





Table 1.1. Classification of common ROS and RNS reactive species *° (created using BioRender).

These oxygen-containing molecules function as oxidising agents due to their electron
configuration, with free radicals particularly reactive due to their unpaired valence electrons.
ROS are endogenously produced, primarily in the mitochondria, as by-products of normal
cellular metabolism and are vital for physiological signalling pathways. During inflammation,
phagocytic immune cells such as macrophages, neutrophils and dendritic cells generate ROS
within the intracellular phagosome to destroy the inciting target. However, ROS can escape
extracellularly and readily react with cellular proteins, lipids and DNA, resulting in protein
oxidation, lipid peroxidation and DNA modifications. This sustained damage to healthy tissue

can contribute to disease *° *8.

To prevent oxidative stress, ROS are neutralised by both enzymatic and non-enzymatic
antioxidant responses. Non-enzymatic antioxidants often function as radical scavengers or
electron doners which directly neutralise ROS. The most physiologically abundant is
glutathione (GSH), with bilirubin, vitamin C and vitamin E also major contributors *° #°. In
contrast, the enzymatic antioxidant response, primarily regulated by the transcription factor
nuclear factor erythroid-2 related factor 2 (NRF2), converts ROS into less harmful products *°.
Antioxidant enzymes, such as superoxide dismutase (SOD) and catalase, play a central role
in detoxifying ROS. SOD catalyses the dismutation of superoxide radicals (O2*") into hydrogen
peroxide (H202) and oxygen (O;). Catalase subsequently decomposes H2O; into water and
oxygen *° %', Xenobiotic metabolism is closely linked to the antioxidant response, consisting
of Phase | (oxidation/reduction), Phase Il (conjugation) and Phase Ill (transport and
elimination) enzymes. Phase Il enzymes particularly promote antioxidant activity, such as

NAD(P)H:quinone oxidoreductase 1 (NQO1), heme-oxygenase-1 (HO-1) and glutathione S-
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transferase (GST) “°. Expression of these genes collectively reduce oxidative stress and

restore homeostasis.

Inflammation and oxidative stress are tightly interconnected, where each amplifies the other
(Figure 1.3). Excessive ROS generation inflicts cellular damage through oxidative stress,
releasing DAMPs which drives pro-inflammatory signalling. In turn, chronic inflammation
drives further ROS production, through phagocytic activity, perpetuating oxidative stress and

sustaining the cycle.
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Figure 1.3. Schematic of the interconnected relationship between inflammation and oxidative stress

(created using BioRender).

As discussed previously, DAMP and PAMP signalling by PRRs in neutrophils, dendritic cells
and monocytes activates the NF-xB pathway. The IKK complex phosphorylates IkBa (NF-xB
repressor), which marks it for degradation. This allows NF-«xB to translocate to the nucleus to
induce pro-inflammatory cytokine, cell adhesion molecules and NADPH oxidase (NOX)
enzyme genes, amongst others . NOX enzymes catalyse superoxide generation which drives
ROS production and oxidative stress *°. In a mouse model of neuroinflammation, NOX2
upregulation directly increased ROS levels, contributing to cell damage and increased IL-13
levels %2 *3, Similarly, in a mouse model of glaucoma, NOX2-catalysed ROS generation was
also found in activated glial cells with elevated IL-1p, TNF-a and IL-6 **. NOX-catalysed ROS
can also activate the NOD-like receptor protein 3 (NLRP3) inflammasome, which is a PRR

involved in pro-inflammatory signalling, which has been shown in vitro and in vivo *° ** %, Pro-
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inflammatory cytokines can also promote ROS generation by activating NOX enzymes,
forming a cycle of inflammation and oxidative stress . In cardiovascular disease, TNFa
promotes NOX-dependent ROS production in human vascular smooth muscle cells *, while
in endothelial cells IL-6 was found to have the same effect . Interestingly, NOX activity may
also contribute to age-related systemic chronic inflammation (SCI) before it potentially
becomes pathological. For example, in humans, NOX2 expression is elevated in healthy older
aged brain tissue, which also correlates with increased lipid peroxidation and IL-13, compared
to younger aged brain tissue 3. This suggests chronic inflammation can progress quietly

without showing symptoms and is a prerequisite for neuroinflammatory diseases.

1.2 The KEAP1/NRF2/ARE Pathway

1.2.1 The NRF2 Antioxidant and Anti-inflammatory Response

Nuclear factor erythroid 2-related factor 2 (NRF2), encoded by the NFE2L2 gene, is a
transcription factor central to cellular defence. The isolation of NRF2 over 30 years ago,
combined with the generation of NRF2 knockout (KO) mice, led to investigation into
downstream target genes % %. Since then, NRF2 has been found to regulate hundreds of
antioxidant response element (ARE) genes, particularly those involved in redox homeostasis
and xenobiotic detoxification, gaining recognition as a ‘master regulator’ of the antioxidant
response®’ 2. These genes contain an electrophile response element (EpRE) within the
promotor region, which consists of the core sequence (5-TGA-NNNN-GC-3’). This core is
flanked by other gene-specific nucleotides essential for transcriptional activity %. NRF2
regulates a range of Phase Il detoxification enzymes and antioxidant proteins and enzymes
which have been identified through chromatin immunoprecipitation (ChIP) and reported in vitro

and/or in vivo ¢! (Table 1.2).

Phase |l detoxification Antioxidant proteins and enzymes

enzymes
NQO1 UTGs GSTs scaseon%ing synﬁ\%gis & Heme and iron NADPH  Thioredoxin

UGT1A6  GSTA1 : metabolism generation system

UGToRS  GSTA2 enzymes recycling

UGT1A1 ggﬁi CAT GCLC HMOX1 G6PD TXNRD1
GSTM2 GPX1, GPX2, SLC7A11 BLVRB TALDO1 PRDX1
GSTM3 GPX3, GPX4 TKT PRDX6
GSTM4 GBE1
GSTP1
GSTP2
MGST1
MGST3

Table 1.2 Examples of NRF2 regulated ARE genes %' (created using BioRender).
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NQO1 was the first phase Il detoxification enzyme found to be transcriptionally regulated by
NRF2 5. It catalyses the two-electron reduction of electrophilic quinones to hydroquinone,

65 66

preventing redox cycling and reducing oxidative stress and inflammation . Heme-

7. HO-1 catalyses the

oxygenase-1 (HO-1) is another canonical NRF2-regulated gene
degradation of pro-inflammatory heme into anti-inflammatory carbon monoxide (CO) and
biliverdin (which is rapidly converted into the antioxidant bilirubin) %8. Other examples of NRF2-
regulated genes (see Table 1.2) include catalase (CAT), superoxide dismutases (SODs) and
glutathione peroxidases (GPXs), which are the enzymatic first line of defence against ROS,
sequentially converting them into oxygen and water . NRF2 regulates antioxidant genes
directly, but also indirectly regulates inflammation. HO-1-derived metabolites including
biliverdin and CO inhibit IKKp activity, thereby preventing NF-xB-dependent pro-inflammatory
gene expression. HO-1 and thioredoxin (TXN) are found to inhibit the expression of pro-
inflammatory cytokines, through reduced NLRP3 signalling in vivo ™ 7. Also, in
monocyte/bone marrow derived macrophages, NRF2 is found to upregulate anti-inflammatory
TNF a-induced protein 3 (A20) which suppresses activation of NF-xB "%, A20 expression is
also induced downstream of NRF2 activation, which contributed to reduced neuroinflammation

in a mouse model 73

1.2.2 NRF2 in Disease Pathology

Although NRF2 knock out (KO) mice develop normally and remain fertile under normal
conditions, they exhibit increased susceptibility and more severe pathology in models of

™ 78 cardiovascular "6, metabolic 7" and liver "® diseases compared with WT mice.

kidney
Conversely, Keap1 knock-down (KD) murine disease models are found to improve disease
pathology through NRF2 activation " 8, highlighting the relevance of NRF2 in disease and

the protective role of the NRF2/ARE pathway.

In Alzheimer’s disease (AD), NRF2 is sequestered in the cytoplasm of neurones and reduces
NQO1 expression which contributes to disease pathology 8' 8. Numerous NRF2 KO studies
with AD mouse models found loss of NRF2 function to correlate with elevated amyloid-8
deposition, tau phosphorylation, cognitive deficits and elevated pro-inflammatory cytokines;
all of which are hallmarks of disease 84 8, Activation of NRF2 in AD human astrocytes
attenuated amyloid- pathology and a Phase Il clinical trial improved cognitive outcomes in
patients treated with Benfotiamine, a synthetic vitamin B1 derivative reported to activate the
NRF2/ARE pathway % 8. Beyond Alzheimer’s, NRF2 activation has demonstrated protective
roles in various disease models in vivo (Table 1.3). For example, in mouse models of diabetic

nephropathy where NQO1 is downregulated, NQO1 induction resulted in reduced
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inflammation and fibrosis . Likewise, NQO1 overexpression, alongside Keap1 degradation,
was found to be protective against obesity mouse models with a high-fat diet. The mice
displayed improved insulin sensitivity and glucose homeostasis . Low HO-1 expression is
also implicated in various diseases; for example, suppression in mice post intracerebral
haemorrhage increased neuronal injury and M1 macrophage polarisation *°, while HO-1 KO
exacerbates plaque formation in an atherosclerosis mouse model °'. In humans, a
polymorphism in the HO-1 promotor consisting of 232 tandem repeats on both alleles is
associated with reduced HO-1 transcription, accelerated atherosclerosis progression and
increased cardiovascular disease risk %. Conversely, NRF2/HO-1 activation is found to
improve hallmarks of disease in atherosclerosis %, liver disease %, inflammatory bowel
disease % and other age-related inflammatory diseases . Interestingly, HO-1 KO liver injury
mice models are found to display M1 macrophage polarisation, increased immune cell
infiltration, and enhanced hepatocyte injury *. In a murine model of cholestatic liver injury
(CLI), NRF2/HO-1 activation exacerbated disease through upregulation of bilirubin which was
hepatoxic, with NRF2 KO attenuating pathology %.

Diseases where NRF2 activation improves
System pathology in vivo

CNS Alzheimers’ D_isease, Parlginsons’s Disease,
Huntington’s Disease, Multiple sclerosis (MS).

Atherosclerosis, Ischemia-reperfusion injury,

Cardiovascular myocardial hypertrophy.

Lupus nephritis, ischemia—reperfusion injury

Kidney (IRI), acute toxic kidney injury (ATKI).

COPD, asthma, Idiopathic pulmonary fibrosis
(IPF), Bronchopulmonary dysplasia (BPD),
Influenza A Virus (IAV) Infection, Acute
Respiratory Distress Syndrome (ARDS).

Respiratory

Ulcerative colitis (UC), Crohn’s disease, H.

Gl tract pylori-gastritis.

Table 1.3. Examples of diseases where NRF2 activation is beneficial, involving the CNS %, CVS 1%,

Kidney %1, respiratory system %2 and Gl tract 193 104,

The effects of NRF2 activation in cancer is complex and has been extensively reviewed
elsewhere '® ' While NRF2 exerts protective effects in healthy tissue by preventing

carcinogenesis, its sustained activation in established tumours can promote tumour growth
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and metastasis, further demonstrating NRF2 activation is selectively beneficial depending on

disease pathology.

1.2.3 NRF2 Structure and Domains

The Cap ’'n’ Collar basic leucine zipper (CNC-bZIP) family includes four closely related
mammalian transcription factors: NF-E2 (NFE2), NRF1 (NFE2L1), NRF2 (NFE2L2) and NRF3
(NFE2L3). Among these, NRF1, NRF2 and NRF3 regulate gene expression through binding
with small Maf proteins (sMaf) as heterodimers to the ARE enhancer regions in target genes
197 NRF2 comprises seven distinct NRF2-ECH homology (Neh) domains, Neh1 to Neh7
(Figure 1.4). These domains mediate transcriptional activity and protein interactions, which

108

supports NRF2-regulated ARE gene expression . While domain structure is highly

conserved, domains Neh1, Neh2 and Neh7 contain structurally flexible elements which allow

selective binding with diverse targets '*°.

