

dichloromethane) yielded 10 mg (16%) of 13a as a yellow-green solid.

IH NMR (400 MHz, DMSO) & 11.09 (s, 1H), 7.57 (dd, J = 8.6, 7.1 Hz, 1H), 7.10 (d, J
— 8.6 Hz, 1H), 7.02 (d,.J = 7.0 Hz, 1H), 6.83 (t,.J = 5.8 Hz, 1H), 6.55 (t,J = 6.0 Hz, 1H),
5.05(dd, J = 12.8, 5.4 Hz, 1H), 3.34 — 3.26 (m, 2H), 2.97 — 2.86 (m, 3H), 2.62 — 2.52 (m,
2H), 2.06 — 1.98 (m, 1H), 1.56 — 1.50 (m, 2H), 1.48 — 1.41 (m, 2H), 1.36 (s, 9H). 13C
NMR (151 MHz, DMSO) 6 173.3,170.6, 169.4, 167.8, 156.1, 146.9, 136.7, 132.7, 117.7,
110.9, 109.5, 77.9, 55.4, 49.0, 42.0, 31.5, 28.7, 27.4, 26.6, 22.6; the 'H and '3*C NMR
spectroscopic data are consistent with those reported in the literature.>'’->!° EST HR-MS:

calcd. for [C22H28N4Os-H]: 443.1936, found: 443.1937.
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4-((4-Aminobutyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (14) 3**
520

A modified version of the literature procedure was

HoN 18
19
17 16 used.’* A reaction vessel was charged with 13a (16
SN G o . mg, 0.04 mmol, 1 equiv.) and HCl (3M in methanol,
s 2 A3 o>—NH
NZ—10 o 0.4 mL, 1.2 mmol, 30 equiv.), then stirred at rt for 2
6 f 13
4 o " " hours. The reaction mixture was then warmed to 30 °C

and dried under a stream of nitrogen to yield 12 mg (97%) of 14 as a yellow-green solid.

'"H NMR (400 MHz, DMSO). & 11.10 (s, 1H), 8.09 (s, 3H), 7.58 (dd, J = 8.6, 7.0 Hz,
1H), 7.12 (d, J = 8.6 Hz, 1H), 7.02 (d, J = 7.0 Hz, 1H), 5.04 (dd, J = 12.7, 5.4 Hz, 1H),
3.37-3.29 (m, 2H), 2.95 — 2.75 (m, 3H), 2.63 — 2.52 (m, 2H), 2.06 — 1.98 (m, 1H), 1.68
—1.58 (m, 4H); the '"H NMR spectroscopic data are consistent with those reported in the
literature.’** 3C NMR (101 MHz, DMSO) & 173.3, 170.6, 169.4, 167.8, 146.8, 136.8,
132.7, 117.8, 111.0, 109.5, 49.0, 41.8, 38.9, 31.5, 26.2, 24.9, 22.6. ESI HR-MS: calcd.

for [C17H20N4O4+H]": 345.1557, found: 345.1550.
6-Chloro-N,N*-dipropyl-1,3,5-triazine-2,4-diamine (15)*%->2!

| A modified version of the literature procedure was

1

NN used.’® A reaction vessel was charged with cyanuric
" \/9\ )l\ /)\3 /6\/ 8
10 H 2N H 7 chloride (2.50 g, 13.6 mmol, 1.0 equiv.) and a mixture

5 4
of 5:1 H20:acetone (67 mL, 0.2 M). Propylamine (3.35 mL, 40.07 mmol, 3 equiv.) was

added dropwise to the suspension at 0 °C, then the reaction was warmed to 45 °C and
stirred for 2 h. The reaction mixture was filtered at rt, washed with H20, and the resulting
solid was re-dissolved in a mixture of equal parts THF, methanol, and ethyl acetate. The

removal of THF and methanol under reduced pressure and subsequent filtration yielded

2.06 g (66%) of 15 as a white solid.
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IH NMR (400 MHz, CDCl3) & 5.57 — 5.25 (m, 2H, H4, H5), 3.42 — 3.26 (m, 4H, H6,
H9), 1.65 — 1.55 (m, 4H, H7, H10), 1.00 — 0.91 (m, 6H, H8, H11); *C NMR (101 MHz,
CDCl3) 6 169.5, 165.7, 42.7, 22.6, 11.4; the 'H and '3C NMR spectroscopic data are
consistent with those reported in the literature.”® ESI HR-MS: calcd. for

[CoH17CINs+H]": 230.1167, found: 230.1164.

tert-Butyl(4-((4,6-bis(propylamino)-1,3,5-triazin-2-yl)amino)butyl)carbamate

(16)°'° and N?-(4-Aminobutyl)-N*,N°-dipropyl-1,3,5-triazine-2,4,6-triamine (17)***

17 140 \1%/0 A modified version of the literature procedure was
>
© s HNO used.?** 316 A reaction vessel was charged with N-
N Boc-1,4-butanediamine (184 plL, 0.96 mmol, 1.1
7
:N yN:N ] equiv.), DIPEA (454 pL, 2.61 mmol, 3 equiv.), and

19 23
2 \/\NJJ\N/)\G /\/25 NMP (2 mL, 0.45 M), then degassed with argon for
5

N
200 H H 24

18 2 5 minutes. 15 (200 mg, 0.87 mmol, 1 equiv.) was

added last, and the reaction mixture was stirred at 90 °C overnight. The resultant liquid
was diluted with ethyl acetate (8 mL), then washed with saturated NH4Cl solution (8 mL).
Vigorous mixing was avoided to prevent an emulsion. The aqueous layer was extracted
with ethyl acetate (8§ mL, 2 x 4 mL), then the combined organic layers were washed with
saturated NaHCOs solution (8 mL), then brine (3 x 8 mL), then dried over Na2SOs4. Flash
chromatography (0—10% (v/v) methanol in dichloromethane) yielded 158 mg (48%) of

the crude intermediate, 16, identified by 'H NMR, as a white solid.

16: '"H NMR (400 MHz, CDCl3) 8 5.20 —4.91 (m, 4H, H7, H12, HI8, H22), 3.41 —3.26
(m, 6H, HS, H19, H23), 3.18 — 3.11 (m, 2H, HI1), 1.63 — 1.50 (m, 8H, H9, H10, H20,

H24),1.44 (s, 9H, H15, H16, H17), 0.94 (t,J = 7.4 Hz, 6H, H21, H25).
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12 Without further purification, 16 (158 mg, 0.41 mmol, 1

HoN 14
equiv.) and HCI (3M in methanol, 4.1 mL, 12.3 mmol,
10 9

AN 30 equiv.) were stirred at rt overnight. The methanol

3 9\ 1 . )
NN was removed from the reaction mixture under reduced

16 14 )I\ 6 18 20
~o “ N
15 H 4 ': H 19 pressure, then the residue was diluted with H:0,
13 17

adjusted to pH 12.0, then extracted with mixture of
CHCI3:IPA (3:1). Concentration under reduced pressure yielded 100 mg (88%) of 17 as

a grey solid.

17: Mp: 104 °C; IR (neat): v (cm™) 3281, 3078, 2960, 2934, 2873, 2797, 2728, 2701,
2541, 2145, 1677, 1660, 1635, 1574, 1513, 1480, 1468, 1429, 1397, 1361, 1348, 1296,
1271, 1166, 1148, 1134, 1042, 961, 886, 813, 785, 673; '"H NMR (400 MHz, CDCL3) &
7.93 —7.79 (m, 3H, N-H), 6.67 (s, 1H, N-H), 6.14 (s, 1H, N-H), 3.47 — 3.25 (m, 6H, 8,
Hi4, H18),3.11—3.04 (m, 2H, H11), 1.92 — 1.80 (m, 2H, H9), 1.75 — 1.66 (m, 2H, H10),
1.64—1.53 (m, 4H, H15, H19),0.93 (t,J = 7.2 Hz, 6H, H16, H20); *C NMR (101 MHz,
CDCl3) § 169.3 (C2, C4, C6), 42.6 (C14, C18),39.9 (C8), 39.4 (C11), 25.9 (C10), 24.61
(C9), 22.5 (C15, C19), 11.4 (C16, C20). ESI HR-MS: calcd. for [CisHzN7+H]":

282.2401, found: 282.2404.
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4-((4-((4,6-Bis(propylamino)-1,3,5-triazin-2-yl)amino)butyl)amino)-2-(2,6-

dioxopiperidin-3-yl)isoindoline-1,3-dione (3)°'°

A modified version of the literature procedure was

25
Az\;): used.’!® A reaction vessel was charged with 17 (100 mg,

0.36 mmol, 1 equiv.) and NMP (0.8 mL, 0.45 M), then

24

degassed with argon for 30 minutes. 12 (98 mg, 0.36

2 NH' mmol, 1 equiv.) was added last, and the reaction
%
ixt ti t °C for 4 hours. Th ti
15\/\ )\ /)\e 20 mixture stirred at 90 °C for ours e reaction
15 |-| |-| 19 ) . .
13 17 mixture was diluted with ethyl acetate (20 mL), then

washed with saturated NaHCO3 solution (20 mL). Vigorous mixing was avoided to
prevent an emulsion. The aqueous layer was extracted with ethyl acetate (20 mL, 2 x 8
mL), then the combined organic layers were washed with brine (20 mL). Reverse phase
flash chromatography (0—100% (v/v) acetonitrile in H20, 1% (v/v) ET3N) produced a
mixed fraction which was freeze-dried and re-suspended in a mixture of
methanol:acetonitrile:H20 (5:1:1) to give a pale green precipitate. The precipitate was

filtered and dried under reduced to pressure to give 23 mg (12%) of 3 as a green solid.

Mp: 94 °C. 1R (neat): v (cm™) 3549, 3524, 3409, 3393, 3371, 3348, 3327, 3218, 3192,
3100, 2931.27, 2867.02, 1757, 1696, 1624, 1571, 1515, 1459, 1408, 1390, 1356,1252,
1203, 1181, 1113, 1053, 888, 850, 811, 776, 748, 702, 676, 658, 627. 'H NMR (400
MHz, DMSO) & 11.08 (s, 1H, H34), 7.55 (dd, J = 8.6, 7.0 Hz, 1H, H23), 7.08 (d,J = 8.5
Hz, 1H, H22), 7.01 (d, J = 7.0 Hz, 1H, H24), 6.55 (m, 4H, H7, H12, H13, H17), 5.04
(dd,J = 12.9, 5.4 Hz, 1H. H30), 3.29 (m, 2H, H8), 3.22 (m, 2H, H11), 3.11 (m, 4H, HI4,
HI18),2.88 (m, 1H, H32°), 2.62 — 2.53 (m, 2H, H31’, H32"), 2.06 — 1.98 (m, 1H, H31"),
1.59 — 1.41 (m, 8H, H9, H10, H15, H19), 0.83 (t, J = 7.4 Hz, 6H, H16, H20). *C NMR
(151 MHz, DMSO) & 172.8, 170.1, 168.9, 167.29, 165.7, 146.4, 136.2, 132.2, 117.2,
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110.3, 109.0, 41.7, 41.6, 39.4 31.0, 26.8, 26.2, 22.6, 22.1, 11.4. ESI HR-MS: calcd. for

[C26H35sNoO4+H]": 538.2885, found: 538.2885.
4,6-Dichloro-N-propyl-1,3,5-triazin-2-amine (18)°*

cl A modified version of the literature procedure was used.’?* A
1

)NI\ A N3 5 , reaction vessel was charged with cyanuric chloride (1.16 g,
cI”2°N” SN _
H ¢ 6.26 mmol, 1.5 equiv.) and THF (21 mL, 0.2 M), and cooled to
4
0 °C. Propylamine (342 pL, 4.17 mmol, 0.67 equiv.) was added dropwise to the
suspension at 0 °C over 30 minutes, then the reaction was allowed to warm to rt while
stirring for 90 minutes. The reaction mixture was filtered at washed with ice cold HCI

(0.1 M in H20, 20 mL) and dried over NaxSO4. Flash chromatography (0—50% (v/v)

THF in cyclohexane) yielded 790 mg (53%) of 18 as a white solid.

TH NMR (400 MHz, CDCI3) & 6.52 (bs, 1H, H4), 3.45 (m, 2H, H5), 1.70 — 1.57 (m, 2H,
H6), 0.96 (t, J = 7.4 Hz, 3H, H7); the 'TH NMR spectroscopic data are consistent with
those reported in the literature.’*? 3C NMR (101 MHz, CDCls) & 171.1, 169.9, 166.0,

43.4,22.5, 11.3. ESI HR-MS: calcd. for [CeHsCI2Ns+H]™: 207.0199, found: 207.0192.

4-Chloro-6-(2-fluorophenyl)-N-propyl-1,3,5-triazin-2-amine (19)°%

10 A modified version of the literature procedure was used.’*® A
13
AN F12 14 reaction vessel was charged with 18 (4.96 mg, 24.2 mmol,
HN__N_2"
! e\r/ | 16 ® 13 equiv.), 2-fluorobenzeneboronic acid (2.6 g, 18.6 mmol,
5 N%rN 3
C‘It 1 equiv.), Pd(dppf)CL> (1.36 g, 1.86 mmol, 0.1 equiv.), and

dioxane (149 mL, 0.125 M), then the suspension was degassed with argon for 30 minutes.
Caesium carbonate (1.05 g, 3.22 mmol, 4 equiv.) was added and the resulting suspension
was degassed with argon for 10 minutes, then warmed to 100 °C and stirred for 1 hour.

The reaction mixture was first filtered through a celite pad, then dioxane was removed
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under reduced pressure. The solid was resuspended in ethyl acetate (50 mL), then washed
with brine (3 x 20 mL), then the combined organic layers were dried with Na2SOa. Flash
chromatography (0—45% (v/v) ethyl acetate in cyclohexane, then 0—10% (v/v)
methanol in dichloromethane), followed by reverse-phase flash chromatography
(0—80% (v/v) acetonitrile in H20, 0.1% (v/v) formic acid), yielded 660 mg (10%) 19 as

a white solid.

Mp: 124 °C; IR (neat): v (cm™) 3336, 3261, 3164, 3109, 2958, 2927, 2872, 2855, 1735,
1619, 1587, 1556, 1514, 1491, 1465, 1433, 1420, 1378, 1310, 1270, 1254, 1228, 1193,
1170, 1138, 1109, 1080, 1037, 990, 960, 893, 860, 816, 799, 770, 750, 643; 'H NMR
(400 MHz, CDCl3) § 8.17 — 8.04 (m, 1H, HI6), 7.54 — 7.45 (m, 1H, H14),7.26 - 7.21 (m,
1H, HI5), 7.19 — 7.13 (m, H, H13), 6.10 — 5.92 (m, 1H, H7), 3.54 — 3.44 (m, 2H, HS),
1.66 (h,J = 7.4 Hz, 2H, H9), 0.98 (q, J = 7.5 Hz, 3H, H10); *C NMR (101 MHz, CDCl)
§171.2, 170.6, 166.2, 163.4, 163.0, 160.8, 133.7, 132.0, 124.2, 117.2, 43.2, 22.6, 11.4;

ESI HR-MS: calcd. for [C12H12CIFN4+H]": 267.0807, found: 267.0802.
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tert-Butyl(4-((4-(2-fluorophenyl)-6-(propylamino)-1,3,5-triazin-2-yl)amino)butyl)
carbamate (20)°'°® and N?-(4-aminobutyl)-6-(2-fluorophenyl)-N*-propyl-1,3,5-

triazine-2,4-diamine (21)*%

10 A modified version of the literature procedure was used.**

24
9H8 125 316 A reaction vessel was charged with N-Boc-1,4-
HN N_2
7 26
\(/ | 27
3

6 butanediamine (159 pL, 0.83 mmol, 1.1 equiv.), DIPEA (392

5 %rN
4
A HN_ 1 pL, 2.25 mmol, 3 equiv.), and NMP (.167 mL, 0.45 M), then
;kLM degassed with argon for 5 minutes. 19 (200 mg, 0.75 mmol, 1
1 j\H " equiv.) was added last, and the reaction mixture was stirred at
17
o~ O

* 90 °C overnight. The resultant liquid was diluted with ethyl

b 20 “ acetate (8 mL), then washed with saturated NH4Cl solution (8

mL). Vigorous mixing was avoided to prevent an emulsion. The aqueous layer was
extracted with ethyl acetate (8 mL, 2 x 4 mL), then the combined organic layers were
washed with saturated NaHCOs3 solution (3 x 8 mL), then brine (3 x 8 mL), then dried
over NaxSOs4. Flash chromatography (0—100% (v/v) dichloromethane in cyclohexane,
then 0 — 5% (v/v) methanol in dichloromethane) yielded 242 mg (58%) of the crude

intermediate, 20, as a white solid.

20: "H NMR (400 MHz, CDCls) & 8.05 — 7.81 (m, 1H, H27), 7.44 —7.37 (m, 1H, H25),
7.19 (td, J = 7.5, 1.1 Hz, 1H, H26), 7.12 (ddd, J = 11.1, 8.3, 1.1 Hz, 1H, H24),
5.64—5.50 (m, 2H, H7, HII), 457 (s, 1H, HI6), 3.52 — 3.30 (m, 4H, HI2, HIS5),
3.20-3.11 (m, 2H, HI5), 1.67 — 1.51 (m, 6H, H9, HI3, H14), 1.43 (s, 9H, H19, H20,

H21),0.97 (t,J = 7.4 Hz, 3H, H10).

