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Abstract 
Nuclear erythroid factor 2 (Nrf2) and v-maf musculoaponeurotic fibrosarcoma oncogene family 

protein G (MafG) are basic leucine zipper (bZIP) transcription factors. A coiled-coil protein-

protein interaction (PPI) forms between the leucine zipper domains of Nrf2 and MafG, stabilising 

Nrf2/DNA binding for activation of gene transcription. Nrf2 is responsible for regulating oxidative 

stress, controlling gene expression of antioxidant and cytoprotective activity in cells. The 

overexpression of Nrf2 is linked to the development of chemoresistance in non-small cell lung 

cancer (NSCLC). Consequently, there is a need for developing inhibitors of Nrf2 as an anti-cancer 

therapeutic.  

In Chapter 1 the discovery of PPI inhibitors is outlined, highlighting the techniques used for 

different categories of interaction. A literature review of existing human PPI inhibitors is 

presented, demonstrating a need to apply new approaches towards the design of coiled-coil 

inhibitors. This thesis presents research into novel inhibitors of the coiled-coil interaction 

between Nrf2 and MafG.  

In the absence of an experimentally resolved structure of the Nrf2/MafG PPI, AlphaFold offers a 

new method for studying the Nrf2/MafG PPI. Applying this approach, Chapter 2 reports the 

design and synthesis of peptides derived from the MafG leucine zipper, exploring the minimum 

sequence length required to afford inhibition. Using recombinantly expressed Nrf2 and MafG 

protein, described in Chapter 5, fluorescence polarisation, electrophoretic mobility shift assays 

and surface plasmon resonance assays were investigated, to evaluate peptide activity towards 

the Nrf2/MafG PPI. A lead 21-mer peptide was found capable of disrupting the PPI (IC50 of 36 µM) 

by fluorescence polarisation assay.  

In Chapter 3, the lead peptide was applied to peptide-directed ligand design to explore small 

molecule fragments capable of disrupting the coiled-coil interaction. Peptide-small molecule 

hybrids were synthesised and screened by fluorescence polarisation assay, with two hybrid 

compounds capable of disrupting ternary complex formation between Nrf2/MafG/DNA (IC50 of 62 

and 125 µM).  

Inhibitory peptide and peptide-small molecule hybrids were evaluated for cellular efficacy in 

Chapter 4. A549 cells, a NSCLC cell line known to express high levels of Nrf2, were selected for 

the study. Inhibitors demonstrated suppression of NQO1 activity, a target gene of Nrf2. Excitingly, 

our lead peptide-small molecule hybrid was capable of sensitising resistant A549 cells to 

gemcitabine.  
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1.1 Protein-Protein Interactions  
Protein-protein interactions (PPIs) are specific, functional contacts between proteins 

within an organism.1 They underpin all biological functions in living and viral systems, 

influencing entire signalling cascades, supporting metabolic activity and gene 

expression.1–3  

The broad application of PPIs means they encompass a huge amount of variety in the 

types that exist, consequently, they can be defined in a number of different ways. 

Quantitative characterisation of PPIs can be achieved through mathematical analysis of 

native surface contacts, chemical properties at the interface or biophysical parameters 

such as association and dissociation rates.4–6 A more binary classification of PPIs is 

possible by identifying obligate/non-obligate interactions, where proteins can be found 

as a part of a complex (obligate) or exist independently (non-obligate).  Furthermore, 

non-obligate proteins can  produce transient or permanent interactions based on a PPI’s 

stability.7 Qualitative classification can be collated by protein features, including 

sequence motifs or individual residue properties, observing binding hotspots by 

sequence mutagenesis.8,9 Alternatively, PPIs can also be defined by peptide-domain 

interactions, as peptide motifs are increasingly being recognised for their contributions 

towards an interaction.10,11   

Despite the vast complexity of these interactions, PPIs still make compelling drug 

targets due to their high level of specificity and broad application towards a range of 

disease targets. Dysregulation of PPIs has been linked to many diseases, including 

cancer, neurodegeneration and immune diseases.12–14 What makes PPIs particularly 

attractive in drug discovery is their significant role in biological networks, offering 

powerful control over disease pathogenesis, instead of targeting a singular protein such 

as a receptor or enzyme.15 Described here is an overview of the current landscape in 

developing PPI inhibitors.  

1.2 Inhibitors of Protein-Protein Interactions  
PPIs are notoriously challenging to target due to their large surface area and shallow 

binding grooves. For instance, although more than 650,000 PPIs are predicted in the 

human interactome, as of 2012, it was predicted that only 0.01% had an inhibitor.16–20 

Despite the increasing popularity of PPI targeting for drug discovery (Figure 1-1, A), 85% 

of the human proteome remains undrugged, highlighting a need to improve our 

understanding of targeting PPIs.21,22  



3 
 

 

 

Characterisations of PPI inhibition through the contributions of buried surface area has 

found that larger surfaces are more accessible to peptide inhibitors whereas small 

molecules are better suited to smaller surface areas.17,18,23 Whilst databases exist that 

categorise small molecule inhibitors of PPIs, these do not consider the contributions of 

peptide inhibitors towards the field.24,25 Peptide-based PPI inhibition is typically 

understood by residue hot-spots, amino acids with significant contribution to the free 

binding energy of an interaction.26 The approach taken here looks at the secondary 

structures informing PPIs, categorising them to better understand the strategies used to 

design and identify peptides or small molecules inhibitors.  

Surveyance of the literature on “protein-protein interactions inhibitors” between 1972-

2025, found 117 human PPIs (0.02%) with inhibitors (Table 1-1)*, improving on the 

proposition that only 0.01% of human interactome is druggable. Here we provide a 

review of the human PPI literature, exhaustively identifying those with peptide or small 

molecule inhibitors, categorising the types of interactions, and highlighting the 

techniques used to tackle these challenging targets.  

PPIs are primarily controlled by a short peptide sequence that can form secondary 

structures, such as α-helices or β-strands or exist as intrinsically disordered regions 

(IDR), such as dynamic loop structures or sequence recognition-containing key 

residues.27 Categorisation of human PPIs based on structural characteristics 

demonstrated over 50% of protein-protein interactions reported were mediated by an α-

helix and over 30% by β-strands. The remaining interactions were categorised as 

disordered or loop mediated interactions (<20%) (Figure 1-1, B). Across all secondary 

structure characterisations, rationally designed peptides are often the first examples of 

inhibitors towards PPIs. Equally, screening assays are a popular method for identifying 

small molecules inhibitors across all categories of PPI. (Table 1-1). 

 
* Search performed using PubMed and Web of Science using search terms “protein protein 
interaction” and “inhibitor”. Final access on 30/06/2025. 
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Figure 1-1 (A) Search results by year: “Protein-Protein Interaction Inhibitor” (B) Pie chart of PPI inhibitors 
categorised by key secondary structure motif from “Protein-Protein Interaction” and “Inhibitor” from 1972 - 
June 2025. (C) Key for pie chart categorisation. 

1.2.1 Categorisation of interactions by secondary structure 
Protein-protein interactions can be organised by the presence of interacting α-helix, β-

strand or disordered secondary structures (Figure 1-2). The most prevalent secondary 

structure reported at PPI interfaces are α-helices, featured in 62% of multi-protein 

complexes according to data accessed from the protein data bank (PDB).28,29 This is 

likely because much of our understanding of protein interactions comes from crystal 

structure studies. This may have introduced a bias towards the prevalence of α-helices, 

as they tend to crystalise more readily due to the stability of their secondary 

structure.30,31 

α-helices most often form a PPI through a helix-in-groove interaction, where the surface 

of a partner protein forms a hydrophobic pocket (Figure 1- 2, C). Alternatively, they can 

interact with one another to form coiled-coils. These structure-to-structure interactions 

form a shallow hydrophobic surface, supported by neighbouring ionic interactions 

between two helices (Figure 1-2, A). 
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β-strands are also capable of forming features in groove (Figure 1-2, D) and structure to 

structure interactions (Figure 1-2, B). Analysis of PDB complexes finds β-strands 

contribute to 22% of binding interactions.32  Considering our analysis of PPI secondary 

structure (Figure 1-1), these statistics appear to correlate with our PPI inhibitor 

categorisation  (50% α-helical, 30% β-strand), highlighting the majority of PPIs known 

currently rely on α-helix or β-sheet binding into a groove on a partner protein surface.33  

Dynamic proteins or intrinsically disordered protein regions (IDPRs) lack permanent 

secondary structures, which can also makes IDPs promiscuous in their protein binding 

partners.34 However, some IDPRs can create highly specific contacts through 

recognition sequences of amino acids, making them an attractive druggable target 

(Figure 1-2, E).35  

A sub-category of IDPRs considered to be disordered are loop structures. Loops can be 

flanked by supporting secondary structures (Figure 1-2, F-H) but rely on dynamic 

sequences to bind to the surface of a partner protein. Whilst no literature currently 

defines the prevalence of these structures, there are increasing reports of inhibitors 

disrupting these PPIs (Figure 1-1, D).36–39 

Utilising this categorisation, we can review the approaches currently used to target 

different types of PPIs, highlighting recent advancements and the challenges that 

remain in PPI drug discovery.  
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Figure 1-2: Examples of categorisations of protein-protein interactions described in this work. (A) Coiled-
coil interaction of MBD2/P66a (PDB: 2L2L). (B) Sheet to sheet interaction ICOS/ICOSL (PDB: 6X4G). (C) 
Helix-in-groove interaction oestrogen receptor/nuclear coactivator 2 (PDB: 1GWQ). (D) Strand-in-groove 
interaction GKAP/SHANK (PDB: 7A00) (E) IDR in groove interaction Rev1-CT/PolD3 (PDB: 2N1G) (F) Helix-
loop-helix, (PDB: 6Q36) (G) Strand-loop-strand PRL/CNNM (PDB: 5K22) (H) IDR loop ERCC1/XPA (PDB: 
2JNW). 
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Table 1-1 Human PPI with reported inhibitors, year first inhibitor of PPI was reported, with corresponding 
reference.  

 

 

Protein-Protein Interactions 

Peptide Peptidomimetic  Small Mo lecule mAb 

Helix-in-groove 

PPI  Year PPI  Year PPI  Year PPI  Year 

Bcl-2/BH3 domain40 1996 Gαq-PLCβ341 2004 β-catenin/BCL942,43 2012 DCN1/UBC1244 2017 

14–3–3/α-synuclein45 1999 Smac/XIAP46 2007 Med25/ATF6a47 2013 APC/Asef 48 2017 

p53/hDM249 2000 Mcl-1/BH350 2010 HIFα/p30051 2013 NF-Y dimer52 2019 

CBP/p30053 2000 AKAP/Calmodulin54 2010 EZH2/EED55 2013 RbAp48/MTA156 2020 

AR/TIF257 2002 ppaF/Sec6158 2011 4E-BP/elF4E59 2015 PALB2/BRCA260 2020 

Cdk5/p2561 2002 PP1/RIPPO62 2012 TGIF1/SIN3A63 2016 SRSF1/SRSF364 2021 

Rac1/Tiam165 2004 Collagen/Hsp4766 2017 Hsp70/Bim67 2021 NPAS3/ARNT68 2023 

Skp2/CKS169 2005 β-arrestin/AP-270 2017 PRMT5/RioK171 2021 DRP1/MiD4972 2023 

ATG5/ATG16L 73 2014 CSF1R/DAPK174 2019 CDK9-cyclin T175–77 2022 RFFL/CFTR78 2023 

ERCC1/XPF79 2015 HSP90/CDC3780 2019 CDC42/IQGAP181 2022 NLRP3/NEK782 2024 

XRCC4/lig483  2016 NCOA4/FTH184 2021 GIT/PIX85 2022 Smad2/3/Smad486 2024 

Coiled-coils 
Fo s/J un87 2006 EGFR J X T88 2014 FOX P3/FOX P89 2022 HOP/HSP9090 2024 

MITF91 2012 HSF192 2018 Nrf2/MafG93 2023   

Myc/Max94 2002 Shro o m/Rho 95 2015 MBD2 /P66a96 2019 Beclin  1/ATG14L97 2020 

Strand-in-Groove 

IgG/FcRn98  2006 SENP/SUMO99 2004 GKAP/SHANK1- PDZ100 2006   

PKCe/RACK2 101 1997 HER2/EGFR102 2011 PCSK9/LDLR103 2013 APP/Mint2104 2021 
BRCA2/RAD51 105 2010 CAD/iCAD106 2012     

SORT1/PGRN107 2013 BCL6/BCOR108 2018 α- synuclein  dimer109 2022   

Mad2/Cdc20 110 2015 Syndecan/Syntenin 111 2021     

Sheet to Sheet 
CD2/CD58112 2002 IL33/ST2113 2009 ICOS/ICOS-L114 2020   
uPAR/uPA115 1994 RANKL/RANK116 2010 PD- 1/PD- L1117 2013 PICK1/GluA118 2018 

Grb2 SH2 dimer119 1996 IL17/IL17A120 2013 CCL5/HNP1121 2016   
TNFa tr imer122 2005 PSD95/nNOS123 2009 RUNX1/CBFβ124 2015   

PRL/CNNM125 2008 TG2/FN126 2014 RAS/PI3Kγ127 2018   

Loops 

Keap1/Nrf2 128 2006 calpain/calpa sta tin 129  2009 Menin/MLL130 2010 GADPH/δPKC39 2016 

ERCC1/X PA131 2007 MLL1/WDR5132 2010 YAP/TEAD36 2014   

p62/Keap1133 2016 NCS- 1/Ric8a38 2017 β- TrCP/Nrf2134 2022   
Disordered Sequences 

CID/PLCγ1135 2018       

PLK1/PDB136 2003 SALL4/NuRD137 2018 Rev1 - CT/Po lD3138 2017 α- synuclein/CHMP2B139 2023 

PCNA/PIP- bo x140 2012 PARP1/BRCT141 2015 SRPK1/SRSF164 2021   

p47pho x/p22pho x142 2012 TRIM24/PHD143 2015 NHERF1/EBP50 144 2019 SUV39H1/HP1 145 2023 
BRD9/Histo ne146 2015 DX 2/HSP70147 2019 ZO- 1/CLD148 2020 ELF3/MED23149 2023 

1.2.2 Inhibitors of α-helix mediated interactions 
The number of reported PPIs with helices at the interface is more than all other 

categories combined (Table 1-1).28,29,150  Perhaps, the landscape of PPI inhibitors is 

skewed towards designs for α-helical targets as a result (50% of inhibitors reported, 

Figure 1-1). These largely target helix-in-groove interactions, with a smaller collection of 

α-helix mediated PPI inhibitors reported against coiled-coil interactions (9% of 

inhibitors reported, Figure 1-1). This may be due to coiled-coils reliance on shallow 

knob-in-hole interfaces distributed evenly across the α-helical surface of both protein 
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partners. Multiple approaches for designing peptide and small molecule inhibitors have 

been described, utilising knowledge of hot-spot residues across small surface areas for 

both coiled-coil and helical binding grooves.151,152  

1.2.2.1 Helix-in-groove inhibitor design strategy: rational peptide design 
Helix-in-groove PPIs can be categorised based on the relative energy contributions of 

residues across three interfacial domains of an α-helix (Figure 1-3).152 Notably, it is 

predicted that 60% of α-helical PPIs present hot-spot residues concentrated on a 

singular face of a helix (Figure 1-3, A).29  Peptides often go on to act as probes for 

screening assays or to direct small molecule inhibitor discovery towards a desired 

interaction site. Alternatively, small molecule inhibitors can be designed to mimic key 

binding residues of a helical peptide sequence. 

 
Figure 1-3 Percentage of helix-in-groove PPIs with contributions across 1-3 faces of the helix. (A) Examples 
of p53/hdm2 (PDB: 1YCR) (B) two faces, Cdk2/p25 (PDB: 3O0G) (C) MyoA/MTIP (PDB: 4AOM). 

Structural information of a helical sequence can provide valuable information on the 

location of key binding pockets on a binding surface, and subsequent peptide inhibitor 

design. An example of this is the helix-in-groove interaction between the N-terminal 

transactivation domain of p53 and its negative regulators hDM2/X, which promotes 

nuclear export and degradation of p53.   The α-helix of p53 engages a deep hydrophobic 

pocket on the hDM2/x via a singular face of the helix (Figure 1-3, A). Structural studies 

of p53 have revealed that this interaction is driven by three residue hotspots, Phe19, 
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Trp23 and Leu26 along the helix.153,154  Peptides derived from wild-type human p53 have 

shown nanomolar affinity towards hDM2 in biophysical studies.155 

Another well characterised example of a helix-in-groove interaction is the helical BH3 

domain of Bid, Bim or Noxa binding to pro-apoptotic protein Bcl-2. The conserved BH3 

helix occupies four hydrophobic pockets on a singular face of the α-helix with key 

isoleucine and phenylalanine residues.156 Utilising the native sequence, high affinity 

peptides were synthesised, forming the basis of competition binding assays to engineer 

Bcl-2 specific peptides with nanomolar affinity.157,158 

1.2.2.2 Helix-in-groove inhibitor design strategy: peptide combinatorial libraries  
Surface display screening techniques or peptide arrays can help researchers screen 

large combinatorial peptide libraries to achieve greater affinity towards a PPI compared 

to wild-type peptides. Surface display technology combines genetic recombination with 

affinity selection to screen large varieties of peptide sequences towards a protein 

target.159–161 Peptide arrays utilise immobilisation of a large number of peptide 

sequences on a solid support, offering a high-throughput approach to residue scanning 

within a peptide to gain understanding of interactions to a PPI interface. 162,163 

This has been achieved for the helix-in-groove PPI between Bim/Bcl-XL. Researchers 

have been able to compare sequence hits identified from display screening in 

competition fluorescence polarisation assays against a wild-type BH3 helical peptide. 

This technique has achieved nanomolar potency for the displacement of wild-type 

peptide.157,158  

Phage display methods have also improved upon the sequence affinity of p53 wild-type 

peptides, observing two-fold greater affinity towards hDM2/x proteins. Interestingly, the 

lead peptides retained the core hotspot residues.164 Further investigation by residue 

scanning has highlighted the importance of non-contact residues in the stabilising 

helical conformations in both wild-type and display-derived peptides.165 Mirror image 

phage display has also been used to identify D-amino acid sequences with affinity for 

MDM2, overcoming proteolytic susceptibility of peptides.166 

1.2.2.3 Helix-in-groove inhibitor design strategy: helical mimetic scaffolds 
Peptide inhibitors offer a scaffold for the design of small molecule inhibitors, guiding the 

development of peptidomimetics. Helical mimetic scaffolds have been reported for hot 

spot functionality across all three faces of helix-in-groove forming interactions. On a 

singular face of an α-helix several scaffolds have been reported, with molecular 
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modelling studies showing good overlap for coverage of the i, i+4 and i+7 residues within 

a helix.167,168 As shown in Figure 1-4 for inhibitors of p53/hDM2, terphenyl (1.1), 

benzamide (1.2) pyridyl-pyridone (1.3) and oxopiperazine (1.4) structures have 

demonstrated nanomolar inhibition for helix-in-groove interactions including p53/hDM2 

(Figure 1-4). Helical mimetic scaffolds have also been utilised to afford inhibitors of  Bcl-

xL/Bak, Cdc42/Dbs and Hif1α/p300 PPI’s.29,151,169,170  

   
Figure 1-4: Helical mimetic scaffolds for inhibition of p53/hDM2 helix-in-groove interaction with nanomolar 
activity for the interaction, side-chain mimetics highlighted in orange.  

Most recently, oxopiperazine scaffolds have been applied for the inhibition of the PEX5-

PEX14 single facing helical interaction (Figure 1-5). Peroxin (PEX) proteins are 

responsible for biogenesis of peroxisomal pathways in trypanosome parasites. PEX5 

produces an amphipathic helix on a singular face with key tryptophan and phenylalanine 

residues across a five-residue sequence (WxxxF) (1.5).171 The small interaction site 

makes the PPI an ideal candidate for an oxopiperazine mimetic approach, designing a 

small molecule inhibitor of the interaction. After a structure based design campaign, a 

lead compound (1.6) with a Ki of 27 μM was afforded for the PEX5/PEX14 interaction 

(Figure 1-5, B).172 This demonstrates promise for helical mimetics across short surface 
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areas in helix-in-groove interactions without the need for excessive compound 

screening.  

 
Figure 1-5 (A) PEX5/PEX14 interaction (PDB: 2W84) (B) Oxopiperazine helical mimetic (1.6). 

Building on this principle, other helix-in-groove PPIs have been targeted using a scaffold-

based approach. Steroid receptors and their coactivators form helix-in-groove PPIs 

across two faces of the helix on the co-activator protein (Figure 1-6). The oestrogen 

receptor utilises three key hydrophobic points of contact with leucine residues (LxxLL) 

(1.7) which has been used to design helically constrained peptides and small molecule 

inhibitors utilising a pyrimidine scaffold (1.8) to reach the three binding pockets across 

the receptor surface with a Ki of 29 μM for the displacement of a peptide inhibitor 

containing the LxxLL motif.173 

 
Figure 1-6: (A) Helix-in-groove interaction of nuclear coactivator with oestrogen receptor (PDB: 1L2I). (B) 
Pyrimidine based inhibitor (1.8) designed off the GRIP-1 peptide (1.7) LxxLL motif, highlighted in orange and 
magenta.  

The helical interaction between MITP and the Myosin A tail in Plasmodium falciparum is 

one of the few literature examples of successful PPI inhibitors for interactions across 

three faces of the helix. Myosin tail interacting protein (MTIP) forms a closed complex 

around the Myosin A (MyoA) tail helix which stabilises the interaction using eight key 

charged or hydrophobic residues (Figure 1-7).174 Across a 15-mer peptide sequence 
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(1.9), it was found that a helical peptide based on the MyoA tail could inhibit P. 

falciparum growth with an EC50 of 84 μM.175 Using computational analysis of the hotspot 

residues of the 15-mer helical peptide led to the identification of a class of pyrazole-

urea compounds (1.10) with a lead compound capable of inhibiting parasite growth 

(EC50 of 300 nM). Structural modelling demonstrated the ability of the compound to bind 

several of the binding pockets found by two of the helical faces of the MyoA peptide 

(Figure 1-7, B).176 

 
Figure 1-7 (A) MyoA peptide binding to MITP protein surface (1.9). Three helical faces highlighted in green, 
orange and magenta. (PDB: 2AUC) (B) Pyrazole-urea compound (1.10) with surface interactions coloured in 
orange and magenta. 

1.2.2.4 Helix-in-groove inhibitor design strategy: peptide-directed ligand design 
An emerging method for the identification of small molecule inhibitors of helix-in-groove 

interactions is peptide-directed ligand design. By utilising knowledge of hot-spot 

residues in a peptide sequence, peptide-small molecule hybrids are produced with 

improved affinity for a target protein in a PPI. This has been achieved for helix-in-groove 

interactions including cdk2/cyclin A, p53/hdm2 and Noxa/Mcl-1.177–180 Notably, 

combining in silico screening with synthesis achieved a 50% success rate in binding 

assays towards the p53/hdm2 interaction.  

A peptide inhibitor of the Noxa/Mcl-1 interaction (Figure 1-8, A) has been used as a 

scaffold (1.11) to investigate small molecule fragments active in displacing the wild-

type helix-in-groove PPI (Figure 1-8, D).178 This has led to the identification of potent 

small molecule inhibitors for the interaction (1.20-21).178,179 This technique offers a new 
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strategy for drug discovery of helix-in-groove PPIs with greater hit rate† efficiency than 

traditional high throughput screening (HTS).178,179  

 
Figure 1-8 Peptide directed-ligand design strategy (A) Noxa/Mcl-1 interaction (PDB: 2NLA) and NoxaB 
peptide (B-C) Preparation of triazole peptide sequences. (D) Peptide small molecule hybrid fragments with 
competitive activity against wild-type peptide. (E) Small molecules with improved affinity for PPI.f 

1.2.3 Inhibitors of coiled-coil mediated interactions 
α-helices capable of forming helix-to-helix interactions are known as coiled-coils. These 

form from two or more α-helices winding into a super-helix.181 Coiled-coils benefit from 

a repeated heptadic motif (abcdefg)n (Figure 1-9). These structures are amphipathic in 

nature, with hydrophobic amino acids conserved at positions a and d and polar residues 

at positions e and g.182 On complementary monomers, a and d positions associate to 

create a hydrophobic core. Coiled-coils can exist naturally as dimers, trimers or 

tetramers. Coiled-coil with three or more helices are also referred to as helical bundles. 

 
† A hit is defined as a molecule that has reproduceable target activity in a relevant  
screening assay. The hit rate is the percentage of active compounds out of the total number of 
compounds tested. 
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Figure 1-9: Helical wheel diagram of residue positions on coiled-coil interacting proteins. Hydrophobic 
positions “a” and “d” (orange), polar positions “e” and “g” (blue). 

1.2.3.1 Coiled-coil inhibitor design strategy: rational peptide design 
Coiled-coil inhibition by peptides has been reported through rational sequence design 

using organic constraints. Using native protein sequences peptides have been derived 

from dimeric coiled-coils forming transcription factor inhibitors against PPIs such as  

Myc-Max, Fos/Jun and GCN4.87,183,184 Most recently, an Nrf2-derived peptide inhibitor 

against the coiled-coil interaction with MafG was disclosed in 2023. Based on a 16-mer 

sequence of the Nrf2 coiled-coil-forming helix, incorporation of a hydrocarbon staple 

across the external face of the helix identified one peptide with high affinity for the MafG 

coiled-coil (Kd of 337 nM).93 

1.2.3.2 Coiled-coil inhibitor design strategy: combinatorial peptide libraries 
Combinatorial libraries have been used to find peptide inhibitors against the Fos/Jun 

and microphthalmia associated transcription factor (MTIF) coiled-coil interaction.87,91  

Used in combination with protein fragment complementation assays, screening 

sequence libraries for improved coiled-coil interactions achieved lead peptide coiled-

coil disrupters at low µM concentrations.87,185  

1.2.3.3 Coiled-coil inhibitor design strategy: de novo peptide design  
Due to the highly ordered nature of sequences found in coiled-coil interactions, it is 

possible to design de novo peptide sequences to inhibit this type of PPI.186–188 Coiled-coil 
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forming peptide sequences are predicted using computational models and 

experimentally determined using peptide arrays.186 For example a program called 

SYNZIP was used to generate peptides specific to basic leucine zipper (bZIP) and found 

that over 80% of peptide designs synthesised could bind to their target protein.186 

However, 40% were also capable of self-association, an added challenge in designing 

coiled-coil forming peptides.189  

Most recently de novo peptide design was applied using a computational tool called 

CCbuilder, to form crosslinked helical dimers capable of selectively sequestering Myc 

and inhibiting PPI formation with Max. Researchers designed de novo peptides capable 

of stable coiled-coil formation in complex with Myc with nanomolar affinity, without 

disrupting the Max homodimer.190 

1.2.3.4 Coiled-coil inhibitor design strategy: small molecule identification 
Small molecule inhibitors of coiled-coil interactions are limited. This has largely been 

due to the shallow binding pockets characteristic of coiled-coils.191 HTS has identified 

several small molecule inhibitors against the Myc/Max dimer.94,192,193 Disruption of the 

interaction may occur through binding into the loop region in the centre of the helix-loop-

helix of Myc, rather than directly binding to the Myc α-helix. In silico screening has 

helped improve the hit rate of HTS identification of small molecule inhibitors of the 

MDB2/p66α coiled-coil with two lead compounds demonstrating low micromolar 

activity (IC50 of 1.5-1 µM).96 Other small molecule inhibitors are reported against larger 

helical bundle structures, found by HTS methods, perhaps benefitting from a deeper 

binding groove forming across multiple helices.95,97 

Considering alternative routes to HTS may offer more efficient methods for disruption of 

this type of PPI by small molecules. The predictable heptadic assembly of coiled-coils 

offers guidance on key residues that could be employed to derive helical mimetic small 

molecules similar to those derived from helix-in-groove interactions.194 

1.2.4 Inhibitors of β-strand mediated interactions 
A β-strand is a 3-10 amino acid sequence forming a pleated backbone motif through 

tetrahedral bond formation around the Cα atom.195 β-sheet structures occur from two 

or more β-strands connected laterally through hydrogen bond networks to form twisted 

flat sheets at dihedral angles of 135 °/ -135 °.196 Most interactions mediated by β-strands 

can be categorised as a strand or hairpin into a binding groove or a β-sheet interaction 

with another β-sheet (Figure 1-2). Hotspot analysis of β-strand mediated PPIs has found 
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the majority employ residues on faces for hydrogen bonding or side chain interactions 

with a partner protein, often with uneven and unpredictable distribution.32  

1.2.4.1 β-strand inhibitor design strategy: Rational peptide design modifications 
Designing peptide mimetics for β-strand PPIs presents significant challenges compared 

to α-helices. In particular, β-strands can be prone to aggregation, driven by interstrand 

hydrogen bonding networks with adjacent strands. Consequently, peptide mimetics 

require careful design to minimise self-assembly.197,198  

Short peptide sequences can fail to adopt secondary structure. Peptidomimetic 

strategies such as N-substitution of backbone amides can help support β-sheet 

formation (Figure 1-10, B). Most recently, N-methylation to constrain peptide 

backbones has been used to improve activity of inhibitors towards the small ubiquitin-

like modifier (SUMO) interaction with the SUMO interacting motif (SIM) of RanBP2 

(Figure 1-10, A).199 N-methylation screening of a 13-mer peptide sequence (1.21) of the 

RanBP2 SIM improved the IC50 and KD two-fold compared to the parent peptide in two of 

the twelve derivatives synthesised (Figure 1-10, C).200 

 
Figure 1-10: (A) SIM/SUMO interaction (PDB: 2LAS) (B) N-methylation of the peptide backbones (C) Hit SIM 
peptides with N-methylated isoleucine residues. 