Keap1 binding domain

29DLG3' 79ETGES2 RXRa binding sMAF & ARE
domain binding domain
I 1 1 l_'ﬁ
NH:— Neh2 | (Neha) (Nehs| Neh7 ] (Nehs) ( Nen1 )Neh}-cooH
L Y ] L ] %_l
Transactivation B-TrCP CHD6
16 domains for p300/ Binding binding
CBP/BRGT Domain domain 605

Figure 1.4. The domain structure of NRF2 with primary functions 11° 1% (created using BioRender).

The Neh1 domain contains the CNC region, which includes the bZIP motif. The leucine zipper
mediates heterodimerisation with sMaf proteins, while the basic region allows the heterodimer
to bind to AREs on target genes (Figure 1.4) '°®. The N-terminal Neh2 domain functions as a
redox-sensitive degron which binds KEAP1 under basal conditions. This occurs through two
regions, the high affinity ‘ETGE’ and low affinity ‘DLG’ motifs """ 2. The C-terminal Neh3
domain is essential for transcriptional activator binding, as Neh3 mutation abolished
transcriptional activity 3. It also contains an amino acid motif ‘VFLVPK’ which is highly
conserved within the CNC family '"*. Phosphorylation of a residue in this region (Y567)
reduced sMaf binding, suggesting it may stabilise the Neh1 domain or serve as a regulatory
site ''*. Similarly, the Neh4 and Neh5 domains are required for transcriptional activity, binding
transcriptional coactivators including CBP (CREB binding protein) and p300. Both domains
are reported to synergistically bind CBP and p300, which is vital for NRF2 transcriptional
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activity ''° "% "7 Neh5 contains a CBP binding motif conserved across CNC family proteins,
whereas Neh4 contains a motif found also in other transcription factors ''®. Both domains also
interact with BRG1, a chromatin remodelling protein, to promote NRF2 transcription 8. The
Neh6 domain contains a KEAP1-independent degron which regulates NRF2 stability under
basal and oxidative stress conditions. Neh6 contains two motifs which bind B-transducin
repeat-containing protein (BTrCP), which mediates Keap1-independent degradation of NRF2
119120 The Neh7 domain interacts with retinoid X receptor alpha (RXRa) which inhibits NRF2

transcriptional activity through the disruption of transcriptional coactivator recruitment '2'.

1.2.4 Keap1 Regulation of the NRF2/ARE pathway

Under basal conditions, NRF2 is constitutively expressed but remains transcriptionally inactive
due to its rapid turnover, with a half-life of approximately 20 min '?2 ', This strict regulation is
mediated by its negative regulator, Kelch-like ECH-associated protein 1 (KEAP1), which acts
as a substrate adaptor for the CUL3/RBX1 E3 ubiquitin ligase complex. KEAP1 homodimers
bind NRF2 and facilitate its polyubiquitination, targeting it for degradation by the 26S

)124 125

proteasome (Figure 1.5
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Figure 1.5. The pathway of Keap1-mediated NRF2 degradation (created using BioRender).

Keap1 (encoded by the KEAP1 gene) is a member of the Broad complex-Tramtrack-Bric-a-
brac (BTB) Kelch protein family, classified within the Kelch-like gene family members (KLHL)
as KLHL19 % 27_Similarly to other KLHL family proteins, the BTB, IVR and Kelch domain are

critical for NRF2 regulation. Although no full Keap1 crystal structure exists to date, a 24-
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A reconstruction of mouse Keap1 homodimers using electron microscopy revealed a ‘cherry
bob’ shape. The IVR is wrapped around the central core of the two large globular Kelch
spheres, with the BTB homodimer forming the connecting stalk . The BTB domain is
essential for Keap1 homodimer formation and CUL3 binding, vital processes for NRF2 binding
and assembly of the Keap1/CUL3/RBX1 E3 ligase complex (Figure 1.5). The domain contains
a conserved residue Ser104 which was found to be critical for dimer formation, as a point

mutation (S104A) prevented Keap1 dimerisation and NRF2 binding '%°.

The first crystal structure of the human Keap1 BTB domain (PDB:4CXI) was resolved by
Cleasby et al. in 2014 "*°. Each Keap1 monomer adopts a fold consisting of a three-stranded
B-sheet, flanked by six a-helices (a1 to a5). Dimerisation occurs through the a1 helices of
each monomer (Figure 1.6). More recently, Adamson et al. (2023) resolved the crystal
structure of the BTB domain in complex with the ‘3-box’ motif (PDB:5NLB) '. This motif
consists of Leu115, Arg116, Glu117 which is found between the BTB and IVR domains. Each
Keap1 dimer was found to bind one CUL3 to form a heterotetramer (2:2), with Leu115 inserting
into a deep pocket of CUL3 to anchor the complex. The BTB a5 helix forms hydrogen bonds
with CUL3 tyrosine residues, while BTB Arg116 and Glu117 stabilised the complex.

Figure 1.6. The crystal structure of the BTB domain homodimer (PDB:4CXl) 130,

The Kelch domain is the site where Keap1 binds to the ‘ETGE’ and ‘DLG’ Neh2 motifs of
NRF2. The first crystal structure of the human Keap1 Kelch domain was resolved by Li et al.
(2004) (PDB:1U6D), revealing a six-bladed B-propeller fold, where each blade consists of four
anti-parallel B-strands arranged around a central solvent accessible centre (Figure 1.7) 32,
The fifth blade extends back to the first, forming a continuous propeller structure. Although the
full-length crystal structure of NRF2 bound to Keap1 has yet to be resolved, NRF2 derived
peptides provide evidence of binding. In 2006, Lo et al. resolved the same Kelch domain

crystal structure but in complex with a 16-mer NRF2 derived peptide containing the sequence
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‘“AFFAQLQLDEETGEFL®" (PDB:2FLU) . The peptide adopted a B-hairpin fold, with two
short antiparallel B-strands linked by a tight turn in the ‘ETGE’ region, which arranged in a
shallow pocket. The peptide primarily interacted through F83 to E79 peptide residues, forming
interactions with ten Kelch domain residues. The peptide also bound with high affinity (Kq of
20 nM) through isothermal titration calorimetry, collectively supporting the high affinity binding
of the ‘ETGE’ motif of NRF2 with Keap1. Also in 2006, Padmanabhan et al. resolved the mouse
Kelch domain bound to an “®*ETGE®? containing peptide '**. Similarly, the peptide adopted a
B-hairpin fold and bound in the same pocket. This pocket is on the bottom side of the B-
propeller in an electropositive region with the rim formed by Arg380, Arg415, Arg483, and
His436 residues. The cavity also contains basic residues, proving a favourable binding site for
the acidic ‘ETGE’ motif of NRF2. Point mutations in the Kelch domain (G364C and G430C)
were found to sterically hinder Ser363-E82 and Ser431-E79 interactions respectively,
disturbing the interface for NRF2 binding '**. This highlights the essential role of the Kelch

domain for NRF2 binding, where minor mutations can impair activity.

Figure 1.7. The crystal structure of the Kelch domain (PDB:1U6D) 132

While NRF2 ‘ETGE’ binding provides high affinity binding functioning as a ‘hinge’, the ‘DLG’
motif functions as a ‘latch’ to stabilise the NRF2/Keap1 complex. Comparison of the co-crystal
structures of ‘ETGE’ (PDB:2FLU)"? and ‘DLG’ (PDB:2DYH)"® peptides bound to the Kelch
domain reveals they both adopt a similar -hairpin conformation. However, the ‘DLG’ peptide
was found to bind on the surface with 8 electrostatic interactions, whereas the ‘ETGE’ peptide
extended into the binding pocket with 13 interactions. ITC measurements showed that the
‘ETGE’ peptide had ~200-fold higher affinity compared to the ‘DLG’ peptide. The ‘DLG’ motif
only has one acidic residue which forms the latch, in contrast to the multiple acidic residues in
‘ETGE’ which account for the difference in binding affinity’*®. The crystal structure of a ‘DLG’
peptide with extended residues (PDB:3WN7) shows these surrounding residues provide vital

stabilising interactions, which was confirmed through differential scanning fluorimetry (DSF).
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Mutations of these surrounding residues can selectively abolish binding with Keap1, through

a GST pulldown assay '*°.

1.2.5 Keap1-independent Regulation of NRF2

While Keap1 is the primary negative regulator of NRF2, B-transducin repeat-containing protein
(BTrCP) represents a major secondary pathway. The Neh6 domain of human NRF2 contains
two motifs *®2DSAPGS*” and ***DSGIS**"” which are recognised by B-TrCP, the F-box/WD40
substrate receptor of the B-TrCP/CUL1 E3 ligase complex which ubiquitinates and degrades
NRF2"¥_ Deletion of either motif reduced B-TrCP binding to NRF2 in co-immunoprecipitation
assays'®®. Glycogen synthase kinase-3B (GSK-3B) phosphorylates the serines within the
33DSGIS**” motif which provides a higher affinity binding site for BTrCP. Peptide affinity pull-
down assays found BTrCP to bind ***DSGIS**” with higher affinity when its phosphorylated,
with no similar effect on <®DSAPGS*®"” 38 GSK3B can be inactivated by the
Phosphatidylinositol 3-kinase (PI3K)/Akt pathway, allowing NRF2 to escape degradation '3
Inhibition of GSK-3 in Keap1 deficient mouse embryo fibroblasts (MEFs) increased NRF2
levels ', whereas GSK-3p activation in Keap1 deficient (MEFs) and human lung A549 cells

significantly reduced NRF2 levels and ARE expression %8 139,

Other NRF2 degradation pathways have also been reported. X-box binding protein 1 (XBP1)
is a transcriptional regulator of the endoplasmic reticulum (ER) stress response. One of its
downstream targets, HRD1, is an E3 ubiquitin ligase which binds to NRF2 through the
“125QSLVPDI™" motif in the Neh4 domain, which mediates its degradation. In human cirrhotic
liver cells, ER stress drives XBP1/HDR1 signalling that suppresses NRF2 " 1 |n mouse
models with induced liver cirrhosis, deletion of the HDR1 gene prevented NRF2 degradation
and promoted ARE-mediated gene expression "', Another pathway involves WDR23, which
is a WD40-repeat substrate receptor for the WDR3-CUL4-DDB1 E3 ligase complex. It was
found to bind to the "°*DIDLID?*"” motif in the Neh2 domain of NRF2 and mediate degradation

independent of Keap1 in vitro '*2,

1.2.6 NRF2 Activation by Keap1 Sensor Cysteines

NRF2 can be activated by multiple stressors, including pro-inflammatory stimuli such as
lipopolysaccharide (LPS) and pro-inflammatory mediators, alongside oxidative stress from
ROS accumulation and electrophilic compounds '** . According to the “hinge and latch” model,
Keap1 cysteine modifications weaken the interaction between Keap1 and the low-affinity DLG
‘latch’ motif of NRF2, while binding to the high affinity ETGE ‘hinge’ motif remains, which
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prevents NRF2 ubiquitination and degradation '**. Whereas, the Keap1-CUL3 dissociation
model proposes that cysteine modifications disrupts the interaction between Keap1 and CUL3,
allowing NRF2 to escape degradation (Figure 1.8) '*°. NRF2 activation by p52 (NF-xB
subunit) and Keap1-NRF2 PPI inhibitors have been found to involve the “hinge and latch”
model, but not by electrophilic inducers, as found through NMR spectroscopy titration
experiments 6. This suggests the mechanism of activation depends on the inducer. In both
models NRF2 predominantly remains bound and transcriptionally inactive, but newly
synthesised NRF2 can accumulate, translocate into the nucleus, bind ARE genes as
heterodimers with sMaf proteins and activate ARE gene expression '*” 5. These cysteine
residues on Keap1 function as sensors of oxidative stress, which are also targets for NRF2
electrophilic inducers. Human Keap1 comprises 27 cysteine residues, of which a subset have
been identified to function as sensors, each with distinct localisation and reactivity. Early mass
spectrometry and cysteine point mutation studies identified reactive residues Cys151, Cys273,
Cys288 and Cys613 which contribute to oxidative/electrophilic stress sensing 48 149 150,
Subsequently, Cys151, Cys226 and Cys273, Cys288 were found to be susceptible to covalent

modifications by NRF2 activating electrophilic compounds '*' 151 192,
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Figure 1.8. Activation of the Keap1/NRF2/ARE pathway and its regulation by ROS/electrophiles (created
using BioRender).