Without further purification, a reaction vessel was charged with 20 (242 mg, 0.58 mmol,

1 equiv.) and HCI (3M in methanol, 5.8 mL, 17.4 mmol, 30 equiv.), then stirred at rt
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10 overnight. The methanol was removed from the reaction mixture

24
F.23 . . : .
QHB 1 @ 2> under a stream of nitrogen, then the residue was diluted with

6 | 27 H20, adjusted to pH 12.0, then extracted with chloroform
5 N%rN 3
4
W HN 12 (75 mL). Reverse-phase flash chromatography (0—100% (v/v)
1]\L14 acetonitrile in H20, 1% (v/v) TEA) yielded 76 mg (41%) of 21
" ONHy gy grey solid.

21: Mp: 85 °C; IR (neat): v'' 3255, 3098, 2961, 2928, 2855, 2802, 1733, 1615, 1587,
1546, 1457, 1423, 1378, 1350, 1315, 1297, 1262, 1226, 1177, 1156, 1107, 1038, 983,
948, 863, 822, 810, 768, 756, 722, 706, 670, 638; 'H NMR (600 MHz, MeOD)
§7.91—7.76 (m, 1H, H27),7.51 — 7.46 (m, 1H, H25),7.24 (t, J = 7.4 Hz, 1H, H26),7.17
(dd, J = 11.1, 8.3 Hz, 1H, H24), 3.45 (t, J = 6.8 Hz, 2H, H12), 3.38 (t, J = 7.0 Hz, 2H,
HS8), 2.69 (t, J = 7.2 Hz, 2H, H15), 1.70 — 1.59 (m, 4H, H9, HI3), 1.55 (m, 2H, HI4),
0.97 (m, 3H, H10). 3C NMR (151 MHz, MeOD) § 171.0, 170.6, 167.4, 166.9, 163.3,
162.9,161.3, 133.1, 132.4,132.2, 127.5, 125.1, 117.4, 117.3,43.4,42.3,42.2, 41.3,31.1,
30.8, 28.1, 27.9, 24.0, 23.7, 11.8, 11.7. ESI HR-MS: calcd. for [CisH2sFNs+H]":

319.2041, found: 319.2054.
2-(2,6-Dioxopiperidin-3-yl)-4-((4-((4-(2-fluorophenyl)-6-(propylamino)-1,3,5-

triazin-2-yl)amino)butyl)amino)isoindoline-1,3-dione (4)°'°

A modified version of the literature procedure was used.’!'® A reaction vessel was charged
with 21 (69 mg, 0.22 mmol, 1 equiv.), 12 (60 mg, 0.22 mmol, 1 equiv.), and NMP
(482 pL, 0.45 M), then degassed with nitrogen for 30 minutes The reaction mixture was

stirred at 90 °C for 4 hours, then dried under a stream of nitrogen. The residue was diluted
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10 with toluene (20 mL), then washed with saturated

19
F .
QHS 1 20 NH4Cl solution (20 mL), then brine (20 mL),
JHN__N 21
2

18
2
6 I 2 then dried with Na2SO4. Contact and mixing with
sNx N
4
4 HN 12 aqueous phases was kept as short as possible to
1]\L14 avoid hydrolysis of the thalidomide moiety.
16
"ONH o Flash chromatography (0—5% (v/v) methanol in
5 Bl 2a25 . 35 3637
N—G4 O dichloromethane) produced 15 mg (21%) of 4 as
30 28 W27 33)—NH

29 32 .
0o a green solid.

Mp: 205 °C; IR (neat): v 3261, 3164, 3109, 2958, 2927, 2872, 2855, 1587, 1556, 1514,
1491, 1465, 1433, 1420, 1378, 1310, 1270, 1254, 1228, 1193, 1170, 1138, 1109, 1080,
1037, 990, 960, 893, 860, 816, 799, 770, 750, 644; 'H NMR (600 MHz, DMSO)
§11.07 (s, 1H), 7.89 — 7.76 (m, 1H), 7.58 — 7.52 (m, 1H), 7.50 — 7.29 (m, 3H),
7.26 —7.21 (m, 2H), 7.10 — 7.05 (m, 1H), 7.01 (d, J = 6.7 Hz, 1H), 6.59 — 6.52 (m, 1H),
5.04 (dd, J = 12.8, 5.4 Hz, 1H), 3.36 — 3.32 (m, 4H), 3.26 — 3.18 (m, 2H), 2.53 — 2.51 (m,
1H), 2.05 — 1.97 (m, 1H), 1.65 — 1.60 (m, 4H), 1.54 — 1.47 (m, 3H), 0.89 — 0.82 (m, 3H).

ESI HR-MS: calcd. for [C290H31FNsO4+H]": 575.2525, found: 575.2526.

6.1.5. The Synthesis of Ebsulfur Compounds

The following procedures were reported in Thun-Hohenstein, Suits et al.*®
General Procedure A — Formation of acyl chlorides (46—49, 51-53)

Oxalyl chloride (1.1 equiv.) was added slowly to a solution (or suspension) of the
requisite aryl carboxylic acid (1 equiv.) in anhydrous CH2Cl2 (0.3 M) at 0 °C, followed
by addition of 1 drop of anhydrous DMF. The mixture was stirred for 1 h at 0 °C. The

cooling bath was then removed and the mixture was stirred for a further 2 h at rt
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(consumption of the starting aryl carboxylic acid was monitored by TLC and LCMS).

The solution was carried forward to the next step without purification.

General Procedure B — Amide coupling (45—-60)

Triethylamine (2 equiv.) was either added to the requisite acyl chloride (1 equiv.) in
CH2Cl2 (0.3 M) (20, 25, 29-35)REF check NUMBERING, or acyl chloride solution using
General Procedure A (21-24, 26-28), followed by addition of the requisite primary amine
(1.1 equiv). The mixture was stirred at rt overnight (consumption of the starting acyl
chloride was monitored by TLC and/or LCMS). The reaction was then diluted with ethyl
acetate; the resultant solution was washed with 1 M HCI, then brine. The organic phase
was dried over Na2SOus, then concentrated in vacuo. Purification was achieved using flash

chromatography to yield the desired compound.

Figure 6.1 | Synthesis of the secondary amide intermediates (). Conditions: A. (COCI),, DMF, CH>CI,, 0
°C; B. Rs—NH,, EtsN, CH,Cl;, rt.

2-lIodo-N-phenylbenzamide (45)°%

Application of General Procedure B using 2-iodobenzoyl chloride

o)
dNQ (267 mg, 1 mmol, 1 equiv.) and aniline (100 pL, 1.1 mmol,
H
|

1.1 equiv.) yielded 250 mg (74%) of 45 as a white solid.

TH NMR (400 MHz, CDCL3) & 7.91 (dd, J = 8.0, 1.0 Hz, 1H), 7.67 — 7.60 (m, 2H),
7.53 (dd, J = 7.5, 1.5 Hz, 1H), 7.46-7.36 (m, 4H), 7.23 — 7.11 ppm (m, 2H); 3C NMR
(101 MHz, CDCl3) § 167.2, 142.2, 140.1, 137.5, 131.5, 129.2, 128.6, 128.4, 154.0, 120.1,

92.4 ppm; the spectroscopic data are consistent with those reported in the literature.>?
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ESI HR-MS: calcd. for [C13H10INO-+Na]": 345.9699, found: 345.9699. IR (neat): v (cm™

Y3058, 2921, 1655, 1619, 1540, 1440, 1325.
2-Iodo-3-methyl-N-phenylbenzamide (46)°**

Application of General Procedure A using 2-iodo-3-methyl

(o)
N@ benzoic acid (262 mg, 1 mmol, 1 equiv.), gave the crude acyl

H
I chloride, which was used in the next step without purification.

Application of General Procedure B using triethylamine (167 pL, 1.2 mmol, 1.2 equiv.)

and aniline (104 pL, 1.1 mmol, 1.1 equiv.) yielded 193 mg (57%) of 46 as a beige solid.

Mp 149-150 °C; IR (neat): v (cm™) 3196, 3076, 3017, 2919, 2850, 1647, 1596, 1490,
1335, 1013; TH NMR (400 MHz, CDCl3) & 7.65 — 7.61 (m, 2H), 7.43 — 7.35 (m, 3H),
7.33 — 7.28 (m, 2H), 7.27 — 7.22 (m, 1H), 7.21 — 7.14 (m, 1H), 2.51 ppm (s, 3H);
I3C NMR (101 MHz, CDCl3) & 168.4, 144.0, 143.2, 137.8, 131.0, 129.3, 128.4, 125 .4,
125.0,120.2,99.4,29.3 ppm; ESI HR-MS: calcd. for [C14aH12INO+H]": 338.0036, found:

338.0038. The spectroscopic data are consistent with those reported in the literature.’**

2,3-Dibromo-/N-phenylbenzamide (47)

o Application of General Procedure A using 2,3-dibromobenzoic
N© acid (280 mg, 1 mmol, 1 equiv.), gave the crude acyl chloride
H

Br solution, which was used in the next step without purification.

Br

Application of General Procedure B using triethylamine (167 uL, 1.2 mmol, 1.2 equiv.)

and aniline (104 pL, 1.1 mmol, 1.1 equiv.) yielded 180 mg (51%) of 47 as a beige solid.

Mp 152-153 °C; IR (neat): v (cm™) 3201, 3138, 3065, 2962, 2850, 1605, 1578, 1439,
1334; "TH NMR (400 MHz, CDCl3) § 7.72 (dd, J = 8.0, 1.6 Hz, 1H), 7.64 — 7.58 (m, 2H),

7.55 (s, 1H), 7.47 (dd, J = 7.6, 1.6 Hz, 1H), 7.42 — 7.35 (m, 2H), 7.29 — 7.23 (m, 1H),
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7.22—7.15 ppm (m, 1H); 3C NMR (101 MHz, CDCls) & 165.46, 140.94, 137.45, 135.29,
129.35, 128.92, 127.74, 126.90, 125.26, 122.08, 120.26 ppm; ESI HR-MS: calcd. for

[C13HoBr2NO-+H]": 355.9103, found: 355.9105.
2,5-Dibromo-N-phenylbenzamide (48)°%
0 /@ Application of  General Procedure A using

L.
N
H
Br

step without purification.

2,5-dibromobenzoic acid (625 mg, 2.23 mmol, 1 equiv.), gave

the crude acyl chloride solution, which was used in the next

General Procedure B was followed with triethylamine (370 pL, 2.68 mmol, 1.2 equiv.)
and aniline (232 pL, 2.46 mmol, 1.1 equiv.). Purification by reverse-phase
chromatography using a Biotage Sfar® C18 Duo (30 g) cartridge with a solvent system
of buffer A (H20:formic acid, 100:0.1 (v/v)) to buffer B (MeCN:formic acid,
100:0.1 (v/v)) from 0 to 100% (v/v) B over 29 column volumes, then 7 column volumes

at 100% (v/v) B. Concentration in vacuo yielded 553 mg (70%) of 48 as a beige solid.

Mp 149-150 °C; IR (neat): v (cm™) 3088, 2960, 2921, 1655, 1548, 1444, 1327, 1029;
TH NMR (400 MHz, CDCl3) & 7.77 (d, J = 2.3 Hz, 1H), 7.69 (s, 1H), 7.64 — 7.60 (m,
2H), 7.49 (d, J = 8.5 Hz, 1H), 7.43 (dd, J = 8.5, 2.4 Hz, 1H), 7.39 (t, J = 7.9 Hz, 2H),
7.22 —7.16 ppm (m, 1H); ¥C NMR (101 MHz, CDCl3) & 164.1, 139.5, 137.3, 135.1,
134.8, 132.8, 129.4, 125.3, 121.9, 120.3, 118.1 ppm; ESI HR-MS: calcd. for
[C13HoBra2NO+H]"™: 353.9123, found 353.9125. The spectroscopic data are consistent

with those reported in the literature.’*
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4-Chloro-N-phenylpyridine-3-carboxamide (49)

o : Application of General Procedure A using 4-chloro-nicotinic acid
N

Cﬁj\ (201 mg, 1 mmol, 1 equiv.), gave the crude acyl chloride solution,
| H
el

which was used in the next step without purification.

Application of General Procedure B using triethylamine (167 pL, 1.2 mmol, 1.2 equiv)

and aniline (104 pL, 1.1 mmol, 1.1 equiv.) yielded 80 mg (34%) of 49 as an orange wax.

IR (neat): v (em™) 3017, 2981, 2900, 1635, 1558, 1419, 1305, 1083; 'H NMR (400 MHz,
CDCl3) & 8.90 (s, 1H), 8.56 (d, J = 5.4 Hz, 1H), 8.09 (s, 1H), 7.64 (dd, 2H), 7.42 —
7.36 (m, 3H), 7.20 ppm (m, 1H) 3C NMR (101 MHz, CDCl3) & 162.3, 152.0, 151.0,
141.1, 137.3, 131.3, 129.4, 125.5, 125.2, 120.4 ppm; ESI HR-MS: calcd. for

[C12HoCIN20+H]": 233.0476, found: 233.0477.
2-lIodo-N-(3-methylbutyl)benzamide (50)2°

o Application of General Procedure B using triethylamine

N (91 pL, 0.65 mmol, 0.65 equiv), 2-iodobenzoyl chloride (266
H
I mg, 1 mmol, 1 equiv.) and 3-methylbutylamine (126 pL,

1.1 mmol, 1.1 equiv.) yielded 206 mg (65%) of 50 as a beige solid.

Mp 74-75 °C; IR (neat): v (cm™) 3031, 2920, 2850, 1647, 1586, 1300, 1016; '"H NMR
(400 MHz, CDCI3) 6 7.91 — 7.79 (m, 1H), 7.42 — 7.31 (m, 2H), 7.08 (m, 1H), 5.75 (s,
1H), 3.46 (ddd, J = 8.5, 7.4, 5.8 Hz, 2H), 1.73 (m, 1H), 1.57 — 1.47 (m, 1H), 0.95 ppm
(d, J = 6.6 Hz, 6H); *C NMR (101 MHz, CDCl3) & 169.45, 142.68, 139.93, 131.12,
128.39, 128.29, 92.55, 38.56, 38.34, 26.04, 22.58 ppm; ESI HR-MS: calcd. for
[C12H16INO+H]": 318.0349, found: 318.0350. The spectroscopic data are consistent with

those reported in the literature.>*°
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2-Iodo-3-methyl-V-(3-methylbutyl)benzamide (51)

Q /\)\ Application ~ of  General  Procedure @ A  using
N
H

2-i0do-3-methylbenzoic acid (262 mg, 1 mmol, 1 equiv.),
gave the crude acyl chloride solution, which was used in the

next step without purification.

Application of General Procedure B using triethylamine (167 pL, 1.2 mmol, 1.2 equiv.)
and 3-methylbutylamine (126 pL, 1.1 mmol, 1.1 equiv.) yielded 230 mg (69%) of 51 as

a white solid.

Mp 103-104 °C; IR (neat): v (cm!) 3267, 3085, 2951, 1633, 1555, 1442, 1338, 1012;
TH NMR (400 MHz, CDCl3) § 7.29 — 7.19 (m, 2H), 7.14 — 7.05 (m, 1H), 5.65 (s, 1H),
3.52 —3.42 (m, 2H), 2.48 (d, J = 0.7 Hz, 3H), 1.79 — 1.65 (m, 1H), 1.57 — 1.47 (m, 1H),
0.96 ppm (d, J = 6.6 Hz, 6H); 3C NMR (101 MHz, CDCl3) § 170.5, 144.4, 143.0, 130.5,
128.2, 125.1, 99.5, 38.5, 38.3, 29.3, 26.1, 22.6 ppm; ESI HR-MS: calcd. for

[C13H1sINO+H]": 332.0505, found 332.0504.
2,3-Dibromo-N-(3-methylbutyl)benzamide (52)°%¢

o Application of General Procedure A using 2,3-dibromobenzoic

N acid (280 mg, 1 mmol, 1 equiv.), gave the crude acyl chloride
H

Br solution, which was used in the next step without purification.
Br

Application of General Procedure B was followed using triethylamine (167 L,
1.2 mmol, 1.2 equiv) and 3-methylbutylamine (126 pL, 1.1 mmol, 1.1 equiv.) yielded

149 mg (43%) of 52 as a white solid.

Mp 104-106 °C; IR (neat): v (cm™) 3262, 3052, 2954, 2868, 1640, 1444, 1309, 1230,

1055; 'TH NMR (400 MHz, CDCl3) § 7.67 (dd, J = 8.0, 1.6 Hz, 1H), 7.35 (dd, J = 7.6,
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1.6 Hz, 1H), 7.23 — 7.18 (m, 1H), 5.78 (s, 1H), 3.52 — 3.42 (m, 2H), 1.70 (m, 1H),
1.57 — 1.47 (m, 2H), 0.96 ppm (d, J = 6.6 Hz, 6H); 3C NMR (101 MHz, CDCIl3) § 167.6,
141.2,134.8, 128.7, 127.6, 126.7, 122.0, 38.7, 38.3, 26.1, 22.6 ppm; ESI HR-MS: calcd.
for [C12H1sBr2NO-+H]": 347.9593, found 347.9595. The spectroscopic data are consistent

with those reported in the literature.’*
2,5-Dibromo-N-(3-methylbutyl)benzamide (53)

o Application of General Procedure A  using

Br N 2,5-dibromobenzoic acid (280 mg, 1 mmol, 1 equiv.),
H

Br gave the crude acyl chloride solution, which was used in

the next step without purification.