1.2.4.2 β-strand inhibitor design strategy: peptide-directed ligand design 
Peptides offer an advantage over small molecules to afford β-strand inhibitors due to 

their ability to interact over a large flat surface.201 Information gained from peptide 

inhibitors of β-sheets can direct efforts to afford small molecule inhibitors (Figure 1-11). 
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Peptide-directed ligand design has been applied to the Shank1 PDZ/GKAP PPI 

identifying peptide-small molecule hybrids with improved activity over the wild-type 6-

mer GKAP derived β-strand peptide. Ac-EAQTRL-OH, (1.23) has a KD of 1 µM determined 

by fluorescence polarisation against the Shank1 PDZ. Connecting a library of small 

molecule fragments to truncated 3-mer sequence (1.24) by arylhydrazone bond 

formation (Figure 1-11, B), led to the identification of hit compounds with low µM IC50 in 

competition with the parent peptide (Figure 11, C).202  

 
Figure 1-11: Peptide-small molecule strategy for GKAP/SHANK1 inteaction. (A) GKAP C-terminal peptide 
(PDB: 1Q3P) (B) Preparation of peptide hydrazone structure (C) Structures of hit compounds with IC50 
reported by competition fluorescence polarisation.  

1.2.4.3 β-strand inhibitor design strategy: Small molecule identification 
Currently reported small molecule inhibitors of β-sheet interactions have been 

identified through HTS of large compound libraries, achieving remarkably low hit rates 

around 0.01%.124,203,204 Characterised by hydrophobic binding interactions, small 

molecules found this way benefit from extended aromatic ring structures to capture π-

π stacking interactions between the inhibitor and the target protein.124,204–207  

In silico library screening has been applied to improve hit rates in conjunction with 

structure guided approaches to PPI inhibition. Interestingly, applying the same library 

screen towards a β-strand-in-groove interaction has been shown to produce a lower hit 

rate compared to an α-helix-in-groove PPI.27 Recognition of this gap in pharmacophore 
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libraries designed to target β-strand interactions could guide development of tailored 

scaffold libraries, improving drug discovery toward alternative PPIs. 

1.2.4.4 β-sheet peptide inhibitor design strategies 
β-sheets form through three or more connected β-strands, twisted into parallel or anti-

parallel pleats to create a large and flat surface area. Designing inhibitors of β-sheet 

interactions can be achieved through peptides derived from native sequences of 

interacting sheets. In this approach cyclic or hairpin peptides sit flat across the β-sheet 

surface, with every other side chain pointing towards the β-sheet surface, directly 

mimicking a β-sheet interaction.  

The PD-1/PD-L1 interaction provides an example where β-hairpin structures have been 

used to induce turn structures in peptides and small molecules (Figure 1-12).208–210  

Where the native peptide sequence of a hairpin β-sheet of PD-L1 (1.29) has affinity for 

the PD-1 β-sheet, residue mutation from glycine to proline improved binding affinity 2-

fold (1.30). Peptides capable of disrupting the PD-1/PD-L1 PPI have also been found by 

phage display techniques (Figure 1-12, C and E). Linear peptides (1.31) were further 

improved by installing an azobenzene turn unit (1.32) generating a light-activated β-

hairpin forming peptide (IC50 of 79 nM), with greater activity than the parent peptide (IC50 

of 4.6 µM).210 

 
Figure 1-12 PD-1/PDL-1 inhibitor strategies (A) Native PD-L1 derived peptide (orange) interacting with PD-
1. (PDB: 4ZQK) (B) Proline-Glycine turn unit installed into native PD-L1 peptide. (C) Phage display derived 
PD-1 binding peptide (D) Azobenzene unit containing peptide (E) Cyclic phage display peptide containing 
disulfide bridge. 

Macrocyclisation-inducing units can be applied to peptide inhibitors to constrain β-

sheet mimetics, such as the ICOS/ICOS-L interaction (Figure 1-13, A). Employing 

known key residues involved in the ICOS-L β-sheet, Tyr51, Tyr53 and Gln55, an in silico 

design strategy was used to design a macrocyclic peptide towards the ICOS β-sheet. 
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Introducing Pro-Gly, D-Pro-Gly turn units, disulfide bridge combinations and residue 

optimisation, led to a 12-mer bicyclic peptide inhibitor (1.34). This inhibitor shows an 

IC50 of 22.8 µM by TR-FRET against the ICOS/ICOS-L β-sheet interaction (Figure 1-13, 

B).211  

 
Figure 1-13 ICOS/ICOS-L interaction (A) Interaction of ICOS-L β-strand, key residues highlighted in orange 
(PDB: 6X4G) (B) Cyclic peptide structure of ICOS-L derived bicyclic peptides proposed key residues 
highlighted in orange. 

1.2.4.5 Small molecule inhibitors of β-sheets 
Small molecules have been found through HTS and fragment screening against β-sheet 

mediated PPIs.212–214 However this approach remains relatively inefficient, with most 

inhibitors reporting micromolar inhibitory activity. Even the most potent of small 

molecule inhibitors found by HTS are a product of hit-rates below 2%.215   

1.2.5 Inhibitors of dynamic protein region interactions 
PPIs mediated by intrinsically disordered regions (IDR) often lack a defined secondary 

structure, relying on hotspot residues within a dynamic recognition sequence, or 

constrained loops between secondary structures that can be reproduced by 

macrocyclisation. Often disordered PPI structures will occupy a well characterised 

binding pocket, which can be exploited when designing inhibitors. Loops between fixed 

secondary structures are less flexible that true IDRs, but their flexibility has made 

inhibitor design challenging. As such, methods to constrain loop structures have been 

applied to peptide inhibitor design. Reports of inhibitors against dynamic PPIs has 

increased the most in the last decade (Table 1-1). Inhibitors are increasingly 



20 
 

incorporating structural information from peptide inhibitors to guide small molecule 

discovery.135,138,140,141 

1.2.5.1 IDR inhibitor design strategies: peptide combinatorial libraries 
Disordered PPIs forming from recognition sequences can be targeted by native and 

random peptide sequences (Figure 1-14). An example of this is the HIV-1 Gag p6 protein 

binds to host Endosomal Sorting Complex Required for Transport (ESCRT-I) Ubiquitin E2 

variant (UEV) subunit through a disordered 9-mer sequence (PEPTAPPEE) (1.35). As the 

ESCRT protein is highly structured, information of the binding groove of the PPI is well 

characterised, despite the lack of secondary structure from the p6 binding protein 

(Figure 1-14, B).216  

Whilst small molecules disrupting the UEV-p6 PPI have yet to be reported, peptide 

modifications have been explored using screening by genetically encoded libraries. 

Screening of the lanthipeptide library of 106 macrocyclic peptides was performed in a 

bacterial display system to confirm PPI inhibition. A lead peptide (1.36) demonstrated a 

3-fold improvement over the parent peptide in binding to the UEV protein.217 Interestingly 

the hit peptide bears no sequence similarity to the wild-type, raising questions as to the 

mode of PPI inhibition (Figure 1-14, B).  

 
Figure 1-14: UEV/p6-Gag interaction (A) 9-mer p6 proline recognition sequence (green, 1.35) (PDB: 3OBU) 
(B) macrocyclic peptide (1.36) identified through library screening with improved affinity for UEV protein.  

1.2.5.2 IDR inhibitor design strategies: peptidomimetics 
Peptidomimetics can improve inhibitor activity, utilising hot-spot residues as an 

anchoring scaffold to explore the surrounding chemical space. This has been achieved 

in the IDR PPI between a phosphoprotein recognition sequence to the BRCA1 protein 

(Figure 1-15, A).218 Utilising a small molecule microarray, peptidomimetics were 

generated (1.38), conserving a key phosphoserine anchoring to the binding pocket 

(Figure 1-15, B).218–220 This led to a 3-fold improvement in IC50 against the native 
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phosphopeptide binding sequence (1.37), by retaining the key Trp, pSer and Phe 

moieties of the native peptide sequence (Figure 1-15, C).  

 
Figure 1-15: (A) Phosphopeptide (green) recognition sequence interacting with BRCA1 (PDB: 3K0K) (B) 
Phosphopeptide derived peptide (1.37), hotspot residues highlighted in red. (C) Lead 
phosphopeptidomimetic (1.38). 

1.2.5.3 IDR inhibitor design strategies: small molecule identification 
Rational approaches to IDR PPI inhibitors have yielded some highly potent small 

molecule inhibitors. The well-defined binding pocket found in the bromodomain and 

extra-terminal domain (BET) family of proteins relies on acetylated lysine (KAc) for 

recognition of IDR PPIs with histone proteins (Figure 15, A).221,222 The first examples of 

bromodomain PPI inhibitors investigated thienodiazepine structures with anti-

inflammatory activity. Structure-activity-relationship studies developed a small 

molecule (1.40) capable of displacing peptide binding to the bromodomain-containing 

protein 4 (BRD4). Modelling small molecules off the key KAc residues achieved 

nanomolar IC50 values in competition against the parent peptide (1.39).222 
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Figure 1-16 BRD4/Histone interaction (A) protein H3K14ac peptide (1.39) responsible for acetylated histone 
recognition. (PDB: 3JZG), 4-mer acetylated lysine recognition site (green) (B) Acetylated peptide with affinity 
for BRD4 protein (C) Small molecule JQ1 (1.40) disrupting the BRD4/Histone complex.  

1.2.6 Inhibitors of loop mediated interactions 
An emerging target for PPI inhibitors are loop structures at interaction sites, with 

evidence from the PDB that as many as 50% of protein complexes feature mediation by 

loops.223,224 The majority of characterised loop interactions were β-turns (31%) followed 

by loops between α-helices (11%).223   

1.2.6.1 Loop mediated inhibitor design strategies: rational peptide design 
Loops present a unique challenge compared to α-helices and β-sheets interactions, as 

they lack predictable structures to manufacture standard scaffolds across a range of 

targets.225 Identification of key hot-spot residues within loops has allowed for the 

identification of attractive interfaces such as Nrf2/Keap1 and YAP/TEAD.223 

Macrocyclisation of wild-type peptides can improve peptide affinity in loop mediated 

PPIs (Figure 1-17). For example, inhibition of the loop unit of Nrf2 engaging the Keap1 β-

propeller  has been achieved using a glycine linker for head-to-tail cyclisation of the Nrf2 

derived linear LDPETGEFL (1.41) improving the KD from 86 nM to 18 nM  in SPR, 

demonstrating a 4-fold increase in binding affinity (1.42).226  
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Figure 1-17: Nrf2/Keap1 interaction (A) Nrf2 ETGE loop motif bound to Keap1 (PDB: 2DYH).  Linear peptide 
(1.41) and cyclised Nrf2 derived peptide (1.42). 

Peptides incorporating non-natural amino acids have achieved potent inhibition of loop 

mediated interactions, such as the YAP-TEAD helix-loop-helix (Figure 1-18, A). 

Investigation by mutation studies has identified hot-spot residues and key positions for 

installation of turn units.36 This led to a 15-mer peptide inhibitor (1.44) improving linear 

peptide inhibition from IC50 of 68 μM to  9.2 nM (Figure 1-18, B).227  

 
Figure 1-18: (A) YAP/TEAD interaction (PDB:6Q36) (B) linear (1.43) and (C) residue mutated peptide 
inhibitor (1.44).  

1.2.6.2 Loop mediated inhibitor design strategies: small molecule identification 
Following similar trajectories to the inhibitors of α-helix and β-strand mediated PPIs, 

screening assays have identified inhibitors of loop mediated PPIs, achieving similarly 
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low hit rates.203 However, once a hit compound has been found, SAR studies can 

achieve greater potency towards a target PPI.  

A well-documented example of this is the naphthalene containing small molecules 

found to inhibit Nrf2/Keap1.228 Initially found by HTS against the wild-type peptide, 

several iterations explored the chemical space occupied in the hydrophobic binding 

pocket formed by Keap1.229–233 Fragment-based drug discovery has also been applied 

towards the Nrf2/Keap1 PPI achieving 10-fold improvement in hit rate over traditional 

HTS.234 

1.3 Conclusion 
Drug discovery on PPIs has numerous applications for disease management, often 

finding molecules with high specificity for target. The literature collated here provides a 

snapshot into the range of success in the inhibition of different types of PPI.  

α-helix mediated interactions are the most prominent secondary structure found within 

the proteome and are involved in over 50% of the druggable PPIs presently investigated, 

predominantly describing helix-in-groove PPIs. Interestingly, coiled-coils represent an 

underexplored PPI within helix-mediated PPI inhibitors. Utilising tools for helical 

mimetics or fragment-based drug discovery to design small molecules of these PPIs 

could offer a new method for targeted coiled-coil interactions. 

β-strands, less common in overall protein content, were featured in 30% of PPIs with 

inhibitors. Strand-in-groove interactions have been described as more challenging to 

find hits against by HTS in comparison to helix-in-groove PPIs.27 Alternative methods to 

fragment-based inhibitor discovery, such as peptide directed ligand design, may offer 

improved efficiency to small molecule design of β-strand PPIs.202  

The remaining interactions with inhibitors found could be described as dynamic PPIs, 

including loops and IDR recognition sequences. Peptide inhibitors of β-strands and loop 

structures benefit from macrocyclisation techniques to stabilise the desired secondary 

structure, whilst also improving cell permeability and protection against degradation. 

Structure-based design of small molecules, guided by key PPI hotspot residues enables 

the development of potent inhibitors with nanomolar affinity for IDR PPIs. This rational 

SAR-driven approach represents a promising direction for future PPI drug discovery. 

Despite advances in drug discovery, small molecule inhibitors across all categories of 

PPIs are still predominantly found by HTS, typically observing hits at rates lower than 
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1%.235,236 Some HTS techniques use competition assays against peptide inhibitors 

derived from native PPI interfaces. Targeting hot-spot residues and sequences critical 

for binding, combined with fragment-based drug discovery, could afford greater 

selectivity and efficiency in small molecule design.177–179,202 

There is an increasing abundance of structural data published depicting the secondary 

structures of PPIs, complemented by machine learning programs such as AlphaFold3, 

which can help to visualise challenging dynamic proteins in complex where crystal 

structure data is unavailable. Methods to identify PPI inhibitors rely on this structural 

data, and as such the inhibitors identified are skewed to the more stable interactions. 

The growth of structural biology methods such as Cryo-EM more readily allows for the 

characterisation of protein complexes, revealing structural details about intrinsically 

disordered regions, and multiple protein partners. This data, coupled with protein 

complex structure prediction will rapidly increase the targets for inhibitor development. 

There remains a challenge to develop methods more suited to less well studied 

interactions, particularly IDRs and coiled-coils. 

1.4 Transcription Factors 

1.4.1 Transcription factor categories 
Transcription factors (TF) influence DNA conversion into RNA, initiating or repressing 

gene transcription. Characterised by specific DNA-binding domains, transcription 

factors interact with operator sequences at or close to promoter sequences in DNA to 

form the transcription initiation complexes or create transcriptional repression.237  

There are currently over 1600 identified TFs in the human genome.238 TFs can be general 

or tissue specific and are categorised based on the type of DNA-binding domain 

observed (Figure 1-19), with nearly half of all TFs being zinc fingers (ZF) or 

homeodomains (HD).239,240  In the minority there are basic helix-loop-helix (bHLH), basic 

leucine zippers (bZIP) and nuclear hormone receptors (NHR). 
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Figure 1-19 Transcription Factor categories. Homeodomains (HD) zinc fingers (ZF), nuclear hormone 
receptor (NHR), basic leucine zipper (bZIP), basic helix-loop-helix (bHLH) transcription factors. Purple 
cylinders are α-helices. Blue cylinders are basic α-helices and yellow cylinders are leucine zippers. Green 
arrows are β-sheets. Amino acid residues (red) coordinating with Zn2+ (grey).  

Zinc Fingers (ZF) occur most prevalently in the mammalian genome, recognisable for 

their Zn2+ ion coordination with two cysteine and two histidine residues to form the 

‘fingers’ of the DNA recognition site.241–243 ZF transcription factors exist as monomers 

and do not require protein dimerisation to facilitate DNA binding, however ZF can exist 

as multimers for the purpose of enhancing transcription.244 The classical ZF structure 

consists of an α-helix and two β-sheets within the finger structure (Figure 1-19). 

Homeodomains (HD) TFs form a helix-turn-helix motif (Figure 1-19), with the second 

helix and turn structure directly interacting with the DNA backbone, and can act as 

monomers or dimers.245 It is known that the basic region of the second helix in HD 

proteins confers the DNA binding specificity through a major groove DNA interaction.246  

Nuclear hormone receptors (NHR) are ligand activated TFs, responsible for hormone 

induced gene activation. They contain a distinct DNA-binding domain and ligand binding 

dimerisation domain (Figure 1-19). The DNA-binding domain models three α-helices 

and two zinc fingers, each coordinating the four residues, identified separately as the P-

box and D-box coordination sites. The P-Box, found in helix-1 informs recognition of the 

DNA response element through major groove binding. Helix-1 is supported by Helix 3 for 
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structural packing. Helices-1 and -2 exist 90° rotated from one another to form the DNA-

binding domain core. The D-box, at the end of helix- 2, assists in protein dimerisation.247 

Basic helix-loop-helix (bHLH) TFs consist of a basic domain and the helix-loop-helix 

motif (Figure 1-19).248 bHLH is the largest family of dimerising TFs, facilitating both homo 

and heterodimerisation for stability during DNA binding.  bHLH TFs bind to E-box DNA, a 

6 nucleotide consensus sequence that bHLH proteins basic domain can recognise.249 

Protein dimerisation is essential for bHLH-DNA binding created through coiled-coil 

interactions between the first helix on each bHLH protein.  

Basic leucine zipper (bZIP) transcription is mediated through a basic DNA-binding 

domain and requires TF dimerisation for stable DNA binding interactions (Figure 1-19). 

The basic domain hosts positively charged arginine and lysine residues to support major 

groove binding on transcription response elements.250 bZIP dimerisation is facilitated 

through a coiled-coil motif in the hydrophobic leucine zipper domain to create highly 

specific PPIs to facilitate transcription factor activity.  

1.4.2 Transcriptional regulation in health and disease 
Through TFs’ extensive role in cell regulation, they are highly involved in disease 

progression, with 20% of TFs linked to a disease phenotype in the human genome.238 

Dysregulation of cellular metabolism and growth can lead to the development of 

cancer.251 TFs can also manipulate our immune system, controlling inflammatory and 

immune disorders.252,253 As such, TFs have been extensively studied as drug discovery 

targets.254 Transcription factors often lack well defined binding pockets for small 

molecules to sit in. Often TFs feature significant intrinsically disordered regions, and as 

a result, only a small percentage of disease relevant TFs have been targeted.238 Key 

domains of transcription factors have been identified for potential sites for drug targets, 

demonstrated in Figure 1-20. 
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Figure 1-20 Transcription factor domains. DNA-binding domain (blue) regulatory domain (purple) effector 
domain (orange). Adapted from Henry and Koehler, 2021.254 

Effector domains of TFs are used to inhibit activity where essential PPIs with 

coactivators are observed.254 However, elucidating the structure of coactivator binding 

complexes is challenging as in the unbound state, they are often intrinsically 

disordered.255–258  

Equally, targeting regulatory domains that are essential to bZIP and bHLH activity can 

pose challenges as often TF structures remain intrinsically disordered until a binding 

partner is present.259 Regulatory domains are essential for controlling protein 

dimerisation, mediating nuclear transport and autoinhibition, making them attractive 

targets. Control of PPIs at regulatory domains can block downstream transcription of 

disease relevant genes. The design of PPI inhibitors to disrupt protein dimerisation has 

proven challenging due to their transient and dynamic structures. 

Several inhibitors of bHLH have been reported against the Myc/Max heterodimer. As 

described in Chapter 1.4.1 small molecules have been found by HTS and in silico 

docking studies, overcoming the difficulty of targeting dynamic structures. However 

precise binding mechanisms of these compounds remain unknown.192,193,260–262 Protein 

and peptide inhibitors of Myc/Max have also been developed through design of coiled-

coil binding peptides to sequester the Myc protein or to compete with TF/DNA binding 

by designing mini-proteins.183,263–265 Reported inhibitors of Myc have struggled to reach 

the clinic due to low bioavailability.261,264 The only Myc inhibitor to reach clinical trials to 
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date is Omomyc, a mini protein that competes with the native protein dimers for the 

DNA-binding domain to block TF activity.264,265  

The DNA-binding domains of transcription factors are well defined, however, often 

observe non-specific binding interactions.266 TFs most often bind to the major groove of 

DNA (Figure 1-21), with regulation of specificity defined by minor groove interactions.267 

Inhibitors to the TF/DNA interaction can either target the protein or DNA binding site. 

 
Figure 1-21 Myc/MAX bHLH dimer bound to DNA in the major groove (PDB: 1NKP). 

Inhibition by binding to the DNA-binding domain by small molecules has been explored 

by HTS, but has failed to produce particularly potent compounds.268,269 Similarly, whilst 

screening of small molecules against transcription factor recognition sequences has 

been achieved, identification of fragments with selective and potent activity towards 

transcription factor recognition sequences remains a challenge.270,271,272 

The development of direct inhibitors of transcription factors to study their involvement 

in disease states provides a powerful research tool for drug discovery leading to the 

development of clinical candidates.273 Consequently, it is imperative we continue to 

research transcription factors with promising interaction sites for targeted inhibitor 

design.  

1.5 Nrf2 
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper (bZIP) 

transcription factor involved in the regulation of oxidative stress in vertebrates.274 Its 

activity drives transcription of antioxidant response element (ARE) dependent genes, for 

the support of cells physiological response to oxidation.275  Consequently, Nrf2 is an 

emerging target in inflammatory diseases for the transcription of cellular protections 
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against stress factors, oxidants and cytotoxic molecules.276,277 Conversely, 

overactivation of Nrf2 is routinely observed in tumours, supporting cancer cell survival 

and promoting chemotherapy resistance.278 Further research into the complex 

pathophysiology of Nrf2 will inform drug discovery of Nrf2 therapeutics across health 

and diseases in humans.  

1.5.1 Structures of Nrf2 and MafG  

Nrf2 is highly conserved across vertebrates, the protein structure can be organised into 

seven functional domains, Neh1-7 (Figure 1-22, A). Of which, structures have been 

experimentally resolved for Neh1 and Neh2.279  

Cytosolic Nrf2 interacts with Kelch-like erythroid cell-derived protein (Keap1) through 

the Neh2 domain (Figure 1-22, B). Keap1 forms a homodimer through binding to two 

short sequences in the Neh2 domain;  79ETGE82  and 29DLG31.280 The interaction between 

Nrf2 and Keap1 is often described as a ‘hinge and latch’ mechanism. The ETGE motif 

serves as a high affinity ‘hinge’ whilst the DLG motif has a lower affinity as the ‘latch’ 

(Figure 1-22, B). As a substrate adaptor protein for an E3 ubiquitin ligase complex, 

Keap1 bound Nrf2 is quickly degraded.  As a result, under basal conditions, cytosolic 

Nrf2 has a half-life of 10-20 minutes, caused by the binding interaction with the Keap1.281 

Keap1 is cysteine rich and these thiol containing residues can be modified by reactive 

oxygen species to induce conformational changes that inactivate Keap1, allowing Nrf2 

to translocate to the nucleus.280 

As highlighted in Figure 1-22, A, Neh3-5 are transactivation domains (tAD) for 

coactivator complex formation during transcription. Neh6 supports β-transducin 

repeat-containing protein (β-TrCP) binding, which further enables ubiquitin ligase 

complex formation. Neh7 facilitates retinoic acid receptor-α (RARα) binding which 

prevents Nrf2 nuclear translocation and supports protein degradation.  

Nrf2 binds to DNA through the Neh1 domain, containing the basic DNA-binding domain, 

and regulatory domain for TF dimerisation (Figure 1-22, C).282 The DNA binding 

interaction is stabilised through heterodimerisation of the Nrf2 leucine zipper region 

with other bZIP transcription factors (Figure 1-22, C).  Neh1 also contains a nuclear 

exportation sequence to promote Nrf2 migration out the cell nucleus, facilitating 

transient transcription factor activity (Figure 22, C).283,284 
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Figure 1-22  (A) Neh1-7 domains of Nrf2 protein. (B) Crystal structures of Neh2 domains of Nrf2 (yellow) 
bound to transcriptional repressor protein Keap1 (grey) (PDB: 5FWV and 3WN7).279 (C) Crystal structure of 
Neh1 DNA-binding domain (DBD, hot pink) leucine zipper (LZ, light pink) nuclear exportation sequence (NES, 
dark pink) Nrf2/MafG/DNA. (PDB: 7X5F).285 

The Neh1 domain towards the C-terminus of Nrf2 folds upon binding to a small 

musculoaponeurotic fibrosarcoma (sMaf) bZIP protein, forming a heterodimer that 

stabilises ARE DNA binding.285 The sMaf protein family contains MafF, MafG and MafK, 

each unique bZIP transcription factors as they do not feature transactivation domains. 

As such, sMAF homodimers cannot initiate gene transcription, instead acting as 

repressors. sMaf contains a basic domain and leucine zipper domain shown in Figure 

1-23.116 
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Figure 1-23 MafG/DNA binding complex (PDB: 3A5T) DNA-binding domain (DBD) in blue, leucine zipper (LZ) 
in brown. 

Nrf2 is not capable of forming homodimers to stabilise DNA, instead sMaf proteins are 

required for heterodimerisation.287 In sMaf knock out models, it is observed that MafG 

inhibition consistently creates cellular abnormalities, inflammation and tumour 

progression associated with aberrant  Nrf2 transcriptional regulation.288  

Nrf2 forms a parallel coiled-coil interaction with MafG, between the leucine zipper 

regions of the respective proteins. Regularly repeating leucine residues support the 

coiled-coil motif, creating a hydrophobic zipper that stabilises the heterodimer.289 

Heptadic repeats (abcdefg)n of the coiled-coil motif have been mapped to the Nrf2 and 

MafG leucine zippers, conveyed in the helical wheel diagram in Figure 24, A-B.285,290 Key 

residues at positions a and d in the heptad motif create hydrophobic interactions 

causing protein dimerisation (Figure 1-24, C).  