The Cys151 residue is found in the BTB domain of Keap1 (Figure 1.9). The co-crystal
structure of this domain with an electrophilic NRF2 activator (CDDO) (PDB:4CXT ') shows
Cys-151 was covalently modified. Cys151 is located at a solvent exposed region, surrounded
by basic residues (His129, Lys131, Arg135, Lys150, His154). This could reduce the pKa of

Cys151, making the thiol more susceptible to Michael addition reactions with electrophiles '*°
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133 Overlaying the crystal structure with KLHL11 (a homologous KLHL protein) in complex with
CUL3 (PDB:4APF'*) positioned Cys151 adjacent to a hydrophobic groove in the 3-box motif
of KLHL11, which is vital for CUL3 binding. A more recent study found CDDO functioned as a
partial antagonist which reduced the binding affinity of CUL3 to human Keap1, by a TR-FRET
assay "*'. This suggests modifications to the Cys151 could result in a conformational change
which disrupts Keap1/CUL3 binding, allowing NRF2 to escape degradation. The role of
Cys151 has also been investigated with Keap1 C151S mice, which found that Cys151 is not

involved in basal NRF2 degradation but is required to sense electrophilic stress'®.
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Figure 1.9. The Keap1 domain structure with sensor cystine location 156 (created using BioRender).

Other sensor cysteines are found in the IVR (Cys226, Cys273, Cys288) and C-terminal CTR
domain (Cys613, Cys622 and Cys624) (Figure 1.9). Using Keap1 point mutation knock-in
mice, the residues Cys151, Cys273 and Cys288 were found sense stress individually or
cooperatively depending on the stressor . Also, through a mouse model of physiological
oxidative stress (selenocysteine tRNA KO), Cys226 and Cys613 were essential to detect
oxidative stress. Treatment of an NRF2 activator (CDDO-Im) was only responsive to Cys151
and not Cys226 and Cys613, demonstrating selectivity '*’. Also, mice expressing both WT
Keap1 and Cys226/Cys613 mutants (producing heterozygous Keap1 dimers), still responded
to oxidative stress. This suggests cysteine modifications within a single subunit of the Keap1
homodimer is sufficient to sense oxidative stress, highlighting sensor sensitivity. Furthermore,
through whole-genome sequencing (WGS), seven gene variants were found to potentially
affect Cys226, Cys613, Cys622 and Cys624, with no variants for Cys151, Cys273, Cys288.
This suggests evolutionary pressure has allowed for oxidative stress sensors to tolerate
variation and form a fail-safe system which allows redundancy, whereas electrophilic sensors

are strictly conserved due to their non-redundancy function '*’.

NRF2 activation can also occur independently to Keap1 cysteine modifications. For example,

increased levels of p62 (SQSTM1), an autophagy adaptor protein, has been found to bind
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Keap1 and promote its autophagy, allowing NRF2 to escape Keap1-mediated degradation 8.
Proteasomal inhibitors, such as MG132, prevent ubiquitinated NRF2 from being degraded by
the 26S proteasome '*°. The electrophilic activator DMF is also found to exert NRF2 activation
independent to Keap1 by inactivating GSK-38, through PI3K/AKT signalling, which allows

NRF2 to escape degradation "*°.

1.2.7 NRF2 Activators/Keap1 Inhibitors

Pharmacological activation of NRF2 provides a promising therapeutic strategy to reduce
inflammation and oxidative stress implicated in disease pathology. Most NRF2 activators, also
termed inducers, function by inhibiting Keap1-mediated degradation, effectively acting as
Keap1 inhibitors. These activators can be broadly classified into two categories: electrophilic
activators (synthetic and select natural products) and protein-protein interaction (PPI)

inhibitors 16" 162,

1.2.7.1 Electrophilic Activators

Electrophilic activators are the oldest class of NRF2 inducers that covalently modify Keap1
cystine residues which prevent NRF2 ubiquitination and degradation. They are typically Keap1
Cys151 selective, but are also found to modify Cys273 and Cys288 '%*. The NRF2 activator
CXA-10 (10-NO2-OA), a nitrated fatty acid, targets Cys273 and Cys288 '®*. Numerous mouse
models of disease have found CXA-10 to promote anti-inflammatory mediators and decrease
NF-xB expression '®® 6. A completed Phase | clinical trial was well tolerated, with an ongoing
Phase |l trial investigating efficacy in pulmonary arterial hypertension (NCT04125745) 7.
Cys151-selective NRF2 activators include bardoxolone-methyl (CDDO-Me), omaveloxolone
(RTA-408), dimethyl fumarate (DMF), oltipraz and sulforaphane as classic examples '®" 3. To
date, four NRF2 activators have received FDA approval, all of which are small molecules which
contain an electrophilic Michael acceptor (Figure 1.10). Dimethyl fumarate (DMF) (Tecfidera)

was approved in 2013 for relapsing-remitting multiple sclerosis (RRMS) "8,
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monomethyl fumarate (MMF)

omaveloxolone (RTA-408)

Figure 1.10. Examples of NRF2 electrophilic activators, with the a,B-unsaturated carbons in red.

Its active metabolite, monomethyl fumarate (MMF) (Bafiertam) followed in 2020, which was
preceded by its pro-drug, diroximel fumarate (Vumerity) having gained approval in 2019 %
', Both were approved for Relapse-Remitting Multiple Sclerosis (RRMS). Most recently,
omaveloxolone (Skyclarys), was approved in 2023 as the first available treatment for
Friedreich’s ataxia, a rare neuromuscular disease. All approved NRF2 activators contain an
a,B-unsaturated moiety, which allow for Michael addition with Keap1 cysteines '’". Dimethyl
fumarate (DMF) contains two a,B-unsaturated dicarboxylic ester groups, while its active
metabolite monomethyl fumarate (MMF) retains one ester and one acid. The pro-drug
diroximel fumarate likewise contains an a,B-unsaturated moiety but incorporates cleavable
linkers for improved gastrointestinal tolerability '"2. Omaveloxolone, a cyanoenone triterpenoid
derived from oleanolic acid, contains an a,B-unsaturated ketone conjugated to a nitrile, forming
a cyanoenone. The crystal structure of a similar cyanoenone-containing NRF2 activator,
bardoxolone, shows the electrophilic p-carbon undergoes Michal addition with Keap1
Cys151'° The a,B-unsaturated system makes these compounds strongly electrophilic,
especially the cyanoenone group of omaveloxlone, allowing them to readily react with cystines

and potentially explains their success in the clinic.

Naturally derived NRF2 activators have attracted increasing attention in recent years,
particularly those sourced from the diet. The most well-known example is sulforaphane, an
isothiocyanate found in cruciferous vegetables. It can penetrate the blood-brain barrier and is

8" In mouse models of

protective in various neuroinflammatory disease animal models
diabetes it upregulated NQO1, GCLC and GCLM expression which reduced ROS-mediated
lipid peroxidation '"3. Similar effects were found in ulcerative colitis mice models with reduced
ROS levels, NLRP3 activation and IL-1B expression found '"*. A molecular docking study of

332 food-derived electrophilic compounds identified three a,B-unsaturated-containing
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compounds, 4-hydroxyderricin (4HD), isoliquiritigenin (ISO), and butein, which were found to
significantly upregulate NRF2-mediated ARE gene expression, which reduced ROS levels in
vitro. Covalent docking studies found they formed covalent bonds with Cys151 through their
a,B-unsaturated carbonyl groups '"°. Beyond therapeutic intervention, sulforaphane has also
shown prophylactic potential against chronic inflammatory diseases. The cytoprotective
effects have been extensively demonstrated in vivo and in vitro, protecting the kidney, liver,
brain and heart from exogenous toxins through NRF2/ARE activation '"®. This is supported by
a Phase Il clinical trial with ex-smokers, finding sulforaphane reduced bronchial epithelial cell

proliferation, a marker associated with lung cancer ",

While electrophilic NRF2 activators have demonstrated clinical success, their use is not
without limitations. Electrophilic NRF2 activators lack selectivity for Keap1 cysteine residues
and could modify cysteine residues on other proteins. In clinical trials for DMF, gastrointestinal
disturbances and flushing were commonly reported, with lymphopenia causing the greatest
concern. Consequently, patients prescribed DMF (Tecfidera) are advised to regularly monitor
their blood count as a preventative '"®. DMF may contribute to lymphopenia by modifying T
cell cysteine residues'”. Similarly, a post-commercialisation safety study of omaveloxolone
reported that 24% of patients experienced side effects, with 9% discontinuing treatment within
the first year '®. The lack of selectivity may contribute to these side effects, which presents a
challenge for electrophilic activators as a class. Therefore, a more targeted approach through

protein-protein interactions (PPI) may be more suitable.

1.2.7.2 Protein-Protein Interaction (PPI) Inhibitors

In addition to electrophilic activators, NRF2 is also activated through small molecules or
peptides that directly disrupt the Keap1-NRF2 protein-protein interaction (PPI). While
electrophilic activators covalently modify reactive cysteines, PPI inhibitors typically bind non-
covalently with improved selectivity to the Kelch domain of Keap1. A common peptidomimetic
strategy involves incorporating the high affinity ‘ETGE’ motif from NRF2 to bind Keap1. Initial
work has produced a series of linear ‘ETGE’ containing peptides of various lengths and
composition. The smallest reported peptide with measurable Keap1 affinity is a 7mer
(DEETGEF), with potency increased by ~7-fold from substituting Glu with Ala (DAETGEF)
(Figure 1.11)"®". Peptide sequence elongation does not confer activity, as the 9mer and 8mer
peptides displayed comparatively reduced activity '®2. It suggests optimal bindings requires

precise residue positioning rather than maximal sequence length.
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7mer linear peptide (Glu to Ala)
DYAXEXT)XG)E)XF I1Cs, 0.73 uM

9mer linear peptide
LYDYEYEYT)YGYEF)L ICso 3.48 UM

7mer linear peptide
DY EXE)XT)XG)E) F ICs0 5.39 uM

8mer linear peptide

DYEXENTXGYE)F)L ICs0 21.7 pM

Figure 1.11. Sequence of linear PPl Keap1 inhibitors (made using BioRender).

Peptide cyclisation has been shown to enhance Keap1 binding affinity by pre-organising the
backbone into the B-hairpin conformation required for optimal binding. The affinity of a 16mer
linear peptide (Kqs 23 nM) was improved by introducing a cyclisation between two Cys residues
(cyc76-83), which increased affinity by ~2-fold (Figure 1.12). A second cyclic analogue
incorporated an additional residue to form the cyclisation between Cys and Phe (cyc75-84),

183

with further enhanced affinity by ~4-fold compared to the linear counterpart (Figure 1.12)

16mer linear peptide

69 84
AXF)XF)YXAXQ)LYXQ)YLYXDYXEXEXT)XGXE)XF)XL K423 nM

16mer cyclic peptide (cyc76-83)
69 J | 84
AFFAQLQ@DEETGE@L Ks 12 nM

17mer cyclic peptide (cyc75-84)

[ 1 84
AFFAQL@LDEET@GE@C Ky 6 nM

69

Figure 1.12. Sequence of cyclic PPl Keap1 inhibitors (created using BioRender).

Head-to-tail cyclisation has also been shown to enhance Keap1 binding. Comparison of an
11mer linear peptide with its head-to-tail cyclic analogue found it enhanced activity by ~3.4
fold (Figure 1.13). In vitro, the cyclic peptide induced greater NRF2/ARE pathway activation
than the linear counterpart. In RAW264.7 macrophages, treatment with 1 uM of cyclic peptide
moderately elevated HO-1, GCLM and NQO1 protein levels and attenuated LPS-induced

inflammation, whereas the linear peptide had no effect 8.
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11mer linear peptide

Ac—(GYQYLYDYPYEYTYGYEYF)YL)—0OH IC50 of 63.15 nM

11mer head-to-tail cyclic peptide

[ 1
G)Q)XLXDXPXEXTXGXEXF XL IC50 of 18.31 nM

11mer head-to-tail cyclic, CPP9 peptide

I |
G)YQ)XL)YXDXPXEXTXGXE)XF)XL IC50 of 153 nM

PEG linker

CPP9

Figure 1.13. Sequence of head-to-tail cyclic Keap1/NRF2 PPI inhibitors (created using BioRender)

Subsequently, the cyclic 11mer was conjugated to a cell-penetrating peptide (CPP9) at a non-
essential Gly residue, which increased cell permeability by ~98-fold (Figure 1.13). This
modification decreased binding affinity by ~8.4-fold but enhanced ARE gene expression in
HepG2 cells by ~10-fold, measured by a luciferase reporter assay '®°. Although binding activity
was reduced, the significant increase in cell permeability was sufficient to enhance activity.
This represents a common issue with peptides, as their large mass and increased polarity
hinders intracellular delivery. Other CPP strategies have been reported, including the PPI
peptide TAT-14, which was previously reported by the Searcey lab at UEA. TAT-14 comprises
an ‘LDEETGE’ motif with N-terminal TAT conjugation. In THP-1 monocytes, TAT-14 (75 uM)
increased NRF2 protein expression and increased HO-1 gene expression by 24-fold.
Removing both the TAT and ‘LDEETGE’ sequence abolished activity, suggesting Keap1
binding occurs through the ‘LDEETGE’ and the TAT sequence provides sufficient cell
penetration'®. TAT-14 is discussed in more detail in subsequent sections, which forms the

basis of the project here.