Application of General Procedure B using triethylamine (167 pL, 1.2 mmol, 1.2 equiv.)
and 3-methylbutylamine (126 pL, 1.1 mmol, 1.1 equiv.) yielded 166 mg (48%) of 53 as

a beige solid.

Mp 117-118 °C; IR (neat): v (cm™) 3264, 3077, 2957, 2851, 1649, 1548, 1369, 1155,
1085; "H NMR (400 MHz, CDCL3) 8 7.64 (d, J = 2.4 Hz, 1H), 7.43 (d, J = 8.5 Hz, 1H),
737 (dd, J = 8.5, 2.4 Hz, 1H), 5.94 (s, 1H), 3.51 — 3.42 (m, 2H), 1.70 (m, 1H),
1.56 — 1.46 (m, 2H), 0.96 ppm (d, J = 6.6 Hz, 6H); 3C NMR (101 MHz, CDCl3) 5 166.1,
139.8, 134.9, 134.3, 132.6, 121.7, 118.0, 38.7, 38.3, 26.1, 22.6 ppm; ESI HR-MS: calcd.

for [C12H1sBraNO+H]': 347.9593, found 347.9596,
N-Benzyl-2-bromobenzamide (54)’

o Application of General Procedure B with 2-bromobenzoyl

E:ﬁkN/\Q chloride (219 mg, 1 mmol, 1 equiv.), triethylamine (167 pL,
H

Br 1.2 mmol, 1.2 equiv.), and benzylamine (120 pl, 1.1 mmol, 1.1

equiv.) yielded 184 mg (63%) of 54 as a beige solid.
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Mp 115-116 °C; IR (neat): v (cm™!) 3065, 2923, 1639, 1539, 1360. '"H NMR (400 MHz,
CDCIl3) 6 7.49 (m, 2H), 7.41 — 7.09 (m, 8H), 6.20 (s, 1H), 4.58 ppm (d, J = 5.5 Hz, 2H);
13C NMR (101 MHz, CDCls) 8 167.6, 137.8, 137.6, 133.5, 131.5, 129.8, 128.9, 128.2,
127.84 127.7, 119.4, 44.4 ppm; ESI HR-MS: calcd. for [C1saH12BrNO-+H]": 290.0715,
found 290.0717. The spectroscopic data are consistent with those reported in the

literature.>*’
N-(Cyclohexylmethyl)-2-bromobenzamide (55)

Application of General Procedure B with 2-bromobenzoyl
E:fj\ /\O chloride (219 mg, 1 mmol, 1 equiv.), triethylamine (167 pL,
1.2 mmol, 1.2 equiv.), and cyclohexylmethylamine (143 pL,

1.1 mmol, 1.1 equiv.) yielded 180 mg (61%) of 55 as a yellow oil.

IR (neat): v (cm!) 3068, 2921, 2850, 1641, 1541, 1367; '"H NMR (400 MHz, CDCl)
§7.62 — 7.49 (m, 2H), 7.34 (td, J = 7.5, 1.0 Hz, 1H), 7.30 — 7.21 (m, 2H), 6.03 (s, 1H),
3.30 (dd, J = 6.5, 6.0 Hz, 2H), 2.01 — 1.52 (m, 6H), 1.42 — 1.11 (m, 4H), 1.02 ppm (m,
3H); 1*C NMR (101 MHz, CDCls) § 167.7, 138.3, 133.5, 131.3, 129.8, 127.7, 119.3,
46.5, 38.0, 31.1, 26.5, 26.0 ppm; ESI HR-MS: calcd. for [C1aH1sBrNO+H]": 296.0645,

found 296.0646.
2-lIodo-N-pentylbenzamide (56)*8

o Application of General Procedure B with 2-iodobenzoyl

N~ "> chloride (267 mg, I mmol, 1 equiv.), triethylamine (167 pL,
H
I 1.2 mmol, 1.2 equiv.), and pentylamine (128 pL, 1.1 mmol,

1.1 equiv.) yielded 203 mg (64%) of 56 as a white solid.

Mp 98-100 °C; IR (neat): v (cm™') 3066, 2926, 1634, 1546; '"H NMR (400 MHz, CDCl;)

§7.88 —7.81 (m, 1H), 7.43 — 7.32 (m, 2H), 7.08 (ddd, J = 8.0, 6.5, 3.0 Hz, 1H), 5.78 (s,
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1H), 3.44 (td, J = 7.0, 6.0 Hz, 2H), 1.70 — 1.56 (m, 2H), 1.46 — 1.30 (m, 5H),
1.30 — 1.17 (m, 3H), 0.99 — 0.82 (m, 4H) ppm; '3C NMR (101 MHz, CDCl3) § 169.3,
142.6, 139.8, 131.0, 128.3, 128.2, 92.4, 40.1, 29.2, 29.1, 22.4, 14.0 ppm; ESI HR-MS:
calcd. for [Ci2Hi1sINO+H]": 318.0349, found 318.0349. The spectroscopic data are

consistent with those reported in the literature.’*®

2-lIodo-N-(pyridin-2-yl)benzamide (57)°%

A modified General Procedure B was followed using triethylamine (502 pL, 3.6 mmol,

i \ Q 1.2 equiv.), 2-iodobenzoyl chloride (800 mg, 3 mmol, 1 equiv.) and
@J\H 2-aminopyridine (310 mg, 3.3 mmol, 1.1 equiv.). The reaction
mixture was stirred at rt for 5 min, then diluted in ethyl acetate and washed with HCI
(1 M). The aqueous layer was neutralised using NaOH (12 M), extracted with ethyl

acetate, and dried over Na2SOas. Purification yielded 130 mg (13%) of 57 as a white solid.

Mp 176-177 °C; IR (neat): v (cm™) 3077, 2956, 1680, 1533, 1434, 1309; 'H NMR
(400 MHz, CDCI3) 6 9.46 (s, 1H), 8.40 (d, J = 8.4 Hz, 1H), 7.90 (dd, J = 8.0, 1.1 Hz,
1H), 7.85 (dd, J = 5.2, 1.9 Hz, 1H), 7.76 (ddd, J = 8.8, 7.4, 1.9 Hz, 1H), 7.52 (dd, J =
7.6, 1.7 Hz, 1H), 7.41 (td, J = 7.5, 1.1 Hz, 1H), 7.15 (td, J = 7.7, 1.7 Hz, 1H), 6.99 ppm
(ddd, J = 7.4, 5.0, 1.0 Hz, 1H); 3C NMR (101 MHz, CDCIl3) § 167.9, 151.4, 147.3,
141.8,140.3, 139.1, 131.8, 128.5, 128.5, 120.2, 114.8, 92.7 ppm; ESI HR-MS: calcd. for
[C12HoIN20+H]": 324.9843, found 324.9831. The spectroscopic data are consistent with

those reported in the literature.
2-Todo-N-([(35)-5-oxopyrrolidin-3-yljmethyl)benzamide (58)

o General Procedure B was followed using triethylamine (73.3 pL,

©fl\u/ﬂ(\\<”“ 0.53 mmol, 1.3 equiv), 2-iodobenzoyl chloride (106 mg,
I

O 0.4 mmol, 1 equiv.) and (4R)-4-(aminomethyl)pyrrolidin-2-one
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(50 mg, 0.44 mmol, 1.1 equiv). The mixture was stirred for 36 h. The reaction mixture
was concentrated in vacuo, then purified with flash chromatography. A solvent system of
(0—20% (v/v) methanol in dichloromethane) over 15 column volumes was run to yield

45 mg (33%) of 58 as a beige solid.

Mp 175-176 °C; [a]D25 = -8.1 (c = 0.5, DMSO-d6); IR (neat): v (cm™") 3284, 3095,
2998, 2964, 1697, 1640, 1560, 1368, 1046; 'TH NMR (400 MHz, DMSO-d6) 6 8.51 (t, J
=59Hz 1H), 7.87 (dd,J=7.9, 1.1 Hz, 1H), 7.52 (s, 1H), 7.44 (td, J = 7.5, 1.1 Hz, 1H),
7.31 (dd, J = 7.6, 1.7 Hz, 1H), 7.16 (td, J = 7.6, 1.7 Hz, 1H), 3.42 — 3.29 (m, 2H),
3.29-3.20 (m, 2H), 3.10-3.03 (m, 1H), 2.63 (ddd, J = 12.1, 9.5, 6.0 Hz, 1H), 2.29 (dd,
J =16.7, 8.9 Hz, 1H), 2.00 ppm (dd, J = 16.7, 6.4 Hz, 1H); 13C NMR (101 MHz,
DMSO0-d6) 6 176.1, 169.2, 143.3, 139.0, 130.7, 128.0, 127.9, 93.4, 45.0, 42.3, 34.4, 33.9

ppm; ESI HR-MS: calcd. for [C12H13IN202+H]™: 345.0094, found 345.0095.
2-Todo-N-(2-methoxyethyl)benzamide (59)

o Application of General Procedure B with 2-iodobenzoyl

E:fj\N/\/o\ chloride (267 mg, 1 mmol, 1 equiv.), triethylamine (167 pL,
H

| 1.2 mmol, 1.2 equiv.), and 2-methoxyethan-1-amine (96 uL,

1.1 mmol, 1.1 equiv.) yielded 105 mg (34%) of 59 as a white wax.

IR (neat): v (cm) 3058, 2924, 1647, 1537, 1360, 1120, 1014. 1H NMR (400 MHz,
CDCl3) 8 7.92 — 7.83 (m, 1H), 7.45 — 7.33 (m, 2H), 7.09 (m, 1H), 6.16 (s, 1H), 3.70 — 3.62
(m, 2H), 3.59 (m, 2H), 3.39 ppm (s, 3H); 3C NMR (101 MHz, CDCL3) § 169.5, 142.4,
140.0, 131.2, 128.4, 1283, 92.6, 71.1, 59.0, 39.8 ppm; ESI HR-MS: calcd. for

[C10H12INO2+Na]": 327.9805, found 327.9804.
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Methyl 3-[(2-iodophenyl)formamido]propanoate (60)°*°

Application of General Procedure B using triethylamine (169 pL, 1.2 mmol, 1.2 equiv),
2-iodobenzoyl chloride (267 mg, 1 mmol, 1 equiv.), and methyl 3-aminopropanoate

(153 mg, 1.1 mmol, 1.1 equiv.) yielded 197 mg (59%) of 60 as a white solid.

o o Mp 89-91 °C; IR (neat): v (cm™) 3031, 2949, 2919, 1731,

HVKO/ 1635, 1537, 1330, 1206, 1053; "H NMR (400 MHz, CDCl3)

I 0 7.84 (d, J = 8.0 Hz, 1H), 7.36 (m, 2H), 7.14 — 7.03 (m,

1H), 6.38 (s, 1H), 3.77 — 3.68 (m, 6H), 2.70 ppm (t,J = 5.9 Hz, 2H); ¥*C NMR (101 MHz,
CDCI3) 6 173.2,169.5,142.2, 140.0, 131.3, 128.3, 128.3, 92.5, 52.1, 35.5, 33.7 ppm; ESI
HR-MS: calcd. for [C11H12INO3+H]": 333.9935, found 333.9935. The spectroscopic data

are consistent with those reported in the literature.>*°

General procedure C — Sulfur insertion and ring closure reaction to give 28—40, 38—

36.

Figure 6.2 | Sulfur insertion and ring closure (28—40, 38-36). Conditions: C. 1,10-phenanthroline/Cul, Ss,
K>CO3, DMF, 110 °C.

Following a modified literature procedure, a reaction vial was charged with Cul
(0.3 equiv.) and 1,10-phenanthroline (0.3 equiv).>*! The atmosphere was purged with
argon and anhydrous DMF (0.4 M) was added. The suspension was stirred at rt for 15
min, then the appropriate benzamide (1 equiv), Ss (1.3 equiv), and K2COs3 (1.3 equiv)
were added. The suspension was stirred for a further 15 minutes at rt, then heated to 110

°C until TLC showed full conversion of the starting material (TLC, MS). The reaction
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was cooled to rt and diluted in brine. The resulting mixture was extracted with ethyl
acetate. The combined organic phases were dried over NaxSOs4, then concentrated in

vacuo. Purification by flash chromatography yielded the desired compound.

2-Benzyl-2,3-dihydro-1,2-benzothiazol-3-one (29)*°!
Application of General Procedure C using Cul (29 mg,

0]
0.15 mmol, 0.3 equiv.), 1,10-phenanthroline (27 mg, 0.15

N ) .
4 mmol, 0.3 equiv.), 54 (145 mg, 0.5 mmol, 1.3 equiv.), Sg (22

S
mg, 0.65 mmol, 1.3 equiv.), and K2CO3 (89 mg, 0.65 mmol, 1.3 equiv.) yielded 59 mg

(49%) of 29 as a beige solid.

Mp 140-142 °C; IR (neat): v (cm™") 3063, 2920, 1654, 1447, 1333; '"H NMR (400 MHz,
CDCI) 6 8.07 (dt, J = 7.9, 1.0 Hz, 1H), 7.59 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 7.49 (dt, J
= 8.2, 0.9 Hz, 1H), 7.40 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 7.37 — 7.29 (m, 5H), 5.06 ppm
(s, 2H); 3C NMR (101 MHz, CDCIs) 8 165.5, 140.6, 136.3, 132.0, 129.0, 128.6, 128 .4,
127.0, 125.7, 124.7, 120.5, 47.7 ppm; ESI HR-MS: calcd. for [C14H11NOS+Na]':
264.0454, found: 264.0454. The spectroscopic data are consistent with those reported in

the literature.>!
2-(3-Methylbutyl)-2,3-dihydro-1,2-benzothiazol-3-one (32)*"*

o Application of General Procedure C using Cul (28.9 mg,

N 0.15 mmol, 0.3 equiv.), 1,10-phenanthroline (27.4 mg,

/

S 0.15 mmol, 0.3 equiv.), 50 (160 mg, 0.51 mmol, 1 equiv.), Ss
(21.9 mg, 0.66 mmol, 1.3 equiv.), and K2CO3 (90.7 mg, 0.66 mmol, 1.3 equiv.) yielded

32 mg (28%) of 32 as an orange solid.
Mp 128-129 °C; IR (neat): v (cm™) 3075, 2956, 2583, 1647, 1597, 1442, 1347, 1291,
1072; '"H NMR (400 MHz, CDCl3) 8 8.03 (dt, J = 7.9, 1.0 Hz, 1H), 7.65 — 7.51 (m, 2H),
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7.39 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 4.00 — 3.83 (m, 2H), 1.69 — 1.62 (m, 4H), 0.98 ppm
(d, J = 6.3 Hz, 6H).; 3C NMR (101 MHz, CDCls) § 165.4, 140.3, 131.7, 126.8, 125.6,
125.1, 120.4, 42.5, 38.5, 25.8, 22.6 ppm; ESI HR-MS: calcd. for [C12H1sNOS+H]":
222.0947, found: 222.0950. The spectroscopic date are consistent with those reported in

the literature.*’?
2-(Pyridin-2-yl)benzo|d]isothiazol-3(2H)-one (33)°*

General Procedure C was followed using Cul (21.47 mg,

o
N@ 0.11 mmol, 0.4 equiv.), 1,10-phenanthroline (20.34 mg, 0.11

s \N / mmol, 0.4 equiv.), 57 (123 mg, 0.38 mmol, 1 equiv.), Ss (16.5

mg, 0.49 mmol, 1.3 equiv.), and K2COs3 (68.1 mg, 0.49 mmol, 1.3 equiv.). The reaction
mixture diluted with HCI (1M) and extracted with ethyl acetate. Purification by flash

chromatography (0—45%, ethyl acetate in cyclohexane) yielded 57 mg (65%) mg of 33

as a pink solid.

Mp 191-192 °C; IR (neat): v (cm™) 3070, 2917, 2849, 1672, 1583, 1450, 1259, 1119;
'HNMR (400 MHz, CDCl3) & 8.75 (dt, J = 8.5, 1.0 Hz, 1H), 8.41 (ddd, J =
5.0, 1.8, 0.9 Hz, 1H), 8.06 (dt,J = 7.9, 1.0 Hz, 1H), 7.81 (ddd, J = 8.5, 7.3, 1.8 Hz, 1H),
7.65 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.58 (dt, J = 8.1, 1.0 Hz, 1H), 7.40 (ddd, J = 8.1,
7.1, 1.1 Hz, 1H), 7.14 ppm (ddd, J = 7.3, 4.9, 1.0 Hz, 1H); '3*C NMR (101 MHz, CDCl3)
0 164.2,150.6, 147.8, 141.2, 138.6, 133.0, 127.0, 126.8, 125.7, 120.8, 120.5, 114.6 ppm,;
ESI HR-MS: calcd. for [C12HsN20S+H]": 229.0430, found 229.0433. The spectroscopic

data are consistent with those reported in the literature.3*?
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(8)-2-((5-Oxopyrrolidin-3-yl)methyl)benzo[d]isothiazol-3(2H)-one (34)
General Procedure C was followed with Cul (24.8 mg,

N_o
(0] q 0.03 mmol, 0.3 equiv.), 1,10-phenanthroline (23.5 mg,
N 0.03 mmol, 0.3 equiv.), 58 (34.6 mg, 0.1 mmol, 1 equiv.), Ss
(4.4 mg, 0.13 mmol, 1.3 equiv.), and K2CO3 (18 mg, 0.13
mmol, 1.3 equiv.). The reaction mixture was filtered through cotton wool and purified
using flash chromatography (0—20% MeOH in CH2Cl2) to give 4 mg (17%) of 34 as an

orange wax.