In the discovery of the Nrf2 protein, it was predicted residues 505-551 constituted the 

leucine zipper, theorising that Asn546 occupying d position in the heptadic repeat 

disrupted Nrf2 homodimer formation (Figure 1-24, B).274 Consequently, MafG acts as an 

obligatory binding partner and critical regulator of Nrf2 gene transcription.  Outside of 

the hydrophobic core, intermolecular salt bridges are observed between g positioned 

Asp528 of Nrf2 and a positioned Lys83
 in MafG, as well as  a positioned Lys536 of Nrf2 and g 

positioned Glu89 of MafG, residues in Nrf2 that are highly conserved in the bZIP sub-

family.285 This may also clarify why Nrf2 heterodimers are more preferable, as Lys83
  and 

Glu89 equivalents do not occur in the Nrf2 leucine zipper to stabilise homodimerisation.  
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Figure 1-24 (A) Heptadic repeats of Nrf2/MafG coiled-coil interaction. (B) Helical wheel diagram of the 
Nrf2/MafG leucine zipper domains. (C) PDB: 7X5F model of Nrf2/MafG leucine zipper, “a” residue (pink), 
“d” residue (orange). 

In MafG dimers, the bZIP domain consists of residues 46-123, residues 76-107 forming 

a homodimeric coiled-coil through the leucine zipper (Figure 1-25, C). The interaction is 

stablised by Leu79, Leu86 and Val90 occupying d and interhelical electrostatic interactions 

such as Lys83 and Gln82 in a and g’ positions respectively. Lys76 in a of the CC heptad 

motif and Gln76 of g’ mediated by a water molecule. Asn97 unexpectedly encountered at 

an a position creates intermolecular hydrogen bonding, a phenomenon unique to sMaf 

proteins that potentially prevents their interactions with large Maf proteins (Figure 1-25. 

B).  
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Figure 1-25 (A) Heptadic repeats of MafG/MafG coiled-coil interaction. (B) Helical wheel diagram of the 
MafG/MafG leucine zipper domains. (C) PDB: 3A5T model of MafG/MafG leucine zipper, “a” residues (pink), 
“d” residues (orange). 

bZIP proteins recognise a core 7 base pair (bp) 5’-TGACTCA-3’ DNA sequence identified 

as the TPA-responsive element (TRE) or the 8 bp 5’-TGACGTCA-3’ cAMP-responsive 

element (CRE). The TRE and CRE consensus sequences are observed within ARE, sMAF 

recognition is created by GC bases on each side of the TRE/CRE core. 5’-TGAxxxGC-3’ 

sequences are observed in the promoter regions of Nrf2 target genes.284 The leucine 

zipper interaction of Nrf2/MafG facilitates stabilisation of the major groove interaction 

of the Nrf2/MafG DNA-binding domains (Figure 1-26). ARE sequences are led by key 

basic interactions of Arg57, Asn61 and Tyr64 on the MafG basic region that sits centrally for 

DNA recognition, specific to Maf proteins. For NF-E2 gene recognition, the Nrf2 basic 

region requires Arg515, Asn507 and Ala510 residues for binding. 
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Figure 1-26 DNA binding sites of basic region of Nrf2/MafG to DNA containing ARE sequences adapted from 
Sengoku et al. 285 

ARE promoter sequences are found before genes transcribing proteins involved in 

inflammation and cell regulation. The NFE2L2 gene, transcribing Nrf2, also contains an 

ARE promoter, allowing Nrf2 to positively regulate its own transcription.291 

1.5.2 Genes transcribed by Nrf2 
Nrf2 is responsible for antioxidant production, NAD(P)H regeneration and the 

production of drug-metabolising enzymes.292,293 As a key regulator of the cellular stress 

response, ARE-mediated gene transcription was first identified for NAD(P)H quinone 

dehydrogenase (NQO1) and glutathione S-transferase (GST).294,295 Outside of 

inflammatory encoded gene transcription, Nrf2 also supports metabolic processes, cell 

autophagy, proteostasis and mitochondrial biogenesis.296–298 This complex network that 

protects cellular function, summarised in Table 1-2, can be manipulated by cancer 

cells to promote cell survival functions and create resistance to toxic chemotherapeutic 

agents. 
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Table 1-2: Downstream cytoprotective proteins transcribed as a result of Nrf2/DNA binding. Categorised by 
role in cancer cell survival and chemoresistance development.  

Gene Name Function Ref. 
Drug metabolism 

NAD(P)H dehydrogenase 
quinone 1 (NQO1) 

Detoxification enzyme reduces free radicals in 
cells. 

262,295 

Glutathione S Transferase 
(GST) 

Cellular detoxification through GSH conjugation to 
electrophilic compounds. 

299,300 

Cytochrome P450 2A5 
(CYP2A5) Drug metabolism of drugs/toxins e.g. nicotine. 

301,302 

Antioxidant production 
Heme oxygenase-1  

(HO-1) 
Enzyme involved in heme degradation to produce 

antioxidants. 
303,304 

Thioredoxin 1  
(TXN1) 

Redox regulating protein involved in antioxidant 
production through reactive cysteines supporting 

thiol disulfide exchange. 

305,306 

Glutathione Peroxidase 
(GPX) 

Antioxidant enzyme, uses reduced glutathione to 
neutralise reactive oxygen species such as H2O2. 

307 

Hypoxia-inducible factor 1-α 
(HIF-1-α) Regulates cellular hypoxia. 

308 

Drug Efflux 
Multidrug resistance protein 

1 (MRP1) 
ATP-binding cassette membrane transporter for 

drug efflux. 
309 

P-glycoprotein  
(Pgp) 

Cellular efflux of foreign molecules and 
xenobiotics. 

310,311 

Cell Survival Signalling 
Neurogenic locus notch 

homolog protein 1 (NOTCH1) 
Initiates signalling cascade for cell survival and 

proliferation. 
312,313 

Insulin-like growth factor 
(IGF1) 

Growth hormone for modulation of glucose 
transport. 

314,315 

Vascular endothelial growth 
factor C (VEGFC) 

Stimulates blood vessel growth and vessel 
permeability. 

316 

B-cell lymphoma 2  
(BCL-2) 

Inhibition of apoptosis. 
317,318 

B-cell lymphoma-extra large 
(BCL-XL) 

Binds to Bax in mitochondrial outer membrane for 
apoptosis inhibition. 

319 

Ras homolog family member 
A (RhoA) 

Small GTPase involved in signalling for growth and 
cell migration. 

320 

Rho-associated coiled-coil 
kinase (ROCK) Signalling for cellular migration and adhesions. 

320 

Cyclooxygenase-2 
(COX-2) 

Catalyses conversion of arachidonic acid to 
prostaglandins, for maintaining cancer stemness. 

321 

1.5.3 Nrf2 in disease 
1.5.3.1 Nrf2 in inflammation 
High levels of reactive oxygen species (ROS) activate Nrf2, increasing the transcription 

factors presence in nuclear and cytosolic contents in cells.322 Nrf2 expression has been 

shown to protect hepatocytes against cellular damage, related to viral infections and 

liver disease, in connection to increased production of HO-1, GSH, CYP and COX-2 

enzymes.323–326  
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Nrf2 gene transcription supports anti-inflammatory functions in cells. Expression of 

chemokines mediating inflammatory cells such as neutrophils and monocytes can be 

controlled by Nrf2.327 In addition, Nrf2 derived cytokine production supports cell 

adhesion molecule production for barrier protection in endothelial cells. The 

overproduction of matrix metalloproteinases can also be inhibited by Nrf2, through 

expression of HO-1, positively influencing recovery of inflammatory bowel disease.328,329 

Oxidative stress also plays a significant role in the pathogenesis of lung diseases.330–332 

In models of acute lung injury, Nrf2 increased levels of HO-1 and glutamate cysteine 

ligase (GCLM) which in turn protects alveolar epithelium from ferroptosis and oxidative 

stress.333,334 Additionally, Nrf2 transcribes the aldehyde oxidase 1 enzyme, promoting 

epithelial barrier maintenance.335  

Moreover, oxidative stress has been connected with the development of many 

neurodegenerative diseases.336–339 Ferroptosis of the brain plays a key role in 

Alzheimer’s disease pathogenesis, a process known to be regulated by Nrf2 

transcription.340   

Nrf2 is a central mediator of chronic kidney disease and diabetes, where HO-1 and 

NQO1 are downregulated in models of diabetes.341,342 Investigating the progression of 

kidney disease found upregulation of inflammatory markers in Nrf2 knock-out 

models.343,344 However, Nrf2 overexpression can also lead to proteinuria causing kidney 

injury, highlighting a need for further research into the control of Nrf2 in disease 

progression, which requires reliable probes to induce and inhibit Nrf2 expression.345,346 

1.5.3.2 Nrf2 in cancer 
Nrf2 can prevent tumorigenesis through a reduction in DNA damage-inducing ROS.347,348 

Mouse models with Nrf2 deficiency have an increased risk of skin cancer, and tumour 

development in the liver, gastrointestinal system and urinary tract.349–352 However, Nrf2 

is increasingly reported for its prominent role in the development of resistance to 

chemotherapy in cancer.278,353,354 Nrf2 can become persistently activated through 

somatic mutations that create loss of function variants of Keap1, or gain of function Nrf2 

mutations.  

Overexpression of Nrf2 can become so pronounced that the term “Nrf2 addiction” has 

been used to describe this presentation feature in cancer physiology.355 Nrf2-

overexpression is linked with poor survival rates in lung and pancreatic cancer, known 

for high level of resistance to therapeutic interventions.356,357 Additionally, Nrf2-driven 
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gene transcription promotes glutathione (GSH) production. This creates a favourable  

environment for cell proliferation, in which detoxification processes and active 

metabolic enzymes support fast growth of tumour cells.358,359 Consequently, there is a 

need for Nrf2 inhibitors that can work in combination with current chemotherapy to 

increase the sensitivity of cancer cells to cytotoxic agents that Nrf2 works against.  

1.5.4 Nrf2 Inhibitors   
Cellular activity of Nrf2 can be modulated to varying degrees by natural products, small 

molecule and peptide inhibitors and activators. Over the last decade, there have been 

numerous peptides and small molecule reported for activation of Nrf2. Peptides are 

typically derived from Nrf2 domains binding to Keap1 or β-TrCP.360–366 Small molecules 

have also been found to sequester Keap1 to block Nrf2 degradation.228,367,368 Disruption 

of Nrf2 PPIs for inhibition of transcriptional activity is a more recent drug discovery 

strategy, with comparatively fewer compounds reported to date. 

1.5.4.1 MafG interaction inhibitors 
Inhibition of the Nrf2/MafG PPI prevents Nrf2-DNA binding, inhibiting Nrf2 transcription. 

In 2023, Modi et al. reported the first peptide inhibitor of the Nrf2/MafG interaction, 

designing a peptide that selectively binds to MafG. The 16-mer cyclic peptide (1.45) is a 

mimetic of the Nrf2 leucine zipper. The peptide features a hydrocarbon staple i, i+4, 

creating a constrained mimic of the native α-helix. Surface plasmon resonance found a 

binding affinity of 337 nM for MafG protein (Figure 1-27).93  Co-treatment of the peptide 

with cisplatin found Nrf2 inhibition sensitised NSCLC cells by cell viability assay.93   

 
Figure 1-27 Sequence of Nrf2 derived stapled peptide with binding affinity for MafG. 

1.5.4.2 DNA interaction inhibitors 
Inhibition of Nrf2/DNA binding prevents Nrf2 derived gene transcription. Small 

molecules (Figure 1-28) and peptides (Figure 1-29) have been identified to prevent 

ternary complex formation of Nrf2/MafG/ARE. 

HTS of a small molecule library using a Nrf2 ARE luciferase reporter gene assay has 

identified inhibitors of Nrf2/ARE binding, leading to the identification of a thiazole-

indoline compound with an ortho-benzoyl substitution referred to as ML385 (1.46).369 
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The small molecule was investigated for direct inhibition of Nrf2/MafG/ARE ternary 

complex using a fluorescence polarisation assay determining an IC50 of 1.9 µM.369 ML385 

affinity to the Neh1 domain of Nrf2 was found by biotin pull down assay against 

truncated forms of Nrf2, identifying the first in class Nrf2 Neh1 inhibitor.277 Noticeably 

absent is an assessment of whether ML385 blocks Nrf2 activity through the protein-

protein interaction or protein DNA interaction in the ternary complex formed. The study 

has also been questioned for broad transcription factor inhibition and the compound’s 

mode of action.370,371 

Despite this uncertainty, ML385 has since been assessed in models of cancer to 

confirm Nrf2 activated gene transcription is reduced. In models of osteosarcoma, 

ML385 treatment increased ROS expression.372 Inhibition of Nrf2 to reduce 

chemoresistance development in cancer has been studied extensively with ML385. 

Models of squamous cell carcinoma observed that ML385 increased the efficacy of 

cisplatin.373,374 Combination therapy of celastrol with ML385 in lung cancer has reduced 

cell survival.375 Evidence has been provided that ML385 can rescue radiation treated 

oesophageal squamous cancers as a radio-sensitising agent.376 Synergy has been 

calculated between ML385 and venetoclax for the selective treatment of acute myeloid 

leukaemia.377 Despite extensive literature of ML385 as a research probe on the 

therapeutic benefits of Nrf2 inhibition, the compound has not entered clinical trials.  

An NMR study of the Nrf2/DNA interaction has identified hit small molecule fragment 

with affinity for the basic DNA-binding domain of Nrf2 (Figure 1-28, 1.47).370 Screening 

of a virtual compound library revealed hits that were experimentally investigated by NMR 

against Nrf2 residues 445-523, comprising the DNA-binding domain of Neh1. The study 

identified a binding preference for a biphenyl motif featuring a halogen substituent and 

acetic acid functionality on the same phenyl ring, yet observing a high KD of 1.7 mM for 

Nrf2.370 

 
Figure 1-28: Small molecules with Nrf2/ARE inhibitory activity.  
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Peptides derived from the DNA-binding domain of Nrf2 have demonstrated an ability to 

inhibit the protein/DNA interaction, competing with the Nrf2 protein for major groove 

binding of the ARE.378 A screen of Nrf2 derived sequences presented an 18-mer, i,i+7 

stapled peptide (1.48) with a KD of 1.2 µM for ARE DNA. The peptide also showed efficient 

cellular uptake with evidence of nuclear localisation of the fluorescently tagged peptide. 

Unfortunately the peptides were not specific to ARE DNA, with similar affinity 

demonstrated for non-selective sequences of DNA.378  

Achieving selective DNA binding to Nrf2/MafG ARE sites has been explored through 

triazole linked sequences from the Nrf2 and MafG DNA-binding domain generating a 

mini-protein (1.49) capable of potently competing with Nrf2/MafG/ARE binding with an 

IC50 of 90 nM.379 

 

Figure 1-29 Peptides that bind to ARE DNA sequences designed for the disruption of Nrf2/ARE binding. (A) 
Nrf2 derived stapled peptide (1.48) (B) Nrf2/MafG mini-protein (1.49).  

Most inhibitors of the Nrf2-DNA interaction function by competing for the ARE 

recognition sequence. An alternative strategy has reported the use of a DNA-linked 

proteolysis-targeting chimera (PROTAC) binding to the Nrf2 DNA-binding domain, 

promoting target degradation. Designed ARE-PROTACs achieved potent Nrf2 

degradation (DC50 of 1.85 nM) in A549 cells, known to over-express Nrf2.380 However, 

ARE sequences are regulatory domains utilised by multiple bZIP transcription factors, 

potentially leading to off-target protein degradation.290,381  

1.6 Thesis Outline 
This thesis investigates the discovery of novel peptide and small molecule inhibitors of 

the Nrf2/MafG interaction as a novel anti-cancer therapeutic, demonstrated in Figure 

1-30. Chapter 2 describes the synthesis and characterisation of peptide sequences 

mimicking the leucine zipper of MafG. From this, a linear peptide sequence has been 
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identified that can inhibit the formation of the Nrf2/MafG/ARE ternary complex. Chapter 

3 investigates the use of our lead peptide sequence as a scaffold for peptide-directed 

ligand design to identify peptide-small molecule hybrids, synthesised with Cu(I)-

catalysed azide-alkyne cycloaddition (CuAAC). Chapter 4 explores lead compounds in 

cellular assays to investigate inhibitor efficacy in a model of Nrf2-derived resistance in 

cancer. Chapter 5 discusses the recombinant protein expression and purification of 

Nrf2 and MafG for biophysical assays used in Chapters 2 and 3. 

 
Figure 1-30 Nrf2/MafG/NQO1 ARE homology model. In green highlights the leucine zipper coiled-coil 
interaction of Nrf2/MafG, from which MafG mimetic peptides are derived from (pink) to inhibit the ternary 
complex formation. 

1.6.1 Study aims 
1. Synthesise and characterise peptides derived from the MafG leucine zipper 

using solid-phase peptide synthesis. 

2. Evaluate MafG mimetic peptides in biophysical studies to identify inhibition of 

the Nrf2/MafG/ARE interaction. 

3. Investigate the use of lead MafG mimetic peptide as a scaffold for peptide-

directed ligand design.  

4. Investigate Nrf2/MafG PPI inhibitors in cellular models of Nrf2 over-expression 

in cancer. 

5. Report on method optimisations for the purification of recombinant Nrf2 and 

MafG by E.coli expression systems. 
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2.1 Introduction 

2.1.1 Identification of coiled-coil targeting peptides 
Peptides are short chains of amino acids conjugated by amide bonds, containing at least 

two, and up to fifty, residues with longer sequences considered proteins.1,2 Peptides 

offer an advantage over small molecules for the disruption of protein-protein 

interactions (PPIs) as they are capable of engaging large surface areas to effectively 

compete with native binding partners. As discussed in Chapter 1, peptides can offer a 

valuable starting point for identifying key residues and binding regions of proteins for 

several types of PPI.   

Coiled-coil interactions have been explored extensively through protein and peptide 

sequence mutations to understand the drivers of interacting α-helices. Over the past 25 

years, a selection of coiled-coil targeting peptides have been developed to afford 

inhibition of disease-relevant coiled-coil interactions.3–7 Whilst none have progressed 

towards the clinic, these peptides provide valuable information on disease mechanisms 

and have generated understanding of coiled-coil inhibition.   

Development of peptides to control coiled-coil interactions is challenging due to the 

long and shallow surface of the interaction. Coiled-coils require high target 

complementarity to afford selective PPI formation. Peptides to control these 

interactions must be able to form a more stable coiled-coil interaction than the parent 

proteins. 

2.1.1.1 Random peptide libraries 
One of the first methods used to identify coiled-coil binding peptides was the protein 

complementation assays (PCA). Used to identify novel peptide sequences against 

coiled-coil interactions in microphthalmia-associated transcription factor (MTIF) and 

Fos/Jun transcription factors.3,4 PCA utilises survival selection in modified bacterial cells 

through a reporter enzyme where PPI formation rescues the activity of the enzyme, 

conjugated to the proteins of interest.8–10  

A lead peptide inhibiting the homodimeric coiled-coil PPI of MITF was identified through 

library screening by PCA performed in bacterial cells, allowing for selection of 

sequences that were also stably folded in a cellular environment.11 Through this method, 

a highly stable peptide with strong target affinity was identified. As measured by a 

thermal melt assay, the coiled-coil stability increased the thermal melt (ΔTm ) value by 

+13.4  °C compared to the MITF homodimer.11 
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PCA was also used to identify peptide antagonists of c-Jun and c-Fos, in combination 

with phage display libraries, yielding a peptide with higher stability for c-Fos than native 

c-Jun withstanding a ΔTm of + 37 °C.5 A key problem in binding heterodimeric coiled-coils 

is that peptide inhibiting the PPI may have affinity for either binding partner. By 

combining PCA with semi-rational library design, the peptide FosW was investigated by 

thermal melting assays to improve stability from the wild-type PPI ΔTm by + 47 °C against 

c-Jun and + 28 °C binding to c-Fos.4  

To identify peptides with selectivity for only one of the proteins in a coiled-coil dimer, 

PCA techniques can be improved to select for a singular interaction surface, referred to 

as a competitive and negative design initiative (CANDI).12 This has led to the discovery of 

JunWCANDI, which maintained a ΔTm of + 28 °C for c-Fos but only + 7 °C for c-Jun.12   Despite 

these improvements, retaining strong binding affinity of peptide inhibitors for the c-

Jun/c-Fos PPI without competing with other coiled-coil transcription factors in the 

(Activator Protein) AP-1 family remains an ongoing challenge.6 

2.1.1.2 De novo peptide design 
The design of de novo peptide sequences for inhibiting coiled-coil PPIs has been 

developed through computational sequence generation. Combined with a solid support 

peptide array of sequences, binding events of sequences to known bZIP regions of 

transcription factors were screened.13 This led to the design and assessment of binding 

partners for each of the 20 bZIP families that could be applied to future coiled-coil 

peptide inhibitor design.6 

2.1.1.3 Rational peptide design 
Native sequence mimetics of coiled-coil proteins have produced peptide inhibitors 

against the HIV gp41 protein and epidermal growth factor receptor (EGFR) dimers as well 

as in helix-loop-helix and basic leucine zipper transcription factors.14,15  

Peptides based on the C-terminal helix of the HIV gp41 viral entry protein can form 

coiled-coil interactions with the N-terminal trimeric coiled-coil.15   Investigation by 

thermal melt assay found the native peptide sequence produced a Tm of 66 °C for the N-

terminal helix of gp41. Residue mutation by alanine scanning the sequence found 

consistent decrease in Tm stability, with the greatest decrease (ΔTm -29 °C) through 

modification of the C-terminal tryptophan residue. As described in Chapter 1.2.3, core 

binding residues of coiled-coils are highly predictable, following a heptadic binding 

motif to inform key residues of the binding interaction, which perhaps diminishes the 
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need to perform residue scanning. This was further confirmed by the wild-type C-

terminal peptide, which retained the highest activity by viral entry assays (2.1 nM IC50) 

compared to mutants.3 

Determining peptide-protein stability by melting temperatures are not indicative of 

inhibitory activity for a coiled-coil interaction. For example, a 31-mer peptide sequence 

derived from the coiled-coil region of the BZLF1 transcription factor were found to be 

capable of reducing protein-DNA complex formation by 76% at 10 nM by mobility shift 

assay, despite a relatively low ΔTm value of 25 °C to the BZLF1 transcription factor.7,16,17 

Biophysical assays, such as fluorescence polarisation, can be used to identify peptide 

inhibitors with applications for high throughput screening of novel peptide or small 

molecule inhibitors of a coiled-coil. Inhibition of trimeric coiled-coil forming Heat Shock 

Factor 1 (HSF1) transcription factor was achieved by evaluated fourteen HSF1 derived 

peptides. The peptides were assessed by fluorescence polarisation assay measuring the 

formation of the transcription factor complex with DNA. Analysis at 400 μM led to the 

identification of a 16-mer peptide that disrupted complex formation by 91%.18 The lead 

peptide was then taken forward to design a peptide based fluorescent probe for the 

interaction, which demonstrated affinity for the coiled-coil region of the protein (13 

µM).18 

Peptides derived from proteins can also be investigated by in vitro cellular assays to 

determine inhibitory activity of a target pathway mediated by a coiled-coil. EGFR 

signalling is facilitated by a coiled-coil interaction at the juxtamembrane domain (JXD) 

of the intracellular kinase. The JXD has been investigated for peptide inhibition by 

cellular assessment.19 A 16-mer peptide derived from the coiled-coil forming JXD was 

initially conjugated to cell permeable peptide sequence TAT to produce a reduction in 

cell viability (EC50 12.6 μM) corresponding to EGFR activity inhibition. Peptide stapling 

can also be used on native peptide sequences to improve peptide folding towards an α-

helix.20  As the EGFR peptide alone had no inhibitory activity, hydrocarbon stapling was 

investigated to improve native sequence permeability, creating a constrained peptide 

with a 10-fold improvement in potency over the TAT conjugated variant.14,19  

2.1.1.4 Peptide inhibitors of the Nrf2/MafG coiled-coil 
The Nrf2 leucine zipper has also been used to derive a stapled peptide to disrupt 

Nrf2/MafG coiled-coil formation. As Nrf2 is intrinsically disordered in the absence of a 

binding partner, linear peptides contained no helical secondary structure by circular 
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dichroism. Hydrocarbon stapling was employed to improve peptide helicity and resulted 

in a 16-mer peptide that bound to MafG and significantly decreased the Nrf2/DNA 

binding response by luciferase reporter assay in HEK-293 cells.20 Deriving peptide 

sequences from the Nrf2 leucine zipper benefits from the principle that Nrf2 leucine 

zippers cannot self-assemble, preventing the peptide from forming coiled-coil 

interaction with itself. However, choosing to design peptides selective for MafG must 

also consider that the peptide may cause inhibition of MafG to other transcription 

factors, reducing selectivity for the Nrf2 transcription pathway.21 

Overall peptides have provided a valuable tool for understanding coiled-coil 

interactions. They are beginning to be applied to disrupt these interactions in a 

therapeutic setting, and as a tool for designing probes for small molecule screening in 

drug discovery for this challenging type of interaction.  

Rational peptide design offers an accessible approach to delivering peptide inhibitors of 

coiled-coil interactions and computational methods are emerging for the enhancement 

of sequence selectivity design towards more potent peptide binding partners of leucine 

zipper proteins. Despite their crucial role in mediating bHLH and bZIP transcription 

factor activity, examples of successful coiled-coil inhibition are limited. Continued 

research into the disruption of therapeutically relevant coiled-coils is needed to support 

drug discovery into the interaction.   

2.2 Chapter Aims 
This chapter describes the design and synthesis of peptides derived from the MafG 

leucine zipper, to afford an inhibitor of the Nrf2/MafG protein-protein interaction. In the 

absence of a crystal structure at the beginning of this research, a homology model of the 

Nrf2/MafG complex bound to DNA was generated using AlphaFold2 to identify MafG 

residues involved in coiled-coil formation. Following the report of a crystal structure for 

the Nrf2/MafG/DNA complex in 2022, the accuracy of AlphaFold models was examined.  

Utilising knowledge of coiled-coil theory, sequence truncation was explored to identify 

an optimal peptide sequence for disrupting the coiled-coil interaction of Nrf2/MafG. 

Beyond peptide synthesis, this chapter explores the development of biophysical assays 

to investigate Nrf2 inhibition, under the hypothesis that peptides derived from the MafG 

leucine zipper can bind to Nrf2 and disrupt the Nrf2/MafG PPI. 
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2.3 Results and Discussion 

2.3.1 Investigation of the Nrf2/MafG coiled-coil by structural 
modelling 

In recent years, a number of machine learning programs have been developed to predict 

three-dimensional protein structures and multi-protein complexes.22–25 Of these tools, 

AlphaFold in particular has become widely employed in structural biology research, 

benefitting from a large training data set of experimentally determined structures from 

the Protein Data Bank (PDB).  

AlphaFold benefits from statistical estimations of each models confidence in structural 

predictions, with evidence of near experimental accuracy being reported in some 

models.26,27 AlphaFold uses a predicted local distance difference test (pLDDT) to 

estimate a confidence metric at a residue level on a scale of 0-100 (Table 2-1) with >90 

indicating high confidence through to < 50 suggesting low confidence in the model 

produced, the latter often associated with intrinsically disordered protein regions. 

Table 2-1 Summary of pLDDT scoring towards a models estimated confidence.28 
Model Confidence pLDDT Score Comment 

Very High > 90 Suitable for atomistic experiments. 
Confident 

70-90 
Reliable backbone placement, 
variable side chain positioning. 