Several Keap1-NRF2 PPI inhibitors have been investigated with disease models in vivo.
Findings indicate that NRF2/ARE pathway activation is protective in septic cardiomyopathy
and ulcerative colitis (UC) mouse models. CPUY192018 is a small-molecule PPI inhibitor
(Figure 1.14). Unlike electrophilic NRF2 activators, it directly disrupts Keap1-NRF2 binding
rather than targeting Keap1 sensor cysteines. Using an FP assay, CPUY 192018 was found to
strongly bind Keap1 (ICso of 14.4 nM) '® and was later found to increase NRF2 levels and
upregulate ARE—mediated gene expression in human kidney HK-2 cells ' In an ulcerative
colitis (UC) mouse model, CPUY 192018 significantly improved pathological symptoms, with
reduced diarrhoea and rectal bleeding. Colon composition was improved, with a reduction in

TNF-a, IL-6 and IL-1B concentrations in combination with reduced ROS levels 1%,
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Figure 1.14. Structure of small-molecule Keap1 PPl inhibitors.

ZJ01 is also a small-molecule PPI inhibitor (Figure 1.14), although it is reported to exhibit a
far weaker binding affinity for Keap1 (K4 48.1 uM, measured by SPR). In vivo, ZJ01 increased
NRF2 nuclear translocation alongside upregulation of HO-1 and NQO1 mRNA, which are

NRF2 target genes'®

. Molecular docking was also used to propose a binding mode within the
ETGE pocket, suggesting potential contacts with six residues. In a mouse model of LPS-
induced septic cardiomyopathy, ZJO1 administration increased nuclear NRF2 accumulation
and suppressed pro-inflammatory cytokine release, including TNF-a, IL-1p and IL-6 '%.
Peptide Keap1-NRF2 PPI inhibitors such as LAS200813, a bicyclic peptide, have also been
investigated in vivo. LAS200813 was found to bind Keap1 with sub-nanomolar affinity (ICso of
0.73 nM) and upregulate NRF2-regulated ARE genes, NQO1 and SRXN1, in BEAS-2B human
bronchial epithelial cells. In vivo administration to rats resulted in significant induction of HO1,
NQO1 and SRXN1 mRNA within 6 h, which remained elevated at 24 h '*'. Collectively, these
findings highlight the in vivo therapeutic relevance of targeting the Keap1/NRF2 pathway to
reduce inflammation and improve disease pathology. Although Keap1 PPI inhibitors can
activate NRF2 in vitro and in vivo, with promising activity in disease models, their therapeutic
application is potentially hindered by inherent limitations. PPI inhibitors can suffer from poor
cell permeability, which can be improved by CPP conjugation. Also, since PPI inhibition is
reversible, sustained NRF2 activation may provide a challenge in the clinic. Therefore, new

strategies should be explored with enhanced characteristics.

1.3 PROTACSs: Targeted Protein Degradation as a Therapeutic
Strategy

1.3.1 Mechanism of Action

Proteolysis-targeting chimeras (PROTACs) are a class of protein degraders that have

advanced significantly since they were first reported in 2001 '°2. They are heterobifunctional
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molecules consisting of three structural elements: a ligand to bind the target protein of interest
(POI), a ligand for an E3 ubiquitin ligase and a connecting linker (Figure 1.15). This design
allows for simultaneous binding of the target protein and an E3 ubiquitin ligase (shortened to
E3 ligase), forming a ternary complex (POI-PROTAC-E3 ligase). There are four types of E3
ligases, categorised by their catalytic domain, with Really Interesting New Gene (RING) the
most widely recruited by PROTACs. The ternary complex brings the target protein and E3
ligase to proximity. Within the E3 ligase, the RING box protein 1 subunit (RBX1) recruits the
E2 ubiquitin conjugating enzyme which ubiquitinates the target protein. PROTACs effectively

hijack the ubiquitin-proteasome system (UPS) to mediate degradation "%

POI E3 ligase - uitinati
ligandI:’_‘>“93"d W

26S degraded
proteasome protein

ternary complex

Figure 1.15. Generalised overview of PROTAC MOI (created using BioRender).

The UPS, alongside autophagy, is a major pathway for the maintenance of systemic
proteostasis. This is achieved through selectively tagging damaged or superfluous proteins
with ubiquitin, which are subsequently degraded. Ubiquitination involves a sequential, three
enzyme cascade involving the ubiquitin activating enzyme (E1), the ubiquitin conjugating
enzyme (E2) and the ubiquitin ligase (E3) (Figure 1.16) '®*. Ubiquitin, a 76 amino acid protein,
is first adenylated at its C-terminal glycine and undergoes thioesterification with a cysteine
residue on the E1 enzyme, forming a lysine isopeptide bond '®°. Activated ubiquitin is
transferred via trans-esterification to an E2 enzyme cysteine '°. Finally, E3 ligase catalyses
the transfer of ubiquitin from the E2 enzyme to lysine residues of the target protein '’
PROTACs exploit this final reaction by assembling the PROTAC-E3 ligase complex which
brings the E3 ligase into close proximity with the target protein, promoting E2 ubiquitination of
the target protein '%. Subsequent rounds of ubiquitination occur through each ubiquitin Lys48
forming a polyubiquitinated chain (four monomers long) which is recognised by the 26S
proteasome. Upon recognition, the 26S proteasome unfolds and degrades the protein within
its 20S core particle '*® '*°. Deubiquitinating enzymes (DUBSs) catalyse the removal of ubiquitin

before degradation, allowing for it to be recycled within the system 2%,
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Figure 1.16. Overview of UPS mediated protein degradation (created using BioRender).

1.3.2 Recent Developments with PROTACs

The first reported PROTAC was designed with ovalicin, a small-molecule methionine
aminopeptidase-2 (MetAP-2) inhibitor, with a IkBa-derived peptide fragment which recruits 3-
TRCP to form the E3 ubiquitin ligase complex. MetAP-2 was only found to be ubiquitinated by
the PROTAC which resulted in its degradation in vitro, providing the first proof of concept '%.
Since then, PROTACs have been shown to degrade a wide range of targets using various E3
ligase ligands. The most widely employed are those which recruit von Hippel-Lindau (VHL) or
cereblon (CRBN) proteins, which account for the majority of PROTACs in academia and

industry.

The VHL protein is the substrate receptor for the Cullin2(CUL2)/RING E3 ligase complex
(CRL2/VHL). CUL2 forms the scaffold for the RING finger protein subunit RBX1 to recruit the
E2 enzyme. VHL contains a pocket found to bind Hyp564 of hydroxylated HIF-1 2°". VHL-
recruiting small-molecules such as VH032, and VH298 mimic this binding (Figure 1.17).

OH

s s

VH032 VH298

S
L@JQN

Figure 1.17. Structure of VHL-recruiting ligands

37



Crystal structures show they both occupy the same pocket of VHL, forming hydrogen bonds
with Ser111, His115, His110 and Tyr98, with Phe91, lle109 and Tyr112 providing hydrophobic
interactions 292 2% |n 2017, Gadd et al. resolved the first PROTAC ternary complex co-crystal
structure of a VH032-based PROTAC (MZ1) with VHL and its target, a BET family protein,
bromodomain-containing 4 (BRD4) (PDB:5T35) %4, As expected, MZ1 bound VHL in the
Hyp564-recognising pocket. Formation of the ternary complex identified de novo interactions
between BRD4 and VHL. Electrostatic bonds between BRD4 Asp381 and Glu383 with VHL
Arg107 and Arg108 ‘zipped’ the proteins together, with an addition BRD4 Glu438 hydrogen
bond to VHL Arg69 (see Figure 1.18).

Figure 1.18. Crystal structure of MZ1 (blue) in complex with VHL (brown) and BRD4 (green) with
VHL/BRD4 interactions. (PDB 5T35) (created using BioRender) 204

These interactions are vital for ternary complex formation, as MZ1/VHL (K467 nM) compared
to BRD4/MZ1/VHL (K4 4.4 nM) shows VHL binds 15-fold more tightly when BRD4 is already
bound, illustrating a positive cooperative binding effect 2**. MZ1 was found to degrade BRD4
in various brain tumour cell lines, inhibiting growth of U251 cells (ICso of 0.47 uM) 2°°. MZ1
was developed further by introducing a cyclised linker, forming a macrocyclic PROTAC
(macroPROTAC-1). The crystal structure (PDB:5T35) shows this induced more favourable
interactions, increasing binding affinity as a ternary complex compared to MZ1. This resulted
in BRD4 degradation in HelLa cells (DCso 25-125 nM, depending on BRD4 isoforms) 2°¢. ARV-
771 is a VH032-derivative PROTAC which also targets other BRD proteins. In castration-
resistant prostate cancer cell lines, ARV-771 degraded BRD proteins with DCso <5 nM and
suppressed a cancer oncogene with an ICso <1 nM. Although tumour regression was found in

vivo, ARV-771 was not taken forward 2%’.

Other VHL-recruiting PROTACs have entered clinical trials for various cancer types, including
DT2216 and KT-333 (Table 1.4). DT-2216 is a VHL-recruiting PROTAC which contains
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ABT263, a small-molecule inhibitor of BCL-XL. ABT263 was previously found to inhibit BCL-
XL, inducing tumour regression. It completed Phase | clinical trials but thrombocytopenia was
a major side effect 2%, DT-2216 was found to be more potent than ABT263 in various cancer
cell lines and inhibited xenograft tumour progression in mouse models without causing
significant thrombocytopenia 2% 2'°, |t since completed Phase | clinical trials, again with less
significant thrombocytopenia found (NCT04886622) 2. It is now being investigated in
combination therapies (NCT06620302, NCT06964009). KT-333 is a VHL-recruiting PROTAC
which targets signal transducer and activator of transcription 3 (STAT3). Aberrant activation of
STAT3 is associated with various cancers and can be targeted as an oncological therapeutic
approach 2'?. It entered Phase | clinical trials with preliminary data suggesting it is well
tolerated and degrades STAT3 effectively (NCT05225584) 2'3. ARV-471 (Vepdegestrant) is
arguably the most successful PROTAC to date, recruiting CRBN and targeting oestrogen
receptors (ER) in ER*/HER2 breast cancer (Table 1.4). It was well tolerated and showed
clinical benefits in Phase I/l clinical trials (NCT05654623) and is currently in phase Ill trials
(NCT05909397) (NCT05654623) 2™,

PROTAC E3 ligase Current Target Disease in clinical
recruiter clinical stage trials
Phase I/ll
(NCT06620302) Relapse/ refractory
bT2216 VHL (NCT06964009) BCL-XL cancers
(NCT04886622)
Phase | STAT3-driven solid
KTT-33 VHL (NCT05225584) STAT3 tumours and
lymphoma
ARV-471 VHL Phas_e_ Il Estrogen ER-driven breast
recruiting receptor (ER) cancer
ARV-110 CRBN Phase I/ll Androgen MCRPC
complete receptor (AR)
. Phase I/ll BTK (WT and : :
BGB-16673 Unspecified (NCT05006716) mutants) B-cell malignancies

Table 1.4. Examples of PROTACs in clinical development.