[0]D25 = +8.8 (¢ = 1, CDCls); IR (neat): v (ecm™") 3276, 2927, 1685, 1645, 1447, 1104;
TH NMR (400 MHz, CDCL3) & 8.04 (dt, J = 7.9, 1.0 Hz, 1H), 7.64 (ddd, J = 8.2, 7.0,
1.2 Hz, 1H), 7.56 (dt, J = 8.1, 0.9 Hz, 1H), 7.43 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 5.89 (s,
1H), 4.09 (dd, J = 14.2, 8.2 Hz, 1H), 3.87 (dd, J = 14.2, 6.5 Hz, 1H), 3.52 (dd, J = 9.9,
7.7 Hz, 1H), 3.32 (dd, J = 10.0, 5.6 Hz, 1H), 3.11 — 2.97 (m, 1H), 2.53 (dd, J = 17.1, 8.8
Hz, 1H), 2.24 ppm (dd, J = 17.1, 6.8 Hz, 1H); *C NMR (101 MHz, CDCls) § 177.0,
165.9, 140.2, 132.3, 127.0, 125.9, 124.3, 120.5, 47.2, 45.6, 35.1, 34.7 ppm; ESI HR-MS:

caled. for [C12H12N202S+H]": 249.0692, found 249.0692.
Methyl 3-(3-0x0-2,3-dihydro-1,2-benzothiazol-2-yl)propanoate (36)°*

Application of General Procedure C using Cul (32.1 mg,

©\)< ﬂ 0.17 mmol, 0.3 equiv.), 1,10-phenanthroline (30.6 mg, 0.17

mmol, 0.3 equiv.), 60 (188.6 mg, 0.57 mmol, 1 equiv.), Sg
(24.5 mg, 0.74 mmol, 1.3 equiv.), and K2CO3 (101.6 mg, 0.74 mmol, 1.3 equiv.) yielded

108 mg (80%) of 36 as a pale yellow solid.

Mp 97-98 °C; IR (neat): v (cm™) 3066, 2951, 2858, 1727, 1649, 1423, 1371, 1176;

IH NMR (400 MHz, CDCl3) & 8.02 (dt, J = 7.9, 1.1 Hz, 1H), 7.60 (ddd, J = 8.3, 7.1, 1.3
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Hz, 1H), 7.53 (dt, J = 8.1, 0.9 Hz, 1H), 7.39 (ddd, J = 8.1, 7.0, 1.0 Hz, 1H), 4.18 (t, J =
6.6 Hz, 2H), 3.72 (s, 3H), 2.80 ppm (t, J = 6.6 Hz, 2H); 3C NMR (101 MHz, CDCl3) §
171.7, 165.6, 140.7, 132.0, 126.8, 125.6, 124.4, 120.4, 52.2, 40.0, 34.0 ppm; ESI HR-
MS: calcd. for [C11H11NO3S+H]": 238.0532 found 238.0534. The spectroscopic data are

consistent with those reported in the literature.>*?
2-Phenyl-2H,3H-[1,2]thiazolo[4,5-c]pyridin-3-one (37)°**

0 General Procedure C was followed using Cul (5.7 mg,

N@ 0.03 mmol, 0.3 equiv.), 1,10-phenanthroline (5.7 mg,

0.03 mmol, 0.3 equiv.), 49 (38.8 mg, 0.11 mmol, 1 equiv.), Ss

(4.8 mg, 0.14 mmol, 1.3 equiv.), and K2COs3 (19.7 mg, 0.14 mmol, 1.3 equiv.).
Purification by flash chromatography (0—45% (v/v) ethyl acetate in cyclohexane)

yielded 15 mg (58%) of 37 as a yellow solid.

Mp 145-147 °C (141-143 °C reported)’**; IR (neat): v (cm™) 2922, 2846, 1670, 1584,
1440, 1287, 1031; 'TH NMR (400 MHz, CDCI3) 8 9.29 (s, 1H), 8.75 (d, J = 5.4 Hz, 1H),
7.71 = 7.63 (m, 2H), 7.60 (d, J = 5.4 Hz, 1H), 7.56 — 7.45 (m, 2H), 7.44 — 7.33 ppm
(m, 1H). 3C NMR (151 MHz, CDCl3) § 162.8, 149.9, 149.3, 149.1, 136.4, 129.8, 128.0,
125.0, 121.0, 115.2 ppm. ESI HR-MS: calcd. for [Ci12HsN20S+H]": 229.0430,
found: 229.0432. The physical and spectroscopic data are consistent with those reported

in the literature.3*
5-Bromo-2-phenyl-2,3-dihydro-1,2-benzothiazol-3-one (38)

0 Application of General Procedure C using Cul (89 mg,

N@ 0.47 mmol, 0.3 equiv.), 1,10-phenanthroline (84 mg,
S/

0.47 mmol, 0.3 equiv.), 48 (553 mg, 1.56 mmol,

Br
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1 equiv.), Sg (67 mg, 2.03 mmol, 1.3 equiv.), and K2CO3 (280 mg, 2.03 mmol, 1.3 equiv.)

yielded 412 mg (86%) of 38 as a beige solid.

Mp 188-189 °C; IR (neat): v (cm) 3092, 2981, 2884, 1642, 1493, 1444, 1337; 'TH NMR
(400 MHz, CDCL3) & 8.24 (d, J = 2.0 Hz, 1H), 7.76 (dd, J = 8.5, 2.0 Hz, 1H), 7.68 (dd, J
= 7.7, 1.6 Hz, 2H), 7.48 (t, J = 7.5 Hz, 3H), 7.34 ppm (t, J = 7.4 Hz, 1H); 3C NMR
(101 MHz, CDCL3) & 162.9, 138.7, 137.0, 135.6, 130.1, 129.6, 127.6, 124.8, 121.7, 119.8

ppm; ESI HR-MS: calcd. for [C13HsBrNOS+H]": 305.9582, found 305.9584.
7-Methyl-2-phenyl-2,3-dihydro-1,2-benzoisothiazol-3-one (39)

o Application of General Procedure C using Cul (23 mg,

N @ 0.12 mmol) and 1,10-phenanthroline (22 mg, 0.12 mmol,

s 0.3 equiv.), 46 (136 mg, 0.4 mmol, 1 equiv.), Ss (17 mg,

0.52 mmol, 1.3 equiv.), and K2CO3 (72 mg, 0.52 mmol, 1.3 equiv.) yielded 7 mg (7%) of

39 as a beige solid.

Mp 113-115 °C; IR (neat): v (cm™) 2999, 2956, 2917, 1665, 1541, 1377, 1133, 1024;
"H NMR (400 MHz, CDCI3) § 7.95 (ddd, J = 7.6, 1.3, 0.7 Hz, 1H), 7.78 — 7.69 (m, 2H),
7.51 —7.42 (m, 3H), 7.39 (t, J = 7.5 Hz, 1H), 7.35 - 7.29 (m, 1H), 2.39 ppm (d, J = 0.8
Hz, 3H); 3C NMR (101 MHz, CDCl3) 8 164.9, 140.1, 137.6, 132.7, 129.8, 129.5, 127.1,
126.5, 124.9, 124.8, 18.8 ppm; ESI HR-MS: calcd. for [C14H11NOS+H]": 242.0634,

found: 242.0636.
7-Bromo-2-phenyl-2,3-dihydro-1,2-benzothiazol-3-one (40)

o Application of General Procedure C using Cul (27 mg,

N@ 0.14 mmol, 0.29 equiv.) and 1,10-phenanthroline (26 mg, 0.14
S/

mmol, 0.29 equiv.), 47 (169 mg, 0.48 mmol, 1 equiv.), Ss (21
Br
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mg, 0.62 mmol, 1.3 equiv.), and K2CO3 (85 mg, 0.62 mmol, 1.3 equiv.) yielded 76 mg

(52%) of 40 as an orange solid.

Mp 149-150 °C; IR (neat): v (cm™") 2961, 2918, 2849, 1669, 1488, 1403, 1298, 1072;
H NMR (400 MHz, CDCls) & 8.09 (dd, J = 7.8, 1.0 Hz, 1H), 7.78 (dd, J = 7.8, 1.0 Hz,
1H), 7.74 — 7.68 (m, 2H), 7.53 — 7.46 (m, 2H), 7.41 — 7.31 ppm (m, 2H); *C NMR (101
MHz, CDCL3) § 164.1, 142.4, 137.1, 134.8, 129.6, 127.6, 127.5, 127.2, 126.1, 124.9,

114.0 ppm; ESI HR-MS: calcd. for [C1sHsBrNOS+H]"™: 305.9583, found: 305.9583.

7-Bromo-2-(3-methylbutyl)-2,3-dihydro-1,2-benzothiazol-3-one (42)

o General Procedure C was followed using Cul (25.8 mg,
Br NJ_< 0.14 mmol, 0.3 equiv.), 1,10-phenanthroline (24.5 mg,
S 0.14 mmol, 0.3 equiv.), 53 (157.7 mg, 0.45 mmol,

1 equiv.), Ss (19.6 mg, 0.59 mmol, 1.3 equiv.), and K2CO3 (81.1 mg, 0.59 mmol, 1.3
equiv.). Purification by flash chromatography (0—40% (v/v) ethyl acetate in

cyclohexane) yielded 20 mg (15%) of 42 as a beige solid.

Mp 107-108 °C; IR (neat): v (cm') 3093, 2947, 2849, 1650, 1453, 1308, 1078; '"H NMR
(400 MHz, CDCls) § 8.16 (d, J = 1.9 Hz, 1H), 7.69 (dd, J = 8.5, 2.0 Hz, 1H), 7.42 (d, J
= 8.4 Hz, 1H), 3.94 — 3.86 (m, 2H), 1.65 (m, 3H), 0.97 (d, J = 6.3 Hz, 6H); 13C NMR
(101 MHz, CDCls) 8 164.1, 138.9, 134.8, 129.6, 126.8, 121.9, 119.4, 42.7, 38.4, 29.8,

25.8,22.5 ppm; ESI HR-MS: calcd. for [C12H14BrNOS+H]": 300.0052, found 300.0053.
7-Methyl-2-(3-methylbutyl)-2,3-dihydro-1,2-benzothiazol-3-one (43)

General Procedure C was followed using Cul (37 mg,
0.2 mmol, 0.3 equiv.), 1,10-phenanthroline (35 mg, 0.2 mmol,
S 0.3 equiv.), 51 (215 mg, 0.65 mmol, 1 equiv.), Sg (28.2 mg,

0.85 mmol, 1.3 equiv.), and K2CO3 (117 mg, 0.85 mmol, 1.3 equiv.). Purification by flash
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chromatography (0—40% (v/v) ethyl acetate in cyclohexane) yielded 94 mg (61%) of 43

as a colourless oil.

IR (neat): v (cm™) 3066, 2957, 1662, 1478, 1385, 1211; 'H NMR (400 MHz, CDCls)
§7.91 — 7.84 (m, 1H), 7.41 — 7.30 (m, 2H), 3.96 — 3.90 (m, 2H), 2.36 (s, 3H), 1.67
(m, 3H), 1.03 — 0.93 ppm (m, 6H); *C NMR (101 MHz, CDCls) § 166.1, 140.4, 131.9,
130.0, 126.1, 124.9, 124.9, 42.5, 38.5, 25.8, 22.6, 18.8 ppm; ESI HR-MS: calcd. for

[C13H17NOS+H]": 236.1104, found: 236.1105.
5-Bromo-2-(3-methylbutyl)-2,3-dihydro-1,2-benzothiazol-3-one (44)

o General Procedure C was followed using Cul (21.8 mg,
0.12 mmol, 0.3 equiv.), 1,10-phenanthroline (20.7 mg, 0.12
! mmol, 0.3 equiv.), 52 (133.5 mg, 0.38 mmol, 1 equiv.), Ss (16.6
mg, :).5 mmol, 1.3 equiv.), and K2CO3 (68.6 mg, 0.5 mmol, 1.3 equiv.). Purification by
reverse-phase chromatography using a Biotage Sfar® C18 Duo cartridge (buffer A
(H20:formic acid, 100:0.1 (v/v)) — buffer B (MeCN:formic acid, 100:0.1 (v/v)) from

0 to 100% (v/v) B over 16 column volumes, then 4 column volumes at 100% (v/v) B)

gave 33 mg (29%) of 44 as an orange oil.

IR (neat): v (cm™) 2962, 2917, 2849, 1669, 1488, 1328. 1089; 'H NMR (400 MHz,
DMSO0-d6) 6 7.97 (dd, J = 7.7, 1.0 Hz, 1H), 7.94 (dd, J = 7.8, 1.0 Hz, 1H), 7.46 (t, J =
7.8 Hz, 1H), 3.90 (t, J = 7.0 Hz, 2H), 1.64 — 1.48 (m, 3H), 0.97 — 0.87 ppm (m, 6H);
I3C NMR (101 MHz, DMSO-d6) 5 164.1, 141.6, 134.4,127.9, 126.4, 125.1, 113.7, 41.6,
37.7, 25.0, 22.2 ppm; ESI HR-MS: calcd. for [C12H14BrNOS+H]": 300.0052, found:

300.0054.
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General Procedure D — Suzuki-Miyaura cross-coupling reaction

o)
0]
o IO
- O
S/
: 0

Figure 6.3 | Suzuki-Miyaura cross-coupling reaction (41). Conditions: D. phenylboronic acid, K>COs3,
Pd(dppf)Cl,, 1,4-dioxane, 80 °C.

A reaction vial was charged with 7-bromo-2-phenylbenzo[d]isothiazol-3(2H)-one
(52.6 mg, 0.17 mmol, 1 equiv), phenylboronic acid (41.9 mg, 0.34 mmol, 2 equiv),
K2COs (118.5 mg, 0.86 mmol, 5 equiv), and Pd(dppf)Cl2 (18.84 mg, 0.026 mmol,
0.15 equiv). The atmosphere was purged with nitrogen and anhydrous, degassed dioxane
(11.6 mL, 0.015 M) was transferred to the reaction vial. The vial was sealed and stirred
at 80 °C until full conversion of the starting material (3h, TLC, MS). The reaction mixture
was filtered using diatomaceous earth, concentrated in vacuo, and purified using flash

chromatography (0—20% diethyl ether in n-pentane) to yield the desired compound.
2,7-Diphenyl-2,3-dihydro-1,2-benzothiazol-3-one (41)

0 Application of General Procedure D using 40 (52.6 mg,

O N@ 0.17 mmol, 1 equiv.), phenylboronic acid (41.9 mg, 0.34 mmol,
S/

2 equiv.), and K2COs3 (118.5 mg, 0.86 mmol, 5 equiv.) yielded

O 10 mg (19%) of 41 as a white solid.

Mp153-154 °C; IR (neat): v (cm') 3055, 2918, 2850, 1675, 1495, 1327, 1174; '"H NMR
(400 MHz, CDCl3) § 8.11 (dd, J = 7.8, 1.2 Hz, 1H), 7.76 — 7.68 (m, 3H), 7.62 — 7.43
(m, 8H), 7.31 ppm (m, 1H); 3C NMR (101 MHz, CDCls) 5 164.6, 139.2, 138.4, 137.4,
134.5, 131.9, 129.6, 129.5, 129.01, 127.2, 127.2, 127.0, 126.1, 126.0, 124.7 ppm;

ESI HR-MS: calcd. for [C1oH13NOS+H]": 304.0791, found: 304.0792.
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6.2. Biochemical Assays

6.2.1. General Information

IDH assays were performed using freshly purified recombinant IDH1 WT, IDH1 R132H
prepared by Dr Raphael Reinbold (Department of Chemistry, University of Oxford as
reported.®** MP™ assays were performed using freshly purified recombinant MP™ solution,
provided by Dr Tika R. Malla (Department of Chemistry, University of Oxford), prepared
as reported.*’® Thawed aliquots of MP® and IDH were not refrozen, and discarded.
Buffers were made up exclusively with LC-MS grade solvents (Merck, Supelco). MS
analyses were performed exclusively with LC-MS grade solvents (Merck, Supelco).
Reaction buffer was prepared fresh in every instance, including the preparation of
enzyme, and substrate stock solutions. Compound stock solutions were prepared to either

10, 2.5, or I mM in DMSO and diluted using the relevant reaction buffer.

6.2.2. NADPH Absorbance-Based Assays

IDH catalysis in solution was monitored by changes in the absorbance of NADPH
(340 nm, €= 6,220 M'ecm™") over time.?®* The measured absorption was converted to
NADPH concentration using the Beer-Lamber law: absorbance (A) is equal to the molar
absorption coefficient (¢) multiplied by the molar concentration (¢) and optical path

length (1) (Eq. 6).