Low 50-70 Use model with caution.  
Very Low <50 Unreliable and poor interpretation 

of the protein structure 

Upon the release of AlphaFold3, it is now possible to measure two intrinsic model 

accuracy estimates of how likely the overall folding of a protein is correct.29 These 

include a predicted template modelling (pTM) and inter-chain pTM (ipTM) score. ipTM 

scoring is particularly useful for predicting multi-protein complex folding to evaluate the 

confidence in a protein-protein interaction. 30 A value of < 0.6 is assumed to be incorrect, 

0.6-0.8 as likely to have sections of accurate folding, however will also contain errors, 

and a value of 0.8 predicts that the model is highly accurate in the prediction.31 

Comparing experimentally resolved models to machine learning predictions can be 

achieved through comparison of the root mean squared deviation (RMSD) a metric used 

to quantify the difference between protein structures relative to the atomic positioning 

of each residue. A lower RMSD value correlates to higher structural similarity of 

structural models, measured in Angstroms (Å). A value of less than 2 Å would indicate 

that a predicted model is a close match to an experimentally determined structure.32 
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The absense of rationally designed Nrf2 inhibitors exists largely due to the lack of 

structural information on the interaction.33 At the beginning of this research, a crystal 

structure of the full Neh1 domain in Nrf2 had not been solved experimentally. As such, 

AlphaFold2 was used to prepare a homology model of the protein-protein interaction 

between Nrf2 and MafG.  AlphaFold uses previously deposited resources in the PDB to 

help inform the predictions of how a protein will interact.34  Confidence in the models 

produced of Nrf2/MafG can be found in the pre-existing crystal structures of other 

leucine zipper proteins, including the MafG homodimeric ternary structure (PDB: 3A5T), 

perhaps explaining the “very high” confidence scoring of the Nrf2/MafG leucine zipper, 

and ARE DNA interaction (Figure 2-1).35–40  

 

Figure 2-1 AlphaFold3 Prediction model of full length Nrf21-605, MafG1-162  and 25 base pair ARE DNA. Coloured 
based on model confidence very high  (blue) confident  (cyan) low (yellow) very low (orange).  

The subsequent report of a crystal structure of the Nrf2/MafG/ARE complex and the 

release of AlphaFold3 allows for a comparison to be made on the accuracy of the 

structural predictions.29,41 The models demonstrate similarity in the backbone positions 

for interacting residues of the DNA binding domain with variability increasing up into the 

leucine zipper (Figure 2-2).  

To quantify accuracy of the AlphaFold models of Nrf2 Neh1 in complex with MafG and 

DNA, RMSD was calculated using PyMOL against the published crystal structure (PDB: 
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7X5F). RMSD calculations compared the overlapping structures α-carbon (Cα) atoms 

after alignment. The RMSD score calculated compared to the crystal structure for 

Alphafold2 would suggest the model was similar to the crystal structure but was not 

accurate enough to confidently use the model for atomistic level experiments. (Table 2-

2). The AlphaFold3 model brings the RMSD score closer to experimentally resolved 

structure of the protein-protein interaction. Whilst calculating the RSMD score from Cα 

does not provide information on the position of residue side chains, for the purpose of 

confirming general residue positioning within a coiled-coil, AlphaFold provides an 

appealing tool for sequence identification for PPI inhibition. Despite the advancements 

of machine learning programs, experimentally resolved structures remain the gold 

standard as they provide the most reliable information on the molecular interactions 

between proteins.  

Table 2-2 RMSD scores of Alphafold models in alignment with the crystal structure of bZIP protein domains 
of Nrf2/MafG (PDB:7X5F). 

Prediction Model RMSD Score 
AlphaFold2 (2021) 2.55 Å 
AlphaFold3 (2024) 1.14 Å 

 
Figure 2-2 Structural alignment of Nrf2/MafG AlphaFold3 model (cyan) against experimental (PDB: 7X5F) 
(green).  

2.3.2 MafG peptide synthesis 
The coiled-coil interaction between Nrf2 and MafG stabilises the protein-DNA 

interaction with Nrf2 promoter sequences in DNA.41 As discussed in Chapter 1.5.1, the 
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leucine zipper of MafG76-110, forms a coiled-coil interaction with Nrf2522-562. Notably, 

76KEELEKQKAELQQEVEKLASENASMKLE104 of MafG interacts with Nrf2 without masking 

a nuclear exportation sequence 553LKKQLSTYL562 (Figure 2-3).42–44 It is anticipated that 

peptides designed to compete with MafG for Nrf2 coiled-coil formation should leave the 

exportation sequence exposed to promote Nrf2 translocation into the cytoplasm. As 

such, peptides derived from MafG76-104 were prepared by solid phase peptide synthesis 

(SPPS). 

 
Figure 2-3 Nrf2/MafG/ARE homology model generated using AlphaFold2. MafG leucine zipper (Blue) Nrf2 
leucine zipper (green) Nrf2 nuclear localisation sequence (purple). 

2.3.2.1 Solid Phase Peptide Synthesis Resins 
Peptide synthesis was first realised through a solution phase chemical synthesis of 

glycine dipeptide structures in the early 1900s.45,46 Whilst synthesis can now be achieved 

through a range of biological and chemical techniques, the most commonly applied 

method is solid phase peptide synthesis (SPPS).47–49  SPPS can be automated and 

reagents can be used in excess to push coupling reactions to completion. The use of a 

solid support significantly reduces purification requirements, allowing for reaction 

cycles to take place in a singular vessel.50 Increasingly the procedure is becoming more 

efficient with less waste through innovative methods in industry.51 

Synthesis on the solid phase utilises a polymer matrix as the anchor for building a chain 

of amino acids (Figure 2-4). Common polymers used include polystyrene (2.1), poly-

ethylene glycol (PEG) (2.2), polyacrylamide (2.3) or can be co-polymer in composition 

(Figure 2-5). Crosslinking between chains of a polymer (Figure 2-5) is achieved using the 
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addition of 1-2% divinylbenzene (DVB) (2.4) to create a porous but insoluble resin 

support (2.5).  

 

Figure 2-4 Polymers used in resin supports. 

 
Figure 2-5 DVB crosslinking. 

Resin for SPPS is functionalised with a handle to anchor the synthesis of a peptide to the 

resin surface (Figure 2-6). As peptide segments of proteins natively observe a 

carboxamide at the C-terminus, it is desirable for the peptide to end in -CONH2 for 

stability against degradation.52 Rink amide (2.6) functionalised resin was the first to 

support carboxamide formation at the N-terminus, utilising a trialkoxybenzylhydryl 

linker.53,54  Sieber (2.7) and Ramage (2.8) linker resins have also been used for the 

production of a carboxamide (-CONH2) at the C-terminus of the peptide and offer new 

variability for improving synthesis conditions through linker solubility and flexibility. 
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Figure 2-6 Examples of resin linkers for solid phase peptide synthesis. Rink Amide (2.6) Seiber (2.7) and 
Ramage (2.8). 

2.3.2.2 Amino Acid Protecting Groups for Solid Phase Peptide Synthesis 
Solid supports can be used for acid or base labile synthesis, dependent on the 

protecting groups used on the α-carbon of the amino acid units (Figure 2-7). Acid labile 

synthesis uses tert-butyloxycarbonyl (Boc) (2.11) protection of the terminal amine 

functional group, whilst base labile uses 9-fluorenylmethyloxycarbonyl (Fmoc) (2.9). 

Fmoc synthesis is most used, as it avoids the use of harsh hydrofluoric acid for the final 

cleavage of the peptide from the resin. Fmoc-SPPS offers an attractive alternative to 

solution phase synthesis as reactions can be purified more efficiently through resin 

washing between reaction steps.55 

Fmoc-SPPS utilises acid-labile protecting groups on reactive amino acid side chains to 

prevent side product formation during the synthesis. Tert-butyl (2.10) is useful in the 

protection of hydroxy and carboxy functional groups, trityl (2.12) can be used for the 

protection of the thiol group in cysteine and amines in histidine residues, and 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl (Pbf, 2.13) is used for the protection of 

arginine. 
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Figure 2-7 SPPS protecting groups, Fmoc (2.9) for backbone amine protection, tBu (2.10), Boc (2.11), Trt 
(2.12) and Pbf (2.13) protecting groups. 

Protecting groups are important for amino acids containing carboxamides as these 

residues have low solubility and are prone to aggregation on resin, through hydrogen 

bond bridges between parallel chains during synthesis.56 Acylation and racemisation of 

amino acids can also be minimised through protection of histidine and arginine 

residues. Un-protected asparagine can form cyano-alanine during coupling reactions.57 

Without Trt protection of glutamine, Fmoc deprotection can lead to pyroglutamate 

formation.58 Additionally some coupling reagents can react with un-protected glutamine 

or asparagine residues to form byproducts, which prevents further chain growth.59 

2.3.2.3 Deprotection of amino acids in Fmoc solid phase peptide synthesis 
Removal of the Fmoc protecting group to reveal a free amine is required to begin 

synthesis by Fmoc SPPS (Scheme 2-1). Fmoc deprotection is achieved under basic 

conditions, commonly using a cyclic secondary amine such as piperidine (2.14) 

deprotonating the acidic β-carbon (2.15) of the fluorenyl group.60 Removal of this proton 

lead to a β-elimination reaction to produce a free amine (2.17) and CO2 (2.18). A highly 

reactive dibenzofulvene intermediate (2.19) is also formed, scavenged by piperidine 

(2.14) allowing the formation of a more stable adduct (2.20).61 
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Scheme 2-1 Basic deprotection of an Fmoc protected amino acid unit (2.15). 

Following deprotection, amide coupling can be performed using an excess of amino 

acid, an activating reagent and a base. Commonly used coupling activators in SPPS 

(Figure 2-8) include, hexafluorophosphate benzotriazole tetramethyl uronium (HBTU) 

(2.23), hydroxy benzotriazole (HOBt) (2.22) and Oxyma pure (2.24), along with basic 

agents N,N-diisopropylethylamine (DIPEA) (2.25) or diisopropylcarbodiimide (DIC) 

(2.21).  

 

Figure 2-8 Coupling reagents commonly used in solid phase peptide synthesis. 

Phosphonium and uronium based reagents, such as HBTU are popular activation 

reagents for peptide synthesis due to their stability and rapid efficiency in coupling 

reactions with minimal racemisation, which is further suppressed by the addition of 

HOBt.62 As shown in Scheme 2-2, HBTU/HOBt coupling requires a base, such as DIPEA 

(2.25), to deprotonate the carboxylic acid on the incoming amino acid (2.26). The 

deprotonated unit then reacts with HBTU (2.23) to form a labile O-acylisourea (2.28) and 

HOBt (2.22). HOBt then reacts to form an activated ester (2.31) which undergoes 

nucleophilic attack by the free amine of the resin bound peptide (2.30) to form an amide 

bond (2.32) whilst reforming HOBt (2.22). 
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Scheme 2-2 Coupling mechanism of HBTU (2.23), HOBt (2.22) and DIPEA (2.25). 

SPPS subsequently proceeds through a series of deprotection and coupling reactions 

until the desired peptide sequence is complete. Finally, cleavage can be achieved with 

acid to remove the peptide chain from resin and cleave the acid-labile protecting groups. 

Trifluoracetic acid (TFA) is used in Fmoc SPPS to cleave the peptide from the acid labile 

linker at the C-terminus of the sequence. TFA cleavage is an efficient process that also 

removes acid labile side-chain protecting groups (Scheme 2-3). The amide functional 

group connecting the peptide to the rink amide functionalised resin (2.33) is protonated 

by TFA (2.34), followed by an electron cascade (2.35) from the methoxy group of the rink 

amide allowing for amide cleavage from the resin (2.36).  

 



72 
 

 

Scheme 2-3  Fmoc SPPS C-terminal cleavage from solid support by TFA (2.34).  

Scavengers are added to the cleavage reaction to prevent unwanted side reactions with 

the cleaved peptide (Scheme 2-4). After TFA cleavage (2.39) water or triisopropylsilane 

(TIPS) (2.55) can scavenge t-butyl cations (2.41). TIPS is a hydride donor capable of 

reducing side products during the removal of protecting groups (2.40).58,63 2,2′-

(Ethylenedioxy)diethanethiol (DODT) is also a required scavenger in the presence of thiol 

containing residues to prevent reactive carbonium or sulfonium ion intermediates from 

reacting with the peptide.64 

 

Scheme 2-4 Cleavage of Boc protecting group and subsequent reduction by TIPS (2.42). 
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2.3.2.4 Synthesis of 28-mer MafG peptide 
Fmoc SPPS was used as described to synthesise the 28-mer MafG derived peptide, Ac-

KEELEKQKAELQQEVEKLASENASMKLE-NH2, (2.46), using NovaPEG Rink amide resin 

(0.6 mmol/g loading) a PEG based resin with a mesh* of 35-100, at room temperature. 

Whilst it is no longer commercially available, NovaPEG was an affordable C-terminal 

amide forming resin benefiting from high hydrophilicity for the synthesis of hydrophobic 

sequences.65,66 

Following sequence synthesis, the peptide was acetylated to afford greater peptide 

stability by reducing N-terminal degradation by peptidases.67,68 Acetylation can also 

support the formation of helical secondary structure in peptide and proteins.69,70 

Selective acylation (Scheme 2-5) at the N terminus (2.47) can be achieved through the 

addition of DIPEA (2.25) to provide the rapid addition of acetyl group through acetic 

anhydride (2.48).  

 

Scheme 2-5 Acetylation reaction of N-terminal peptide (2.47) with acetic anhydride (2.48). 

After cleavage of the 28-mer peptide, (2.46), from resin, the crude mixture was analysed 

by reverse phase HPLC. (Figure 2-9, blue trace) This revealed poor resolution from the 

synthesis with broad peaks co-eluting multiple impurities that proved impossible to 

remove. It was considered that the high content of hydrophobic residues within the 

sequence may be causing sequence aggregation.  

2.3.2.5 Resin Screening 
Reducing the resin loading capacity can improve synthesis by lowering the number of 

peptide chains extending off a singular resin bead, increasing the distance between 

growing peptide chains and reducing aggregation.71 Consequently a resin screen was 

trialled to assess resin influence on sequence solubility and aggregation. TentaGel S 

RAM and Protide LL utilise a PS-PEG crosslinked backbone that supports high resin 

swelling and improved reagent diffusion rates within the resin but have different loading 

capacities TentaGel S RAM (0.24 mmol/g loading, 100-200 mesh) and Protide LL (0.15 

mmol/g loading, 50-100 mesh).72 All resins were trialled with automated parallel 

 
* Mesh is a measure of particle size inversely related to the particle’s diameter in μm. 
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synthesis, acetylation and cleavage followed by analysis via RP-HPLC (Figure 2-9). HPLC 

traces revealed limited improvements in purity, as broad heterogenous peaks were 

eluted, representing poor candidates for further purification. Protide LL (Figure 2-9, red 

trace) demonstrated the greatest improvement in crude purity, however, no mass was 

found by matrix associated laser desorption ionisation time of flight mass spectroscopy 

(MALDI-TOF MS). MALDI analysis of the crude peptide synthesised on Tentagel S RAM 

found the expected mass, suggesting the peptide may appear in the broad peak between 

10-11 minutes. Isolation of the peptide proved impossible to separate from impurities 

(Figure 2-9, green trace). 

 

Figure 2-9 HPLC Trace (214 nm, 5-95% in MeCN in H2O + 0.05% TFA over 15 min), 2.46 synthesised using 
NovaPEG Rink Amide (Blue) Protide LL (Red) Tentagel S RAM (Green). 

With reduced resin loading proving insufficient to purify the peptide, internal sequence 

modifications were explored. The sequence was considered a good candidate for the 

use of a pseudoproline moiety to reduce inter-chain aggregation.73  

2.3.2.6 Pseudoproline incorporation 
The addition of pseudoproline dipeptides within SPPS can induce turns within the amide 

backbone creating kinks in linear chains, reducing the likelihood of interstrand 

interactions. First reported by Mutter et al, the use of dipeptides converts proline-like 

structures (2.50) into a serine (2.51), threonine or cysteine containing sequences upon 

TFA cleavage (Scheme 2-8).74 Pseudoprolines prevent β-sheet formation of hydrophobic 

sequences during chain elongation by constraining the amide backbone, reducing self-

association and improving peptide solvation on resin.75 
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Scheme 2-6 Pseudoproline dipeptide Ala-Ser release in the presence of TFA. 

The coupling following the pseudoproline unit is hindered by the secondary amine and 

the adjacent dimethyl unit, consequently a pre-built a Ala-Ser dipeptide pseudoproline 

unit was used.76 There are two positions within the sequence that Ala-Ser 

pseudoprolines could be substituted.  Reports suggest it is most effective to introduce 

pseudoprolines at regular intervals throughout the sequence.77 As there are two Ala-Ser 

motifs were within two residues of one another, it was decided to introduce a singular 

pseudoproline in the sequence at positions 9-10, as aggregation is most likely to occur 

after the sixth residue.78 Addition of the pseudoproline moiety produced multiple broad 

peaks on analytical HPLC (Figure 2-10, red trace) and purification of any individual major 

peak was not achievable. Perhaps indicative of the oxazolidine moiety producing steric 

hindrance, preventing efficient coupling.79 Consequently, the use of pseudoproline to 

improve aggregation was not explored further. 

 
Figure 2-10 HPLC traces of crude 2.46 using an Ala-Ser pseudoproline (blue) against linear synthesis on 
Tentagel S RAM (Red). Traces are offset by 10% in absorbance from one another.  

2.3.2.7 Acetyl Capping 
Aggregation during peptide synthesis is driven by inter or intra-molecular hydrogen 

bonding, which can reduce the accessibility of the terminal amine for peptide coupling. 

Incomplete coupling reactions can produce peptide impurities with similar 

physicochemical properties to the desired product, resulting in their co-elution with the 

target peptide by RP-HPLC. As a result, aggregation can make separation of impurities 

from the desired product challenging and low yielding. Consequently, acetyl capping of 

unreacted N-terminal amines was introduced between coupling reactions to limit 

incorrect sequence assembly (Figure 2-11).80,81  
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Figure 2-11 Process of acetyl capping to reduce the synthesis of incorrect peptide sequences. 

Synthesis of 2.46 was investigated using microwave assisted peptide synthesis, 

employing temperatures of 75-90 °C for coupling reactions with DIC and Oxyma pure 

and deprotection steps with piperidine.82 With each amino acid cycle taking under 5 

minutes to complete, microwave supported reactions can decrease aggregation as 

short coupling times help reduce intermolecular interactions.83 Reducing the time spent 

on synthesis can reduce potential degradation during synthesis.84 Microwave peptide 

synthesis of 2.46 appeared to produce fewer impurities within the synthesis, yet retained 

large shoulders either side of the major product peak (Figure 2-12). Additionally, the 

expected mass could not be found by MALDI-TOF.  

 

Figure 2-12 crude HPLC trace of acetyl capping method on 2.46.   

2.3.2.8 Chaotropic Salts 
Chaotropic salts can be used to destabilise aggregation of the sequences by disrupting 

hydrogen bond formation.85 Synthesis of 2.46 was trialled by the addition of 0.4 M lithium 

chloride in the dimethylformamide (DMF) used in all stages of the automated SPPS 

(Figure 2-13). After peptide acetylation, the resin was washed exhaustively in 

dichloromethane and methanol to remove any residual DMF and lithium chloride. 

Time (min) 

Ab
so

rb
an

ce
 (m

AU
) 



77 
 

Following cleavage, crude analysis by RP-HPLC revealed a major peak, separated from 

other impurities, which allowed for purification by preparative HPLC in 5-95% 

acetonitrile over 15 minutes. The corresponding mass of 2.46 was observed at the 

expected m/z of 3300.7 [M+H]+.  

 

Figure 2-13 HPLC traces of crude 2.46 using 0.4 M LiCl in DMF as a solvent for SPPS. 

2.3.2.9 Synthesis of 14 and 21-mer MafG peptides 
Utilising the coiled-coil theory discussed in Chapter 1.2.3 sequence truncation could 

reveal an efficient sequence length for Nrf2 inhibition. In order to explore this, shorter 

peptides were designed in which heptadic motifs were conserved to retain helicity, 

essential for the coiled-coil interaction being imitated (Figure 2-14).   

 
Figure 2-14 Design of truncated MafG leucine zipper derived peptides.  

The synthesis of 14-mer and 21-mer peptides was carried out, as summarised in Table 

2-3. Whilst 2.56, 2.55 and 2.53 were achieved using microwave assisted peptide 

synthesis, 2.54 and 2.52 required the addition of 0.4 M LiCl and were made at room 

temperature using Tentagel S RAM.  

The synthesis of 2.52 was later revisited to optimise the yields for further assessment of 

the peptide. From the perspective of purification, the best separation of 2.52 from 

impurities was found on Protide LL resin, the lower loading potential of the resin 

presumably prevents excessive sequence interactions that can produce incomplete 
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coupling. Demonstrating the careful combination of chaotropic salts and low resin 

loading can improve crude purity of SPPS. 

Ongoing challenges in achieving high yields of sequences containing methionine were 

encountered, with methionine sulfoxide conversion commonly observed. Figure 2-15 

highlights two peaks after reverse phase purification. Oxidation of 2.52 caused a shift in 

the retention time of the peptide. Semi-preparative purification achieved separation of 

the two peaks, with the product at 10.6 min observing an m/z corresponding to [M+17] + 

(2.57) compared to 2.52 at 10.7 min.  

 
Figure 2-15 Crude analytical HPLC traces of 2.52 at 214 nm, demonstrating closely related peaks produced 
by methionine oxidation to 2.57. 

Methionine can be substituted for norleucine to provide similar structural properties 

without risk of producing a sulfoxide side product. Synthesis of this peptide (2.58) was 

achieved with 0.4 M LiCl additive in the DMF throughout the automated SPPS. The 

expected m/z of 2398 [M+H]+ was observed.   

Table 2-3 Peptides synthesised based on heptadic motifs in the MafG leucine zipper. 

2.3.3 Secondary structure characterisation of MafG peptides 
As discussed in Chapter 1, secondary structure is important for the formation of 

protein-protein interactions. Sequences derived from the MafG leucine zipper require an 

α-helical secondary structure to form a coiled-coil interaction.  It is necessary to study 

the secondary structure of the peptide sequences, to determine if they convey the 

# Sequence HPLC TR 
(min) 

MALDI 
[M+H]+ 

Yield 
% 

2.56 Ac-KEELEKQKAELQQE-NH2 8.9 1771.1 18.9 
2.55 Ac-KAELQQEVEKLASE-NH2 10.9 1642.2 17.1 
2.54 Ac-VEKLASENASMKLE-NH2 10.8 1591.2 9.2 
2.53 Ac-KEELEKQKAELQQEVEKLASE-NH2 5.6 2527.0 10.0 
2.52 Ac-KAELQQEVEKLASENASMKLE-NH2 10.7 2416.2 4.1 
2.57 Ac-KAELQQEVEKLASENASM(O)KLE-NH2 10.6 2432.9 2.0 
2.58 Ac-KAELQQEVEKLASENAS(Nle)KLE-NH2 8.2 2398.6 2.5 
2.46 Ac-KEELEKQKAELQQEVEKLASENASMKLE-NH2 10.6 3300.7 2.3 
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desired secondary structure to support binding. Circular dichroism (CD) is an 

absorption spectroscopy technique measuring the absorption of circularly polarised 

light in a sample in the far-UV region of proteins, (260-180 nm). A piezoelectric 

transducer fused with quartz, referred to as a photoelastic modulator, induces an 

optical rotation of linearly polarised light (Figure 2-16). Due to the chiral nature of the 

peptide backbone, the difference between left and right circularly polarised light can be 

measured by detecting changes in absorption of the circularly polarised light.86,87 

 
Figure 2-16 Process of polarising light in circular dichroism.  

Conformations of β-sheets, α-helices, helical turns and even disordered structures such 

as random coils can be understood spectroscopically (Figure 2-17). α-helices in 

particular adopt a characteristic negative ellipsis at 222 and 208 nm and positive 

ellipticity at 193 nm (Figure 2-17, blue trace).88 CD spectra can subsequently be used to 

predict the percentage of helical content within a peptide sequence using reference-

based deconvolution methodologies such as CDSSTR, CONTIN or SELCON3.89–91 

 
Figure 2-17 Example spectrum recorded by circular dichroism demonstrating β-sheet (red), α-helix (cyan) 
and random coil (green). 

The peptides synthesised were anticipated to produce an α-helical secondary structure 

as generated by the Nrf2-MafG coiled-coil interaction.41 CD was used to investigate the 

secondary structure over wavelengths 180-260 nm. Each peptide assessed produced 
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an α-helical spectrum with a maximum at 190-193 nm and a recognisable double 

minima at 208 and 222 nm.92 Measurements were performed in 10 mM PBS at pH 7.4 

with 50% Trifluoroethanol (TFE) as a cosolvent for stabilising secondary structure.89,93 

Peptides were measured at a concentration of 0.2 mg/mL. The results were then plotted 

with wavelength on the x-axis and ellipticity on the y-axis to visually observe α-helical 

forming spectra in all six peptides prepared (Figure 2-18). 

The results were then analysed in DichroWeb using the CDSSTR algorithm to quantify 

the helical content of the peptides, (Table 2-4).91 DichroWeb utilises a data bank of 

reference CD spectra to compare the quality of input data. The estimated proportion of 

α-helical secondary structural elements exceeded 40% in each sample.  The greatest α-

helicity was found in the sequences of 2.53 (81%) and 2.52 (71%), both of which are 21 

amino acids in length. The third greatest helicity came from 2.56 (60%) with 14 amino 

acids. Comparing 14 to 21 amino acids sequences, the helicity appears to increase with 

chain length, however the helical content is lower (48%) for the 28-mer 2.46. Increasing 

the length of the peptide may create unfavourable entropy reducing the propensity for 

an α-helix.94,95 The organisation of amino acids in a sequence of the MafG leucine zipper 

lends itself to a helical secondary structure. This supports the suggestion that these 

peptides could be capable of binding to Nrf2 through a coiled-coil interaction as they 

can independently form the α-helical structure necessary.  

 

Figure 2-18 Circular dichroism spectra of 2.46 and 2.52-2.56 at 0.2 mg/mL in 50/50 10 mM phosphate 
buffer at pH 7.4/TFE. Represented with mdeg (y) against wavelength (x). 
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Table 2-4 Experimentally determined helicity of 2.46 and 2.52-2.56 by circular dichroism, analysed by 
DichroWeb CDSSTR method. 

Peptide # Sequence Helicity % 
2.56 Ac-KEELEKQKAELQQE-NH2 60 

2.55        Ac-KAELQQEVEKLASE-NH2 45 

2.54               Ac-VEKLASENASMKLE-NH2 46 

2.53 Ac-KEELEKQKAELQQEVEKLASE-NH2 81 

2.52        Ac-KAELQQEVEKLASENASMKLE-NH2 71 

2.46 Ac-KEELEKQKAELQQEVEKLASENASMKLE-NH2 48 
 

2.3.4 Investigation of inhibition by fluorescence polarisation 
Disruption of two interacting biomolecules can be observed by fluorescence 

polarisation (FP). FP uses the inverse relationship between polarisation and fluorophore 

tumbling rate to quantify a binding interaction. Upon excitation of a fluorophore with 

polarised light, the resulting fluorescence produced is depolarised due to the fast 

rotation of the fluorophore in isolation (Figure 2-19, A). In the presence of a binding 

partner, the rotation of the fluorophore is slowed resulting in the emission of polarised 

light, translating to an increased signal strength.96 FP is reported as a ratio of emission 

intensity between vertical and horizontally polarised light (Equation 2-1, Figure 2-19, B) 

The interaction between an analyte and a binding target can be measured by attaching 

a fluorescent tag to the smaller component within the system. The most commonly used 

fluorophore in FP is fluorescein (Figure 2-19, C), a conjugated system of aromatic rings 

that supports absorption at 498 nm and re-emission at 517 nm.97 An example of 

fluorescein labelling for Nrf2/PPI inhibition has been reported using the H-DEETGEL-OH 

peptide inhibitor of an Nrf2/Keap1 binding. Affinity of the Nrf2 derived peptide was 

determined through a fluoroscein tagged derivative, measuring the polarisation signal of 

the peptide in the presence of the Keap1 protein.98 Upon quantification of a binding 

curve for a ligand to a mid-point of approximately 65-80% bound can be used to prepare 

competition assays by FP to investigate the inhibitory activity of other compounds.99 

FP makes an excellent candidate for developing HTS assays for screening large numbers 

of compounds for an interaction, as the measurable sensitivity is quite high allowing for 

low quantities of reagents to be used making FP cost efficient. FP can also measure 

binding events between protein and DNA through a fluorescent tag attached to an 

oligonucleotide strand.  Interestingly for DNA-analyte interactions, the fluorophore can 

be attached to the heavier DNA molecule, and changes in polarisation can still be 

measured.100 
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Figure 2-19 (A) Schematic of fluorescence polarisation assay (B) Equation 2-1 Fluorescence Polarisation 
equation, P; polarisation, is the difference between emission intensity (I) of the parallel (∥) and 
perpendicular (⊥)  light divided by the total emission intensity (I∥ + I⊥) . (C) Fluorescein labelling structure. 