Cereblon (CRBN) is another protein which functions as a substrate receptor for the
CUL4/RING/ES ligase complex (CRL4/CRBN), in contrast to VHL which uses CUL2. Assembly

of the complex recruits an E2 ligase which catalyses target ubiquitination. CRBN contains a
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pocket which binds immunomodulatory drugs (IMiDs) such as thalidomide, lenalidomide and
other derivatives. This binding site can be exploited for PROTAC design, using these IMiDs
as CRBN ligands. The co-crystal structure of a thalidomide-recruiting PROTAC revealed de
novo interactions between the target and CRBN and thalidomide bound to CRBN through the
expected IMIiD binding pocket 2'°. There are various CRBN-recruiting PROTACs in clinical
trials, including ARV-110 and BGB-16673 (Table 1.4). ARV-110 degrades the androgen
receptor (AR) in various prostate cancer mouse models with a (DCso of 1 nM) ?'°. In a Phase
I/1l clinical trial for mCRPC, it was well tolerated and clinically beneficial (NCT03888612) 2"7.
BGB-16673 (unspecified E3 ligase recruiting) targets wild-type and mutant BTK proteins found
in B-cell malignancies. It is currently being evaluated in an ongoing phase I/ll clinical trial
(NCT05006716) and has shown good tolerability and clinically beneficial BTK degradation 2.

1.3.3 Advantages of PROTACs

PROTACSs provide event-driven degradation over classical occupancy-based inhibition. Unlike
inhibitors such as Keap1-NRF2 PPI inhibitors which require continuous target engagement,
PROTACSs act catalytically where each molecule can induce degradation and be recycled. This
allows for sustained protein degradation at lower concentrations 2'°. Traditional inhibitors are
limited to proteins with well-defined binding pockets, reducing target selection. By requiring
only surface binding interactions to form a ternary complex, PROTACs can inhibit
‘undruggable’ targets through degradation. Challenging targets for small-molecule inhibition
such as BRD4 and STAT3 have been successfully degraded using PROTACs in vivo %20 221,
Moreover, by degrading proteins, PROTACs can overcome target resistance found in cancer.
ARV-110, an androgen receptor PROTAC, retains activity against mutant androgen receptors
in prostate cancer ??2. Also, ARV-471 is reported to inhibit the growth of both wild-type and
mutant breast cancer cells ?*. PROTACs enhance selectivity by driving assembly of the
ternary complex between the target protein and an E3 ligase. This induced proximity creates
novel de novo interactions that provide positive cooperativity and greater selectivity beyond
solely target binding. The crystal structure of the PROTAC MZ1 with its target protein and E3
ligase revealed specific interactions upon ternary complex formation which conferred
specificity over other structurally similar proteins (PDB:5T35) ?**. The modular design of
PROTACs allows for optimisation for target selectivity with minor linker modifications
significantly enhancing target binding, evident through SAR studies ?** %, E3 ligase ligand
selection can also affect activity, depending on the expression of VHL or CRBN and the
specific E3 ligase/POI interactions within the ternary complex %?°. Despite these benefits,

PROTACSs are plagued by poor bioavailability due to their high molecular weight, polarity and
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poor membrane permeability ?2’. Strategies such as macrocyclization 2%, rigid linkers 2?8, and

nanoparticle delivery ??° have been found to mitigate these issues.

1.3.4 NRF2 Activating PROTACs

Although the application of PROTACs for NRF2 activation has been limited, several studies
have successfully reported NRF2/ARE pathway activation through Keap1 degradation. Wang
et al. (2022) developed KKP1, a peptide-based PROTAC containing two adjacent ‘ETGE’
motifs separated by a glycine linker, with a C-terminal CPP hPP10 (Figure 1.19) #*°.

LDPETGEYLGGGSGGGSLDPETGEYLGGGSKIPLPRFKLKCIFCKKRRKR
| | | J | |

Keap1 binding Keap1 binding hPP10
site site

Figure 1.19 The peptide sequence of KKP1.

This dual approach exploits the E3 ligase complex function of Keap1 to facilitate its own
degradation. Molecular docking found KKP1 to form strong interactions with Kelch domain of
Keap1, which was found in HSC-T6 cells as KKP1 induced Keap1 degradation with the highest
penetration efficiency at 7.5 uM. Also, degradation was abolished by the proteasomal inhibitor
MG132, suggesting UPS-mediated degradation occurs. KKP1 was found to upregulate HO-1
and GCLC protein expression, along with reducing pro-inflammatory TNF-a and IL-13 protein
expression in HSC-T6 (rat hepatic cells). However, ARE gene expression was selective with
no significant changes in NQO1 expression. Additionally, fibrotic markers were downregulated

which indicates therapeutic potential in liver fibrosis #°.

In 2023, Park et al. reported SD2267, a typical small-molecule PROTAC comprised of a potent

1

nanomolar Keap1 inhibitor/NRF2 activator 23! with the CRBN-recruiting thalidomide joined

through an 8 carbon linker (Figure 1.20) #*2. The crystal structure of the Keap1 Kelch domain
with the Keap1 inhibitor identified the binding site, which allowed for linker position to be
directed (PDB:5FNU) #'. The methoxy moiety was not found to have key interactions,
therefore the linker was positioned here. In HepG2 (human liver) and AML12 (mouse liver)
cell lines, SD2267 was rapidly taken up and degraded Keap1 (DCso of 8.1 nM; 16.8 nM
respectively). Degradation was confirmed to be mediated by the UPS, as treatment with

MG132 (proteasome inhibitor) abolished Keap1 degradation.

41



SD2267

Figure 1.20. Structure of SD2267

Also, inhibition of autophagy by chloroquine had no effect, indicating autophagy pathways
were not involved. Keap1 degradation also required CRBN recruitment, as CRBN knockdown
cells were not responsive. SD2267 resulted in NRF2 nuclear accumulation, measured by
immunofluorescence, whilst upregulating numerous NRF2/ARE genes and rescuing AML12
cells from acetaminophen (APAP)-induced oxidative stress. In a liver injury mouse model
(APAP induced), similar effects were found through NRF2/ARE pathway activation which
attenuated hepatoxic effects. While both SD2267 and the Keap1 inhibitor (on its own) had
nanomolar potency in vitro, SD2267 was found to have a superior pharmacokinetic profile in
vivo. In orally dosed mice, SD2256 was found to increase Cmax by ~1.4-fold and AUCiast by ~9-
fold (normalised to dose). SD2267 also had a significantly longer half-life (t1212 hr vs. 1.6 hr),

232 231

finding the PROTAC approach provided superior ADME properties

Also in 2023, Chen et al. conducted a SAR study on a series of NRF2 activating PROTACs
with varying linker lengths 233, They all contained the CRBN-recruiting thalidomide with a small-
molecule Keap1 inhibitor, which was previously reported (ICso 270 nM) 2. PROTACS (with a
seven-carbon linker) was found to be the most potent (ICso 66 nM) through a Keap1 HTRF
biochemical assay. PROTACs with linkers with >7 carbons were found to enhance
degradation. Therefore, PROTAC14 was designed with a seven-carbon linker, connecting to
thalidomide though an amide linker (Figure 1.21). This replaced the previous oxy-acetamide
linker in PROTACS, which was found to be hydrolysis-sensitive 2*. PROTAC14 degraded
Keap1 with a nanomolar concentration, similar to the previously discussed PROTAC SD2267
232 Both PROTACSs contain thalidomide as the CRBN recruiter with the same Keap1 inhibitor
to bind Keap1, with SD2267 having a shorter linker (by one carbon) (Figure 1.20). Mechanistic
studies in HEK293T cells found PROTAC14 binds to both Keap1 and CRBN, as treatment
with the Keap1 inhibitor or thalidomide abolished degradation. Combined with UPS-mediated
degradation confirmed (as MG132 treatment abolished activity), it suggests formation of the

tertiary complex promoted UPS degradation. NRF2/ARE pathway activation was compared
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for PROTAC14 and the Keap1 inhibitor (solely) in vitro, finding similar activity. In HEK293T
(human embryonic kidney) and HCA7 (human colorectal cancer) cell lines, both increased
ARE-regulated NRF2 gene expression, and in oxidative stress induced-BEAS-2B cells both
improved cell viability. Label-free quantitative proteomics found PROTAC14 selectively
degraded Keap1 and resulted in the expression of NRF2/ARE associated proteins including
GCLC and GCLM. However, other non-antioxidant related proteins were also upregulated
including Zinc finger protein 91 (ZFP91), and p62. ZFP91, an E3 ligase, is found to upregulate
HIF-1a and promote colon cancer growth both in vitro and in vivo #*°; while overexpression of
p62 is linked with breast cancer progression 2*¢. Therefore, these off-target effects would need

to be addressed.
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Figure 1.21. Structure of PROTAC14

As outlined above, several NRF2 activating PROTACs have demonstrated the ability to
degrade Keap1, upregulate ARE genes and attenuate inflammation with activity found at
nanomolar and low micromolar concentrations. Together, these studies provide evidence that
Keap1 degradation presents a compelling strategy for NRF2 activation. Given the novelty of
the approach, the lack of reported NRF2 activating PROTACs in the literature and early
evidence of therapeutic relevance, it provides an area for further development. It is
hypothesised that conjugation of a peptide CPP inhibitor of the Keap1/NRF2 PPI (TAT-14) to
the VHL-recruiting ligand VH032 could generate a PROTAC capable of binding and degrading
Keap1. Through ternary complex formation (VHL-PROTAC-Keap1), VHL could recruit the
CUL2-RBX1 E3 ligase complex to ubiquitinate Keap1, marking it for degradation. The catalytic
degradation is expected to stabilise NRF2 more effectively than occupancy-driven inhibition
by TAT-14 alone, therefore enhancing the induction of ARE-regulated genes such as HO-1
and NQO1. The design and synthesis of a hybrid peptide-small molecule PROTAC represents
a novel approach to activating NRF2 with potential therapeutic benefits in inflammatory

disease.
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1.4 Aims and Objectives

1.4.1 Overall Aim

To synthesise and evaluate the biological activity of TAT-14 and PROTAC derivatives designed
to degrade Keap1, to assess their efficacy in activating the NRF2/ARE pathway in vitro.

1.4.2 Objectives

1. To synthesise TAT-14 following the procedure reported by Steel et al. .

2. To validate the biological activity of TAT-14 in THP-1 cells by assessing NRF2 protein
expression (by Western blot), induction of ARE-regulated HO-1 gene expression (by
RT-gPCR) and cell viability (by MTS).

3. To synthesise the VHL-recruiting ligand VH032 following the procedure reported by

Yan et al. %%,

4. To synthesise a Keap1-degrading PROTAC by conjugating TAT-14 to VH032 via a

suitable linker.

5. To determine the biological activity of the PROTAC in THP-1 cells by assessing HO-1
and NQO1 gene induction (by RT-qPCR) and effects on cell viability (MTS).
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Chapter 2 — TAT-14

2.1 TAT-14 Discovery

Previous work conducted in our lab by Steel et al."®

designed to disrupt the NRF2/Keap1 PPI interaction, activate the NRF2/ARE pathway and
potentially reduce inflammation. Three lead peptides, designated TAT-10, TAT-14 and TAT-16,

involved investigating a series of peptides

were synthesised with each comprising an NRF2-derived sequence conjugated at the N-

terminus to a trans-activator of transcription (TAT) cell-penetrating peptide (CPP) (Figure 2.1).