Eq. 6
A = ecl

DL-Isocitrate trisodium salt (ICT) was procured from ChemCruz. 2-OG disodium salt,

NADPH tetrasodium salt, and NADP" disodium salt were procured from Sigma-Aldrich.
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High-Throughput Inhibition Screens and ICso Determination
Assays were carried out using a PHERAstar® FS microplate reader (BMG LabTech) or

a CLARIOStar® Plus multi-mode plate reader equipped with an LVis Plate (BMG
Labtech) at 25 °C, using clear-bottom 96 well plates. The reaction buffer consisted of
Tris HCI, MgCla, dithiothreitol (DTT), bovine serum albumin (BSA), and tween-20, in
varying proportions. Specific reaction conditions are described for each experiment in
the relevant chapter (Chapter 2). For each assay, one stock solution (4x concentration)
each of the IDH isoform and the inhibitor (or control) were prepared, and one stock
solution (2x concentration) of the combined substrates was prepared (ICT and NADP*
for IDH1 WT, 2-OG and NADPH for IDH1 variants). All stock solutions were allowed
to reach room temperature before dispensation. Each reaction was prepared in at least
triplicate. First, 25 puL of the enzyme stock solution (4x) and 25 pL of the inhibitor/control
stock solution (4x) were dispensed into the 96 well plate, and incubated together for 12
minutes. Then, the reaction was initiated by dispensing 50 uL of the combined substrate
stock solution (2x) into the 96 well plate. The 96 well plate was immediately inserted into
the PHERAstar FS microplate reader and the measurement protocol was initiated. The
total reaction volume was 100 pL, and the reaction was monitored for a minimum of 15

minutes.

The reaction rate was calculated from the change in concentration over time using
Microsoft Excel (Office 2021). The observed activity of a reaction condition was
determined by dividing the observed rate of reaction for that condition by the observed
rate of reaction in the positive control. To convert activity to a percentage value of
inhibition, the activity values were subtracted from one and multiplied by 100 to give a

percentage value of inhibition. For ICso determinations, non-linear regression curve fits
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were produced using GraphPad Prism (Version 5). Standard error of the mean was

calculated using the logarithm of concentration values.
Solution Enzyme Inhibition Kinetic Assays on IDH1 WT

Assays were carried out using a UV/Vis/NIR Lambda 19 Spectrometer (PerkinElmer) at
25 °C in a quartz cuvette. The reaction buffer composition was similar to the
high-throughput screen and ICso assay, consisting of Tris, DTT, and varying
concentrations of magnesium chloride. BSA and tween-20 were omitted to closer
approximate the buffer conditions of the e-Leaf.?*® Specific conditions for each
experiment are described in Chapter 2. The reaction was initiated by addition of IDH1
WT to the final concentration of 250 pM. 250 pM was identified as a concentration at
which a steady-state reaction persisted for >30 minutes. Once the increase in absorbance
was linear for at least 1 minute, indicating a steady-state reaction had been achieved, the
cuvette was removed and inhibitor was injected to the final concentration (5 — 100 uM)
and mixed before replacing the cuvette. The resultant time course data was plotted and

analysed using OriginLabs software.

6.2.3. Fluorescence-Based Inhibition Assays

The following procedure was reported in Thun-Hohenstein et al.**® The inhibitory
activities of compounds 26—-36 against M were determined using a spectroscopic assay,
monitoring ~ MP®  catalysed  hydrolysis of the  fluorogenic  substrate
([5-FAM]-AVLQSGFR-[Lys(Dabcyl)]-K-amide) as reported.**® Assays were conducted
at rt in clear-bottomed Greiner 384 black well microplates using a ClarioStar or
PHERAstar FS microplate reader (BMG LabTech). Compound dilutions were transferred
in quadruplicate from a 96 well plate to a 384 well plate (5 pL/well) using a CyBio Liquid

Handler (Analytik Jena AG). MP™ (5 pl/well) and substrate (10 pL/well) were dispensed
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across 384 well plates using a Multidrop Combi dispenser (Thermo Scientific), the plates
were then centrifuged (500 g, 15 s, Axygen Plate Spinner Centrifuge, Corning). Final
reaction concentrations were 50 nM MP, 375 nM substrate, 20 mM HEPES, pH 7.3,
50 mM NaCl, 10% (v/v) glycerol, 1% (v/v) DMSO, 0.01% (v/v) Triton X-100. The
initial rates of reaction (measured after 15 minutes pre-incubation of the inhibitor with
the enzyme) were assessed by monitoring the fluorescence intensity at Aex = 485 nm and
hem = 520 nm. Following the determination of initial rates of reaction, data were fitted
using a four-parameter function: log (inhibitor) vs. response, variable slope in GraphPad

Prism 5 to obtain ICso values.

6.2.4. Protein Observed Mass Spectrometry

The following method was reported in Thun-Hohenstein et al.*®® The reactions of
compounds 26-36 with recombinant MP™ were investigated using protein observed mass
spectrometry coupled to solid phase extraction purification as reported.*’® The
compounds were dispensed across 384 well plates using an acoustic Echo Dispenser
(LabCyte). MP™ was dispensed across 384-well plates using a Multidrop Combi dispenser
(Thermo Scientific). The plates were then centrifuged (500 g, 15 s, Axygen Plate Spinner
Centrifuge, Corning). Final reaction conditions: 40 uM compound, 2 pM MP®,
20 mM HEPES, pH 7.5, 50 mM NacCl, 50uL final volume/well. The mass spectrometer
was operated in positive ion mode with the following parameters: drying gas temperature
(225 °C), drying gas flow rate (13 L/min), nebulizer pressure (40 psig), sheath gas
temperature (350 °C), sheath gas flow rate (12 L/min), capillary voltage (4000 V),

nozzle voltage (1000 V).
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6.3. Cell Biology Experiments

6.3.1. Benchtop Equipment

Water purification involved the use of a Milli-Q Direct 8 system, which includes a
Millipak® Express 40 filter having a 0.22 uM pore size (Merck Millipore). Microscopy
examinations of cells were conducted using an AE31E trinocular microscope (Motic).
Cell quantification was performed with a Countess™ II FL Automated Cell Counter and
Countess™ Cell counting chamber slides, both from (Thermo Fisher Scientific).
Spectroscopic analyses of the samples utilized either a NanoDrop One microvolume
UV-VIS spectrophotometer (Thermo Fisher Scientific) or a CLARIOStar® Plus
multi-mode plate reader equipped with an LVis Plate (BMG Labtech). The samples were
centrifuged using a Megafuge 8R Small Benchtop Centrifuge (Thermo Fisher Scientific),

which accommodated a 28-sample insert.

6.3.2. Ion-Exchange Chromatography Mass Spectrometry (IC-MS)
Equipment

A Dionex™ JonPac™ AS11-HC column (2 x 250 mm, 4 pm particle size) (Dionex,

Thermo Fisher Scientific) was utilised with a Q-Exactive HF hybrid quadrupole-Orbitrap

(Thermo Fisher Scientific), equipped with a HESI II probe (Thermo Fisher Scientific),

connected to an ICS 5000+ HPIC system (Dionex), fitted with a 500e ERS suppressor

(Dionex).

6.3.3. General Non-Chemical Consumables

Sterile polypropylene CryoPure tubes (2 mL) featuring QuickSeal screw caps
(Sarstedt AG & Co. KG), Sartorius Minisart™ regenerated cellulose (RC) syringe filters

with a 0.2 um pore size and 15 mm filter diameter (Fisher Scientific), Amicon® Ultra
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RC filters (0.5 mL) with molecular weight (MW) cut-offs of 3 kDa (Merck), and LCGC
clear glass total recovery vials (1 mL) with cap and pre-slit PTFE/silicone septum

(Waters), were utilised.

Sterile polystyrene petri dishes (60 mm diameter) designed for adherent cells and
equipped with lids (Sarstedt AG & Co. KG), sterile flat-bottom 96-well plates with
clear-walls, each individually wrapped with lids featuring condensation rings (Scientific
Laboratory Supplies), and non-sterile, untreated, clear, flat-bottomed polystyrene 96-well

assay plates with low evaporation lids (Corning Inc), were utilised.

6.3.4. General Chemicals

Purified water was provided by a Millipore MilliQ system, ensuring it met the
specifications for type 1 water, including a resistivity of 18.2 MQ-cm and a low total
carbon content of 2 ppb. Unless specified, all utilized water conformed to type 1
standards. Methanol, acetonitrile, and isopropanol, each with a purity of >99.9% suitable
for HPLC were procured from Sigma Aldrich. Except where noted, all solvents employed

in procedures were of HPLC grade.

6.3.5. Cell Culture Chemicals and Growth Media

Foetal bovine serum (FBS) (non-USA origin); liquid Dulbecco's Modified Eagle Medium
(DMEM) containing phenol red, sodium bicarbonate (3.7 g/L), sodium pyruvate
(1.0 mM), and a low glucose (LG) concentration (1000 mg/L), without glutamine or
HEPES; liquid Dulbecco’s phosphate buffered saline (PBS) without calcium chloride or
magnesium chloride; and trypsin-EDTA solution (2.5 g porcine trypsin and
0.2 g EDTA-4 Na per litre of Hank’s Balanced Salt solution and phenol red) were

obtained from Sigma-Aldrich. GlutaMAX™ (GM™) supplement (200 mM
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L-alanyl-L-glutamine in 0.85% NaCl) was acquired from Thermo Fisher Scientific. All

solutions and FBS were sterile filtered prior to delivery.

Molecular biology grade dimethyl sulfoxide (DMSO) (99.9%) (Sigma Aldrich) was
sterile filtered in-house using a 0.2 um RC syringe filter. Trypan blue dye for cell staining
was included with the Countess™ cell counting chamber slides from Thermo Fisher

Scientific.

6.3.6. Cell Culture Treatments

Compounds 1, 2, and 3, were synthesised as described (Section 6.1.2, Section 6.1.3,

Section 6.1.4).

6.3.7. Sample Processing Chemicals

Formic acid (99%, for analysis) was obtained from Thermo Fisher Scientific. Ammonium
formate (Optima® LC-MS grade) was obtained from Fisher Scientific. Ammonium
hydroxide solution (~ 25% NH3, puriss), ammonium acetate (for MS, eluent additive for
LC-MS), and ammonium bicarbonate (BioUltra, > 99.5%) were obtained from Sigma
Aldrich. The EGC 500 KOH potassium hydroxide eluent generator cartridge was

obtained from Dionex.

6.3.8. General Solutions

Aqueous methanol solution (80%, v/v) was made by combining 80 mL of methanol with

20 mL of water, and stored at 4 °C.

6.3.9. Cell Culture Solutions and Treatment Stocks

Trypsin-EDTA was aliquoted without modification (8-12 mL) and stored at -20 °C prior
to use. During use it was stored at 4 °C, used within two weeks, and never refrozen. PBS

was not modified and maintained at room temperature at all times. Unopened low glucose
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Dulbecco’s Modified Eagle Medium (LG DMEM) was stored at 4 °C. FBS (50 mL) and
GM™ (5 mL) were aliquoted and stored at -20 °C until use. For use as growth medium,
LG DMEM was supplemented with FBS (10%, v/v) and GM™ (1%, v/v), then stored at

4 °C for a maximum of four weeks.

3 (1 mM), 1 (5 mM), 2 (5 mM), MSO (10 mM), phosphinothricin (10 mM),
tert-butyl(tert-butyldimethylsilyl)-glyoxylate (10 mM), and ERG240 (10 mM) were
dissolved in DMSO to make stock solutions. EGCG (5 mM), and strombine (10 mM)),
were dissolved in water to make stock solutions. All stock solutions were sterile filtered

(0.2 um pore size) and stored at -80 °C.

6.3.10. Sample Harvest Solutions

Aqueous methanol (80% MeOH, 20% H:0, v/v) was used as described.

6.3.11. Chromatography Solutions

Mobile phase A consisted of formic acid in water (0.1%, v/v) and was used within one
month of preparation. Mobile phase B consisted of formic acid in methanol (0.1%, v/v)

and was used within three months of preparation.

6.3.12. Tissue Culture Conditions

Cells were incubated under the same conditions for all experiments (37 °C, 5% COz,
20% 0O2). Cells were incubated for 24 hours between plating and treatment. Growth media
consisted of LG DMEM with FBS (10%, v/v) and GM™ (1%, v/v) unless otherwise
specified. Each dish (3 mL, 60 mm diameter) or well (~1 mL) of cells was considered
one biological replicate. Each measurement of a sample was considered as one analytical

replicate.
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6.3.13. Tissue Culture Cell lines

LN18 Glioblastoma multiforme (GBM) cells were utilised for metabolomics
experiments. The LN18 GBM cell line was originally from ATCC (CRL-2610). Dr
Chiara Bardella and colleagues (Institute of Cancer and Genomic Sciences, University of
Birmingham) gifted the cell line to Dr Ingvild Hvinden (Department of Chemistry,
University of Oxford). Dr Ingvild Hvinden kindly provided the cell lines for the
metabolomic studies described in this project. Dr Chiara Bardella utilised a lentiviral
vector (pUltra-Chili) to generate the LN18 GBM cell line expressing IDH1 R132H, and
transduced LN18 GBM cells with an empty lentiviral vector to generate the IDHI WT

cell line, as described by Reinbold et al.?*?

6.3.14. Tissue Culture Passaging Procedure

Cells in growth phase in a T75 or T175 flask were removed from the incubator. The
confluency was observed by light microscope and noted, then transferred into the laminar
flow hood. The ideal confluency for passaging was ~70%. The media was poured out,
and the cells were washed twice with PBS (20 mL total), then the PBS was removed by
aspiration. Trypsin-EDTA (1 mL for a T75 flask, 2 mL for a T175 flask) was applied to
the cells and the flask was incubated for 4 — 7 minutes, or until detachment was observed.
Detached cells were suspended by adding LG DMEM (10 mL) and mixing by gentle
aspiration. The cells were diluted into a new flask, which was pre-loaded with LG DMEM
(final volumes: 10 mL for a T75 flask, 25 mL for a T175 flask). The dilution ratio was
chosen from 1:1 to 1:10, according to the observed confluency, aiming for ~25%
confluency in a new flask. When necessary, cell lines were scaled up by diluting the

suspended cells into larger and/or multiple new flasks.
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6.3.15. Tissue Culture Plating Procedure for Metabolomics

Experiments

Cells were plated in 60 mm dishes for metabolomics experiments. Cells were first
washed, detached, and resuspended as described in the passaging procedure (Section
6.3.14), and counted using a Countess™ Automated Cell Counter according to the
manufacturer’s user guide. The cell suspension was diluted to a maximum of 300 000
cells mL"! and counted again for confirmation. The diluted cell suspension (1 mL) was
dispensed into a 60 mm dish pre-loaded with LG DMEM (2 mL), for a final volume of 3

mL per dish (~100 000 cells).

6.3.16. Tissue Culture Treatment Procedure for Metabolomics

Experiments

Treatment stock solutions were diluted in LG DMEM to a final concentration of 5 uM.
Three at a time, dishes were removed from the incubator for treatment. Old LG DMEM
(3 mL) was removed by careful aspiration from each dish and replaced with LG DMEM
containing treatment (5 uM, 3 mL). For experiments with treatment stock solutions in
DMSO, an equivalent volume of DMSO was diluted in LG DMEM and applied to control
replicates. For experiments with aqueous treatment stocks, fresh LG DMEM was applied
to control replicates. The dishes were replaced into the incubator and the cells were
incubated for 24 hours. The experiments varied in the number of treatments and controls.
Therefore, the total number of samples varied per experiment. The table of metabolomic

experiments from Section 3.2 is shown again here for reference (Table 6.1)
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DMSO IDH Total
Expt. Treatment(s) Biological Replicates
(%, VIV) Mutation Dishes
Compound 1, and IDH1 WT, 1(10), 2 (10), Ctrl (10)
| 0.1 60
Compound 2 IDH1 R132H | 1(10),2 (10), Ctrl (10
IDH1 WT, 3(5), Ctrl (5)
2 Compound 3 0.50 20
IDH1 R132H | 3 (5), Ctrl (5)

Table 6.1 | A summary of all metabolomics experiments. The table contains the experiment
number, treatment applied, final percentage of DMSO in the growth media, IDH mutation status
(consistent for all groups).

6.3.17. Tissue Culture Harvest Procedure for Metabolomics

Experiments

Three at a time, in random order, dishes were transferred from the incubator into a laminar
flow hood. The confluency of each dish was observed by light microscope and noted.
Aliquots of media were first saved by pooling samples (100 pL) from each dish in an
experimental group. Each dish was then emptied of media and washed with PBS
(2 x 5 mL), dabbed with tissue at the rim to remove excess phosphate buffer solution
(PBS) without cell contact, then metabolically arrested by the direct addition of liquid
nitrogen (5 mL). Careful and efficient handling was necessary to ensure that the liquid
nitrogen in the first dish did not completely evaporate before the third dish was frozen. If
the liquid nitrogen prematurely evaporated, the dish was stored on dry ice until it’s turn.
For each dish in order, aqueous methanol (80% (v/v) MeOH, 20% (v/v) H20, 180 pL)
was added and a cell scraper was firmly applied in circular motions, then the dish was
tilted and the cell debris was collected at the bottom of the dish. The dish was rotated
clockwise (90°) and the scraping was repeated. Finally, the suspension of cell debris in
aqueous methanol was transferred to a microtube (1.5 mL) and stored on ice until the

process was complete for all three dishes. Upon completion of all three dishes, harvested
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cell contents were stored on dry ice until the process had been completed for all
subsequent dishes in the experiment. Once all dishes in the experiment were harvested,

samples were stored at -80 °C until processing for metabolomics.