In the absence of a sMaf binding partner, Nrf2 exists as a partially disordered protein.101 

It has been proposed that the presence of MafG and DNA may be necessary for the Neh1 

domain of Nrf2 to achieve an α-helix during the dynamic formation of the ternary 

complex.41,102 Guided by a previously reported methodology, fluorescence polarisation 

was used to measure protein binding to ARE DNA.20,102 This required the recombinant 

expression of Nrf2 and MafG which is discussed in Chapter 5. A fluorophore labelled 

DNA probe was prepared to measure inhibition of DNA binding (Table 2-5). A 25 base 

pair DNA sequence was chosen containing the ARE consensus TRE sequence ( 5′-

TGA(C/G)TCA-3′).41,100 Oligonucleotides strands were annealed by heating to 95 °C  and 

slowly cooling overnight to room temperature for use as a fluorescent probe in the assay. 

Table 2-5 Oligonucleotide sequences procured for assay development. 

# Oligonucleotide Sequence 
2.60 5’ [FAM]CGGAATTGCTGAGTCACTGTTACTC 3’ 
2.61 3’      GCCTTAACGACTCAGTGACAATGAG 5’  

 

Using a minimum concentration of fluorescein labelled DNA (10 nM), fluorescence 

polarisation was used to measure binding affinity of MafG and Nrf2 to DNA. PBS at pH 
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7.4 was used with 0.01% Tween-20 and 10 mM DTT to prevent non-specific interactions. 

The ideal conditions for testing the synthesised peptides within the assay was at 80% of 

BMAX of the ternary complex formation with DNA, where BMAX represents the 

concentration at which maximum binding capacity is acheived.96 MafG was titrated 

against 10 nM of fluorescein labelled DNA to determine the BMAX of the MafG/DNA 

interaction at approximately 50 nM of protein. This concentration was subsequently 

used to titrate Nrf2 which achieved BMAX at approximately 62.5 nM of protein (Figure 2-

20). Consequently, these concentrations were used to run the fluorescence polarisation 

assay against the MafG peptides synthesised.   

 
Figure 2-20 Fluorescence polarisation of MafG (right) from 1.5 μM 1:2 dilutions with 10 nM of DNA. (left) 
Nrf2 from 1 μM in the presence of 50 nM MafG and 10 nM of  DNA. 

2.46 and 2.52-2.56 were incubated within the established FP conditions at a 

concentration of 125 µM and read by CLARIOstar plate reader after 1 hour at room 

temperature and 16 hours at 4 °C. For both time points, the plate was incubated in 

darkness to prevent quenching of the fluorescein labelled DNA. The results were 

normalised by subtracting the signal of the fluorescein labelled DNA (negative control), 

expressed as a percentage of the signal produced by the Nrf2/MafG/ARE complex 

(positive control) (Figure 2-21). Excitingly 2.52, a 21-mer sequence, produced a 30% 

reduction in Nrf2/MafG ternary complex at 125 µM. After 16 hours, 2.46 produced a 10% 

reduction in Nrf2/MafG ternary complex but demonstrated high variability in our assay 

which made further analysis challenging. The 14-mer sequences, 2.54-43 had no 

inhibitory activity against the Nrf2/MafG or MafG/MafG ternary complexes with ARE DNA 

at 125 µM. Suggesting sequences of this length are not competitive with the binding 

interaction of the full-length protein.  
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Figure 2-21 Inhibition of Nrf2/MafG/ARE complex. Normalised fluorescence polarisation of 2.46 and 2.52-
2.56 at 125 µM recorded at 1 hr and 16 hrs incubation. 2.52 highlighted in green demonstrating >25% 
inhibition. 

2.52 was investigated further to determine an IC50 against the ternary complex, from a 

concentration of 250 µM less than 50 % inhibition was achieved, consequently IC50 

instead refers to 50 % of the change of activity observed. IC50 of 36.6 µM (95% CI of 19.0 

– 70.5 µM), shown in Figure 2-22.  

 
Figure 2-22 Inhibition of Nrf2/MafG/ARE complex. Fluorescence polarisation of 2.52 at 16 h incubation 
against 62.5 nM Nrf2, 50 nM MafG and 10 nM ARE DNA.  

To maintain dynamic regulation of transcription the Nrf2/MafG interaction benefits from 

being relatively weak, this is supported by the weak inhibition observed by 2.52. 

Additionally, the complexity of an assay of four components, where homo and 

heterodimeric interactions can be observed simultaneously, giving reason as to why 100 

% inhibition is not observed.  The peptides were screened against the MafG homodimer, 

it was found that 2.52 also reduced the binding of the homodimeric complex to DNA 

(Figure 2-23). The inhibition of MafG did not appear as strong as Nrf2 for 2.52 but a 

comparable IC50 was produced to compare the strength of the inhibitory activity at 21.3 

µM (95% CI – 8.3-54.2 µM) (Figure 2-23). To confirm peptides disrupted the 

heterodimeric complex a complementary gel electrophoresis assay was established, 

discussed in Chapter 2.3.5. 
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Figure 2-23 Inhibition of MafG/MafG complex, 2.46 and 2.52-2.56 screened at 125 µM against 50 nM MafG 
and 10 nM ARE DNA (left). 2.52 titration from 250 μM 1:2 dilutions against 50 nM MafG and 10 nM DNA 
(right). 

2.3.4.1 Oxidation of M100 abolishes peptide activity.  
Interrogation of the impact of methionine oxidation within the 2.52 sequence using the 

fluorescence polarisation assay found that oxidation resulted in a substantial loss in 

inhibition at 125 µM (Figure 2-24). 2.57 reduced DNA binding by 10% whilst 2.52 retained 

inhibition of 25%.  

 
Figure 2-24 Fluorescence Polarisation of 2.52 and 2.57 at 125 µM against 62.5 nM Nrf2, 50 nM MafG and 10 
nM ARE DNA.  

Substitution of the methionine residue to norleucine (2.58) produced similar inhibition 

to 2.52 against the Nrf2 heterodimeric complex (Figure 2-25). 2.58 reduced DNA binding 

signal in both MafG (22%) and MafG/Nrf2 (24%) experiments. Titration of 2.58 against 

the Nrf2/MafG complex produced an IC50 of 130 μM (95% CI – 98.94 -170.80 µM). 2.58 

produces complete inhibition of both complexes at 250 μM.  

 
Figure 2-25 (Left) fluorescence polarisation of 2.58 at 125 µM treated against Nrf2/MafG and MafG/MafG 
dimeric complexes binding to ARE DNA. (Right) titration against Nrf2/MafG from 250 µM. 
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Whilst it was promising to observe inhibition of the Nrf2/MafG PPI and subsequent 

binding to ARE DNA, it was still uncertain if the peptide was selectively inhibiting the 

Nrf2/MafG interaction, or if it also inhibited MafG/MafG interactions. To investigate this 

question an electrophoretic mobility shift assay was explored. 

2.3.5 Investigation of inhibition by electrophoretic mobility shift 
assay 

Electrophoretic mobility shift assays (EMSA) allow observation of protein-DNA 

interactions, exploiting the principle that DNA bound in complex to proteins reduces 

DNA migration during gel electrophoresis compared to unbound DNA, based on size 

(Figure 2-26). Using fluorescently-labelled DNA, a gel can be visualised by a desired 

fluorophore filter in a gel imaging system. In the context of transcription factors, EMSAs 

have been used to measure DNA interactions of a protein to the specific DNA recognition 

sequences to determine binding affinity.40,41,100,103 However, competition based EMSAs to 

study inhibitors activity to block DNA binding is an under-explored approach. 

Electrophoretic mobility shift assays have previously been used to investigate the homo 

and heterodimeric complexes of the Nrf2/MafG transcription factors, informing the 

development of an EMSA assay to investigate inhibitory activity of the peptides.40,100 

 

Figure 2-26 Transport of biomolecules through gel electrophoresis in an EMSA. 

To investigate the complex formation with the fluorescent ARE DNA probe and the 

subsequent screening of peptide inhibitors of the Nrf2/MafG ternary complex, 250 nM of 

fluorophore labelled ARE DNA was incubated with MafG or Nrf2/MafG. The samples 

were loaded onto a 20% TBE polyacrylamide gel and subjected to 200 V for 135 minutes 

at 4 °C to monitor the changes in MafG/MafG/DNA, MafG/Nrf2/DNA and free DNA 

movement on the gel. 
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As seen in Figure 2-27, multiple shifted bands are observed in lane 3. The Nrf2/MafG 

complex causes slower probe migration because of formation of a heavier 

heterodimeric complex. This also creates a stronger intensity of shift compared to the 

MafG dimeric complex within the same lane. 

 
Figure 2-27 20% TBE gel of 250 nM of fluorophore labelled ARE DNA incubated with either MafG or 
Nrf2/MafG ( ARE:MafG:Nrf2 ratio of 1:1.5:9) in PBS, pH 7.4 with 10 mM DTT and 0.01% Tween-20. 

To directly complement the fluorescence polarisation assay, after reading, the contents 

of each well was directly loaded on a gel and used in the EMSA assay. Using this 

approach, visualisation of the MafG/MafG/ARE complex was difficult (Figure 2-28) as 

bands were comparatively weaker than the signal observed by fluorescence polarisation 

(Figure 2-20). But observation of changes in intensity to the free DNA probe were readily 

visible. Titration of Nrf2 from 1 µM – 62.5 nM saw complete loss of the free DNA probe 

between 1 and 0.5 µM of Nrf2 and an increase in intensity between 0.25 µM and 31 nM 

Nrf2, comparable to the free DNA probe in the far-right lane.   

 

Figure 2-28 (Left) EMSA of MafG from 0.5 μM 1:2 dilutions (lanes 2-8) incubated (right) EMSA of Nrf2 against 
50 nM MafG 1:2 dilution of Nrf2 from 1 μM (lanes 3-8) Both gels had samples prepared in PBS with 0.1% 
Tween-20 and 10 mM DTT at 4 °C incubated with 10 nM ARE DNA.  

2.46 and 2.52-2.56 were explored at 125 µM against 10 nM ARE DNA, 50 nM MafG and 

62.5 nM Nrf2 (Figure 2-29). The gel produced distinct bands of the Nrf2 complex and free 

DNA probe, allowing for comparison to be made of each peptide. In the presence of 2.52 
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and 2.46, the disappearance of the Nrf2/MafG complex band is observed, 

complemented by an increase in the free DNA migration band to similar intensity of free 

probe migration in the MafG/MafG dimer (Figure 2-29, Lane 2). This suggests 2.52 and 

2.46 are interrupting the Nrf2/MafG/DNA complex, perhaps with specificity towards 

Nrf2/MafG disruption.  

 

Figure 2-29 EMSA of 2.46 and 2.52-2.56 against 62.5 nM Nrf2, 50 nM MafG and 10 nM fluorescein ARE DNA. 
Lane 4 ML385, Lane 5 (2.56), Lane 6 (2.55), Lane 7 (2.54), Lane 8 (2.53), Lane 9 (2.52), Lane 10 (2.46), at 125 
μM.  

This approach demonstrates that EMSA’s can be used as a complementary assay to 

confirm qualitatively confirm ternary complex inhibition by inhibitors of the interaction 

between Nrf2 and MafG.  

2.3.6 Surface plasmon resonance of Nrf2 
2.3.6.1 Introduction 
To determine if MafG derived peptides had affinity for the Nrf2 an investigation using 

surface plasmon resonance (SPR) was conducted. SPR is a biophysical technique that 

can be used to measure the binding interaction between an analyte and an immobilised 

ligand. In the context of the Nrf2/MafG PPI, SPR has previously been used to immobilise 

a biotin labelled Nrf2 derived stapled peptide, measuring the Kd of MafG1-162.19 However, 

SPR has not been reported for immobilisation of full-length Nrf2 for measuring binding 

interactions with analytes. This may offer a method for screening Nrf2/MafG PPI 

inhibitors. Described here is an investigation into the use of covalently captured Nrf2 to 

measure binding affinity of the peptides synthesised. 

SPR monitors molecular interactions in real time, by shining polarised light across a gold 

conductor, producing excitation of plasmons on the surface. Immobilisation of a ligand 

to the gold surface allows ligand binding events to be measured, as a change in the angle 

of resonance at which the light is reflected is caused by analyte binding.46 The shift in the 

angle of incidence can be monitored through an association and dissociation of the 

analyte in order to perform kinetics or affinity calculations. As shown in Figure 2-30, SPR 
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plots a sensogram of response units (RU) over time, to determine whether a binding 

interaction has occurred between an analyte and the ligand bound to the chip surface.  

 

Figure 2-30  Example SPR sensogram of association and dissociation of an analyte across a ligand 
immobilised surface.  

Immobilisation of a ligand to a gold surface can be achieved through a variety of 

methods, catering to the requirements of the interaction being measured. Ligands can 

be immobilised transiently through affinity capture or permanently through covalent 

bond formation. Covalent ligand immobilisation is led by the available reactive 

functional groups on the desired ligand, such as thiol, aldehyde or amine groups, 

allowing coupling with ease to a dextran surface.  

2.3.6.2 Immobilisation of Nrf2 
The immobilisation of Nrf2 to the chip surface was achieved by covalent amide coupling 

across a carboxymethylated dextran chip surface. Firstly, buffer pH scouting was 

performed to determine the optimum pH for protein pre-concentration, to localise 

protein at the dextran surface for efficient coupling. A positive charge of the protein is 

required for efficient pre-concentration in proximity to the negatively charged dextran 

surface. A pH that is below the isoelectric point (pI) of the ligand, is typically necessary 

to produce the desired charges as seen in Figure 2-31.  

Nrf2 was diluted into a buffer of a low ionic strength (10 mM sodium acetate) to identify 

the optimum pH for immobilisation. The isoelectric point (pI) of Nrf2 is 4.7, consequently 

a buffer below this pH would be expected to produce an ionisation state of the protein 

to achieve effective preconcentration on the chip surface.34 The dextran surface 

becomes positively charged at pH 3 (Figure 2-31), preventing pre-concentration across 
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the chip, making a higher pH buffer more favourable for ligand immobilisation.47 10 mM 

sodium acetate buffer was used to at pH 4-5.5. Figure 2-32 establishes, in line with the 

pI of Nrf2, that buffer at pH 4 (highlighted in green) was most suitable for the 

preconcentration of ligand across the chip surface. 

 
Figure 2-31 pH scouting charge interactions between the surface of a chip and the desired ligand for 
immobilisation.  

 
Figure 2-32 SPR pH scouting of Nrf2 in sodium acetate buffer at pH 5.5, 5.0, 4.5 and 4.0. 

For immobilisation of recombinant protein, amide coupling is often chosen due to the 

relative abundance of free primary amines within a protein, without compromising 

relative access to a proposed binding site (Scheme 2-7).48 Amide coupling is achieved 

through the surface activation of the carboxylic acids present by ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) (2.62) which reacts with the carboxyl group 

(2.63) to form an highly reactive O-acylisourea intermediate (2.66). This intermediate is 

then stabilised by the addition of N-hydroxysuccinimide (NHS) (2.65) to form an NHS 

ester (2.68), offering an electrophilic site for a proteins (2.69) free amine group to attack, 

leading to the formation of an amide bond for protein immobilisation (2.70). Preparation 

of the SPR chip is then completed by capping unreacted carboxylated dextran (2.68) with 

ethanolamine (2.71) to limit nonspecific binding. 



91 
 

 

Scheme 2-7 Coupling of protein using EDC (2.62) and NHS (2.65) and ethanolamine (2.71) capping of 
unreacted positions.  

The desired change in response units for an immobilised ligand can be determined prior 

to immobilisation to complement a desired analyte response if binding is observed 

(Equation 2-2). Immobilisation of Nrf2 was prepared with a desired range for peptides 

2.46 and 2.52-2.56. Based on a recommended maximum response within range of 100 

RU for an analyte, protein immobilisation was calculated using Equation 2-2, 

determining an immobilisation range between 5,000 RU would achieve quantitative 

signal strength.46 

Equation 2-2 Surface Density Capacity: Rmax; the maximum response observed by the specified analyte. 
MWA; molecular weight of the analyte. MWL ; molecular weight of the ligand. RUL ; response unit change 
produced by ligand immobilisation. η ; stoichiometry of analyte binding sites on the ligand. 

𝑅𝑈𝐿   = 𝑅𝑚𝑎𝑥 × 𝑀𝑊𝐿

𝜂 ×𝑀𝑊𝐴
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After activation of the chip surface with EDC and NHS, a target immobilisation of 5,000 

RU for Nrf2 was set, flowing the protein over the chip surface at 10 µL/min for 

approximately 10 minutes (Figure 2-33). Ethanolamine was then used to cap unreacted 

carboxyl sites to limit non-specific interactions of the analyte with the chip surface. The 

chip surface baseline rose from 24800 RU to 29440 RU, indicative of a successful 

immobilisation  of 4640 RU of Nrf2 (Figure 2-33). Based on this immobilisation level, 

theoretical Rmax values  were calculated to determine the maximum change in RU from 

1:1 binding of peptides 2.46 and 2.52-2.56 to Nrf2, summarised in Table 2-6. 

 

Figure 2-33 Immobilisation of Nrf2 to CM5 chip surface  

Table 2-6 Peptides and proposed Rmax at an RUL of 5000. 

# Sequence MW Rmax 

2.56 Ac-KEELEKQKAELQQE-NH2 1771 79 

2.55        Ac-KAELQQEVEKLASE-NH2 1643 73 

2.54               Ac-VEKLASENASMKLE-NH2 1590 71 

2.53 Ac-KEELEKQKAELQQEVEKLASE-NH2 2528 113 

2.52        Ac-KAELQQEVEKLASENASMKLE-NH2 2417 107 

2.46 Ac-KEELEKQKAELQQEVEKLASENASMKLE-NH2 3301 147 

2.3.6.3 Buffer trials 
Buffer composition can greatly impact the interaction of an analyte with a ligand through 

alterations to pH, ionic strength and additives.49 Traditionally, Tris (TBS), HEPES (HBS) or 

phosphate (PBS) buffered saline can be used in SPR however a buffer screen can be 

performed to determine the optimum conditions for kinetic experiments to take place.  

As each buffer listed varies in pKa at 20 °C, the temperature experiments were run at. 

Each buffer was supplemented with ethylenediaminetetraacetic acid (EDTA) a chelating 
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agent, and the surfactant P20 to prevent aggregation and non-specific interactions, with 

addition of EDTA and P20, denoted as EP+.50 Analytes and the ligand may demonstrate 

variable solubility in each buffer, influencing their ability to interact.49 Due to the limited 

quantity of peptide available, an initial buffer screen, a compound known to bind to Nrf2, 

ML385, was used to investigate the quality of binding profiles to the immobilised protein 

(Figure 2-34).51  

Key characteristics of SPR kinetic experiments aim to produce an efficient regeneration 

profile after sample injection. All three buffers tested produced fast association of 

ML385 to reach a complete association with the immobilised Nrf2 protein. In TBS-EP+ 

buffer, after initial rapid association, ML385 continues to produce a slower increase in 

association (Figure 2-34, A). This suggests the tris-based buffer is less preferable for 

measuring binding kinetics. Additionally, the dissociation phase in TBS-EP+, measured 

over 300 seconds, achieved only a partial dissociation from Nrf2. Sharp changes to the 

RU signal are referred to as a bulk shift, caused by a mismatch in the refractive index 

between the analyte solution and running buffer. Additionally, the calculated KD fell 

outside of the range of concentrations used (KD ~ 307 µM). PBS-EP+ (Figure 2-34, B) 

produced a considerable bulk shift in response units at the beginning and end of the 

association cycle, despite best efforts to produce accurate buffer matching, potentially 

signifying unfavourable interactions in this buffer composition. HBS-EP+ produced a 

comparably smooth, fast association profile with a fast dissociation profile and 

complete dissociation of the compound was achieved after the end of injection, whilst 

also remaining in range of the theoretical Rmax for ML385, assuming 1:1 binding 

stoichiometry (Mr: 511, Rmax ~22 RU) (Figure 2-34, A). Comparison of KD to existing 

literature was not possible as it has not previously been reported, however, the 

calculated KD of ML385 in HBS-EP+ 132 µM felt most reasonable compared to the 

concentration range tested.  

  

 
 Figure 2-34 ML385 from 200 µM 1:2 dilutions in TBS-EP+ (A), PBS-EP+ (B) or HBS-EP+ (C) injected across 
the surface of the chip over 60 seconds at 30 µL/min. 
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2.46 and 2.52-2.56 were subsequently ran in HBS-EP+ buffer with a 60 second injection, 

followed by a 300 second dissociation period to determine if the peptides could interact 

with Nrf2 (Figure 2-35). Across all six peptides, a negative sensogram profile was 

produced, (2.55, is shown as an example sensogram, Figure 2-35, A) with a negative 

signal during the association phase, 0-60 s. All peptides also displayed an increased 

interaction during the dissociation phase of the experiment, 60-300 s. It was considered 

that the peptides were producing a binding interaction with the reference surface of the 

SPR chip; a second channel exposed to the same immobilisation reagents in the 

absence of Nrf2 protein, capped with ethanolamine.  

The use of additives to the running buffer can help to prevent non-specific binding of the 

analyte. Bovine serum albumin (BSA) and dextran are commonly used.52–54 To investigate 

the benefits of these additives, experiments were trialled using 2.55 to compare the 

effect on the binding kinetics with Nrf2 (Figure 2-35, B and C). The use of BSA still 

resulted in a negative sensogram profile of 2.55 at lower concentrations. Dextran at 1 

mg/mL in the running buffer appeared to improve the association profile counteracting 

the non-specific binding of the carboxylated dextran (Figure 2-35, C).  

 

Figure 2-35: Impact of additives. 2.55 from 250 µM 1:2 dilutions against immobilised Nrf2 in HBS-EP+, 5% 
DMSO. pH 7.4, 60 second injections (A) comparison with (B) 1 mg/mL dextran and (C) 1 mg/mL BSA.  

Changes to the pH of the running buffer were subsequently trialled to determine if a pH 

closer to the pI of Nrf2 (4.7) improved performance, as optimised pH can improve the 

stability of analyte binding kinetics and further reduce non-specific binding 

interactions.46 Ultimately pH 7.4 was chosen for the running buffer, as the profile 

produced by 2.55 has reduced bulk shift and supported responses at a higher Rmax  

(Figure 2-36).  
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Figure 2-36  Impact of pH on Nrf2 SPR. Sensogram results of 2.55 in HBS-EP+ 1 mg/mL dextran 5% DMSO 
at pH 6 (A), 6.5 (B) or 7 (C).  

With running buffer conditions established, 2.46 and 2.52-2.56 were tested again in 

HBS-EP+ with 1 mg/mL dextran at pH 7.4 to minimise non-specific interactions (Figure 

2-37). The dilution series was limited to a minimum concentration of 7.8 µM as samples 

below this concentration produced no change in response units. For 2.46 and 2.52-2.56 

the buffer conditions improved the sensogram profiles produced by adding dextran to 

the running buffer.  

 

Figure 2-37 Peptide SPR against Nrf2. SPR spectra recorded for 2.46 and 2.52-2.56 in HBS-EP+ pH 6 with 1 
mg/mL dextran at 5% DMSO. Injection of peptides over 60 seconds 30 µL/min at 250-7.8 µM as 1:2 dilutions. 

Despite improved responses with optimised conditions, the RU recorded failed to 

plateau at high concentrations, making it difficult to determine the KD for the binding 

interaction with Nrf2 (Figure 2-38).  Additionally, none of the six peptides investigated 

reached the theoretical Rmax at the concentrations used. Therefore, higher 

concentrations of analyte would be required to accurately calculate KD, but this was not 

feasible due to peptide solubility. Immobilising a greater amount of Nrf2 onto an SPR 

chip may overcome these issues. However further experiments observed erosion of the 

baseline RU, indicative that the stability of Nrf2 protein over extended periods may not 

be compatible with SPR to determine binding affinity. The disordered nature of the Nrf2 
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protein in isolation may also prevent the correct folding required for a coiled-coil 

interaction to form and be measured in this way.15 Our investigation by SPR would 

conclude that all six peptides demonstrate equally weak affinity for the Nrf2 protein. This 

contradicts the competition fluorescence polarisation and EMSA data collected in 

Chapter 2.3.5, particularly towards 2.52. Consequently, limitations to the SPR assay 

may have contributed to an underestimation in quantifying the peptide-protein binding 

interaction.  

 
Figure 2-38: Relationship between response units (RU) and concentration (µM) for 2.46 and 2.52-2.56 from 
200 µM 1:2 dilutions.  

2.4 Conclusion 
This chapter presents the synthesis and biophysical characterisation of novel peptides 

based on the leucine zipper of MafG. Using an AlphaFold prediction model and existing 

literature on the coiled-coil interaction of Nrf2 and MafG proteins, six peptides were 

designed (2.46 and 2.52-2.56, Figure 2-14). Derived from MafG76-104, Peptides were 

synthesised at 14, 21 or 28 amino acids in length. Improvements to the synthesis of 2.54, 

2.52 and 2.46 using 0.4 M LiCl in DMF as the solvent throughout the synthesis enabled 

purification with quantifiable yields of these peptides.  

To compete with MafG to disrupt coiled-coil PPI formation, the peptides needed to form 

an α-helical secondary structure. Circular dichroism experiments demonstrated 2.46 

and 2.52-2.56 all produced an α-helical secondary structure, with the highest 

percentage helicity produced by 2.53 (81%) and 2.52 (71%) (Figure 2-18). A fluorescence 

polarisation assay was established to measure the inhibition of the ternary complex of 
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the Nrf2/MafG interaction with DNA containing an ARE promoter sequence. 2.52 was 

found capable of inhibiting the complex formation with an IC50 of 36 µM (Figure 2-22). 

Nrf2/MafG complex inhibition by 2.52 and 2.46 was qualitatively confirmed through an 

EMSA, demonstrating a decrease in protein-DNA complexes and an increase in free DNA 

probe migration across the gel (Figure 2-29). 

The use of SPR was explored by immobilising Nrf2 to the surface of a CM5 chip as a 

method for measuring binding affinity of peptides predicted to interact with the protein. 

SPR has not previously been used to characterise Nrf2 binding interactions, making this 

study an interesting first report on Nrf2 in SPR. Investigation of MafG mimicking 

peptides, 2.46 and 2.52-43, binding profiles to Nrf2 reported weak binding responses 

(Figure 2-38), perhaps supporting the weak inhibitory activity observed by FP and EMSA. 

Additionally, a maximum response for the peptide-protein interaction was not 

established, where higher concentrations of peptide could not be tested due to 

solubility issues. The inherent challenges of studying transient protein-protein 

interactions may offer an explanation as to why only weak interactions were observed.55 

Nrf2 undergoes disorder-to-order transitions in the presence of its binding partner 

MafG.15 Covalently constraining Nrf2 via amide coupling may further disrupt the 

formation of the helical secondary structure required for PPI formation with MafG 

derived peptides. Using Nrf2 in solution may improve the proteins’ ability to fold 

correctly. 

Additionally, the requirement for buffer to be at pH 4 for immobilisation of Nrf2 is not 

ideal for protein stability. Based on the results found in Chapter 2, a future SPR study 

could immobilise 2.52 to the chip surface, to investigate if a KD of the peptide-protein 

interaction could be calculated inversely. Future studies could also explore alternative 

immobilisation strategies to minimise the impact of immobilisation induced secondary 

structure changes influencing the formation of the desired PPI.  

Future work will look to improve the quality of the EMSA’s produced to improve the signal 

strength. The use of minimal fluorophore concentrations posed challenges, high 

background noise in the gel produced artifacts unrelated to the interactions being 

investigated. fluorescein labelling has previously been reported to observe a low noise 

to signal ratio in gel visualisation.104 Consequently, we would hope to explore the use of 

alternative fluorophore labelled DNA to improve the image quality of the experiments.  



98 
 

Investigation into the impact of methionine oxidation on activity of 2.52 against the Nrf2 

protein found that methionine sulfoxide containing sequences lost inhibitory activity 

against Nrf2/MafG. This led to the synthesis of 2.58, substituting methionine for 

norleucine. Assessment by fluorescence polarisation determined 2.58 had a similar 

inhibitory activity against the Nrf2 heterodimer (Figure 2-25) but also an increase in 

inhibition of the MafG homodimeric interaction.  