TAT-10: "L DEETGEFLP?
TAT-14: "“LQLDEETGEFLPIQ¥
TAT-16: ®AFFAQLQLDEETGEFL®

Figure 2.1. The sequence of TAT-10, TAT-14 and TAT-16 with the TAT sequence (blue) and Neh2 NRF2
derived sequence (red). Superscripts indicate the corresponding amino acid position in human NRF2 186,
As outlined previously, peptide PPI inhibitors can target the Kelch domain of Keap1 at the
same binding site occupied by the ‘ETGE’ motif within NRF2. Incorporation of the ‘ETGE’ motif,
with flanking residues, allows for high-affinity binding to Keap1 and upregulation of NRF2/ARE
gene expression 2%, The NRF2-derived peptide sequences of TAT-10, TAT-14 and TAT-16 are
highlighted with the corresponding amino acid number of NRF2 (Figure 2.1). The addition of
the TAT sequence, derived from the human immunodeficiency virus type 1 (HIV-1), is a
common CPP strategy to increase cell permeability *°. The TAT peptide contains clusters of
positively charged lysine and arginine residues, which provide favourable electrostatic
interactions with the negatively charged cell membrane. This allows the peptide, with its cargo,
to enter the cell efficiently. Combined with its low toxicity, TAT has been used in peptide design

in various in vitro and in vivo studies ?4° 24",

TAT-14: YGRKKRRQRRR"*LQLDEETGEFLPIQ®¥
TAT-14Sc: YGRKKRRQRRREFGTDIQLIEPQLE

14mer: "*LQLDEETGEFLPIQ®’

Figure 2.2. The sequence of TAT-14, TAT-14Sc and 14mer peptides with the TAT sequence (blue) NRF2
derived sequence (red) and scrambled sequence (black) 186,

TAT-10, TAT-14 and TAT-16 were synthesised and investigated in vitro. In human monocytic
THP-1 cells, 75 uM TAT-14 induced an 18-fold upregulation of HO-1 mRNA expression (by
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RT-gPCR), whereas TAT-10 and TAT-16 (both 75 puM) had minimal effect. Also, an FP
competition assay found TAT-14 to have superior Keap1 binding affinity (Ki of 3.6 nM)
compared to the other peptides (TAT-10 Kiof 6.9 nM; TAT-16 K;of 38.9 nM, unpublished PhD
data, Richard Steel). Due to the high affinity with Keap1 and activation of the NRF2/ARE
pathway, TAT-14 was investigated for effects on NRF2 protein expression. Two derivatives
were designed as controls (Figure 2.2), the peptides TAT-14Sc contains a scrambled
‘LDEETGEFL sequence and the 14mer that lacks the TAT sequence. THP-1 cells were treated
with 75 uM of each peptide to measure HO-1 mRNA expression by RT-gPCR. TAT-14
upregulated HO-1 mRNA expression by 24-fold, whereas TAT-14Sc and 14-mer had no
significant effect. Since the 14-mer peptide had no effect on HO-1 expression, it suggests the
TAT sequence is essential for efficient cellular uptake and NRF2/ARE activation. Furthermore,
THP-1 cells treated with TAT-14 were found to increase NRF2 protein levels (by Western blot)
without affecting NRF2 mRNA expression (by RT-gPCR) (unpublished PhD data, Richard
Steel). This suggests NRF2 accumulation occurs through disrupting the Keap1/NRF2
interaction, rather than transcriptional upregulation of NRF2. Western blot analysis found TAT-
14Sc peptide had no effect on NRF2 levels, which further suggests the NRF2 derived
sequence is essential for activity. In LPS-induced THP-1 cells, a model of inflammation, TAT-
14 was found to resolve inflammation, reducing TNF-a mRNA expression by 61% compared
to basal cells. Furthermore, Cowan, who also conducted PhD research at UEA in the same
lab, reported that treatment with 75 yM TAT-14 significantly upregulated HO-1 mRNA
expression (30-fold), as well as NQO1 (5-fold) and Ferritin (2-fold) mRNA in THP-1 cells
measured by RT-qPCR. In addition, in LPS-stimulated THP-1 cells, TAT-14 reduced TNF-a
protein expression by 50% (ELISA), while TNF-a mRNA expression was decreased by 50%
and IL-1p mRNA expression by 40% (RT-gPCR) ?*2. This further provides evidence that TAT-
14 both upregulates ARE-regulated genes and decreases pro-inflammatory gene expression.

Taken together, it supports the use of NRF2 activation as a strategy to reduce inflammation.

2.2 TAT-14 Synthesis

To validate the reported results by Steel et al., TAT-14 was synthesised based on the optimised
Fmoc-based, solid-phase peptide synthesis (SPPS) procedure reported, using an automated
peptide-synthesiser (MultiSynTech Syro |) for improved efficiency. Since TAT-14 contains a C-
terminal Gln amino acid, a preloaded Wang resin with a 9-fluorenylmethoxycarbonyl (Fmoc)
protected GIn was selected (Figure 2.3). Wang resin is a polystyrene-based support
commonly used for peptide synthesis, which is either unloaded or preloaded with an amino
acid. The resin joins glutamine through an ester linker, which is stable during synthesis but

can be cleaved to produce a C-terminal free acid. The side chain of glutamine is also protected

46



to prevent side reactions (Figure 2.3). The triphenylmethyl (Trt) protecting group is stable
under basic amide coupling conditions but acid liable, which allows for removal upon
completion of the synthesis.

Fmoc group

Wang resin

Fmoc-GIn(Trt) Wang resin

Figure 2.3. The pre-loaded resin used to synthesise TAT-14 with the resin (red), Fmoc protected amine
group (green), Trt protected side chain (pink) and glutamine (black).

The synthesis involves a series of Fmoc deprotection and amide coupling reactions (Scheme

2.1). This allows for the systematic elongation of the peptide chain, building onto the C-

terminal with each incoming amino acid forming the N-terminal, in a C- to N-terminus direction.

o
Fmoc-NH W)L O/O
R
l Fmoc deprotection
o
v, A Q
(o)
R
o
Fmoc-NHj)J\OH l Amino acid coupling

R

R o)
H
Fmoc-HN )\[rNj)Lo/o
O R

l Global deprotection/

resin cleavage
(o]

H,N
2 TAT-14 OH

Scheme 2.1. An overview of the Fmoc-based procedure for HATU amino acid couplings, with final

deprotection and cleavage to form TAT-14.

Once the resin was swollen in DMF, to expand its surface area and improve efficiency, it was

loaded onto the synthesiser with the reagents and protected amino acids. The initial reaction
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involves removing the Fmoc group from pre-loaded resin glutamine, which was completed by
treating with the base piperidine. Piperidine deprotonates the fluorene ring system, followed
by elimination of the Fmoc group (Scheme 2.2). After washing away the byproducts, this

produces a free amine to react with the incoming amino acid (isoleucine).

® .J"O )

ug_r\g« Q — (W )-Q

o
O o % co, O

HoN Q
Scheme 2.2 Fmoc deprotection of amino acids with piperidine (in blue).

The next amino acid (isoleucine) has a free carboxylic acid which is coupled with the
deprotected amine group of the N-terminal amino acid. Couplings were performed with HBTU,
HOBt and DIPEA. The base DIPEA, deprotonates the incoming amino acid (Scheme 2.3).
This allows the carboxylate to attack HBTU to form an ester intermediate. The addition of
HOBt reacts rapidly with the intermediate to form the active ester, helping to reduce
racemisation. The resin bound amine attacks the active ester to form a peptide bond. This was
repeated for each amino acid coupling to form the TAT-14 peptide chain. Synthesis took 2.5
days and was periodically monitored.
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Scheme 2.3. Amino acid coupling between the resin bound amino acid (red) and the incoming amino acid
(blue) with DIPEA and HBTU/HOBT.
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Following completion of the TAT-14 sequence and the final Fmoc deprotection of the N-
terminal amino acid (tyrosine), the peptide was cleaved from the resin. Cleavage of the
peptide from the resin and removal of the side chain protecting groups was achieved with the
strongly acidic cleavage cocktail of trifluoracetic acid (TFA), water and triisopropylsaline (TIPS)
(95:5:5). The acid cleaves the resin-peptide ester linkage while simultaneously removing the
acid-liable protecting groups (such as Boc, Pbf and Trt). Water and TIPS act as scavengers to
neutralise reactive species and minimise side reactions. Upon completion, TFA was removed
under a flow of N2 and the peptide was precipitated in diethyl ether. The crude peptide was
purified by reverse-phase flash chromatography, and the resulting fractions were collected
based on 214 nm UV activity. A major peak formed which was suspected to be TAT-14, but
the peak was wide, therefore multiple fractions within the peak were collected for HPLC
analysis. One fraction was suspected to contain TAT-14, as the HPLC trace revealed one
major peak (R = 9.4) (Figure 2.4). MALDI-TOF was performed to confirm the mass, the
expected mass was 3172.7 (M + H) and a major peak formed at 3172.10. To further confirm,
electrospray ionisation mass spectrometry (ESI-MS) was performed. Peaks formed at 1058.6
and 1587.6 m/z, corresponding to TAT-14 adduct formation (M+2H+Na) and (M+H+Na). The
isolated peptide was lyophilised to afford 17 mg of a white power, with a 9% percentage yield.
Combined, the data suggested TAT-14 was successfully synthesised and purified to allow for

in vitro assessment.

TAT-14__ .

- |

[ 5 10 15 20

Figure 2.4. Purified HPLC trace of TAT-14

2.3 TAT 14 in vitro Assays

2.3.1 Western Blot

In vitro assays were conducted with the human monocytic cell line (THP-1), which is used as
a model of monocytes during inflammation 2*3. Since monocytes are a vital cellular component
of inflammation, their modulation by TAT-14 provides evidence of inflammation control.
Western blot was performed to assess NRF2 protein expression in THP-1 cells treated with
TAT-14, dimethyl fumarate (DMF) or DMSO (vehicle control). Since all treatments were

dissolved in DMSQ, it was included as a control. As discussed previously, dimethyl fumarate
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(DMF) is a potent NRF2 activator which disrupts the Keap1/NRF2 interaction. It has been
previously shown to increase NRF2 protein levels in THP-1 cells (whilst having no effect on
NRF2 mRNA expression) ?* '8 Therefore, it was used as a positive control. THP-1 cells were
treated with 75 uM TAT-14, 30 yM DMF or DMSO and incubated for 3 h. These were the same
conditions used by Steel et al., which allows for direct comparison. Protein extracts were
prepared, protein concentration was quantified using a Nanodrop spectrophotometer and
equivalent amounts of protein were loaded onto a gel and separated by SDS-PAGE. Proteins
were transferred onto a PVDF membrane, blocked to minimise non-specific antibody binding
and probed for NRF2 and the loading control B-tubulin. The membrane was incubated with
primary antibodies for human NRF2 or B-tubulin and proteins Vvisualised by

chemiluminescence.
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Figure 2.5. The effects of the NRF2 activators, DMF and TAT-14, on NRF2 expression in THP-1 cells. 1x10°
THP-1 cells in complete media were treated with TAT-14 (75 uM), DMF (30 uM) and DMSO for 3 h prior to
protein extraction. Equal amounts of protein samples were separated by SDS-PAGE, transferred to PVDF
membrane and probed with NRF2 primary antibodies with B-tubulin as a loading control, followed by

secondary HRP antibodies. Bands were visualised by chemiluminescence. n=1.

Analysis of the blot (Figure 2.5) showed B-tubulin loading bands were of comparable intensity
across all three lanes, with only minor streaking, indicating consistent protein loading and
transfer. Densitometric analysis found that DMF induced a greater increase in NRF2 protein
expression (1.85-fold) compared with TAT-14 (1.2-fold), relative to the DMSO control. This was
expected as DMF is a potent, clinically approved NRF2 activator widely reported to upregulate
NRF2 protein concentration in vitro in various cell lines 2*° 2*4_ Similarly, Steel et al. previously
reported TAT-14 increased NRF2 protein expression in the same cell line at an equivalent
concentration '®. Although an increase in NRF2 protein expression was found here, the
overall band intensity across the blot appeared muted. Nanodrop protein quantification found
minor nucleic acid contamination, indicated by a low 260/280 absorbance ratio, which may
have resulted in an underestimation of the true protein concentration. Nevertheless, the
consistency between [3-tubulin band intensity suggests that protein loading, while low, was

consistent.
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2.3.2 RT-qPCR

To evaluate the transcriptional activation of the NRF2 target gene HO-1, mRNA expression
was assessed by RT-qPCR. THP-1 cells were stimulated for 6 h with 75 or 100 uM TAT-14,
30 uM DMF or DMSO (vehicle control). Following treatment, total RNA was extracted following
a phase separation protocol and concentrations assessed by Nanodrop. Reverse transcription
was performed by combining sample RNA with reverse transcription mastermix, which was
run on a PTC-100 thermal cycler. Synthesised cDNA was then amplified by RT-gPCR using
SYBR Green mastermix with primers for HO-1 and GAPDH. GAPDH is a housekeeping gene
which should have stable expression between treatment conditions, providing a baseline to
compare target gene expression. Reactions were run on a QIAGEN Rotor-GeneQ 5 Plex
system using a two-step cycling protocol. DNA amplification was monitored in real time by
SYBR Green fluorescence. Relative expression was normalised to GAPDH and expressed as

a fold change relative to the DMSO vehicle control.
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Figure 2.6 Induction of HO-1 mRNA in THP-1 cells (10x70°) seeded in a 12-well plate in complete media
following 6 h treatment with TAT-14, DMF or DMSO (the vehicle control). Upon stimulation, total RNA was
extracted and reverse transcribed into cDNA. HO-1 expression was measured by RT-qPCR with SYBR
Green detection, normalised to GAPDH and relative expression calculated using the AACt method. Mean
* SEM, n=3.