6.3.18. Sample Preparation of Cell Harvest for IC-MS

The centrifuge was pre-cooled to 4 °C, then cell samples harvested for metabolomics
were thawed on ice and pelleted (14,000 rpm, 25 minutes, 4 °C). Initially, molecular
weight cut-off filters (3 kDA) were centrifuged (14000 rpm, 25 minutes, 4 °C) with H20
(500 pL) to wash the membrane. Care was taken to remove residual water in the filter
before moving on. Before filtration, the concentration of dsDNA (ng/uL) in the
supernatant of each cell sample was analysed using a NanoDrop One mcahine (2 pL).
The NanoDrop machine was blanked with aqueous MeOH(aq) solution (2 pL), and
cleaned between measurements with wetted lint free wipes (H20). Blanking was repeated
whenever the instrument had been left unattended or measurements were irregular. At
least two dsDNA measurements were taken, until two values differed by no more than
6 ng/uL. The cell sample supernatant was transferred to the washed filter and centrifuged
(14,000 rpm, 25 minutes, 4 °C), collecting the filtrate in a fresh, labelled, tube. Sample
filtrates were then normalise with respect to each other by dilution according to the
relative concentrations of dsDNA measured by NanoDrop, then transferred to total
recovery vials. Final volumes of samples varied between 30 and 100 pL. Final

chromatography-ready samples were stored at 4 °C (< 1 week), or -80 °C (> 1 week).

6.3.19. IC-MS Sample Analysis

The following method, reproduced below, was developed by Dr Walsby-Tickle
(Department of Chemistry, University of Oxford) and is reported by Dr Walsby-Tickle

and Dr Ingvild Hvinden in the literature,'3%: 140335
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Sample volume was 5.0 pL with partial-loop injection. The sample manager was set to
4.0 °C and column temperature was 30 °C. Flow rate was 0.250 mL min" and the
following hydroxide gradient was used: 0.0 min, 5 mM; 1.0 min, 5 mM; 15.0 min,
60 mM; 25.0 min, 100 mM; 30.0 min, 100 mM; 30.1 min, 5 mM; 37.0 min, 5 mM. Curve
was set to 5 for all gradient steps. The ion suppressor was operated in external water mode
with a 0.500 mL min! flow rate and a continuously regenerated trap column removed

ionic contaminants from the eluent. The ion suppressor current was set to 62 mA.

Spray voltage was —3.60 kV (negative polarity), capillary temperature was 320 °C and
the probe heater temperature was 350 °C. Gas flow rates were: sheath gas at 60, auxiliary
gas was at 20 and spare gas at 0, all arbitrary units (a.u.). S-Lens RF level was set to
70.0%. The method was run with full MS and data dependent (dd) MS2 and the mass
range was from 60-900 m/z. The following settings were used for full MS:
resolution 7.0 x 104; microscans, 2; AGC target, 1.0 x 106; and maximum IT, 120 ms.
The following settings were used for ddMS2: resolution, 1.75 x 103; microscans, 2;

AGC target, 1.0 x 105; and maximum IT, 250 ms.

6.3.20. IC-MS Data Pre-Processing

The IC-MS output files were uploaded into Progenesis QI software (Nonlinear Dynamics
Waters). The upload parameters were as follows: file format: Thermo Fisher Scientific,
instrument type: high resolution mass spectrometer, data format: profile data, ionisation

polarity: negative, searched adducts: [M-H], [M-H-H20]", [M-2H]* and [2M-H].

For each experiment, Progenesis QI identified the sample datafile with the greatest
similarity to all other files in the uploaded data as a reference chromatogram, and aligned
every other chromatogram accordingly. Sample datafiles were excluded from further

processing if their chromatograms did not align > 90%. For each aligned run, Progenesis
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QI analysed retention time-m/z pairs (peaks) using a noise estimation algorithm and
picked peaks considered to be genuine ions. The peak sensitivity and peak integration
settings were set to ‘default’. The rt limit and minimum peak width settings were not

utilised.

Picked peaks were compared to a database of known metabolite standards in house by
retention time (max. error < 2 minutes), m/z (max. error < 5 ppm), fragmentation score
(max. error < 12 ppm), isotope similarity (> 85%), minimum coefficient of variation
(<50%), and maximum abundance (> 50) (Section 6.3.25). Peaks were confidently
identified as metabolites in the database according to retention time
(max. error < 2 minutes), m/z (max. error < 5 ppm), and isotopic similarity (> 90%).
Peaks exhibiting an isotopic similarity between 85 — 90% were accepted as putative
identifications. Peaks with multiple potential metabolite identifications were
differentiated by fragmentation score. Maximum abundance and minimum coefficient of
variation were only used to rule out peaks. Finally, all identified metabolites and
unidentified peaks (features), and respective peak intensities (ion counts), were outputted

in a table for further statistical analysis.

6.3.21. IC-MS Data Processing and Normalisation Procedure in

Preparation for Statistical Analysis

For each table output by Progenesis QI, peak intensities (ion counts) were filtered by
interquartile range. Near-constant values were removed and the total number of features
was limited to 2500. Principal component analysis (PCA) scores were generated using

the website www.metaboanalyst.ca, and outliers were removed. Qutliers were defined as

samples which fell outside of a 95% confidence area. For multivariate statistical analysis,

every combination of normalisation (none, median, sum, quantile), transformation (none,
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logarithmic, square root), and scaling (none, mean centred, auto-scaling, pareto-scaling)
methods was applied to the data. For univariate statistical analysis, data tables were only
normalised, not transformed or scaled. The outputs were visualised as unclustered
heatmaps, feature distribution plots, and sample distribution plots. The optimal
combination of methods produced the most even distribution of colour in a heatmap, and

the best possible approximation of a normal distribution in sample and feature

distributions.
In a data table, each row ‘R’ represents a sample (1, 2, 3, ..., s) and each columns ‘C’
represents a metabolite (1, 2, 3, ..., m). The notation is as follows:

R = the row for a given sample (consisting of the ion counts of all metabolites in the

given sample).

Cy, = the column for a given metabolite (consisting of the ion counts in all samples of the

given metabolite).
x; = the observed peak intensity/ion count of a metabolite ‘m’ in a sample ‘s’
x]' = the output value of a normalised/transformed/scaled ion count.

The normalisation, transformation, and scaling functions are defined below.>3¢-538
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Sum normalisation: Eq. 7

n__ %
Xi = 3m X
j=1 lj
Median normalisation: Eq. 8
Xi
Xt =—
median(R;)

Quantile normalisation:

1. For every column (C), rank the ion count values from lowest to highest.
2. Rearrange the ion count values in each column into rank order from lowest to
highest.
3. Calculate the new mean of each row in the table. The output mean values will
also necessarily be in rank order from lowest to highest.
4. Assign the values of the means from step ‘3.” to the ion count values of
equivalent rank in step ‘1.’
5. Replace the ion count values in the original table with the assigned mean
values. The table is now quantile normalised.
Log transformation: Eq. 9
xi" = logo(x;)
Square root transformation: Eq. 10

Mean Centring:

Eq. 11

xit = x; — mean(Cy,)
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Auto scaling:

Pareto scaling:

ey — mean(C,,)
l l O-Cm
n mean(C,,)
X =X —
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6.3.22. Normalised IC-MS Data Heatmaps, Feature Distributions, and
Sample Distributions

Normalisation of IC-MS Data from the Treatment of LN18 Cells with 1 and 2
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Figure 6.4 | Heatmap, feature, and sample distribution plots of IC-MS data from IDHI WT and IDHI
RI32H LN18 cells, treated with 1 or 2. Heatmap before (A), and after (B), median normalisation with log
transformation and auto scaling. Feature distribution before (C), and after (D), median normalisation with
log transformation and auto scaling. Sample distribution before (E), and after (F), median normalisation
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with log transformation and auto scaling. Normalisation was conducted on the website
www.metaboanalyst.ca (version 6.0).

Normalisation of IC-MS Data from the Treatment of LN18 Cells with 3
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Figure 6.5 | Heatmap, feature, and sample distribution plots of IC-MS data from IDHI WT and IDHI
RI32H LNIS8 cells, treated with 3. Heatmap before (A), and after (B), median normalisation with log
transformation and auto scaling. Feature distribution before (C), and after (D), median normalisation with
log transformation and auto scaling. Sample distribution before (E), and after (F), median normalisation
with log transformation and auto scaling. Normalisation was conducted using the website
www.metaboanalyst.ca (version 6.0).
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6.3.23. Univariate Statistical Analysis of Processed and Normalised

IC-MS Data

Normalised IC-MS data tables were analysed to calculate the relative fold change (FC)
and significance of differences between ion abundances in experimental groups. The FC

and significance analysis was performed and visualised using the website

www.metaboanalyst.ca (version 6.0). FC values for a given feature were calculated for
pairwise comparisons of experimental groups by dividing the mean abundances to give a
ratio. A substantial difference was defined as FC > 1.2. Significant differences for every
feature (n = 2500) were calculated by performing a pairwise t-test between experimental

groups with false discovery rate (FDR) correction (FDR adjusted p value cutoff = 0.05).

6.3.24. Multivariate Statistical Analysis of Processed and Normalised

IC-MS Data

Normalised, transformed, and scaled IC-MS data tables were used to generate partial least
squares-derivative analysis (PLS-DA) models (95% confidence region). PLS-DA models

were generated using the website www.metaboanalyst.ca (version 6.0). PLS-DA models

were validated by leave-one-out-cross-validation (LOOCV) and permutation testing
(2000 permutations, p < 0.05). Acceptable LOOCV test statistics were as follows:
accuracy > 0.75; R? (goodness of fit) > 0.75 (substantial), or 0.50 (moderate), or

0.25 (weak); Q* (predictive ability) > 0.8, or |Q? — R?| < 0.2).

6.3.25. Metabolite Database

The database used for metabolite identification as described in Section 3.2 is summarised
below (Table 6.2). The table includes the ‘Human Metabolome Database’ (HMDB) ID,
compound description, retention time in minutes, neutral mass of the metabolite, and