It is possible that peptides derived from MafG 76KEELEKQKAELQQEVEKLASE94 have a 

preferential ability to self-assemble as coiled-coils, which could be confirmed by further 

circular dichroism experiments designed to measure coiled-coil formation. 2.54, 2.52 

and 2.46 contain the sequence 96NASMKLE104, which may have a reduced preference for 

homodimerisation due to the polar Asn97 residue occupying an “a” position (Figure 2-39) 

in the heptadic motif of MafG. This substitution may disrupt the hydrophobic core of 

homodimeric coiled-coil assembly, enhancing the peptides’ ability to compete with 

native MafG.   Future work may explore residue mutation of ionic positions (e and g) in 

the MafG peptides to further dissuade self-assembly.  
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Figure 2-39: Organisation of coiled-coil interacting residues between MafG peptide and MafG or Nrf2. 

Future work would include exploring the 2.52 structure further to improve selective 

inhibition of Nrf2/MafG heterodimer through residue modification within the coiled-coil 

to improve the hydrophobic and ionic properties of the helix to afford more potent 

inhibitors. Further synthesis optimisation could also be carried out, as whilst 

purification of lead 2.52 was achievable, the production of high yielding synthesis 

remains a challenge. Development of an assay to investigate peptide selectivity towards 

the Nrf2 or MafG leucine zipper would also provide an interesting tool to further optimise 

peptide inhibitors of the PPI.   

Overall, the optimisation of a fluorescence polarisation and electrophoretic mobility 

shift assays has led to the identification of peptide inhibitors capable of disrupting the 

Nrf2/MafG/ARE ternary complex. This will enable the development of further inhibitors 

of this interaction. 2.52 and 2.58 are well placed for evaluation of Nrf2 inhibition in cell-

based assays in models of Nrf2 over-expression in cancer.  
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2.5 Experimental 

2.5.1 Chemicals 
All chemicals used were reagent grade. Fmoc-Amino Acids were purchased from Sigma-

Aldrich, AGTC Bioproducts, or Fluorochem. Coupling and Deprotection Reagents, HBTU, 

DIPEA and Oxyma Pure from Fluorochem; DIC and Piperidine from Sigma Aldrich and 

HOBt from AGTC Bioproducts. TentaGel® S RAM resin was purchased from Rapp 

Polymere. Rink Amide ProTide™ Resin (LL) was purchased from CEM. Analytical and 

HPLC grade solvents were purchased from Sigma Aldrich and assumed to conform to 

specification. Peptide synthesis grade solvents, N,N-Dimethylformamide (DMF) and 1-

Methyl-2-pyrrolidone (NMP) were purchased from AGTC Bioproducts. Trifluoroacetic 

Acid (TFA) was purchased from Fluorochem. 

2.5.2 Solid-phase peptide synthesis 
2.54, 2.52 and 2.46 were synthesised using a Syro I automated peptide synthesiser. 100 

mg of Tentagel S RAM resin (0.26 mmol/g) was swollen in DMF containing 0.4 M LiCl (3 

mL) for 20 min with agitation. DMF was then drained and Fmoc-deprotection was 

performed using a solution of 20% piperidine in DMF (2 mL) for 10 min with agitation, the 

vessel was then drained and the step repeated. Wash step was then performed by 

rinsing the vessel with 0.4 M LiCl in DMF (2 mL) and agitating for 30 s, this step was 

repeated 3 times. Fmoc-amino acid (4 eq) in NMP was coupled using HOBt (4 eq), HBTU 

(4 eq) in DMF and DIPEA (8 eq) in NMP with the addition of 1 mL DMF with 0.4 M LiCl for 

20 minutes with agitation, this step was then repeated. After the coupling reaction was 

completed, the established wash step was then repeated. The process of deprotection 

and coupling was carried out until the desired amino acid sequence was completed.  

 

2.56, 2.55 and 2.53 were synthesised using a Liberty Lite automated microwave peptide 

synthesiser, using Tentagel S RAM resin (0.26 mmol/g) was manually swollen in DMF for 

10 min before addition to the reaction vessel. Fmoc deprotection steps were carried out 

in 20% piperidine in DMF with microwave heating of 90 ֯ C for 1 min. Wash steps were 

performed by draining the reaction vessel and washing with DMF (3 x 3 mL). Coupling 

reactions of all amino acids was achieved using Oxyma Pure (5 eq), DIC (5 eq) and Fmoc-

protected amino acids (5 eq) at 90 ֯ C for 5 min. The process of deprotection and coupling 

was carried out until the desired amino acid sequence was completed. 
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Upon the final deprotection all peptides were acetylated in acetic anhydride (4 eq) and 

DIPEA (4 eq) in DMF with agitation for 45 minutes. The final wash step rinsed the vessel 

with DMF (3 x 5 mL), CH2Cl2 (3 x 5 mL) and MeOH (3 x 5 mL) to exhaustively remove 

remaining DMF. 

Cleavage of peptides from resin support was achieved using 10 mL TFA with addition of 

reaction scavenger’s H2O, DODT and TIPS at 2.5% each. Cleavage solution was added 

to a reaction vessel and agitated for 3 h. The cleavage solution was then collected and 

concentrated in vacuo, followed by precipitation in diethyl ether. Peptides were purified 

using RP-HPLC and analysed by analytical HPLC and MALDI-TOF. 

2.5.3 Analytical techniques 
2.5.3.1 RP-HPLC 
An Agilent 1200 with an Agilent eclipse XDB-C18 column, 4.6 x 150 mm, 5 µm and a flow 

rate of 1 mL/min was used for performing Analytical RP-HPLC. Solvent system of solvent 

A = H2O 95% : MeCN 5% : TFA 0.05% Solvent B: H2O 5% : MeCN 95% : TFA 0.05% Gradient 

of Solvent B from 5-95% over 15 minutes. 

Preparative RP-HPLC was performed using an Agilent 1200 with an Agilent eclipse XDB-

C18 column 21.2 x 150 mm (5 µm) flow rate of 20 mL/min. Solvent A: H2O 95% : MeCN 

5% : TFA 0.05% Solvent B: H2O 5% : MeCN 95% : TFA 0.05% Gradient of Solvent B from 

5-95% over 15 minutes. 

2.46 Ac-KEELEKQKAELQQEVEKLASENASMKLE-NH2, RP-HPLC (RT = 10.6 min) 

2.52 Ac-KAELQQEVEKLASENASMKLE-NH2, RP-HPLC (RT = 10.7 min) 

2.58 Ac-KAELQQEVEKLASENAS(Nle)KLE-NH2, RP-HPLC (RT = 8.2 min) 

2.57 Ac-KAELQQEVEKLASENASM(O)KLE-NH2, RP-HPLC (RT = 10.6 min) 

2.53 Ac-KEELEKQKAELQQEVEKLASE-NH2, RP-HPLC (RT = 5.6 min) 

2.54 Ac-VEKLASENASMKLE-NH2, RP-HPLC (RT = 10.8 min) 

2.55 Ac-KAELQQEVEKLASE-NH2, RP-HPLC (RT = 10.9 min) 

2.56 Ac-KEELEKQKAELQQE-NH2, RP-HPLC (RT = 8.9 min) 

2.5.3.2 MALDI-TOF 
MALDI-TOF: Performed on a Shimazdu Axima Performance MALDI-TOF in positive 

ionisation mode. All samples were calibrated to a ProteoMass™ ACTH Fragment 18-39 

MALDI-MS Standard. Mol Wt 2,464.1989 Da. 
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2.46 Ac-KEELEKQKAELQQEVEKLASENASMKLE-NH2 3300.7 [M+H]+ expected, 3300.7 

observed. 

2.58 Ac-KAELQQEVEKLASENAS(Nle)KLE-NH2 2398.2 expected [M+H]+, 2398.6 observed. 

2.57 Ac-KAELQQEVEKLASENASM(O)KLE-NH2 2432.2 [M+H]+ expected,2432.9 observed. 

2.52 Ac-KAELQQEVEKLASENASMKLE-NH2 2416.2 expected [M+H]+ 2416.2 observed. 

2.53 Ac-KEELEKQKAELQQEVEKLASE-NH2 2527.3 expected [M+H]+ 2527.0 observed. 

2.54 Ac-VEKLASENASMKLE-NH2 1589.8 expected [M+H]+, 1590.2 observed. 

2.55 Ac-KAELQQEVEKLASE-NH2 1642.8 expected [M+H]+, 1642.2 observed. 

2.56 Ac-KEELEKQKAELQQE-NH2 1770.9 expected [M+H]+, 1771.1 observed 

2.5.4 Circular dichroism 
CD spectra were recorded on a Jasco J-810 spectropolarimeter using a 1 mm path length 

quartz cuvette (Starna Scientific). Peptides were suspended in 50:50 Trifluoroethanol: 

Potassium Phosphate Buffer, (10mM Potassium Phosphate Buffer at pH 7.4 in dH2O) at 

0.2 mg/mL.  The scans were recorded at 20 °C between 185 and 260 nm. Data was then 

analysed using Dichroweb using an CDSSTR Method. 

2.5.5 Fluorescence polarisation  
Corning ™ 384-well solid black polystyrene microplates containing 40 µL/ well. Final 

concentration of 10 nM per well of fluorescein labelled ARE DNA with 50 nM of His-MafG 

and 62.5 nM of His-Halo-Nrf2 in PBS containing 10 mM DTT and 0.1% Tween-20 at pH 

7.4. Peptides stored in DMSO were added to the plate ensuring no higher than 5% DMSO 

was used. Plate was incubated for 16 h at 4 °C, polarisation was measured using ex: 482-

16 em: 530-40 Dichroic: LP 504 on Fluorescence Polarisation Mode on a ClarioStar Plate 

Reader.  

To examine if the assay was functional, a titration of the proteins was performed in PBS 

at pH 7.4 containing 0.05% Tween-20, against 5 and 10 nM of the fluorescent DNA 

ranging the protein concentration from 1.5 µM in 1:5 dilutions in the presence and 

absence of Nrf2. 5 nM fluorophore produced an unexpected increase in polarisation in 

the absence of protein (Figure 2-31). 10 nM of fluorescein labelled DNA was 

subsequently used.  It was subsequently decided to proceed experiments at 10 nM of 

fluorescent DNA to maintain low background interference with the assay.  
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Appendix 2-1 Fluorescence polarisation signals of 5 and 10 nM fluorescein ARE DNA at different 
concentrations of MafG.  

2.5.6 Electrophoretic mobility shift assay (EMSA)  
20% TBE gels (Novex™) was pre-run in 1x TBE buffer (Invitrogen™ UltraPure™) at 4 °C at 

100 V for 30 minutes (PowerEase™ 120 W Power Supply). Fluorophore labelled ARE DNA 

(Sigma-Aldrich) was incubated with Nrf2 and MafG protein for 16 h with peptides at 4 °C 

and loaded with 1X BlueJuice Loading Dye (Invitrogen™). Gel run at 200 V for 135 minutes 

at 4 °C in darkness. Gels were visualised using the appropriate fluorophore filter with 

ImageQuant LAS 4000 (GE Healthcare).  

2.5.7 Surface plasmon resonance 

Biacore S200 SPR Instrument was used with Biacore Sensor Chip CM5 (Cytiva) for 

immobilisation of His6HaloNrf2 by amide coupling. pH scouting was performed using 10 

mM sodium acetate at pH 4, 4.5, 5 and 5.5, the estimated PI of Nrf2 is 4.67, consequently 

buffer at pH 4 was used. His6HaloNrf2 was flown over the chip at 5 µL/min immobilising 

at 4640 response units (RU) in Sodium Acetate pH 4. HBS-EP+ pH 7.4 was used as the 

running buffer. A reference cell was blocked with ethanolamine. 

Experiments to trial buffer conditions as described in Chapter 2.3.6, utilised buffers 

with contents provided in Table 7.  Peptides 2.46 and 2.52-43 were injected at a flow rate 

of 30 µL/min for periods of 60 s followed by a dissociation period of 300 s at 250-3.125 

µM. The chip surface was generated using 10 mM NaOH for 30 s. A DMSO correction 

(4.5-5.5%) was applied to the recorded sensogram and a blank subtracted from the 

signal. Results were analysed using Biacore S200 evaluation software using steady state 

kinetics to determine KD values. ML385, a known Nrf2 inhibitor, was flown over the chip 

at 30 µL/min for 60 seconds at 125-0.288 µM. 
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SPR Buffer compositions: 

# Buffer Name Contents 

A 
HEPES-Buffered Saline (HBS-

EP+) 
10 mM HEPES pH 7.4, 150 mM NaCl, 3 

mM EDTA, 0.01% P20 

B Tris-Buffered Saline (TBS-EP+) 
50 mM TRIS-HCl pH 7.4, 150 mM NaCl, 3 

mM EDTA, 0.01% P20 

C 
Phosphate Buffered Saline 

(PBS-EP+) 

10.1 mM Na2PO4, 1.8 mM KH2PO4, 137 
mM NaCl, 2.7 mM KCl, pH 7.4, 3 mM 

EDTA, 0.01% P20 
Table 2-7 Buffer compositions tested 

 

2.6 Appendix 
2.6.1.1 Complete gels from EMSA 

  

Appendix 2-2 Full gel image from Figure 2-28. 

 

Appendix 2-3 Full gel image from Figure 2-29. 
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2.6.1.2 HPLC traces of peptides synthesised 

 

Appendix 2-4 HPLC of 2.56. 

 

Appendix 2-5 HPLC of 2.55. 

 

Appendix 2-6 HPLC of 2.54. 

 

Appendix 2-7 HPLC of 2.53. 

 

Appendix 2-8 HPLC of 2.52. 
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Appendix 2-9 HPLC of 2.57. 

 

Appendix 2-10 HPLC of 2.58. 

 

Appendix 2-11 HPLC of 2.46. 
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3.1 Introduction 

3.1.1 Targeting PPIs and coiled-coils with small molecules 
Designing small molecules that can inhibit PPIs is challenging, as often binding sites are 

shallow and lack well-defined binding pockets. Consequently, small molecules are 

most commonly identified through high-throughput screening techniques, which can be 

expensive and resource intensive.1 Here we will discuss methods for designing small 

molecules based on α-helical peptide scaffolds to afford inhibitors of α-helix mediating 

PPIs. 

3.1.1.1 Small molecules designed from α-helices 
Utilising structural information of an interaction can support design strategies of small 

molecule inhibitors.2 An α-helix mediating a PPI on a singular face can be replaced with 

non-biological scaffolds to produce small molecules that can interact at a PPI interface. 

Within a helical peptide the i, i+3/4 and i+7 positions can be modified to impose key 

residues onto an organic backbone.3,4 Rational inhibitor design for the helical p53/hDM2 

(3.1) and Bcl-xL/Bad (3.3) interactions has been achieved with µM activity using 

benzamide (3.2) or imidazole-phenyl (3.4) structures to mimic the α-helical backbone of 

a known peptide inhibitor (Figure 3-1).2,5  

 

Figure 3-1 α-helix mimicking backbones for designing small molecule inhibitors of the p53/hDM2 and Bcl-XL 
interactions.2,5,6 
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A more directed approach can be achieved by performing fragment based screening, 

helping to identify potential PPI hotspots to be exploited by further SAR.7 When a hotspot 

residue of a PPI is known, anchor based small molecule design can be performed, 

searching for bioisosteres to design small molecule inhibitors, a technique that has 

been applied to α-helical PPIs. An example of this is the p53 α-helix binding to hDM2 

(Figure 3-2), where a key tryptophan residue on p53 was used to perform substructure 

modifications leading to a hit spiro-oxindole (3.5) structure with a potent Ki of 0.88 nM.8 

 
Figure 3-2 Anchor based design of p53/hDM2 inhibitor MI-77301 (3.5) containing spiro-oxindole core (red) 
originating from hotspot residue Trp23 on p53. 

An alternative drug design strategy utilising the knowledge of known key residues within 

an α-helix mediated interaction is the REplacement with Partial Ligand Alternatives 

through Computational Enrichment (REPLACE) strategy.9 First described in 2006, 

REPLACE was used to identify inhibitors of CDK2/cyclin A, applying structural 

information of a peptide based on the cyclin binding protein P21 (3.7). Sequence 

truncation (3.8) identified an arginine residue responsible for key charged interactions, 

non-peptidic structures were subsequently explored (3.9), generating peptide-small 

molecule hybrids with comparable inhibitory activity to the parent peptide sequence 

(Arg-Arg-Leu-Asn-(p-F-Phe)-NH2) (Figure 3-3).9 

 
Figure 3-3  Structure of peptide and peptide-small molecule hybrid identified through REPLACE technique 
substitution (red) of arginine for an aromatic scaffold for inhibition of the Cyclin2/CDK2 PPI. 
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3.1.1.2 Coiled-coil small molecule inhibitors 
Despite advances in small molecule design for PPI inhibition, success in targeting 

coiled-coil interactions has been limited. Existing small molecules target larger coiled-

coil structures such as helical bundles, primarily the six-helical bundle of the viral entry 

proteins found in HIV-1 (Figure 3-4).10–12  Helical bundle formation has been prevented 

by stabilising dimeric coiled-coil interactions with small molecules inhibitors. 3.9 

stabilises the dimeric coiled-coil interactions between helical repeat 1 and 2 by a key π- 

π stack and hydrogen bonding interactions. 3.9 repels helical bundle formation through 

residue displacement to prevent hydrogen bond formation with additional helical repeat 

1 units (Figure 3-4, A).12 

8-anilinonaphthalene-1-sulfonic acid (ANS, 3.10) has been found to bind a conserved 

hydrophobic pocket on the N-terminal helical bundle, displacing C-terminal peptide 

binding by displacing key tryptophan residues (Figure 3-4, B).10,11  

 
Figure 3-4 Small molecules that disrupt helical bundles. (A) TMC353121 (3.9) (cyan) a benzimidazole 
containing structure that disrupts helical bundle formation between HR1 and HR2 of gp41, HIV-1, (Merge of 
PDB: 3KPE and 1G2C) interacting helices shown in green, HR1’ displaced shown in grey, hydrogen bond 
interactions shown in red, π- π interaction in purple, displaced residue of HR1’ indicated by an orange arrow.  
(B) 8-anilinonaphthalene-1-sulfonic acid (ANS, 3.10) a fluorescent probe that binds to a hydrophobic pocket 
of the N-terminal helical bundle in gp41 (green), preventing C-terminal helix binding (grey) by displacing 
binding sites of tryptophan residues (cyan) (PDB: 6R2G).  

Inhibition of dimeric coiled-coils in transcription factors has also been achieved by 

small molecules against the Myc/Max interaction (Figure 3-5). 3.11 was found through 

HTS reaching low nM affinity. There is no experimentally determined structural evidence 
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confirming if small molecules directly target the coiled-coil or the loop regions of Myc to 

prevent protein dimerisation.13,14 Induced fit docking simulations have suggested that 

the KJ-Pyr-9 scaffold binds at the coiled-coil region primarily to Myc in close proximity to 

the loop-helix domain (Figure 3-5).15  

 
Figure 3-5 (A) Myc/Max/DNA structure (PDB: 1NKP), (B) Myc inhibitor KJ-Pyr-9 (3.11) proposed binding site 
highlighted in red.  

Inhibitors against the MDB2/p66α dimeric coiled-coil have been identified using an in 

silico screening platform.16 A compound library was used to perform molecular docking 

and dynamics simulations against the MBD2 α-helix (Figure 3-6). Of ten compounds 

validated experimentally, two were inhibitory, achieving low µM IC50 values against the 

PPI. This is an example of streamlining the efficiency of high throughput screening to 

identify inhibitors towards a coiled-coil interaction. 

 
Figure 3-6 (A) MDB2/p66α interaction (PDB: 2L2L), (B) Small molecule inhibitors (3.12-3.13) proposed 
binding site highlighted in red.  
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3.1.2 Peptide-directed ligand design 
An emerging technique for efficient small molecule fragment discovery is the use of 

peptide-directed ligand design (PDLD).9–12 Described in Figure 3-7, PDLD has been 

utilised to perform in silico screens of alkyne and azide fragments against α-helical 

peptide scaffolds to afford potent inhibitors against Noxa/Mcl-1 and p53/hDM2 or 

p53/hDMx helix in groove interactions.17,18 

 

Figure 3-7 Overview of peptide-directed ligand design for α-helix mediated PPI inhibitors. 

PDLD against Noxa/Mcl1 was performed using the α-helical NoxaB peptide  

(AAQLRRIGDKVNLRQKLLN, IC50 of 650 nM).19 By dividing the peptide in half, two key 

binding residues were conserved in each peptide. Reactive handles were installed to 

perform copper-catalysed azide-alkyne cycloaddition (CuAAC) of small molecule 

fragments, creating a library of peptide-hybrids for investigating inhibitory activity 

against. Guided by in silico peptide-hybrid screening, 35 small molecules were 

assembled, 50% producing an IC50 of <100 µM as determined by fluorescence 

anisotropy.17 
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Similarly, the hDM2/hDMX interaction with p53 was explored utilising an 8-mer peptide 

(Ac-Phe-Met-Aib-Pmp-6-Cl-Trp-Glu-Ac3c-Leu-NH2,* KD 36 nM for hDM2, 7 nM for hDMX). 

Dividing the sequence in half (four amino acids in each reactive half), performing virtual 

CuAAC docking and subsequent triazole small molecule docking. This led to the 

synthesis of the top ten small molecules for the two proteins identifying hit small 

molecules. Again, 50% of the twenty small molecules prepared disrupted the hDMX/p53 

interaction as determined by competition fluorescence polarisation assay against the 

p53 peptide.18  

The lack of well-evidenced small molecule inhibitors of dimeric coiled-coil interactions 

highlights a need to utilise novel structural design methods to identify inhibitor scaffolds 

for this type of protein-protein interaction. The ability of PDLD to identify small 

molecules with highly efficient hit rates against a target protein-protein interaction is 

exciting, as it offers huge improvements against standard high throughput screening 

methods to identify PPI small molecule inhibitors. Consequently, it is an aspiring 

technique to identify inhibitors against PPIs where no small molecules modulators have 

been reported.  

3.2 Chapter Aims 
Using crystal structure information of the Nrf2/MafG/ARE ternary complex (PDB: 7X5F), 

this chapter reports the use of peptide-directed ligand design to develop peptide-small 

molecule hybrids through triazole click chemistry.  

Utilising the leucine zipper sequence of MafG, 82KAELQQEVEKLASENASMKLE104, found 

to have inhibitory properties against the Nrf2/MafG interaction in Chapter 2, small 

molecule peptide hybrids were investigated in silico. High scoring fragments were then 

synthesised as peptide-hybrids and experimentally evaluated by the fluorescence 

polarisation and electrophoretic mobility shift assays described in Chapter 2.  

A small library of fragments, representative of a broad chemical space were also 

prepared for peptide-small molecule hybrid synthesis and investigated by fluorescence 

polarisation and electrophoretic mobility shift assays.  

 
* Aib: α-aminoisobutyric acid. Ac3c: 1-amino-cyclopropanecarboxylic acid. Pmp: 
phosphonomethylphenylalanine 
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3.3 Results and Discussion 

3.3.1 In silico design of peptide-small molecule hybrids 
3.3.1.1 Non-covalent docking of small molecule hybrids 
Using the Nrf2/MafG crystal structure (PDB: 7X5F), Nrf2 and interacting MafG sequence 

82KAELQQEVEKLASENASMKLE104  were prepared in Schrodinger Maestro suite to support 

the docking of small molecule fragments to the Nrf2 protein.20 As hot-spot residues of 

the MafG peptide sequence have not been identified, the sequence was divided into two 

halves 82KAELQQEVEK93 and 94LASENASMKLE104 to provide even distribution of a and d 

hydrophobic positions of the coiled-coil (Figure 3-8).  

 

Figure 3-8 Structure of Nrf2 Neh1 domain (light grey) with MafG truncated to peptide sequence 
82KAELQQEVEKLASENASMKLE104 (Dark Grey,) a and d positions are shown as sticks, highlighted in green, 
prepared in PyMOL from PDB 7X5F.  

The C-terminus of 82KAELQQEVEK93 was modified with the addition of propargylglycine 

after Lys93, similarly 94LASENASMKLE104 was modified at the N-terminus of Leu94 with 

azidoacetic acid (Figure 3-9) in preparation for covalent docking of small molecule 

fragments. 21 
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Figure 3-9 Structures of KAELQQEVEK-Pra (3.14) and N3Ac-LASENASMKLE (3.15)† Nrf2/MafG (PDB: 7X5F) 
Nrf2 (white), 82KAELQQEVEK92 (magenta) and 93LASENASMKLE104 (cyan). 

Azide and alkyne libraries were selected using the Enamine and ZINC library collections, 

with a preference for compounds that cover a large chemical space and structural 

diversity.22,23 In total, 33,418 alkyne fragments and 3,347 azide fragments were prepared 

using the LigPrep function in Maestro to capture the relevant 3D structural 

conformations of each fragment.24 

Non-covalent docking was used to screen the fragment libraries using grid based ligand 

docking with energetics (glide) scoring, a fragment screening tool reported to provide 

rapid ranking of ligand docking poses.25 This allowed us to reduce the selection pool to 

the top 200 azide and alkyne fragments, where highly negative docking scores are 

representative of a strong binding interaction between the protein and the small 

molecule.  

The 200 azides or alkynes were then covalently docked to the corresponding peptide, 

forming a triazole bond between the peptide and small molecule. The top ten azides and 

alkynes produced are summarised in Table 3-1 and 3-2. Example docking interactions 

of the top azide and alkyne fragment are highlighted in Figure 3-10. Docking of 3.26 to 

KAELQQEVEK suggests a π-stacking interaction between the triazole and Lys543 of Nrf2, 

which would occupy an “a” position of the leucine zipper. Additionally, a H-bond 

interaction was suggested to form with Glu542 occupying a “g” position of Nrf2 during 

coiled-coil formation. Docking proposes that 3.16 could form a salt-bridge with Lys536 

which also occupies an “a” position within the Nrf2 leucine zipper (Figure 3-10, B).  

 
† Pra: Propargylglycine N3Ac: Azidoacetic acid 
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Figure 3-10 Top binding poses of (A) 3.26 (cyan) MafG peptide KAELQQEVEK in magenta. (B)  3.16 (magenta) 
MafG peptide LASENASMKLE (cyan) Nrf2 in grey. H bonding (green), π-stacking (red), salt bridge (orange).  

Table 3-1 Top 10 from small molecule covalent docking simulations across alkyne fragments. 

Ac-KAELQQEVEK-R 

Structure 
(Nr) 

cdock 
Score 

Structure 
(Nr) 

cdock 
Score 

 

(3.16) 
-3.895 

 

(3.21) 
-3.041 

 

(3.17) 
-3.809 

 

(3.22) 
-2.975 

 

(3.18) 
-3.657 

 

(3.23) 
-2.947 

 

(3.19) 
-3.522 

 

(3.24) 
-2.913 

 

(3.20) 
-3.195 

 

(3.25) 
-2.782 
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Table 3-2 Top 10 azides from covalent docking simulations performed across 3347 azide fragments. 

R-LASENASMKLE-NH2 

Structure (Nr) cdock 
Score Structure (Nr) cdock 

Score 

 

(3.26) 
-4.546 

 

(3.31) 
-2.898 

 

(3.27) 
-3.175 

 

(3.32) 
-2.824 

 

(3.28) 
-3.104 

 

(3.33) 
-2.622 

 

(3.29) 
-3.061 

 

(3.34) 
-2.609 

 

(3.30) 
-2.912 

 

(3.35) 
-2.595 

 

3.3.1.2 Selected small molecule fragments from in silico screening 
Following an assessment of commercial availability of the top docking fragments, four 

alkynes and three azides (Figure 3-11) were identified to be cost feasible (under £250 for 

50 mg). Consequently, the library of peptide hybrids was expanded by utilising an in-

house inventory of alkynes and azides previously used for identification of helix-in-

groove mediated interactions (Figure 3-12).17–19 
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Figure 3-11 Commercially viable docking fragments for synthesis. 