DMF 30 uM, the positive control, produced the strongest response with a 7-fold induction of
HO-1 mRNA (Figure 2.6). This was expected as DMF has been widely reported to upregulate
HO-1 mRNA expression in vivo and in vitro through NRF2 activation 246 247 248 TAT-14 induced
HO-1 mRNA expression with a ~3-fold increase at 75 uM with only a marginal further increase

found at 100 uM. While Steel et al. did not evaluate activity above 75 uM, 100 uM was
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expected to increase HO-1 mRNA induction due to increased Keap1 inhibition. These findings
suggest both DMF and TAT-14 disrupted the Keap1/NRF2 interaction which allowed for NRF2
to upregulate the ARE gene HO-1. However, the induction of HO-1 mRNA by TAT-14 was
markedly reduced compared to previous reports. Steel et al. reported that TAT-14 increased
HO-1 mRNA expression by 24-fold %, while Cowan similarly reported a 20-fold induction of
HO-1 mRNA at the same concentration ?*2. Furthermore, TAT-14 at 75 uM and 100 uM
treatments both produced similar induction of HO-1 mRNA expression. While Steel et al. did
not assess TAT-14 over 75 uM, it was expected that 100 uM would further increase HO-1
MRNA expression. The reduced induction magnitude was attributed to cell responsiveness
and RNA extraction. THP-1 cells with a later passage number, around passage 20, were used
and perhaps were less responsive to treatment. Also, Nanodrop analysis found minor DNA
and solvent contamination indicated by a >2 260/280 ratio and <2 260/230 ratio. This may
have resulted in an underestimation of true RNA concentrations, which would explain the
reduced HO-1 mRNA expression found for both TAT-14 and DMF treatment. Since DMF is a
potent NRF2 activator which was expected to increase HO-1 mRNA induction significantly, it
suggests the treatments were not the cause, but more likely cellular responsiveness or
reduced RNA extraction. These results still show a positive response which suggests TAT-14
disrupts the Keap1-NRF2 complex and allows NRF2 to translocate into the nucleus to

upregulate ARE genes. Therefore, it supports the use of TAT-14 in PROTAC design.

2.3.3 MTS Cell Viability Assay

To assess the cytotoxicity of TAT-14, an MTS cell viability assay was performed. DMF was
used for comparison as an NRF2 activator. THP-1 cells were seeded at 1 x 10° cells/mL with
100 uL per well. Cells were treated with 1 uL DMSO (vehicle control), TAT-14 (75 uM) or DMF
(30 uM). The cells were incubated for 24 h before addition of 10 uL MTS solution. Cells were
further incubated for 3 h and absorbance at 495 nm was detected with a microplate reader.
MTS analysis found that neither treatment with TAT-14 nor DMF resulted in significant
reduction in cell viability compared to DMSO, which was expected (Figure 2.7). This is
consistent with the findings by Steel et al., who reported TAT-14 was not cytotoxic at
concentrations up to 150 uM over 72 h in THP-1 cells. While DMF has been shown to be
cytotoxic in various cell lines #*°, the low concentration and shorter induction time was not
sufficient to elicit a significant reduction in viability. This data validates the results by Steel et
al. and supports the use of TAT-14 in PROTAC development.
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Figure 2.7. MTS cell viability assay was conducted with 1x10° THP-1 cells in a 96-well plate in complete
media treated with TAT-14 and DMF in triplicates for 6 h. Upon stimulation, cells were treated with MTS
solution for 3 h and incubated. Upon incubation, absorbance was measured at 492 nm using a microplate
reader and cell viability was calculated by subtracting background absorbance and treatment conditions
were normalised against the DMSO control. One-way ANOVA was performed followed by a post-hoc

Dunnett’s test to compare each treatment to the DMSO control. Mean * SEM, n=3.

2.4 PROTAC1 Design

To enhance the activity of TAT-14, a PROTAC strategy was adopted. PROTAC1 was designed
by conjugating TAT-14 to the VHL-recruiting ligand VH032 through a minimal PEG linker
(Figure 2.8). PEG linkers are widely utilised in PROTAC design due to their conformational
flexibility, polarity and reduced steric bulk which can support ternary complex formation 2%°.
Although the linker in PROTAC1 is short, it provides a suitable starting point to evaluate
activity. Also, VH032 is a common VHL-recruiting ligand which has been reported in numerous
PROTACs in the literature with nanomolar binding affinity ' 22 Since VH032 is well
characterised, it was selected for PROTAC1 design. As discussed previously, several NRF2
activating PROTACs have previously been reported which demonstrate that targeted
degradation of Keap1 is a suitable approach to activate the NRF2/ARE pathway, both in vitro
and in vivo 2 2°2_ Notably, KKP1 is a peptide-based PROTAC which incorporates ‘ETGE’
motifs to bind Keap1 with a CPP to enhance cellular uptake. KKP1 was found to degrade
Keap1 and upregulate HO-1 and GCLC expression, supporting the relevance of a peptide-

based Keap1 degradation strategy **°.
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Figure 2.8. Structure of PROTAC1 with the VH032 ligand (blue), PEG linker (black) and TAT-14 (red)
highlighted.

It was hypothesised that incorporating TAT-14 into PROTAC1 would allow it to function as the
‘warhead’ to bind Keap1 at the Kelch domain. VH032 would simultaneously recruit the VHL
E3 ligase, which could promote formation of the ternary complex, leading to Keap1
ubiquitination and proteasomal degradation. By degrading Keap1, NRF2 levels would stabilise
in the cytoplasm, allowing it to accumulate and translocate to the nucleus to promote
transcription of ARE genes such as HO-1 and NQO1. Compared to TAT-14 alone, this strategy
was expected to enhance activity and reduce the concentration required to activate the
NRF2/ARE pathway. Since TAT-14 functions as a competitive inhibitor of the Keap1/NRF2 PPI
interaction, it requires continuous occupancy of the Kelch domain and activity is reversible
upon dissociation. Whereas PROTAC1 could degrade Keap1 in a catalytic manner, which

would reduce the concentration required to induce NRF2/ARE-regulated gene expression.

2.5 VH032 Synthesis

To synthesise the PROTAC, VH032 was initially synthesised with a free amine group to enable
subsequent coupling to the PEG linker. This strategy is frequently used to join acid linkers
through amide bond formation 253, The synthetic route was adapted from the protocol reported

by Yan et al. '

, where the VH032 amine was synthesised on a 50g scale in a seven-step
series (Scheme 2.4). The protocol achieved an overall yield of 65% with 97% purity without
the need for chromatographic purification. Given the low cost and availability of the starting
material combined with the high cost of commercially available VH032, it was initially
synthesised on a gram scale to allow for PROTAC synthesis. Also, Yan et al. synthesised a
BRD4 targeting PROTAC with synthesised VH032 amine. An identical PROTAC with
commercially available VH032 was also produced, in which they found both PROTACs
exhibited identical biological activity in vitro. This confirms the functional equivalence of the

synthesised VH032 and supports the protocol reported.
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Scheme 2.4 Overall synthetic protocol for VH032 (1) synthesis.

Protection of 4-bromobenzylamine with a tert-Butoxycarbonyl (Boc)
group

The first step involved tert-butoxycarbonyl (Boc) protection of the primary amine in 4-
bromobenzylamine 2 (Scheme 2.5). This protected the amine from unwanted side-reactions
in the subsequent step. The amine 2 was reacted with a slight excess of di-tertbutyl
dicarbonate (Boc,O) in the presence of sodium hydrogen carbonate in a biphasic
aqueous/EtOAc system. In the reaction mechanism, the lone pair of the amine of 2 attacks

the electrophilic carbonyl carbon of Boc,O, forming a carbamate linkage.

BOCzo,
Nch03,
EtOAc,
H,0

H,N Boc—NH
O e O
RT, 24 h

2 3

Scheme 2.5 Boc protection of 4-bromobenzylamine (2).
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Sodium hydrogen carbonate acts as a mild base, deprotonating the amine upon carbamate
formation. The tert-butyl carbonate leaving group decomposes to CO, and tert-butoxide (which
is protonated to tert-butanol). Since CO; gas was released, the reaction was not performed in
a closed system. The fert-butanol partitions into the aqueous phase during extraction and can
be evaporated under reduced pressure. Upon mixing, a white precipitate formed immediately
which fully dissolved after stirring overnight. TLC stained with ninhydrin confirmed the amine
was protected, as 2 produced an orange colour whereas 3 was colourless. '"H NMR analysis
of 3 matched the literature data, showing all four characteristic signals. Residual EtOAc and
water were present (singlets at 1.2 and 3.2 ppm respectively) which were also found in the
reported spectrum. An additional singlet at 1.5 ppm was attributed to the CHs protons of
residual tert-butanol. The crude percentage yield found was 94 %, which was similar to the
reported yield from the literature (crude yield 117 %, corrected to 97 % of pure product).

Therefore, crude 3 was taken forward.

Palladium-catalysed arylation of compound 3 with 4-methyltriazole

The next step involved a palladium catalysed selective C-H arylation of 4-methylthiazole 4 with
crude 3 (Scheme 2.6). The reaction mechanism initially proceeds by oxidative addition of the
aryl bromide to the palladium catalyst, forming an aryl-palladium complex (Scheme 2.7). This
is followed by C-H activation at the C5 position of 4, following a concerted metalation
deprotonation (CMD) pathway. The C5 position is the most nucleophilic carbon, due to high

electron density, which promotes regiospecific palladation 24,

KOAc,
Pd(OAc),,
Boc—NH s DMAc Boc—NH S
N 130°C,4h \_N
3 4 5

Scheme 2.6 Palladium-catalysed arylation of 4-methyl thiazole (4) with N-Boc-4-bromobenzylamine (3)

This forms a 6-membered intermediate, which is followed by reductive elimination which
produces 5 and regenerates the palladium catalyst. Initial attempts were unsuccessful;
therefore, measures were taken to reduce exposure to water and oxygen which were
suspected to hinder the reaction. Compound 3 was dried by lyophilisation to remove residual
water. The mixture of 3, 4, KOAc in DMAc was degassed with nitrogen after palladium catalyst
addition. Whilst the reaction mixture was heated, it was kept under a nitrogen environment.

By ensuring reduced exposure to oxygen and water, the reaction was successfully complete.
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The reaction was challenging to monitor with TLC as the spot streaked, which made
interpretation difficult. Upon extraction TLC was used to compare 3 and 5, which produced
distinct spots albeit with similar Rf values. Compound 3 had a slightly larger Rf value (0.67)
than compound 5 (0.60), which was expected as compound 5 is slightly more polar. Crude 5

was taken forward for Boc deprotection.
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Scheme 2.7. Proposed catalytic cycle for the palladium-catalysed directed C-H arylation to yield (5)

Deprotection of compound 5 to generate the benzylamine 6

The next step involved the removal of the Boc protecting group from crude 5 under mild acidic
conditions to yield the amine 6 as a HCI salt (Scheme 2.8). In the presence of HCI, the Boc
carbonyl oxygen is protonated which promotes cleavage of the tert-butyl group, which leaves
as a cation (Scheme 2.9). The resulting carbamic acid intermediate undergoes
decarboxylation to release CO; gas, liberating the amine to yield 6. Since CO; is produced,

the reaction was not run in a closed system.