chemical formula.
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HMDB ID Description RT Neutral Formula
(min) Mass
3-[(2,4-Dioxo-1H-pyrimidine-6-
N/A carbonyl)amino]propanoic acid 14.68 227.04690 CsH9oN3Os
(DB28)
HMDBo0012141 (R)-2,3-Dihydroxy-3- 523 134.05790  CsHioOs
methylbutanoate
HMDBO0060320 (2)-But-1-ene-1.2.4- 16.88 188.03210  C7HsOs
tricarboxylate
1,2,3-
HMDB0013674 Trihydroxybenzene/Pyrogallol 23.21 126.03224 CeHeO3
HMDBO0000957 1,2-Dihydroxybenzene 25.92 110.03678 CeHe6O2
HMDBO0013593 1,4-Dihydrotheritol 14.86 154.01222 C4H100282
HMDBO0001213 1-Deoxy-D-xylulose 5-phosphate  10.32 214.02424 CsHi11O7P
N/A I-Hydroxy-2-methyl-2-butenyl ¢ fe' 565 00074 CsH1,05P>
4-pyrophosphate
HMDB0243941 1-Methyl indole 28.33 131.07405 CoHoN
N/A I-Methyl-1#-indole-3- 33.86 174.07986  CioH1oN2O
carboxamide
HMDBO0000001 1-Methylhistidine 12.89 169.08513 C7H11N302
HMDB0001369 ;;fgm’lme hydroxycarboxylic 448 129.04259  CsH/NOs
HMDBO0001301 1-Pyrroline-5-carboxylic acid 9.37 113.04768 CsH7INO2
HMDBO0002006 2,3-Diaminopropionic acid 11.75 104.05913 C3HsN202
HMDBO0001294 2,3-Diphosphoglyceric acid 22.21 265.95927 C3HgO10P2
HMDBO0062484 2,4-Dihydroxybenzaldehyde 20.55 138.02440 C7HeO3
HMDBO0125090 2.,4,6-Trihydroxybenzaldehyde 24.82 154.01930 C7H6O4
HMDBO0000152 2,5-Dihydroxybenzoic acid 32.16 154.02661 C7H604
N/A 2-Amino-5-hydroxybenzoic acid  33.19 153.04314 C7H7NO3
HMDBO001123 __pminobensoic acidAnthraniic 5509 13704768 CoHNO;
HMDBO0001906 2-Aminoisobutyric acid 9.92 103.06333 C4HoNO2
HMDBO0032059 2-Bromophenol 9.03 171.95293 CeHsBrO
N/A 2-Butyl-3-ureido-succinate 11.98 232.10592 CoH16N205
HMDBO0304060 > Methyl-D-erythritol-2,4- 1528 277.99620  CsH1209Ps
cyclopyrophosphate
HMDBO0304061 ;¢ Methylerythritol 4- 0.88 214.02424  CsHi307P
phosphate
HMDBO0000617 2-Furoate 9.48 112.01600 CsH403
HMDBO0000317 2-Hydroxy-3-methylvaleric acid 7.22  132.07860 CeH1203
N/A 2t lydroxy-d-phenylbutanoic 1439 180.07919  CioH120s
HMDBO0000008 2-Hydroxybutyric acid 541 104.04734 C4HsO3
HMDBO0059655 2-Hydroxyglutarate 10.90 148.03717 CsHsOs
HMDBO0001624 2-Hydroxyhexanoic acid 11.55 132.07860 CeH1203
HMDBO0000402 2-Isopropylmalic acid 12.32  176.06847 C7H120s
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDBO0000005 2-Ketobutyric acid 7.86 102.03169 C4HeO3
HMDBO0000379 2-Methylcitric acid 16.09 206.04320 C7H1007
HMDBO0000208 2-Oxoglutaric acid 12.85 146.02152 CsHeOs
HMDB0000362 2-Phosphoglyceric acid 16.34 185.99294 CsH707P
HMDBO0000397 2-Pyrocatechuic acid 33.01 154.02661 C7H604
HMDBO0002039 2-Pyrrolidinone 13.37  85.05331 CsH7NO
HMDB0002441 3,3 Dimethyl glutarate 11.41 160.07356 C7H1204
HMDBO0012153 3.,4,Dihydroxybenzylamine 13.52 139.06388 C7HoNO2
HMDBO0001336 3,4-Dihydroxyphenyl acetic acid  22.60 168.04226 CsHsO4
HMDBO0003911 3-Aminoisobutanoic acid 10.32 103.06333 C4HoNO2
HMDBO0003540 3'-AMP 13.43 347.06254 Ci0H14N50O7P
HMDBO0012710 3-Dehydroquinate 5.51 190.04774 C7H1006
HMDB0001376 ;h[;:;’}’l‘ggfuﬁg;‘ifw q 1593 258.01407  CeHi1OoP
N/A 3-Ethylmalate 10.85 162.05280 CeH100s
HMDBO0001476 3-Hydroxyanthranilic acid 26.46 153.04314 C7H7NO3
HMDB0002466 3-Hydroxybenzoic acid 22.66 138.03224 C7H6O3
HMDBO0000011 3-Hydroxybutyric acid 536 104.04734 C4Hs03
HMDBO0000023 3-Hydroxyisobutyric acid 5.04 104.04734 C4Hs03
HMDBO0000754 3-Hydroxyisovaleric acid 5.34 118.06354 CsHi1003
HMDBO0000355 3-Hydroxymethylglutarate 10.76 162.05282 CsH100s
HMDBO0013188 3-Hydroxypicolinic acid 18.07 139.02694 CeHsNO3
HMDBO0005784 3-Hydroxytyrosol 15.76 154.06299 CsHi1003
HMDBO0012156 3-Isopropylmalic acid 11.52 176.06850 C7H120s
HMDBO0059969 3-Methoxyphenylacetic acid 10.04 166.06299 CoH1003
HMDB0000491 3-Methyl-2-oxovaleric acid 10.67 130.06299 CeH1003
HMDBO0001904 3-Nitrotyrosine 8.77 226.05897 CoH10N20s
HMDBO0013701 3-Oxoglutarate 11.48 174.05280 C7H100s
HMDBO0000807 3-Phosphoglyceric acid 15.84 185.99294 CsH707P
HMDBO0061881 4-Acetylbutyrate 5.09 130.06354 CeH1003
HMDBO0246430 4-Formylbenzoic acid 13.97 150.03169 CsHs0s3
HMDBO0060466 4-Hydroxy-2-oxoglutarate 162.01644 CsHsOs
HMDB000201 - Yaroxy-3-methoxymandelic 1577 195 05282 CoHinOs
HMDBO0000500 4-Hydroxybenzoic acid 18.86 138.03169 C7HeO3
HMDBO0000710 4-Hydroxybutyric acid 10.65 104.04734 C4HsO3
HMDB0244973 g&fﬂg’gﬁ:ﬁiﬁe 18.59 167.05824  CsHoNO;
N/A 4-Hydroxyphenylbutyric acid 17.51 179.07137 Ci0H1203
HMDBO0000707 4-Hydroxyphenylpyruvic acid 27.88 180.04226 CoHs04
HMDBO0000725 4-Hydroxyproline 9.68 131.05824 CsHoNO3
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HMDB ID Description RT Neutral Formula
(min) Mass
N/A 4-Hydroxypyrrolidinone 2.94 101.04768 C4H7INO2
HMDBO0001101 4-Methoxybenzoic acid 16.40 152.04730 CsHsOs3
HMDB0000695 ?Qfgfggclﬁgxovale“c acid 9.99 130.06299  CoHioOs
N/A :Cll\g/eé};ﬁjm‘gﬁ‘isofglc?ﬁemc 636 17410099  C7H1iN203
HMDBO0000873 4-Methylcatechol 2991 124.05298 C7Hs02
HMDBO0036619 5,7-Dihydroxyflavone (Chrysin) 4.33 254.05846 CisH1004
HMDBO0001149 5-Aminolevulinic acid 3.89 131.05879 CsHoNO3
N/A 5-formyl-2'-deoxyuridine 7.53 256.06954 CioH1106N2
N/A 5-Formyl-dCTP 20.45 494.98505 Ci10H16N3014P3
N/A 5-Formylsalicylic acid 19.73 166.02661 CsHs504
N/A 5-Formyluracil 13.36 140.02219 CsH303N2
HMDBO0000525 5-Hydroxyhexanoic acid 6.83 132.07919 CesH1203
HMDBO0000763 5-Hydroxyindoleacetic acid 26.83 191.05824 Ci10HoNO3
HMDB0246808 ;ﬁ;ﬁ;’;ﬁemﬂ'zu 6.48 258.08500  CioH14N20s
N/A 5-Hydroxy-methyl-dCTP 19.40 497.00016 Ci0H18N3014P3
HMDBO0001855 5-Hydroxytryptophol 26.62 177.07898 CioH11NO2
HMDBO0004096 5-Methoxyindoleacetate 29.66 205.07389 CiitH1NO3
N/A 5-Methyl-dCTP 18.96 481.00525 CioH1sN3013P3
6-Hydroxy-2,5,7,8-
HMDBO0038804 tetramethylchromane-2- 29.39 250.12051 Ci14Hi1804
carboxylic acid (Trolox)
HMDBO0001316 6-Phosphogluconic acid 15.18 276.02463 CsHi13010P
HMDBO0001127 6-Phosphonoglucono-lactone 11.52 258.01462 CeH1109P
HMDBO0003333 8-Hydroxy-deoxyguanosine 19.83 283.09167 Ci0H13N50s
HMDBO0011615 8-Oxo-dGTP 19.78 522.99011 Ci10H16N5014P3
HMDBO0036093  Abscisic acid 11.85 264.13620 Ci5H2004
HMDBO0000042  Acetic acid 3.85 60.02113 C2H402
HMDBO0000060 Acetoacetate 5.14 102.03169 C4HeO3
HMDBO0001484 Acetoacetyl-CoA 33.10 851.13634 C25H40N7018P3S
N/A Acetyl-6-formylpterin 15.67 231.05490 C7H402N5s
HMDBO0001206 Acetyl-CoA 7.59 809.12577 C23H3sN7017P3S
HMDBO0001890 Acetylcysteine 11.56 163.03031 CsHoNOs3S
HMDBO0247933 Acetylenedicarboxylic acid 17.10 113.99530 C4H204
HMDBO0000532 Acetylglycine 4.07 117.04259 C4H7NO3
HMDB0001494 Acetylphosphate 12.66 139.98801 C2Hs505P
HMDBO0000034 Adenine 15.32 135.05450 CsHsNs
HMDBO0011616 Adenosine 2',3'-cyclic phosphate 9.41 329.05197 Ci0H12N506P
HMDBO0001341 Adenosine diphosphate 19.79 427.02941 Ci10H15N5010P2
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0000045 ffﬁ’lﬁ’)sme monophosphate 13.84 347.06308  CioH14NsO7P
HMDBO0000538 Adenosine triphosphate (ATP) 24.53 506.99575 Ci10H16N5013P3
HMDBO0001332 Adenylsuccinate 23.15 463.07404 Ci14H1sNsO11P
HMDBO0012882 Adipate semialdehyde 11.34 130.06299 CsH1003
HMDBO0000508 Adonitol (ribitol) 2.86 152.06847 CsHi20s
HMDB0006557 ADP Glucose 14.30 589.08224 Ci6H25N5015P2
HMDBO0001517 AICAR 12.55 338.06275 CoH15N4OsP
HMDBO0000462 Allantoin 5.95 158.04454 C4HeN4O3
HMDBO0001151 Allose 3.04 180.06339 CsH1206
HMDBO0000650 a-Aminobutyrate 10.32 103.06333 C4HoNO2
HMDBO0002166 a-Aminoisobutyrate 10.06 103.06333 C4HoNO2
HMDBO0000019 a-Ketoisovaleric acid 7.70  116.04734 CsHsOs
HMDB0035030 Amygdalin 4.92 457.15840 C20H27NO11
HMDBO0000539 Arabinonic acid 490 166.04774 CsH100s
HMDBO0029942 Arabinose 3.06 150.05282 CsH100s
HMDBO0000568 Arabitol 2.71 152.06847 CsHi20s
HMDBO0000044 Ascorbate 12.36 176.03209 CsHsOs6
HMDBO0000191 Aspartate 11.78 133.03751 C4H7NO4
N/A Benzoyl-L-citrulline methyl ester 11.17 293.13810 C14H19N304
HMDBO0000056 B-Alanine 4.73  89.04768 C3H7NO2
HMDBO0013220 B -Citryl-L-glutamic acid 20.62 321.06960 Ci11H1sNOio
N/A Butyl ureidosuccinic acid 10.61 232.10647 CoHi16N20s
HMDBO0000039 Butyric acid 6.32  88.05243 C4HsO2
HMDBO0001964 Caffeic acid 29.38 180.04230 C9oHsO4
HMDBO0001847 Caffeine 194.08092 CsHi10N4O2
HMDBO0000535 Caproic acid/Hexanoic acid 8.58 116.08428 CsHi1202
HMDBO0001096 Carbamoyl phosphate 15.06 140.98271 CH4NOsP
HMDBO0000033 Carnosine 3.93  225.09931 CoH14N4O3
HMDBO0001564 CDP-ethanolamine 9.60 446.06038 Ci11H20N4O11P2
HMDBO0003164 Chlorogenic acid 354.09563 CicH1809
HMDBO0011621 Cinnamoylglycine 20.81 205.07334 CiitHiNO3
HMDBO0000393 cis,cis-Muconate 12.83 142.02660 CsHeO4
HMDBO0000072 cis-Aconitic acid 18.12 174.01644 C6He6Os
HMDBO0001413 Citicoline 3.71 488.10787 C14H26N4O11P2
HMDBO0000634 Citraconic acid 11.96 130.02661 CsHeO4
HMDBO0000426 Citramalic acid 10.75 148.03717 CsHsOs
HMDBO0000094 Citric acid 16.91 192.02700 CeHsO7
HMDBO0000904 Citrulline 4.12 175.09569 CsHi13N303
HMDB0015020 Clomifene 16.22 405.1859%4 C26H238CINO
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0001423 Coenzyme A 25.32 767.11521 C21H36N7016P3S
HMDBO0000058 Cyclic AMP 15.10 329.05252 Ci0H12Ns506P
HMDBO0001314 Cyclic GMP 24.09 345.04743 CioH12NsO7P
HMDB0060150 Cysteamine 9.87  77.02992 C2H7NS
HMDB0002757 Cysteic acid 12.19 169.00449 CsH7NOsS
HMDB0000574 Cysteine 15.66 121.01975 C3H7NO:S
HMDBO0000089 Cytidine 8.48 243.08607 CoH13N30s5
HMDBO0001546 Cytidine diphosphate 16.34 403.01763 CoH15N3011P2
HMDBO0000095 Cytidine monophosphate 11.78 323.05185 CoH14N30sP
HMDBO0001176 gﬁ;ﬂfg:ur;ﬁ;f?‘;‘l’gate N- 9.79 614.14727  CaoH31N4O1P
HMDBO0000082 Cytidine triphosphate 21.06 482.98451 CoH16N3014P3
HMDB0000630 Cytosine 5.52 111.04326 C4HsN30
HMDB0001508 dADP 18.27 411.03450 Ci0H15N509P2
HMDB0000905 dAMP 12.88 331.06817 Cio0H14NsO¢P
HMDBO0001245 dCDP 30.12 387.02327 CoH15N3010P2
HMDBO0001202 dCMP 10.06 307.05694 CoH14N307P
HMDBO0000998 dCTP 19.55 466.98960 CoH16N3013P3
N/A Dehydrocholic acid 401.23335 C24H340s
HMDBO0000101 Deoxyadenosine 12.14 251.10184 Ci0H13N503
HMDBO0001532 Deoxyadenosine triphosphate 24.33  491.00083 Ci0H16N5012P3
HMDBO0000014 Deoxycytidine 4.69 227.09115 CoH13N304
HMDBO0000085 Deoxyguanosine 4.08 283.09222 Ci0H13N504
HMDBO0001031 Deoxyribose 5-phosphate 11.06 214.02424 CsH1107P
HMDB0246094 Deoxythymidine 7.67 225.08808 Ci0H14N204
HMDBO0000012 Deoxyuridine 7.62 228.07462 CoHi12N20s
HMDB0062739 D-Erythro-3-Methylmalate 10.68 148.03720 CsHsOs
HMDB0000960 dGDP 24.67 427.02941 Ci0Hi15N5010P2
HMDBO0001044 dGMP 20.57 347.06308 Ci0H14N507P
HMDBO0001440 dGTP 29.43  506.99520 Ci0H16N5013P3
Diamin lohexane- "N'-
N/A praminoeyelol ?D e /iv)’N N 892 345.13034  Ci4HxN2Os
HMDBO0014724 Diclofenac 1.22 295.01614 C14H11C12NO2
HMDBO0003349 Dihydroorotic acid 11.63 158.03276 CsHeN204
HMDB0000076 Dihydrouracil 13.43 114.04238 C4HsN202
HMDBO0001882 Dihydroxyacetone 4.74  90.03169 C3HeO3
HMDBO0001473 Dihydroxyacetone phosphate 11.36 169.99800 CsH706P
HMDB0000181 ?L l_lggrlﬁ’gphenylalamne 32.44 197.06881  CoHnNOs
HMDBO0031257 Dimethyl fumarate 13.16 144.04226 CeHsO4
HMDBO0001120 Dimethylallyl pyrophosphate 18.73 246.00583 CsH1207P2
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0000092 Dimethylglycine 10.15 103.06333 C4H9oNO2
HMDBO0006555 dIMP 18.99 332.05219 Ci0H13N4O7P
N/A DL-Threo-B-Hydroxyaspartic acid 10.43 148.02515 C4H7NOs
HMDBO0000073 Dopamine 19.68 153.07898 CsH11NO2
HMDBO0001328 dTDP-D-glucose 17.06 564.07576 Ci6H26N2016P2
HMDBO0001000 dUDP 19.60 388.00728 CoH14N2011P2
HMDB0001409 dUMP 17.10 308.04095 CoH13N20sP
HMDB0001191 dUTP 25.45 467.97361 CoH15N2014P3
HMDBO0015109 EDTA 10.83 292.09067 Ci0H16N20g
HMDBO0000900 Ergocalciferol 421 396.33867 C28H440
HMDBO0000878 Ergosterol 1.13  396.33867 C28H440
HMDBO0001321 Erythrose 4-phosphate 12.91 200.00859 C4HoO7P
N/A Ethionine 33.54 163.06725 CeH13NO2S
HMDBO0000622 Ethylmalonic acid 11.62 132.04226 CsHgO4
HMDB0001248 FAD 23.00 785.15713 C27H33N9O15P2
HMDBO0000954 Ferulic acid 27.02 194.05791 Ci10H1004
HMDBO0014684 Fluorouracil 13.57 130.01786 C4H3FN202
HMDBO0014615 Fluoxetine 21.52 309.13460 Ci7H1sFsNO
HMDBO0000660 Fructose 3.06 180.06339 CeH1206
HMDBO0001058 Fructose 1,6-bisphosphate 20.44 339.99605 CsH14012P2
HMDBO0001047 Fructose 2,6 diphosphate 17.52  339.99605 CsH14012P2
HMDBO0000124 Fructose 6-phosphate 11.88 260.02972 CsHi1309P
HMDBO0000134 Fumarate 13.63 116.01096 C4H404
HMDBO0000639 Galactaric acid (mucic acid) 10.94 210.03757 CsH100s3
HMDB0000143 Galactose 3.02 180.06339 CeH1206
HMDBO0000645 Galactose 1-phosphate 9.39 260.02972 CsHi1309P
N/A Galactose-6-phosphate 11.77 260.02917 CsH1309P
HMDBO0002545 Galacturonic acid 6.51 194.04270 CsH1007
HMDB0005807 Gallic acid 29.59 170.02150 C7H6Os
HMDBO0013233 y-8-Dioxovaleric acid 10.65 130.02661 CsHeO4
HMDBO0003559 Gibberellin A3 12.68 346.14164 Ci19H2206
HMDBO0000625 Gluconate 4.67 196.05830 CeH1207
HMDBO0000150 Gluconolactone 471 178.04774 CsH1006
HMDBO0001514 Glucosamine 11.58 179.07937 CeH13NOs
HMDBO0001254 Glucosamine 6-phosphate 13.18 259.04570 CsH14NOsP
HMDBO0000122 Glucose 3.43 180.06339 CeH1206
HMDBO0001586 Glucose 1-phosphate 9.66 260.02972 CeH1309P
HMDBO0001401 Glucose 6-phosphate 12.38 260.02972 CeH1309P
HMDBO0000127 Glucuronic acid 8.27 194.04265 CsH1007
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0000620 Glutaconic acid 12.69 130.02661 CsHeO4
HMDB0000148 Glutamic acid 14.79 147.05316 CsHoNO4
HMDBO0000641 Glutamine 11.67 146.06914 CsH1oN203
HMDBO0001049 Glutamylcysteine 16.61 250.06289 CsH14N20sS
HMDB0000661 Glutaric acid 10.87 132.04226 CsHsOa4
HMDBO0001339 Glutaryl CoA 19.81 881.14690 C26H42N7019P3S
HMDBO0000125 Glutathione (GSH) 15.16 307.08381 CioH17N306S
HMDBO0001112 Glyceraldehyde 3-phosphate 11.73  169.99802 CsH706P
HMDBO0000139 Glyceric acid 5.23 106.02661 C3HeO4
HMDBO0000131 Glycerol 2.86 92.04734 C3HsOs3
HMDBO0000126 Glycerol 3-phosphate 9.79 172.01367 C3HoO6P
HMDBO0003344 Glycoaldehyde 7.52  60.02113 C2H402
HMDBO0000115 Glycolic acid 4.74  76.01600 C2H403
HMDBO0000119 Glyoxylic acid 8.05 74.00039 C2H203
HMDB0000370 Sﬁgg;ﬁgifé fo/;?;?:ail . 1456 169.01456  C:HsNOsP
HMDBO0000133 Guanosine 22.22 283.09167 Ci10H13Ns50s
HMDBO0001201 Guanosine diphosphate (GDP) 27.56 443.02378 Ci0H15N5011P2
HMDBO0001397 Guanosine monophosphate 22.22 363.05800 Ci0H14N50sP
HMDBO0001273 Guanosine triphosphate 30.62 522.99066 Ci10H16N5014P3
HMDBO0003466 Gulono-1,4-lactone 4.37 178.04770 CeH100g6
HMDBO0012326 Gulose 3.05 180.06339 CeH1206
HMDB0030311 Harmine 212.09551 Ci3H12N20
HMDBO0005782 Hesperitin 28.50 302.07849 Ci6H1406
HMDBO0000714 Hippuric acid 11.63 179.05824 CoHoNO3
HMDBO0000870 Histamine 7.08 111.08020 CsHoNs
N/A Homarine 11.66 137.04768 C7H7NO2
HMDBO0000130 Homogentisic acid 17.49 168.04226 CsHgO4
HMDBO0000118 Homovanillic acid 17.21 182.05791 CoH1004
HMDBO0001212 Hydantoin-5-propionic acid 11.40 172.04786 CeHsN204
HMDBO0000764 Hydrocinnamic acid 15.63 150.06863 CoH1002
HMDB0000528 Hydroorotic acid 10.36 158.03276 CsHeN204
HMDBO0000023 Hydroxy-isobutyric acid 4.46 104.04734 C4H703
HMDB0002207 Hydroxyisoheptanoic acid 9.74 146.09484 C7H1403
HMDBO0000732 Hydroxykynurenine 13.91 224.08026 Ci0H12N204
N/A Hydroxy-methyl-dUTP 20.48 497.98418 Ci0H17N2015P3
HMDBO0000711 Hydroxyoctanoic acid 7.52  160.11049 CsHi603
HMDBO0000700 Hydroxypropionic acid 4.88 90.03224 C3HeO3
HMDBO0001352 Hydroxypyruvic acid 11.64 104.01096 C3H404
HMDB0000965 Hypotaurine 14.89 109.01975 C2H7NO:2S
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDBO0000157 Hypoxanthine 21.34 136.03851 CsHaN4O
HMDBO0011140 Hypusine 9.42 233.17449 Ci0H23N303
HMDBO0003335 IDP 26.55 428.01343 Ci10H14N4O11P2
HMDBO0001190 Indole-3-acetaldehyde 27.44 159.06841 Ci10HoNO
HMDBO0000671 Indole-3-lactic acid 27.23 205.07389 CiitHiNO3
HMDBO0000197 Indoleacetic acid 28.43 175.06333 Ci10HoNO2
HMDBO0000195 Inosine 5.60 268.08077 Ci10H12N4Os
HMDBO0000175 Inosine monophosphate 21.97 348.04710 Ci0H13N4OsgP
HMDBO0000189 Inosine triphosphate 30.13 507.97976 Ci10H15N40O14P3
HMDBO0001143 Inositol 1,3,4-trisphosphate 25.85 419.96238 CeHi15015P3
HMDBO0000193 Isocitrate 17.55 192.02700 CeHsO7
HMDBO0001347 Isopentenyl pyrophosphate 18.45 246.00583 CsHi1207P2
HMDBO0000718 Isovaleric Acid 9.43 102.06863 CsH1002
HMDBO0000678 Isovalerylglycine 6.07 159.08954 C7Hi3NO3
HMDBO0002092 Itaconic acid 12.13 130.02661 CsHeO4
HMDBO0032797 Jasmonic acid 12.22  210.12559 Ci12H1303
HMDB0032923 Kojic acid 8.81 142.02661 CeHe6O4
HMDBO0000715 Kynurenic acid 27.57 189.04259 Ci0H7NO3
HMDBO0000684 Kynurenine 8.81 208.08479 Ci0H12N203
HMDBO0000190 Lactic acid 5.05 90.03169 C3HeO3
HMDBO0000186 Lactose 3.04 342.11676 Ci2H22011
HMDBO0062180 Lactoyl-isoleucine 7.02 203.11631 CoH17NO4
HMDBO0240656 Lanthionine 33.00 208.05233 CeH12N204S
HMDBO0004823 Lanthionine ketimine 30.82 189.01013 CsH7NO4S
HMDB0000624 Leucic acid 7.51 132.07919 CeH1203
HMDBO0254310 Maleamate 5.61 115.02690 C4HsNO3
HMDBO0000176 Maleic acid 12.43 116.01096 C4H404
HMDBO0000744 Malic acid 10.00 134.02150 C4H6Os
HMDB0002928 Malitol 3.08 344.13186 Ci12H24011
HMDBO0006112 Malondialdehyde 8.86 72.02113 C3H402
HMDBO0000691 Malonic acid 11.08 104.01100 C3H404
N/A maltose-1-phosphate 8.97 422.27640 Ci12H22014P
HMDB0060486 Mandelonitrile 29.49 133.05276 CsH7NO
HMDBO0000765 Mannitol 2.76 182.07904 CsH1406
HMDBO0000169 Mannose 3.14 180.06339 CsH1206
HMDBO0001078 Mannose 6-phosphate 12.73 260.02972 CsHi1309P
HMDBO0001892 Menadione 11.43 172.05298 C11Hs0O2
HMDBO0000749 Mesaconic acid 12.51 130.02661 CsHeO4
HMDBO0002005 Methionine sulfoxide 165.04596 CsHi1INOsS
HMDBO0029965 Methyl B-D-glucopyranoside 2.74 194.07904 C7H140e6
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HMDB ID Description RT Neutral Formula
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HMDBO0001167 Methyl glyoxal/Pyruvaldehyde 4.89 72.02168 C3H402
HMDBO0032617 Methyl phenylacetate 14.11 150.06863 CoH1002
N/A Methyl-3-hydroxybenzoic acid 28.57 152.04789 CsHsOs3
HMDBO0004815 Methyl-4-hydroxybenzoic acid 32.63 152.04789 CsHsOs
HMDBO0000752 Methylglutaric acid 10.73 146.05791 CsH1004
HMDBO0006471 Methylisocitric acid 15.82  206.04265 C7H1007
HMDBO0032572 Methylparaben 17.77 152.04734 CsHsOs3
HMDBO0000227 Mevalonic acid 15.14 148.07356 CsH1204
HMDBO0001343 Mevalonic acid-5P 14.84 228.03989 CeH1307P
N/A Mildronate 1.20 146.10498 CsHaN202
HMDBO0000211 Myoinositol 2.81 180.06339 CsH1206
Myo-inositol
HMDBO0003502 hezli(;kisphospha te/Phytic Acid 24.31 659.86192 CeH18024Ps
HMDBO0039002 Mytilin A 3.67 332.12251 Ci3H20N20s
HMDBO0033442 Mytilin B 3.50 346.13816 C14H22N20g
HMDB0033816 Mytilitol 2.58 194.07959 C7H1406
N/A N-Acetyl cytosine 8.13 153.05437 CeH7N302
HMDBO0003357 N-Acetyl ornithine 8.73 174.10044 C7H14N203
HMDBO0094701 N-Acetyl proline 4.42 157.07444 C7H11NO3
HMDBO0000812 N-Acetyl-aspartate 10.03 175.04807 CecHoNOs
HMDBO0001067 N-Acetylaspartylglutamic acid 14.40 304.09067 Ci11H16N20s
HMDBO0000215 N-Acetyl-D-glucosamine 3.02 221.08994 CsH1sNOs
HMDB0001062 g};‘g:;}tlﬁf'c}lucosamme 6- 12.41 30105627  CsHisNOoP
N-Acetyl-D-mannosamine 6-
HMDB0001121 phos‘;izte (Mansz_ 6.P) 12.11 301.05627  CsHisNOoP
HMDB0001367 lﬁli‘;;thy;eglucosamme'l' 11.66 301.05627  CsHisNOoP
HMDBO0001138 N-Acetylglutamate 9.84 189.06427 C7H11NOs
HMDBO0000766 N-Acetyl-L-alanine 423 131.05824 CsHoNO3
HMDB0006488 n’:;ﬁfg;&%““amate > 13.97 173.06881  C7HINOs
HMDBO0006456 N-Acetyl-L-glutamyl 5-phosphate 269.03005 C7H12NOsP
HMDBO0011745 N-Acetyl-L-methionine 591 191.06161 C7Hi3NOs3S
HMDBO0000512 N-Acetyl-L-phenylalanine 8.89 207.08954 Ci1iHi3NO3
HMDB0001129 &’;‘Eﬁ}ﬁﬁnaﬂnosamm@ 539 221.08994  CsHisNOs
HMDB0006268 -/ *cctylneuraminate 9- 13.98 389.07231  CiHNO2P
phosphate
HMDBO0000230 N-acetylneuraminic acid 4.63 309.10600 Ci11H19NO9
HMDBO0013713 N-Acetyltryptophan 18.41 246.10044 Ci3H14N203
HMDBO0011757 N-Acetylvaline 4.83 159.08954 C7Hi3NO3
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0000902 NAD" 994  663.10912 C21H27N7014P2
HMDBO0001487 NADH 17.00 665.12477 C21H29N7014P2
HMDB0000217 NADP* 16.43 743.07545 C21H2sN7017P3
HMDB0000221 NADPH 21.37 745.09110 C21H30N7017P3
HMDB0002670 Naringenin 272.06902 Ci5H1205
HMDBO0013287 Ne,Ne dimethyllysine 3.79 174.13683 CsHisN202
N/A N-Formyl-DL-ethionine 7.53 191.06216 C7H13NOs3S
HMDBO0001200 N-Formylkynurenine 22.44 236.08026 Ci11H12N204
HMDBO0001015 N-Formyl-methionine 6.73 177.04596 CsH11NO3S
HMDBO0001406 Nicotinamide 24.05 122.04801 CeHeN20
HMDB0341363 Nicotinic Acid N-Oxide 5.94 139.02694 CeHsNO3
HMDBO0002393 N-Methyl-D-aspartic acid 10.06 147.05316 CsHoNO4
HMDBO0011717 Nonate 13.85 188.10541 CoH1604
HMDBO0013716 Norvaline 33.46 117.07953 CsHi1iNO2
HMDB0255221 N-Oxalylglycine 12.59 147.01680 C4HsNOs
HMDBO0003011 O-Acetylserine 436 147.05316 CsHoNO4
HMDBO0000482 Octanoic acid 19.95 144.11503 CsHi602
HMDBO0001721 O-Phosphoserine 13.70 185.00892 C3HsNOeP
HMDBO0005765 Ophthalmic Acid 8.51 289.12793 C11H19N306
HMDB0000226 Orotic acid 16.58 156.01711 CsHaN204
HMDB0000788 Orotidine 16.11 288.05882 C10H12N20s
HMDBO0000218 Orotidylic acid/OMP 9.67 368.02624 CioH13N2011P
HMDB0000223 Oxalacetic acid 10.30 132.00587 C4H40s
HMDB0002329 Oxalic acid 13.40  89.99531 C2H204
HMDBO0000225 Oxoadipic acid 13.08 160.03717 CsHsOs
HMDBO0001865 Oxovaleric Acid 7.56 116.04789 CsHsOs3
HMDBO0014733 Oxytetracylcine 29.58 460.14818 C22H24N209
HMDBO0240389 Pantoic acid 5.56 148.07360 CsH1204
HMDBO0000210 Pantothenic acid 5.00 219.11067 CoH17NOs
HMDB0062802 Parabanic Acid/Oxalylyurea 8.17 114.00599 C3HaN203
HMDB0002035 p-Coumaric acid 29.16 164.04734 CoHsO3
HMDBO0015050 Phenformin 14.07 241.10997 Ci0H16CINs
HMDBO0040733 Phenylacetic Acid 13.28 136.05298 CsHsO2
HMDBO000g21 | eryieceylglycine/Phenaceturic g 53 193 07444 CioH1NOs
HMDBO0000205 Phenylpyruvic acid 30.55 164.04734 C9oHsO3
HMDBO0001511 Phosphocreatine 8.56 211.03636 C4H10N3OsP
HMDBO0000263 Phosphoenolpyruvic acid 17.96 167.98237 C3HsO6P
HMDBO0000816 Phosphoglycolic acid 16.32 155.98237 C2Hs506P
HMDB0000280 | osphoribosyl pyrophosphate ;) 57 389 95181 C5HIO1Ps