 
Figure 3-12 In-house selected alkyne and azide fragments selected for peptide-small molecule hybrid 
synthesis. 
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3.3.2 Peptide-small molecule hybrid synthesis 
3.3.2.1 Synthesis of peptide (Ac-KAELQQEVEK-) and small molecule hybrids 

Synthesis of (Ac-KAELQQEVEKPra-NH2
‡) (Figure 3-13, 3.14) was achieved using 

microwave peptide synthesis on Tentagel S RAM resin (0.24 mmol/g) of the ten amino 

acid sequence incorporating Fmoc-propargylglycine (Fmoc-Pra-OH) at the C-terminus. 

To confirm synthesis a small resin cleavage was performed using TFA as previously 

described, the expected mass of 1336.7 Da [M+H]+ was found, correlating to a peak 

observed by analytical HPLC at 9.9 min.  

 

Figure 3-13  Structure of 3.14 with incorporated Pra residue (green)  

Following the synthesis of 3.14, azide fragments were reacted with the peptide on resin. 

Using the N-terminal alkyne handle using click chemistry to form a triazole linker 

between the peptide and small molecule fragment.  

Click chemistry, first described by Sharpless et al in 2001. is a method of convenient 

covalent bond formation under mild conditions.26 The best known example of click 

chemistry is the Cu(I) catalysed azide alkyne-cycloaddition (CuAAC) first reported in 

2002 (Scheme 3-1).27 CuAAC describes the use of a regioselective Cu(I) catalyst, 

generated by Cu(I) salts or a reduction of Cu(II) using sodium ascorbate to support the 

formation of a 1,4-disubstituted 1,2,3-triazole between a monosubstituted alkyne (3.51) 

and an organic azide (3.54). Although the mechanism is somewhat contentious, the 

literature commonly uses the mechanism presented by Fokin.28–30 Cu(I) (3.50) 

coordinates with the alkyne to generate a copper acetylide (3.52) through a 

deprotonation, which further forms a weak π bond interaction with a second Cu(I) (3.53). 

This produces a catalytically favourable complex, in which reversible coordination with 

an organic azide (3.54) leads to formation of a copper(I) triazolide intermediate (3.55). A 

 
‡ Pra = Propylargylglycine 
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ring contraction on the triazolyl stabilised copper derivative (3.56) leads to protonolysis 

yielding a 1,4-triazole (3.57) and the release of Cu(I) (3.50).28 

 

Scheme 3-1 CuAAC reaction adapted from Fokin et al. 2013.28 

There is evidence of peptide degradation by active copper species during CuAAC 

reactions, adding a level of difficulty in achieving peptide conjugation by CuAAC.31 The 

use of ascorbic acid to reduce Cu(I) can also generate reactive oxygen species that 

create off target reactions with amino acids during bioconjugation.32 As such, the 

development of Cu(I) organic complexes such as Cu(MeCN)4PF4 (Scheme 3-2, 3.59) 

have been reported to remove the need for reducing agents and harsh basic conditions 

for CuAAC to proceed.33 

The CuAAC reaction between on resin 3.14 and azide fragments (Scheme 3-2, 3.58) 

was performed at room temperature overnight with agitation, followed by peptide 

cleavage in TFA with DODT, H2O and TIPS.  

 

Scheme 3-2 Click reaction of azide fragments with 3.14 to form peptide-small molecule hybrids. 

Peptides were synthesised, cleaved and analysed by HPLC to determine TR values; the 

correct expected masses were found by MALDI-TOF, in total seven peptide-small 

molecule hybrids were prepared (Figure 3-14, Table 3-3). Problems were found with 

handling the product of benzamide (3.30) cycloaddition, which frequently precipitated 
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in MeCN, MeOH or H2O. This perhaps suggesting the peptide-small molecule hybrid 

would not have been viable for use in biophysical assays prepared, as such it was not 

explored further.  

 

Figure 3-14 Peptides-small molecule hybrids synthesised by CuAAC. 
Table 3-3 Peptide small molecule hybrids synthesised by CuAAC with 3.14. 

 (Ac-KAELQQEVEK-R) 
R- Yield (%) 

3.61 11% 
3.62 17% 
3.63 21% 
3.64 24% 
3.65 28% 
3.66 23% 
3.67 12% 

3.3.2.2 Synthesis of peptide (N3Ac-LASENASMKLE-NH2) and small molecule 
hybrids 

Synthesis of N3Ac-LASENASMKLE-NH2 (3.15, Figure 3-15) was achieved using 

microwave peptide synthesis of the 11 amino acid sequence (3.68) followed by an 

acetylation reaction (Scheme 3-3), capping the N-terminus using 4 equivalents of 

azidoacetic acid (3.69) in a microwave assisted coupling at 90 °C for 1 min using Oxyma 

Pure (5 eq), DIC (5 eq) in DMF. The reaction successfully proceeded, resolving the 

expected [M+H]+ of 1274.4 m/z by MALDI-TOF and singular peak by analytical HPLC at 

11.1 min.  
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Scheme 3-3 Azidoacetic acid (3.69) coupling to the N terminus of peptide (3.68) to form 3.15 

 

Figure 3-15 Structure of 3.15 capped with azidoacetic acid. 

The synthesis of peptide-small molecule hybrids using alkyne fragments (Scheme 3-4, 

3-9.53) was achieved using 0.1 equivalents of tetrakis(acetonitrile) copper(I) 

hexafluorophosphate (3.75) and DIPEA (2 eq) agitated overnight with 3.15 on resin, the 

resin was then washed extensively with DMF, DCM and MeOH following a cleavage in 

TFA with DODT, H2O and TIPS for 3 hours. After cleavage, the peptide-small molecule 

hybrids (Figure 3-16) were subjected to semi-preparative purification to analyse the 

crude content for the desired product. Correct mass and corresponding TR were found 

for thirteen hybrid molecules with sufficient yields to proceed with an investigation of 

peptide-small molecule hybrids by fluorescence polarisation assay (Table 3-4). 

 

Scheme 3-4 Click reaction of docking fragments to 3.15 to form peptide-small molecule hybrid (3.74). 
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Figure 3-16 Peptide-small molecule hybrids synthesised by CuAAC. 
Table 3-4 Peptide-small molecule hybrids synthesised by CuAAC with 3.15. 

 (R-LASENASMKLE-NH2) 
R- Yield (%) 

3.72 13% 
3.73 10% 
3.74 25% 
3.75 21% 
3.76 5% 
3.77 12% 
3.78 22% 
3.79 21% 
3.80 13% 
3.81 16% 
3.82 13% 
3.83 17% 
3.84 14% 

 



128 
 

3.3.3 Effect of peptide-small molecule hybrids on 
Nrf2/MafG/DNA complex 

The peptide-small molecule hybrids prepared were assessed using the fluorescence 

polarisation assay and EMSA established in Chapter 2 to determine if inhibitory activity 

could be observed against the Nrf2/MafG/DNA interaction. Initially, Ac-KAELQQEVEK-

NH2 (3.85) and Ac-LASENASMKLE-NH2 (3.86) were screened at 125 µM to investigate if 

inhibitory activity was lost by truncating the peptide sequence. Interestingly 3.86 

continued to inhibit the Nrf2/MafG/DNA complex (Figure 3-17) producing an 18% 

reduction compared to Nrf2/MafG at 125 μM. This was unexpected, as the 14-mer 

peptide 2.41 investigated in Chapter 2 generated no inhibitory activity, despite 

containing only three additional residues than 3.86. Subsequently, an IC50 titration was 

performed of 3.86 at 16 h (Figure 3-17) which determined an IC50 of approximately 149.3 

µM (95% CI 98.3 -226.7 µM). 3.86 produced 3-fold weaker inhibition, compared to 2.52 

(Ac-KAELQQEVEKLASENASMKLE-NH2) (IC50 of 36 µM). 

 

Figure 3-17 (left) FP screen of 3.85 and 3.86 at 125 µM (right) 3.86 titrated from 250 µM after 16 h, 4  °C 
incubation with 62.5 nM Nrf2, 50 nM MafG and 10 nM FAM ARE DNA.  

Twenty peptide-small molecules hybrids were screened at 125 µM. Two promising 

peptide hybrids derived from 3.15 were identified, 3.72 produced an 85% reduction in 

protein-DNA binding and 3.78 reduced binding by over 50% (Figure 3-18).  Of the six in 

silico peptide-small molecule hybrids screened, inhibition of the Nrf2/MafG interaction 

was found in one hybrid, 3.82 produced a 10% reduction in DNA binding. The minimal 

success of in silico screened hybrids was perhaps limited by high cost of lead fragments 

limiting availability for synthesis. Peptides derived from 3.14 were also less successful 

in inhibiting ternary complex formation, and 3.65 produced a 45% reduction whilst 3.63 

reduced the signal by 10%. Investigation of whether the hybrid molecules influence 
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baseline fluorescence found no significant change compared to the fluorophore control 

signals (Appendix 3-1). 

 
Figure 3-18 Small-molecule peptide hybrids screened at 125 µM against Nrf2/MafG/ARE at 16 h 4 °C 
normalised against the average signal of Nrf2/MafG/ARE binding complex (100%)  

Hybrids demonstrating inhibition at 125 µM were then titrated from 250 µM, 3.72 and 

3.78 demonstrated a concentration-dependent response allowing for calculation of an 

IC50 (Figure 3-19). 3.72 and 3.78 demonstrated an IC50 of 62.14 µM (95% CI 45.24 -76.6 

µM) and 127.1 µM (95% CI 88.18 -183.2 µM) respectively. Improving on the IC50 of 3.86, 

suggesting the fragments have an effect. It is noted that 3.72 and 3.78 led to a complete 

reduction of protein-DNA produced fluorescence, implying inhibition of MafG 

homodimer/DNA complex as well. Despite an initial decrease observed by 3.63, 3.65, 

3.66 and 3.82, no concentration dependent inhibition was observed from 250 µM.  

 
Figure 3-19 Fluorescence polarisation assay of 3.72 and 3.78. Measurements taken at 16 h, 4 oC against 
62.5 nM Nrf2, 50 nM MafG and 10 nM FAM labelled ARE. 

An EMSA was carried out, to determine visually if the peptide-small molecule hybrids 

reduced the Nrf2/MafG complex band intensity. Gel images of 3.14 hybrids (Figure 3-20) 

found Nrf2/MafG band visualisation was weak. The DNA band however was absent in all 
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four peptides suggesting, in line with the fluorescence polarisation assay, that no 

inhibition of the ternary complex was found. The EMSA of peptide-small molecule 

hybrids based on 3.15 showed greater protein complex visibility (Figure 3-20) and found 

3.72 and 3.78 did indeed reduce the protein/DNA complex causing a complete 

restoration of the free DNA band. Further implying that both Nrf2/MafG and MafG/MafG 

complexes are inhibited by these hybrid compounds. Interestingly, 3.81 and 3.82 also 

appeared to produce inhibition of the protein/DNA complex band, inconsistent with the 

results found in the FP assay.  

 

Figure 3-20 EMSA of peptide 3.85 and peptide-small molecule hybrids(right). Peptide 3.86, and peptide-
small molecule hybrids (left). 125 µM peptide, 62.5 nM Nrf2, 50 nM MafG and 10 nM FAM labelled DNA. 

3.4 Conclusion 
Peptide-directed ligand design has previously demonstrated success in the disruption 

of helix in groove interactions to identify small molecules capable of competing with α-

helical peptides derived from p53 and Noxa proteins.17–19 Currently, there are only a few 

small molecules that directly disrupt dimeric coiled-coil interactions, found by high-

throughput screening of large compound libraries.11,13,16 However, peptide-directed 

ligand design offers a promising strategy to explore small molecule inhibitor 

development with greater efficiency. 

In Chapter 2, 2.52 (Ac-KAELQQEVEKLASENASMKLE-NH2) was presented as an inhibitor 

of the Nrf2/MafG coiled-coil interaction. 2.52 disrupts Nrf2/DNA binding, demonstrated 

by fluorescence polarisation and EMSA biophysical assessments, most likely due to 

coiled-coil PPI inhibition. As such, the peptide can be used as a scaffold to perform 

peptide-directed ligand design to afford small molecule fragments capable of disrupting 

the coiled-coil interaction. 

Identifying peptide small molecule hybrids was first investigated by an in silico covalent 

docking screen using alkyne and azide fragments designed to cover a wide range of 

chemical space.22 Efforts to select potent inhibitory fragments by in silico screening 

were hampered by cost viability of top fragments. Future work would look to employ 
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further in silico screening with ligands of greater commercial availability or those that 

can be readily synthesised.  

The preparation of 2.52 for peptide-directed ligand design revealed that 3.86 (Ac-

LASENASMKLE-NH2) possessed inhibitory activity for the Nrf2/MafG interaction (IC50 of 

149 µM), providing an interesting insight into the minimum peptide length for peptide 

based coiled-coil inhibition (Figure 3-17). Future work could involve further exploration 

of peptide-directed ligand design against the shorter peptide, 3.86.  

Derived from peptide 3.86 (IC50 of 149 µM) two peptide-small molecule hybrids 

demonstrated improved activity towards the ternary complex of Nrf2/MafG/DNA. 3.72 

(IC50 of 62 µM) and 3.78 (IC50 of 125 µM) (Figure 3-19). These peptides demonstrated 

complete inhibition of all protein binding to DNA, which suggests the MafG homodimer 

binding to DNA was also abolished. Analysis of these samples by EMSA further confirms 

this as incubation with peptide hybrids 3.72 or 3.78 as well as 3.82-81 restored DNA 

migration suggesting these hybrids disrupt both MafG/MafG and Nrf2/MafG coiled-coils 

(Figure 3-20). These fragments offer potential leads for small molecule inhibitors. Future 

work to identify hit fragments towards 3.14 will allow for synthesis of small molecules 

that may be capable of disrupting the Nrf2/MafG PPI. Discovery of these novel peptide-

small molecule hybrids offers unique candidates to investigate against Nrf2 activity in 

cellular modes of chemoresistance in cancer.  

3.5 Experimental 

3.5.1 Molecular docking 
The partial crystal structure of the Nrf2/MAFG/CsMBE complex was utilised for docking 

calculations PBD ID 7X5F.20 MafG was truncated to: 80KAELQQEVEKLASENASMKLE104 

and the protein preparation wizard was applied in Schrodinger Suite 2023-2. MafG 

derived sequences 80KAELQQEVEK89 and 90LASENASMKLE104 were prepared and 

modified using Maestro build tools to contain azide and alkyne handles and the 

structure was minimised. Alkyne and azide small molecule fragments were taken from 

Enamine and ZINC Virtual Libraries and prepared using Schrodinger Suite 2023-2 

LigPrep application.  

Covalent docking was prepared by centering the binding site around the terminal 

alkyne/azide residue of the peptides using the covalent docking tool in Schrodinger Suite 
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2023-2 and azido-alkynyl condensation was instructed by using the following custom 

reaction file 

3.5.1.1 Peptide: Azide, Small Molecule: Alkyne 

RECEPTOR_SMARTS_PATTERN        3,N=[N+]=[N-] 

LIGAND_SMARTS_PATTERN          2,[C,c]C#C 

CUSTOM_CHEMISTRY ("<1>",("charge", 0, 1)) 

CUSTOM_CHEMISTRY ("<1>=[N+]",("charge", 0, 2)) 

CUSTOM_CHEMISTRY ("<1>|<2>",("bond",1,(1,2))) 

CUSTOM_CHEMISTRY ("<2>#C",("bond",2,(1,2))) 

CUSTOM_CHEMISTRY ("<1>=[N]=[N]",("bond",1,(2,3))) 

CUSTOM_CHEMISTRY ("<1>[N]",("bond",2,(1,2))) 

CUSTOM_CHEMISTRY ("<1>([C]=[C])=[N][N]",("bond",1,(3,5))) 

3.5.1.2 Peptide: Alkyne, Small Molecule: Azide 

RECEPTOR_SMARTS_PATTERN 2,C#CC 

LIGAND_SMARTS_PATTERN 3,N=[N+]=[N-] 

CUSTOM_CHEMISTRY ("<2>",("charge", 0, 1)) 

CUSTOM_CHEMISTRY ("<2>=[N+]",("charge", 0, 2)) 

CUSTOM_CHEMISTRY ("<1>|<2>",("bond",1,(1,2))) 

CUSTOM_CHEMISTRY ("<1>#C",("bond",2,(1,2))) 

CUSTOM_CHEMISTRY ("<1>[N]=[N]=N",("bond",1,(3,4))) 

CUSTOM_CHEMISTRY ("<1>(=C)[N]=[N]N",("bond",1,(2,5))) 

3.5.2 Peptide-small molecule hybrid synthesis 
3.5.2.1 Microwave Assisted Solid Phase Peptide Synthesis 

Peptides were synthesised using a Liberty Lite automated microwave peptide 

synthesiser, using Tentagel S RAM resin (0.26 mmol/g). Resin was manually swollen in 

DMF for 10 min before addition to the reaction vessel. Fmoc deprotection steps were 

carried out in 20% piperidine in DMF with microwave heating of 90 °C for 1 min. Wash 

steps were performed by draining the reaction vessel and washing with DMF (3 x 3 mL). 

Coupling reactions of all amino acids was achieved using Oxyma Pure (5 eq), DIC (5 eq) 

and Fmoc-protected amino acids (5 eq) at 90 °C for 5 min. The process of deprotection 

and coupling was carried out until the desired amino acid sequence was completed. 

Upon the final deprotection all peptides were acetylated in acetic anhydride (4 eq) and 

DIPEA (4 eq) in DMF with agitation for 45 minutes. The final wash step rinsed the vessel 
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with DMF (3 x 5 mL), CH2Cl2 (3 x 5 mL) and MeOH (3 x 5 mL) to exhaustively remove 

remaining DMF. 

A microcleavage of peptides from resin support was achieved using TFA (2 mL) with 

addition of reaction scavenger’s H2O, DODT and TIPS at 2.5% each in a reaction vessel 

and agitated for 3 h. The cleavage solution was then collected and concentrated in 

vacuo, followed by precipitation in diethyl ether. Peptides were purified using RP-HPLC 

and analysed by analytical HPLC and MALDI-TOF. 

3.5.2.2 Azido-acetylation 

The azido-peptide N3Ac-LASENASMKLE-NH2 (3.15) was achieved following the coupling 

of the final leucine residue and subsequent deprotection with piperidine, resin was 

treated with azidoacetic acid (N3Ac) (4 eq), Oxyma Pure (5 eq), DIC (5 eq) and heated for 

1 min at 90 °C. To confirm synthesis, a small amount of resin was cleaved and analysed 

by HPLC and MALDI-TOF. 

3.5.2.3 Alkynyl peptide synthesis 

The alkynyl-peptide Ac-KAELQQEVEK(Pra)-NH2 (3.14) was prepared by microwave 

assisted solid phase synthesis, Fmoc-L-propargylglycine was coupled as the first 

residue to the resin using  Oxyma Pure (5 eq), DIC (5 eq) Fmoc-amino acid (5 eq), 

microwaved at 90 °C for 5 min and deprotection or 20% in DMF with microwave heating 

of 90 °C for 1 min.  To confirm synthesis, a small amount of resin was cleaved and 

analysed by HPLC and MALDI-TOF. 

3.5.2.4 On resin CuAAC reaction 

Peptide on resin (1 eq), alkyne or azide fragment (1.1 eq), Cu(MeCN)4PF6 (0.1 eq), DIPEA 

(2 eq) were shaken in DMF for 16 h. Resin was then washed with DMF, DCM, and MeOH. 

Peptides were cleaved and purified using RP-HPLC and analysed by analytical HPLC and 

MALDI-TOF. 

3.5.3 Fluorescence polarisation assay 
Corning ™ 384-well solid black polystyrene microplates containing 40 µL/ well PBS 

containing 10 mM DTT and 0.1% Tween-20 at pH 7.4. Final concentration in well of 10 

nM FAM labelled ARE DNA, 50 nM of His-MafG and 62.5 nM of His-Halo-Nrf2 was used. 

Peptides stored in DMSO were added to the plate ensuring no higher than 5% DMSO was 

used. Plate was incubated for 16 h at 4 °C, polarisation was measured using ex: 482-16 
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em: 530-40 Dichroic: LP 504 on Fluorescence Polarisation Mode on a ClarioStar Plate 

Reader.  

3.5.4 EMSA assay  
20% TBE gels (Novex™) was pre-run in 1x TBE buffer (Invitrogen™ UltraPure™) at 4 °C at 

100 V for 30 minutes (PowerEase™ 120 W Power Supply). 10 nM FAM labelled DNA 

(Sigma-Aldrich) was incubated with 62.5 nM Nrf2 and 50 nM MafG and for 16 h with 

peptides at 4 °C and loaded with 1X BlueJuice Loading Dye (Invitrogen™). Gel was run at 

200 V for 135 minutes at 4 °C in darkness. Gels were visualised using the appropriate 

fluorophore filter with ImageQuant LAS 4000 (GE Healthcare). 

3.5.5 Analytical techniques 
3.5.5.1 RP-HPLC 

An Agilent 1200 with an Agilent eclipse XDB-C18 column, 4.6 x 150mm, 5µM and a flow 

rate of 1 mL/min was used for performing Analytical RP-HPLC. Solvent System of Solvent 

A = Water + 0.05% TFA and Solvent B = MeCN + 0.05% TFA. Gradient 5% B - 95% B over 

20 min. Detection at wavelength 214 nm reported: 

3.14 Ac-KAELQQEVEK(Pra)-NH2, tR at 9.9 min  

3.85 Ac-KAELQQEVEK-NH2 tR at 9.4 min 

3.61 tR at 9.4 min 

3.62 tR at 6.5 min 

3.63 tR at 10.8 min 

3.64 tR at 10.7 min 

3.65 tR at 8.1 min  

3.66 tR at 10.2 min 

3.67 tR at 10.6 min 

3.15 N3Ac-LASENASMKLE-NH2, tR at 11.1 min 

3.86 Ac-LASENASMKLE-NH2 tR at 10.1 min 

3.72 tR at 9.7 min 

3.73 tR at 10.4 min 

3.74 tR at 10.8 min 

3.75 tR at 10.9 min 

3.76 tR at 10.8 min 

3.77 tR at 10.7 min 

3.78 tR at 10.1 min 
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3.79 tR at 10.8 min 

3.80 tR at 10.6 min 

3.81 tR at 9.2 min 

3.82 tR at 9.7 min 

3.83 tR at 9.9 min 

3.84 tR at 9.3 min 

3.5.5.2 MALDI-TOF 

Performed on a Shimadzu Axima Performance MALDI-TOF in positive ionisation mode. 

All samples were calibrated to a ProteoMass™ Peptide standard P14R (Cat. # P2613, 

Sigma-Aldrich) MALDI-MS standard: 1,533.8 [M+H]+ 

3.14 Ac-KAELQQEVEK-Pra-NH2 expected mass 1336.70 Da [M+H]+observed at 1336.8  

3.85 Ac-KAELQQEVEK-NH2 expected 1242.6 [M+H]+ observed 1241.5 

3.61 expected mass of 1617.8 Da [M+H]+observed at 1617.3  

3.62 expected mass of 1603.8 Da [M+H]+observed 1604.8  

3.63 expected mass of 1535.5 Da [M+H]+ found at 1535.0  

3.64 expected mass 1491.1 Da [M+H]+observed 1491.0  

3.65 expected mass of 1538.8 Da [M+H]+observed at 1538.3  

3.66 expected mass 1840.1 Da [M+H]+observed 1840.6  

3.67 expected mass 1502.8 Da [M+H]+observed 1502.7  

3.15 N3Ac-LASENASMKLE-NH2 expected 1274.4 Da [M+H]+ observed at 1275.0 

3.86 Ac-LASENASMKLE-NH2 expected 1233.6 Da [M+H]+ observed 1233.4 

3.72 expected mass 1470.7 Da [M+H]+observed at 1473.6  

3.73 expected mass 1391.6 Da [M+H]+observed at 1391.2  

3.74 expected mass 1421.5 Da [M+H]+observed 1421.3  

3.75 expected mass 1387.5 Da [M+H]+observed 1387.5   

3.76 expected mass 1482.8 Da [M+H]+observed 1482.5   

3.77 expected mass 1371.7 Da [M+H]+observed 1371.5   

3.78 expected mass 1478.7 Da [M+H]+observed at 1478.9 

3.79 expected mass 1624.2 Da [M+H]+observed at 1624.5 

3.80 expected mass 1444.6 Da [M+H]+observed 1444.5   

3.81 expected 1606.6 Da [M+H]+observed 1606.0  

3.82 expected 1531.7 Da [M+H]+observed at 1531.7  

3.83 expected mass 1555.7 Da [M+H]+observed 1557.9  

3.84 expected mass 1464.5 Da [M+H]+observed at 1464.7  
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3.6 Appendix 

 
Appendix 3-1 Fluorescence Polarisation of peptide-small molecule hybrids at 250 µM against 10 nM FAM 
ARE +/- Nrf2/MafG at 1 h RT and 16 h 4 oC.    