HCI (4M in dioxane),

Boc—NH s\I DCM H2N ST
| »
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Scheme 2.8. Boc deprotection of 5 to yield the corresponding amine HCI (6)

57



The tert-butyl cation is trapped by chloride to produce tert-butyl chloride which is removed
during work-up. Upon addition of HCI (4M in dioxane) to a solution of 5 in CH.Cl, a yellow
precipitate formed immediately. Since excess acid was used, it protonated the amine 6 to from
a HCl salt insoluble in CH2Cl,. The reaction mixture was stirred overnight to ensure complete
deprotection. The precipitate was washed, filtered and dried under reduced pressure to
remove the fert-butyl chloride byproduct. The reaction was repeated multiple times which were
successful. TLC showed complete consumption of 5 and the appearance of a new strongly
polar spot for 6 which had minimal mobility on silica (with EtOAc/Hexane) which was expected.
Ninhydrin staining gave an orange colour for 6, confirming amine presence, whereas 5 had
no colour change. '"H NMR analysis confirmed the structure of 6, with the absence of the tert-
butyl singlet (1.4 ppm) and retention of all aromatic protons corresponding to the benzene and
thiazole rings. A broad singlet (8.46 ppm) integrating to 3H was consistent with the protonated
NH3" of 6. The spectrum matched the literature data, confirming successful Boc deprotection
and 6 HCI salt formation. The two-step crude yield was 103 %, which matched the reported
crude yield (103 %, corrected to 96% pure product). The apparent excess mass is attributed

to residual solvent and minor impurities, therefore Crude 6 was taken forward for the next step.

Scheme 2.9. Proposed mechanism of Boc deprotection of (5) to yield (6).

Coupling of Compound 6 with N-Boc-L-proline.

The next step involved an amide coupling reaction between the free amine of 6 with N-Boc-L-
hydroxyproline 7 to form the amide 8 (Scheme 2.10). The reaction proceeds through initial
deprotonation of carboxylic acid 7, which attacks the HATU uronium central carbon to generate

an uronium intermediate 7a and liberates the HOAt anion (Scheme 2.11).
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Scheme 2.10. Amide coupling of amine HCI (6) with Boc-protected hydroxyproline (7).

HOAt undergoes nucleophilic attack on the carbonyl of the uronium intermediate, generating
the by-product tetramethylurea and forming the active ester 7b. The HCI salt 6 is neutralised
by DIPEA and then undergoes nucleophilic attack on the carbonyl carbon of the active ester
7, which liberates HOAt as an anion and forms the amide bond of 8. Initial attempts following
the conditions of Yang et al., (DMF/CH2ClI; solvent mixture, TEA as base) were unsuccessful.
Therefore, the conditions were modified based on a HATU/DIPEA protocol 2*° with 6 and 7 (1
equiv. each), with HATU (1.1 equiv.) and DIPEA (3 equiv.). The acid 7 was first activated by
stirring with HATU and DIPEA in DMF at 0°C for 10 min to promote active ester formation.
Subsequently, the amine 6 was added and the reaction stirred for 2.5 h at RT under a nitrogen
environment. The excess DIPEA used was expected to both neutralise the HCI salt of 6 and
deprotonate the acid 7. HATU is a common coupling reagent used in amide coupling reactions
which reduces racemisation. Cooling the solution to 0°C was expected to further reduce

potential racemisation.
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Scheme 2.11. Mechanism of HATU-mediated amide coupling between the acid (7) and amine (6).
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Following the reaction, the mixture was washed with brine and NaHCO3 to remove DMF and
the by-products HOAt and tetramethylurea, then extracted into EtOAc. TLC analysis confirmed
product formation, with the absence of colour after ninhydrin staining indicating complete
consumption of the amine. Crude 8 was dried with sodium sulphate, concentrated under

vacuum and used directly for subsequent Boc deprotection.

Deprotection of Compound 8

The next step involved a Boc deprotection reaction under acidic conditions to liberate the free
amine from 8 to produce 9 (Scheme 2.12). The Boc protecting group was removed from the
hydroxyproline amine of 8 to allow subsequent amide coupling. The same acidic conditions
were used, with HCL (4M in dioxane) used as the acid in a solution of dioxane and EtOAc.
Upon addition of the acid, a precipitate formed immediate which was off-yellow and sticky. The
reaction was allowed to stir overnight to promote complete deprotection. The precipitate was
washed with EtOAc and dissolved in MeOH to allow for transfer. '"H NMR analysis was
consistent with the literature reported spectrum. Peaks were found to correspond to the
benzene CH (7.59 and 7.53 ppm) and the thiazole methyl CH3 (2.61 ppm) and thiazole CH
(9.83 ppm). No tert-butyl Boc peak was present, suggesting successful deprotection. Also, the
hydroxyproline signals were present from 7 (4.63, 3.45, 2.51 and 2.11 ppm) which suggest the
amide coupling was successful. The crude percentage yield found (111 %) was similar to the
reported crude yield (114 %, which was corrected to 94 % of pure product). The excess mass
was attributed to residual solvent and minor impurities. Since the product was characterised

by '"H NMR and one major spot was found by TLC, crude 9 was taken forward.

HCI (4M in dioxane), .o HCI
EtOAc, Dioxane

Boc’ NH S NH S
RT, 18 h
8

Scheme 2.12 Boc deprotection of 8 under mild acidic conditions

Reaction of Compound 9 with N-Boc-tert-leucine

The next step involved coupling the secondary amine, which was previously Boc protected, of
9 with the carboxylic acid of N-Boc-tert-leucine 10 to afford the amide 11 (Scheme 2.13). In a
cooled solution of CH2Cl,, 10, DIPEA and HATU were mixed for 10 min to initially form the

active ester. The amine 9 was added and the reaction mixture was stirred overnight. The work

60



up involved washing with aqueous citric acid, saturated sodium hydrogen carbonate, water
and brine to remove excess base and by-products. The organic phase was concentrated to
produce a yellow oil which was used directly for the final step.

9H OH

DIPEA,
OH HATU,
. DMF Boc—NH %
BOC
0 °C 20 min; ﬂ NH sm
RT, 18 h 0 \_N

Scheme 2.13 Amide coupling of the amine 9 with the acid N-Boc-tert-leucine 10.

Deprotection of Compound 11 to generate the target VHL ligand
(VHO032)

The final step involved Boc deprotection of the primary amine of 11 under acidic conditions to
produce the VH032 amine HCI salt (1) (Scheme 2.14). HCI (4M in dioxane) was added to a
stirred solution of 11 in CH.Cl.. Upon addition, a yellow sticky solid precipitated out

immediately. The reaction mixture was stirred overnight to ensure complete deprotection.

Boc—NH HCI (4M in dioxane), H2N
DCM
78\( NH s\I > 78\\8 NH SW
0 o L©—$\/h RT,18 h ° \_©_§\/N

Scheme 2.14 Boc deprotection of the amine under mild acidic conditions (11) to yield (1).

The solid was washed with CH2Cl, and filtered, then dissolved in MeOH to allow for transfer.
TLC found formation of a new major spot which was suspected to be 1. The initial attempt was
successful, however purification by normal-phase flash chromatography resulted in significant
product loss which was suspected to stick to the silica. Therefore, for the second attempt,
crude 1 was taken forward for PROTAC synthesis without further purification. '"H NMR
confirmed the structure as the spectra matched the reported literature. Retention of the

thiazole moiety was evident by a singlet for the thiazole CH (8.78 ppm) and the methyl singlet
(2.37 ppm).
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Figure 2.9. Section of "TH NVMR of VH032 amine (1)

The benzene group formed two doublets (7.36 and 7.30 ppm) for the aromatic CH.
Hydroxyproline was also confirmed between 4.63 — 3.61 ppm, while the tert-leucine was
identified by the tert-butyl singlet (1.03 ppm). The absence of the tert-butyl singlet associated
with the Boc group (~1.4 ppm) confirmed the Boc deprotection was successful. A singlet (3.6
ppm) was suspected to be residual dioxane which was also found in the literature spectrum
(Figure 2.9). The two small peaks are beginning to form between 8.0 — 8.5 ppm which were
suspected to be from HOAt, the by-product from the previous amide coupling. The two-step
crude yield was 101 %, which was higher than the reported crude yield from the literature (87
%, which was corrected to 74 % of pure product). The apparent excess mass was attributed
to residual dioxane and minor impurities such as HOA, as observed by '"H NMR analysis. The
crude VH032 1 was taken forward for PROTAC synthesis.

2.6 PROTAC1 Development

The synthetic scheme for PROTAC1 was developed with two amide coupling reactions
(Scheme 2.15). Diglycolic acid 12 would first be coupled to the N-terminal amine of TAT-14 to
produce the TAT-14/PEG conjugate 13. This would allow the amine of VH032 1 to be coupled
to the carboxylic acid of 13 to yield PROTACA1.
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Scheme 2.15. PROTAC1 synthesis overview
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Initially, TAT-14 was synthesised following the standard procedure on the Syro | automated
peptide synthesiser. The peptide was synthesised on the Fmoc-GIn(Trt)-Wang resin (100 mg,
loading capacity 0.61 mmol/g). Upon synthesis, the resin and side chain protecting groups
were not cleaved. This would protect the peptide from side-reactions in the subsequent amide
couplings. A small sample was cleaved to confirm the synthesis was successful. HPLC was
performed and a major peak which was suspected to be TAT-14 (tR = 9.6 min) based on
previous HPLC analysis of TAT-14. MALDI-TOF also confirmed the mass of TAT-14, the

expected mass (+ve) was 3171.7 and the found mass was 3170.3.

DIPEA
o o HATU
(-0
HN TAT-14 (]
HOJJ\/O\)J\OH +  HN N (_TAT-14 )
RT, 1hr o o
12 TAT-14 no—

o 13

Scheme 2.16. Amide coupling between the TAT-14 amine and carboxylic acid (12).

The resin-bound TAT-14 amine was then coupled with the carboxylic acid 12 under standard
HATU coupling conditions with a mild base (Scheme 2.16) %3, Initially, 12 was stirred in DMF
with subsequent addition of DIPEA and HATU which were in excess to drive the reaction
forward. This was expected to initially deprotonate the acid and allow for HATU activation. The
solution was added to the TAT-14 resin and shaken for 45 min. The reaction was monitored
by the Kaiser (ninhydrin) test, which is a colourimetric assay to detect primary amines. Since
the TAT-14 amine was coupling with the acid, a negative test would suggest reaction
completion. A small resin sample was tested periodically, but a dark brown/orange colour
persisted, which suggested the presence of amines. As a control, the Fmoc-Glin(trt) Wang
resin on its own was tested and retuned the same colour. Since the amine on the resin is
protected it should have remained colourless. Therefore, the test was inconclusive. A small
resin sample was then cleaved to allow for characterisation. HPLC analysis found one new
major peak (rT = 11.1 min) formed, which differed to the test TAT-14 trace (Figure 2.10). The
sample of 13 was purified by semi-preparative HPLC and the isolated product was analysed
by MALDI-TOF. The expected mass (3287.8) was not found in any fraction.
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Figure 2.10. HPLC of crude TAT14/PEG conjugate (13)

Since the expected mass was not found but the major peak of the HPLC trace suggested a
new product had formed, a new approach was taken. To not waste synthesised VH032 1, the
subsequent amide coupling was attempted with benzylamine and the suspected TAT-14/PEG
conjugate 13. If successful and the expected mass was found, it would provide evidence that

the previous reaction did work.

Initially, the TAT-14/PEG conjugate acid was combined with DIPEA then HATU to generate the
active ester (Scheme 2.17). The reaction mixture was shaken for 45 min, then drained and
repeated. The reagents and 14 were in excess (10 equiv.) to drive the reaction and double
coupling was expected to promote complete synthesis. The TAT-14/PEG/benzylamine 15 was
cleaved from the resin and deprotected. HPLC analysis of crude 15 found multiple peaks,
which suggested the peptide had degraded. Also, MALDI-TOF analysis also did not find the
expected mass (3376.8), multiple smaller peptide masses were found which suggests it was
degraded. Purification by reverse-phase chromatography identified numerous fractions.
MALDI-TOF analysis of these fractions found the mass of numerous smaller peptides,
alongside TAT-14. This suggested neither reaction was successful, therefore a different

approach was taken.
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Scheme 2.17. Second amide coupling between benzylamine (14) and the TAT-14/PEG conjugate (13) to
yield TAT-14/PEG/benzylamine (15).

2.7 PROTAC2 Development

Since PROTAC1 synthesis was unsuccessful, a new approach was taken by modifying the
linker used. PROTAC2 was designed with a glutaric anhydride derived linker which would

introduce a 5-carbon linker with a linking amide bond (Figure 2.11). Glutaric anhydride has
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