(PRPP)
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0002107 Phthalate 16.51 166.02660 CsHesO4
HMDBO0000020 p-Hydroxyphenylacetic acid 16.97 152.04789 CsHsOs3
HMDBO0000774 Pregnenolone sulfate 21.87 396.19759 C21H3205S
HMDBO0012283 Prephenic Acid 11.47 226.04774 Ci0H1006
HMDBO0015169 Procainamide 21.97 235.16846 Ci3H21N30
HMDBO0000237 Propionic acid 5.69 74.03733 C3HeO2
HMDBO0001275 Propionyl-CoA 10.52 823.14197 C24H40N7017P3S
HMDBO0000783 Propionyl-glycine 4.27 131.05824 CsHoNO3
HMDBO0001856 Protocatechuic acid 25.29 154.02661 C7H604
HMDBO0001491 Pyridoxal 5'-phosphate 18.50 247.02457 CsH10NOeP
HMDB0001431 Pyridoxamine 6.71 168.08988 CsHi12N202
HMDB0000267 Pyroglutamic acid 4.49 129.04314 CsH7NO3
HMDB0000243 Pyruvic acid 6.80  88.01604 C3H403
HMDBO0005794 Quercetin 28.65 302.04210 CisH1007
HMDBO0003072 Quinic acid 4.74 192.06339 C7H1206
HMDBO0000232 Quinolinic acid 13.74 167.02186 C7H5NO4
N/A Quisqualic acid 14.33 189.03912 CsH7N30s
HMDBO0003213 Raffinose 2.80 504.16904 CisH32016
HMDBO0001852 Retinoic acid 8.39 300.20948 C20H2802
HMDBO0000244 Riboflavin 2451 376.13828 C17H20N4O6
HMDB0000283 Ribose 3.17 150.05282 CsHi100s
HMDBO0001548 Ribose 5-phosphate 13.19 230.01915 CsH110sP
HMDBO0000621 Ribulose 3.51 150.05282 CsH100s
HMDBO0011688 Ribulose 1,5,diphosphate 19.79 309.98603 CsH12011P2
HMDBO0000618 Ribulose 5-phosphate 9.67 230.01915 CsHi110sP
HMDBO0000663 Saccharic acid 12.05 210.03757 CeH100s
HMDBO0000279 Saccharopine 13.56 276.13214 Ci11H20N206
HMDBO0001185 S-adenosyl methionine 8.71 399.14506 Ci5H23N6OsS
HMDBO0001895 Salicylic acid 32.17 138.03224 C7HeO3
HMDB0006088 Scyllitol 2.67 180.06339 CeH1206
HMDBO0000792 Sebacic acid 18.30 202.12051 Ci10H1804
HMDBO0060274 Sedoheptulose 1,7-bisphosphate  19.08 370.00661 C7H16013P2
HMDBO0060509 Sedoheptulose 1-phosphate 10.74 290.04028 C7H15010P
HMDBO0001068 Sedoheptulose 7-phosphate 13.21 290.04028 C7Hi5010P
HMDBO0003070 Shikimic acid 5.13 174.05282 C7H100s
HMDB0032616 Sinapic acid 25.12 224.06847 C11H1205
HMDBO0000247 Sorbitol 2.77 182.07904 CsH1406
HMDBO0005831 Sorbitol-6-phosphate 9.23 262.04537 CeH1509P
HMDBO0001266 Sorbose 3.06 180.06339 CeH1206
HMDBO0006797 Sorbose 1-phosphate 11.96 260.02917 CsHi1309P
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0000254 Succinic acid 11.11 118.02661 C4He0O4
HMDBO0001259 Succinic semialdehyde 5.37 102.03169 C4HeO3
HMDBO0255868 Succinyl-Homoserine 9.41 219.07400 CsH13NOs
N/A sucrose-6'-phosphate 9.45 422.27640 Ci12H22014P
HMDB0002085 Syringic acid 17.50 198.05282 CoH100s
HMDBO0029416 Targinine 33.55 188.12787 C7H16N4O2
HMDBO0000956 Tartaric acid 11.04 150.01640 C4HeOs
HMDB0000251 Taurine 5.14 125.01466 C2H7NOsS
HMDB0001274 TDP 21.72  402.02293 Ci10H16N2011P2
HMDB0000234 Testosterone 27.34 288.20948 Ci9H2802
HMDBO0003193 Testosterone glucuronide 8.06 464.24047 C25H360s8
HMDBO0002833 Testosterone sulfate 18.09 368.16629 Ci9H2805S
HMDBO0014897 Tetracycline 20.98 444.15272 C22H24N208
HMDBO0002825 Theobromine 17.74 180.06418 C7HsN4O2
HMDBO0029178 Thialysine 33.42 164.06250 CsHi2N2028
HMDB0002666 Thiamine monophosphate 344.07026 Ci12H17N4O4PS
HMDBO0001372 Thiamine pyrophosphate 25.64 425.04497 C12H19N4O7P2S
HMDBO0004136 Threitol 2.78 122.05791 C4H1004
HMDBO0001227 Thymidine 5'-phosphate (TMP) 16.77 322.05660 Ci10H15N20sP
HMDBO0001342 Thymidine triphosphate 25.42 481.98926 Ci10H17N2014P3
HMDB0000262 Thymine 9.90 126.04293 CsHesN202
HMDBO0015256 Tolbutamide 15.08 270.10436 Ci2Hi1sN20sS
HMDBO0029635 Toluate 20.64 136.05240 CsHsO2
N/A trans-2,3-Epoxysuccinic acid 12.02 132.00590 C4H40s
HMDB0000930 ¢rans-Cinnamic acid 24.51 148.05243 CoHs02
HMDBO0062562 trans-Urocanate 18.19 137.03565 CecHsN202
HMDBO0001124 Trehalose-6-phosphate 8.59 42227640 Ci12H22014P
HMDB0062590 Tropic acid 9.33 166.06300 CoH1003
HMDBO0000303 Tryptamine 160.10060 CioH12N2
HMDBO0004284 Tyrosol 17.77 138.06808 CsH1002
HMDBO0000302 UDP-galactose 18.00 566.05502 Ci5H24N2017P2
HMDBO0000935 UDP-glucoronate 2431 580.03428 Ci5sH22N20158P2
HMDBO0000286 UDP-glucose 18.40 566.05502 Ci15H24N2017P2
HMDBO0013112 UDP-N-acetyl-D-mannosamine 607.08157 C17H27N3017P2
HMDBO0000300 Uracil 8.92 112.02728 C4HaN202
HMDB0000026 Ureidopropionic acid 4.46 132.05404 C4HsN203
HMDB0000828 gﬂ:&?ﬁiﬁ;‘;ﬁc@:ﬂ 0 10.86 176.04332  CsHsN2Os
HMDB0000289 Uric acid 19.45 168.02834 CsHaN4O3
HMDB0000296 Uridine 9.04 244.06954 CoH12N206
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HMDB ID Description RT Neutral Formula
(min) Mass
HMDB0000295 Uridine 5'-diphosphate 23.85 404.00220 CoH14N2012P2
HMDBO0000288 Uridine 5'-monophosphate 18.60 324.03587 CoH13N209P
HMDB0000290 g;f;{‘;f;gggﬁﬁztew - 1777 607.08157  CiHzN:OwP2
HMDBO0000285 Uridine triphosphate 23.43 483.96853 CoH15N2015P3
HMDBO0000892 Valeric Acid 9.65 102.06863 CsHi1002
HMDBO0012308 Vanillin 152.04789 CsHsO3
HMDBO0001554 Xanthylic acid 20.70 364.04256 CioH13N4O9oP
HMDB0002917 Xylitol 2.79 152.06847 CsH120s
HMDB0001644 Xylulose 3.64 150.05282 CsHi00s
HMDBO0000868 Xylulose 5-phosphate 13.16 230.01915 CsHi10sP
HMDBO0015464 Yohimbine 26.07 354.19489 C21H26N203

Table 6.2 | A Summary of the metabolite database used to assign features in the IC-MS data. Compound
information includes the HMDB ID, metabolite description, retention time (rt) in minutes, neutral mass,
and chemical formula.
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