 
Appendix 3-2 Full images of EMSAs on peptide-small molecule hybrids shown in Figure 3-20 

3.6.1.1 HPLC traces of compounds taken forward to cellular studies 

 
Appendix 3-3 HPLC of 3.85  

 
Appendix 3-4 HPLC of 3.86 

 
Appendix 3-5 HPLC of 3.72 
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Appendix 3-6 HPLC of 3.78 
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4.1 Introduction 

4.1.1 Nrf2 and chemoresistance  
Nrf2-activated gene transcription leads to the production of drug metabolising enzymes, 

such as NAD(P)H dehydrogenase quinone 1 (NQO1) and heme oxygenase-1 (HO-1).1,2 

Nrf2 can also increase expression of drug efflux transporters, consequently, 

overexpression of Nrf2 in cancer cells has been linked to chemoresistance.3 Nrf2 siRNA 

knockdown models have demonstrated increased cytotoxicity to cisplatin in ovarian 

cancer cell lines with cisplatin resistance.4   

Nrf2 signalling has been linked to development of resistance to doxorubicin, an 

anthracycline topoisomerase II inhibitor capable of intercalation with DNA and 

responsible for the production of free radicals, causing cell apoptosis.5,6 Inhibition of 

Nrf2 in models of triple negative breast cancer has been correlated with the down-

regulation of p-glycoprotein, a multidrug-resistance protein (MRP), restoring 

doxorubicin sensitivity.7 Similarly, in non-small cell lung cancer (NSCLC), resistance to 

doxorubicin has been associated with increased expression of Nrf2. Over-expression of 

Nrf2 is correlated with increased downstream MRP activity , lipoprotein receptor-related 

protein and the antioxidant glutathione pathway.8 

Nrf2 has also been implicated in the generation of resistance against gemcitabine, a first 

line treatment for NSCLC and pancreatic cancer.9,10 Gemcitabine is a pyrimidine 

nucleoside antimetabolite capable of inhibiting ribonucleotide reductase for nucleotide 

production. Metabolised gemcitabine can also incorporate into DNA to terminate DNA 

synthesis.9,11 Treatment of pancreatic cell lines with gemcitabine has been shown to 

activate Nrf2, NQO1 and HO-1 protein levels. Co-treatment with brusatol (4.1), a natural 

product known to suppress Nrf2 activity enhanced antitumour effects in models of 

pancreatic cancer.12 

4.1.2 Reported inhibitors of Nrf2 
A number of Nrf2 inhibitors have been reported to inhibit downstream Nrf2 activity in 

cancer cell lines, producing synergistic combination therapies with cytotoxic agents 

(Scheme 4-1). Several of these are small molecule inhibitors, identified through a high 

throughput screen using an Nrf2/ARE luciferase reporter assay. This assay quantifies 

Nrf2 activity by introducing an ARE promoter before a luciferase gene, resulting in a 

quantifiable luminescence in cells with active Nrf2 transcription. The Nrf2/ARE-

luciferase activity assay was first used to screen natural product compounds leading to 
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the identification of brusatol (4.1).12 The natural product was found to enhance Nrf2 

degradation and sensitise A549 lung adenocarcinoma cells to carboplatin, 5-

fluorouracil, etoposide and paclitaxel. The combination of cisplatin and brusatol 

treatment reduced A549 tumour volume in nude mice.12 

 

Scheme 4-1 Small molecule inhibitors of Nrf2, Brusatol (4.1) IM3828 (4.2), AEM1 (4.3), ML385 (4.4) 4f (4.5) 
and MSU38225 (4.6).12–18 

IM3828 (4.2) was the first small molecule Nrf2 inhibitor to be found using a luciferase 

reporter assay, producing a concentration dependent inhibition of ARE-Luciferase 

activity to an IC50 of 2.9 µM in HEK293 cells treated with 40 µM of Nrf2-inducing agent 

tert-butylhydroquinone (tBHQ).13 Expression of Nrf2 was downregulated, as was HO-1 

expression, determined by western blot analysis from H1299 lung cancer cells treated 

with 10 µM of IM3828.13 RT-PCR determined a concentration-dependent inhibition of 

Nrf2 mRNA expression and downstream gene activation of HO-1 and NQO1, suggesting 

inhibition of Nrf2 expression in cancer.13 Subsequently, it was found that IM3828 could 

reduce radioresistance, enhancing radiation induced apoptosis in three lung cancer cell 

lines (H1299, A549, H460).13 Interestingly, in comparison to more recent Nrf2 inhibitors 

described, IM3828 produced Nrf2 inhibition without significantly impacting cell 

viability.13,14,17 

In 2015, ARE expression modulator 1 (AEM1) (4.3) was found by HTS using the same 

luciferase reporter assay, with additional controls to confirm inhibition of Nrf2-driven 

gene transcription against compounds inhibiting Nrf2 expression.14 Treatment of AEM1 

at 10 µM decreased heme oxygenase 1 (HO-1) mRNA expression and glutathione 
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content was decreased at 5 µM in A549 cells.14 Cell viability in A549 cells was 

subsequently assessed in combination with doxorubicin, etoposide and 5-fluorouracil, 

and was found to produce synergistic toxicity in the NSCLC cell line. Profiling the relative 

expression of HO-1 in a panel of cell lines found Nrf2 inhibition was limited to cell lines 

that over-expressed Nrf2. AEM1 was found to have no effect on Nrf2 nuclear entry and 

Keap1 protein expression. To date, the mechanism of action to produce Nrf2 inhibition 

remains unknown.14 

ML385 (4.4), reported in 2016, was the first Nrf2 inhibitor to provide evidence of direct 

inhibition by binding to the Neh1 domain of Nrf2, responsible for ARE binding and sMAF 

dimerisation.17 Interestingly, SAR development highlighted the importance of the 1,3-

benzodioxole group for inhibition of ARE binding, a functional group that AEM1 (4.3) also 

contains. Nrf2 inhibition was confirmed in A549 cells demonstrating concentration-

dependent inhibition of Nrf2, NQO1 and HO-1 mRNA expression. NQO1 activity and 

GSH content were also found to be reduced at 5 and 10 µM of ML385. Combination 

treatment of ML385 with doxorubicin, carboplatin and paclitaxel was assessed in A549 

and H460 lung adenocarcinoma cell lines and was found to sensitise the cell lines 

compared to single line treatment.17 

In 2017, a pyrazolyl hydroxamic acid compound referred to as 4f (4.5), was found through 

HTS using the Nrf2/ARE luciferase assay and reduced mRNA expression of HO-1 and 

another Nrf2 target gene, glutamate–cysteine ligase catalytic subunit (GCLC) in HeLa 

cells.18 4f was subsequently investigated in acute myeloid leukaemia cell lines (THP-1, 

HL-60 and U937).18 It was found that Nrf2 expression was reduced by 4f treatment as 

determined by western blot, cell viability of AML cells lines was reduced and flow 

cytometry found growth inhibition to be caused by cell apoptosis.18 

The most recently reported small molecule inhibitor of Nrf2, MSU38225 (4.6) was shown 

to be selective for cell lines that overexpress Nrf2, inhibiting cell proliferation whilst 

having no effect on normal epithelial cell growth.16 Nrf2 expression was reduced in 

cytosolic and nuclear contents of A549 cells and a panel of downstream genes were 

found to be significantly reduced at 5 µM of MSU38225, without impacting Nrf2 mRNA 

expression.15 Keap1 and β-TrCP knock-out cell lines retained sensitivity to MSU38225 

treatment at 5 µM, however further investigation into the compounds mechanism of 

action has not been explored.15,16 Combination index calculations found the small 
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molecule to have synergism on co-treatment of carboplatin, doxorubicin and 5-

fluorouracil.15 

Despite the emergence of the small molecule inhibitors, confirmation of their target 

pathway, specificity and mechanism of action still require investigation. Rationally 

designed PPI inhibitors of Nrf2/MafG have also been identified through the Nrf2/ARE 

luciferase reporter assay. The first report of a peptide based Nrf2 inhibitor in 2023 

achieved this through designing a MafG interacting peptide, N1S (4.7) based on a section 

of the Nrf2 leucine zipper 522IVELEQDLDHLKDEKE537 (Figure 4-1).  

 
Figure 4-1 N1S stapled peptide (4.7) derived from Nrf2/MafG/ARE model, section of Nrf2 leucine zipper N1S 
derives from, highlighted in green. 

N1S was found to significantly reduce the expression of five Nrf2-driven genes (ABCC1, 

TXN, NQO1, HO-1 and GCLC).19 Glutathione expression was also quantified and found 

to be significantly reduced compared to DMSO controls.19 Cell growth was inhibited in 

the A549 cell line and combination treatment with cisplatin found N1S to have an 

additive effect on cell death from 100 µM.19 Nrf2-derived peptides bind to the MafG 

protein, which could potentially block other sMaf interactions as well, creating off-target 

effects. Consequently, the effects of a peptide inhibitor designed to bind directly to Nrf2 

offers significant promise but is yet to be explored. 

4.2 Chapter Aims 
This chapter describes the impact of Nrf2 inhibitory compounds identified in Chapters 

2 and 3 in cancer cells, specifically the non-small cell lung cancer derived A549 cell line. 

Firstly, the impact of peptides on cell viability were investigated using an enzymatic MTS 

assessment. Nrf2-related activity was investigated by quantifying downstream NQO1 

activation by enzymatic activity. The impact of the compounds on chemotherapeutic 
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agents doxorubicin and gemcitabine was also investigated to determine if co-treatment 

could induce greater cytotoxicity in A549 cells.  

4.3 Results and Discussion 
Peptides, outlined in Table 4-1, were selected to investigate Nrf2 inhibitory activity in the 

A549 cell line based on their promising activity in in vitro assays in Chapter 2 and 3. 

Peptide 2.53 proved inactive in biophysical assays and was used as a control 

compound. A549 lung adenocarcinoma cells were chosen as the cell line for 

investigating Nrf2 inhibition, as it is reported that Nrf2 is constitutively activated in A549 

cells, due to a loss of function mutation on Keap1.2 

Table 4-1 (A) Peptides investigated in A549 cells for Nrf2 inhibitory activity. (B) Structures of small molecule 
fragments of 3.72 and 3.78 peptide hybrids.  

 

4.3.1 Cell viability assay 
To understand the effects peptide inhibitors, have on proliferation, a cell viability assay 

was performed. Dimethylthiazol-carboxymethoxyphenyl-sulfophenyl tetrazolium (MTS) 

can be used for evaluating cellular viability by measuring the metabolic activity of cells 

through colorimetric analysis of MTS dye metabolism (Figure 4-2). Tetrazolium salts 

(4.8) undergo reduction by mitochondrial dehydrogenases upon cellular uptake, leading 

to the production of formazan crystals (4.9) which can be quantified by 

spectrophotometry at a wavelength of 490 nm. Reduced MTS dye metabolism is 

subsequently used as a measure of cell viability. 
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Figure 4-2: Metabolism of MTS (4.8) to formazan crystals producing an intense colour change due to the 
formazan functional group [-N=N-C(R)=N-NH-] (4.9). 

A549 cells were treated with either 100 µM or 10 µM of peptide over 72 h. Investigation 

by MTS assay revealed that none of the peptides significantly reduced cell viability 

relative to a DMSO vehicle control, suggesting the peptides and peptide-small molecule 

hybrids tested do not have potent anti-proliferative effects in A549 cells (Figure 4-3). 

Consequently, these peptides could be investigated for activity from 100 µM in an 

enzymatic activity assay related to Nrf2. 

 

Figure 4-3 Graph of MTS metabolism following 100 or 10 µM of peptide treatment over 72 h. (±SEM) (N=3). 

4.3.2 NQO1 assay 
The detoxification enzyme NQO1, is a target gene activated by Nrf2/ARE binding. NQO1 

activity has been shown to correlate with the development of NSCLC.20–22 NQO1 activity 

can be measured by oxidation of menadiol (4.10), a quinone metabolite product of 

menadione-specific reduction by NQO1 (Figure 4-4). Spontaneous oxidation of 

menadiol (4.10) to menadione (4.11) occurs rapidly, in a non-enzymatic manner 

promoting MTT (4.12) reduction to formazan upon co-incubation (4.13).23,24 Assay 

specificity is provided by the NQO1-specific oxidation of NADPH to NADP+, catalysing 

the reduction of menadione to menadiol, which has been shown to be linearly 
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proportional to the generation of menadione by Prochaska et al. during the assay’s 

development. 23 

 

Figure 4-4: Principle of NQO1 activity assay adapted from Prochaska et al. Addition of glucose-6-phosphate 
and glucose-6-phosphate dehydrogenase supports NADPH regeneration preventing substrate depletion. 
NQO1-catalysed reduction of menadione (4.11) to menadiol (4.10), which undergoes subsequent 
spontaneous re-oxidation back to menadione with coupled reduction of MTT (4.12) to formazan (4.13). 

A549 cells were treated with 25, 50 or 100 µM of peptide for 24 h, before measuring the 

cells NQO1 activity. Variable NQO1 activity was observed across peptides assessed 

(Figure 4-5). The best result was found from 3.72, which decreased the NQO1 signal by 

75% at 100 µM and continued to suppress activity up to 40% at 25 µM. 2.52 and 2.58 

produced reduction of up to 50% in NQO1 activity compared to the vehicle control at 

100 and 50 µM. 3.78, 3.86 and control 2.53 produced minimal changes in response after 

24 h. This result suggests peptides mimicking the MafG leucine zipper could be capable 

of causing Nrf2 inhibition leading to a functional decrease in associated cytoprotective 

activity.  
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Figure 4-5: NQO1 enzymatic activity in A549 cells, treated with MafG peptides. 5 x 103 A549 cells treated 
with 25, 50 or 100 μM of peptides for 24 h. Results presented as the mean and are representative of three 
individual experiments (±SEM) (N = 3). Statistical analysis was conducted via one way-ANOVA and post-hoc 
Dunnett’ test (P**≤0.01,P***≤0.001, P****≤0.0001) comparison to vehicle control (DMSO). 

4.3.3 Synergism with chemotherapeutics agents 
2.52 and 3.86 were subsequently taken forward for investigation of synergistic 

properties against A549 cells treated with doxorubicin from 100 µM over 72 hours. Cell 

viability following treatment with doxorubicin at eight different concentrations was 

compared at five different concentrations of 2.52 or 3.72. No change in cell viability was 

observed in combination with either peptide (Figure 4-6). Treatment with 2.52 or 3.72 

was not found to be significantly different from the vehicle control. Additionally, no 

significant difference was found between treatment with doxorubicin alone and co-

treatment with 25-1.5 µM 2.52 or 3.72.  

 
Figure 4-6: Cell viability in A549 cells assessed by MTS, co-treated with doxorubicin and MafG peptides. 
Heat map plots of A549 cells treated with doxorubicin from 100 and 1 µM (1:10 dilution) combination with 
2.52 or 3.72 from 25 µM (1:2 dilution) for 72 h at 1% DMSO final concentration. Represented as mean cell 
viability (% of vehicle control) (N=3). 

It is possible that the resistance of doxorubicin in A549 cells is not caused by Nrf2 

overexpression. Consequently, gemcitabine was also investigated for synergistic activity 

with the 2.52 and 3.72. It is known that A549 cells can become resistance to 

gemcitabine, this was observed consistently in our cultures.25,26 Despite a literature 

reported IC50 of <10 µM in A549 cells, our cultures remained unresponsive to 



148 
 

gemcitabine at the top concentration of 200 µM.27,28 To help validate this, the 

gemcitabine used was confirmed to be potently active in alternative cell lines (HL-60 

and MCF-7) (Appendix 4-1). 

Co-treatment of A549 cells with gemcitabine and 2.52 or 3.72 was investigated by MTS 

assay. At 100 µM gemcitabine, cell viability was found to be at 84-89% of the DMSO 

control. The most pronounced change was found with combination treatment of 25 µM 

of 3.72, reducing viability to 47% of the vehicle control (Figure 4-7, B). Furthermore, at 

25 µM of 3.72 and concentrations as low as 0.7 µM of gemcitabine reduced cell viability 

was observed from 89% to 63% of the vehicle control. This suggests the peptide-small 

molecule hybrid compound can chemo-sensitise A549 cells with resistance to 

gemcitabine. 

2.52 produced no synergistic response in combination with gemcitabine (Figure 4-7, A) 

The lack of observed synergy may be influenced by the stability of the peptide over the 

72-hour incubation period. It is possible that degradation over time diminished its 

effectiveness. Moreover, the NQO1 assay was conducted after 24 h, in line with the 

expected lifetime for the transient activity of Nrf2. Consequently, peptides that interact 

with Nrf2 may only temporarily block Nrf2 gene transcription. Upon peptide binding, 

Nrf2 may undergo translocation into the cytoplasm, making both the peptide and the 

inhibited protein susceptible to degradation. This could limit the sustained efficacy of 

the peptide treatment over extended periods.  

 
Figure 4-7 Cell viability in A549 cells assessed by MTS, co-treated with gemcitabine and MafG peptides. Heat 
map plots of A549 cells treated with gemcitabine from 100 µM (1:2 dilution) combination with 2.52 or 3.72 
from 25 µM (1:2 dilution) for 72 h at 1% DMSO final concentration. Represented as mean cell viability (% of 
vehicle control) (N=3). 

4.4 Conclusion 
Inhibitors of Nrf2 have predominantly been identified by screening compound libraries 

against an ARE luciferase reporter assay, however this method does not distinguish if 

inhibitors work by disrupting expression or transcription of Nrf2. Through identifying 

inhibitors of the Nrf2/MafG interaction by fluorescence polarisation assay (Chapter 
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2.3.4), we have been able to investigate the impact of direct Nrf2 inhibition on cell 

viability, NQO1 activity and synergism with chemotherapeutic agents in A549 cells. 

Peptides derived from the MafG leucine zipper are anticipated to inhibit Nrf2/DNA 

binding without blocking the Nrf2 NES domain, responsible for nuclear export of the 

protein, further promoting inhibition of Nrf2.29 

In A549 cells, known to over-express Nrf2, MafG peptide mimetics with inhibitory activity 

described in Chapter 2 and 3 were investigated for Nrf2 related activity. Demonstrated 

in Figure 4-3, the peptides in isolation do not significantly impact cell viability from 

concentrations of 100 µM. Whilst many Nrf2 inhibitors report cell death in cancer cell 

lines, limited understanding of their modes of action raises the possibility that the 

effects of these inhibitors might enact off-target activity.12–18 

The MafG derived peptides were taken forward for investigation in an NQO1 enzymatic 

assay. They demonstrated concentration-dependent inhibition of NQO1 activity in cells 

treated with 2.52, 2.58 and 3.72 from 25 to 100 µM (Figure 4-5), suggesting these 

peptides could modulate the cytoprotective effects derived from Nrf2 overexpression.  

This was in line with results previously found in Chapter 2 and 3, where fluorescence 

polarisation assays found these peptides to inhibit ternary complex formation with IC50 

values below 100 µM. Meaningful inhibition was not found from treatment with 3.86 or 

3.78 correlating with the weaker activity found by these compounds by fluorescence 

polarisation assay in Chapter 3. Future work would investigate reasons for the instability 

of these compounds, including assessing the proteolytic stability against peptide 

digesting enzymes. 3.86 was the shortest peptide (10-mer) to demonstrate activity and 

may not retain stability in a cellular environment. On the other hand, peptide-hybrid 3.78 

may be experiencing reduced cell permeability. As such further assays to assess cellular 

uptake of the peptides could provide valuable insight. The functional response observed 

by this enzymatic activity could be further solidified by monitoring mRNA expression of 

NQO1 to confirm inhibition is directly correlated with a decrease in expression.   

Nrf2 is known to promote chemoresistance in NSCLC.15,30 Inhibition of Nrf2 can sensitise 

chemotherapeutic agents through reduced expression of cytoprotective gene 

expression including DNA damage repair enzymes and drug efflux pumps.3,15 To 

determine if MafG derived Nrf2 inhibitors acted as a chemotherapy sensitising agent, 

synergism was explored by co-treatment impact on cell viability by MTS assay. 2.52 and 

3.72 were treated in combination with doxorubicin, a topoisomerase II inhibitor reported 
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to be impacted by chemo-resistance in NSCLC.6 It was found that peptide treatment did 

not influence cell viability with doxorubicin (Figure 4-6). It is possible to consider that 

doxorubicin resistance in A549 cells may not be potentiated by Nrf2 expression, 

therefore investigation of further chemotherapeutic agents was warranted. An 

alternative investigation of combination treatment with gemcitabine, a DNA anti-

metabolite, was conducted. 3.72 was found to reduce cell viability by up to 42% in 

combination with gemcitabine.   

Overall, these peptides offer an interesting research probe for exploring the impact of 

Nrf2 expression on chemoresistance and can be explored further for their potential 

therapeutic benefit by disrupting the Nrf2/MafG interaction in cancer. 

4.5 Experimental 

4.5.1 Cell culture  
The human A549 adenocarcinoma cell line is derived from a 58-yr old male (European 

Collection of Cell Cultures). Cells were cultured in RPMI-1640 supplemented with 2 mM 

L-Glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and 10% FBS. 

A549 cells were passaged every 3-4 days until 70-80% confluent, determined 

qualitatively by white light microscopy.  Cells were detached from the flask using pre-

warmed (37 °C) Dulbecco’s phosphate buffered saline (DPBS) (Fisher) to wash the cells 

and TrypLE Express (GIBCO) to trypsinise cells into suspension. TrypLE was 

subsequently diluted 1:4 using RPMI-1640 media and cells were diluted between 1:10 

and 1:20 for maintenance at 37 °C, 5% CO2 in a humidified incubator  

4.5.2 MTS assay 

Assessment of cell viability by MTS assay was performed using a CellTiter 96® Aqueous 

One Solution Cell Proliferation Assay Kit (Promega). Cells were seeded at a density of 5 

x 103 in 100 µL in 96 well plates. Cells were treated in triplicate (1% DMSO v/v). 1% DMSO 

was used as a growth control and 100 µM doxorubicin was used as a death control. 

Plates were incubated for 72 h at 37 °C, 5% CO2 in a humidified incubator. Media was 

replaced and each well treated with 10 µL of MTS reagent for 90 min. Absorbance was 

measured at 492 nm using a BMG Labtech POLARstar OPTIMA plate reader. Background 

absorbance was subtracting using a media control, viability was calculated as a 

percentage of the growth control (1% DMSO v/v).  
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4.5.3 Assessment of synergism by MTS 

Cells were seeded as at a density of 5 x 103 in 100 µL in 96 well plates overnight. RPMI 

media was replaced to produce a final concentration matrix of 1.5-25 µM (1:2 dilution) 

of peptide and 0.76-100 µM (1:2 dilution) gemcitabine or 1x10-6, 1 and 100 µM 

doxorubicin (1:10 dilution), final DMSO 1% (v/v). Plates treated with concentration 

matrix were each prepared in triplicate. Plates were incubated for 72 h at 37 °C, 5% CO2 

in a humidified incubator. RPMI media was replaced and each well treated with 10 µL of 

MTS reagent for 90 min at 37 °C, 5% CO2. Absorbance was measured at 492 nm using a 

BMG Labtech POLARstar OPTIMA plate reader. Background absorbance was subtracting 

using a media control, viability was calculated as a percentage of the growth control (1% 

DMSO v/v). 

4.5.4 NQO1 enzymatic assay 

All reagents were purchased from Merck or Apollo Scientific.  

Cells were seeded at a density of 5 x 103 in 100 µL in 96 well plates and incubated 

overnight at 37 °C, 5% CO2 in a humidified incubator. Cells were then treated in triplicate 

(1% DMSO v/v) for 24 h at 37 °C, 5% CO2 in a humidified incubator. Media was removed, 

and wells were treated with 50 µL of 0.8% digitonin (v/v) in 2 mM EDTA pH 7.8 for 10 min 

at 37 °C, followed by 10 min at room temperature.  

Reaction buffer containing a final concentration of 25 mM Tris-HCl, 0.65 mg/mL bovine 

serum albumin (BSA), 0.65% Tween-20, 5 µM flavin adenine dinucleotide disodium salt 

hydrate (FAD), 1 mM glucose-6-phosphate (G-6-P), 30 µM nicotinamide adenine 

dinucleotide phosphate (NADP+), 2 U/mL Yeast G-6-P dehydrogenase, 500 µM thiazolyl 

blue tetrazolium blue (MTT), 50 µM menadione. Reaction buffer was prepared fresh 

immediately before use and kept on ice.  

To each well, 200 µL of reaction buffer was added and the plate was read immediately at 

610 nm on a CLARIOstar Plus microplate reader (BMG Labtech). NQO1 enzyme 

standards were used as a positive control. Background absorbance was subtracted from 

a well containing reaction buffer without menadione, activity was calculated as a 

percentage of the vehicle control (1% DMSO v/v).  
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4.6 Appendix 

 

Appendix 4-1 IC50 plots of gemcitabine (blue) and doxorubicin (red) in (A) MCF-7 cell line (B) HL-60 cell line. 
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5.1 Introduction 
Protein expression of the Nrf2 and MafG proteins was necessary to perform biophysical 

measurements of inhibitory compounds against the coiled-coil interaction discussed in 

Chapters 2 and 3. The most effective method for obtaining the proteins was to develop 

in-house recombinant protein expression, leading to the development of our own 

optimised protocol for producing each protein.  

5.1.1 Methods for recombinant protein expression 
Recombinant protein expression uses genetic engineering to produce a desired protein 

in a host organism that may not naturally express it. There are three main methods, 

summarised in Table 5-1, for recombinant protein expression. The most described 

method uses Escherichia coli (E. coli), a Gram negative bacterium, as the host 

organism.1,2 For protein expression of the transcription factors described in this thesis, 

bacterial expression is preferable due to the literature precedent and unsuitability of 

eukaryotic or mammalian methods to produce high protein yields at a low cost. 

Table 5-1 Description of host models for recombinant expression of protein. 

Host 
Species 

Example 
Species Benefits Limitations 

Prokaryotic E. coli 

• Low cost 
• Scalable 3 
• Fast growth time 
• mg/L yields 

• No post 
translational 
modifications. 

• Solubility issues  
• Inclusion bodies. 

Eukaryotic 
Saccharomyces 

cerevisiae 

• Simple post translational 
modifications. 
(glycosylation).4 

• mg to g/L yields. 5 

• Slow growth time 
• 30 kDa maximum 

protein size 

Mammalian 
Chinese 
Hamster 

Ovarian Cells 

• Complex post 
translational 
modifications. 

• Industrial scale, high g/L 
yields.6 

• Expensive 
• Transformation 

and cloning 
process time 
consuming 

5.1.2 Recombinant protein expression in E. coli  
Recombinant protein expression in bacterial cells was first achieved in the 1970’s for the 

production of human hormones, leading the way in E. coli expression systems for protein 

production.7,8 E. coli can be engineered to express a desired protein through gene 

transformation of a plasmid. Plasmids benefit from an ability to independently replicate, 

without incorporating into a host cells chromosomal DNA.  The most used plasmid 

backbone for protein expression is the pET vector (Figure 5-1), which contains several 

key features for gene expression and subsequent protein production.9 The presence of 



156 
 

multiple cloning sites allows insertion of a gene of interest into the plasmid backbone 

(5.4). The inserted gene may be fused to a sequence encoding an affinity tag for 

purification (5.3); tags are often enzymatically cleavable and can be positioned at either 

terminus of the gene for the protein of interest (5.4). Plasmids require a promoter to 

begin gene transcription; in pET this is a T7 promoter (5.1). T7 promoters are regulated 

by the LacI operon (5.7) to suppress basal expression of the protein, allowing for strong 

user control over the expression activity.  pET plasmids also carry an origin of replication 

(5.6) to allow the plasmid to multiply within E. coli. An antibiotic resistance gene (5.5) 

must also be present to provide an internal selection pressure of the host bacteria that 

have successfully incorporated the plasmid.  

 
Figure 5-1 Vector map of key features in a pET plasmid vector: Promoter (5.1) Restriction sites (5.2) Affinity 
Tag (5.3) Protein of interest (5.4) Gene for antibiotic resistance (5.5) Origin of replication (5.6)  LacI gene (5.7). 

Recombinant pET plasmid can be transformed into a competent E. coli cell line to 

perform expression. Competency is produced by chemical treatment, such as CaCl2 or 

MgCl2 to weaken the cell wall, improving cell permeability for plasmid uptake. After 

incubating the plasmid with competent E. coli, transformation is then further 

encouraged, by a physical method. Either electroporation, which uses electrical pulses, 

or heat shock at 42 °C to produce transient pores, allowing a plasmid to enter the cell.     

After transformation, cells are incubated in nutrient rich super optimal medium (SOC) 

to recover from the cellular stresses caused by transformation. The bacteria are then 

grown on a solid agar support, in the presence of antibiotics to select for the competent 

E. coli cells containing the transformed plasmid. Individual colonies can then be 
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extracted for growth in a liquid culture which can be used for inducing protein 

expression.  Bacterial growth is measured by optical density at a wavelength of 600 nm, 

an OD600 value of 0.6 corresponds to logarithmic phase of cell growth where cells are at 

optimum conditions for metabolic activities, such as protein expression.10,11 

The T7 promoter utilised by pET vectors induces protein expression through repression 

of LacI.12 LacI binds to the lac operon, preventing T7 RNA polymerase transcription. LacI 

also binds to the LacUV5 gene, which also supresses T7 RNA polymerase gene 

transcription, offering tight control of plasmid transcription. Inhibition of LacI is 

achieved using isopropyl β-D-1-thiogalactopyranoside (IPTG) (Figure 5-2, 5.8) an 

analogue of allolactose which induces removal of lac operon repressing proteins.  

 

Figure 5-2 IPTG chemical structure. 

Upon IPTG induction, cultures are incubated with agitation over an optimised time and 

temperature to yield efficient quantities of protein. Proteins are recovered from 

expressing cell cultures by lysing the bacterial cell wall. Common lysis methods use 

sonication and lysozyme treatment to recover soluble protein whilst limiting 

degradation. Lysates can subsequently be taken forward for protein purification to yield 

recombinantly expressed protein.  

5.1.3 Protein purification 
Expressing proteins within a host organism requires purification to separate them from 

the proteins expressed natively by the host organism. Consequently, chromatographic 

techniques are employed to achieve a high purity of the desired protein. Purification can 

include affinity tag, size exclusion or ion exchange chromatography relying on the unique 

properties of a protein to achieve separation. 

5.1.3.1 His6 tag purification 
Ni2+ in complex with nitriloacetic acid (NTA) functionalised agarose (Figure 5-3) can be 

used for affinity purification of histidine tagged protein. Ni2+ contains six coordination 

sites supporting four interactions with carboxylate groups and a tertiary amine on NTA 

and two sites for coordination of neighbouring histidine residues. This coordination 

allows for impurities to be eluted separately to the desired protein. Protein can then be 
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collected by increasing the imidazole concentration within the buffer, as it is structurally 

similar to histidine (Figure 5-3), competitively binding to the Ni2+ complex and eluting the 

affinity tagged protein. 

 

Figure 5-3 Ni-NTA affinity chromatography schematic. 

5.1.3.2 Size exclusion chromatography 
Where affinity tag purification fails to isolate a target protein from impurities of different 

sizes, size exclusion chromatography (SEC) can be used to achieve separation. In SEC 

columns, the gel matrix contains pores that large biomolecules are unable to enter, 

allowing faster travel times through the column. Smaller molecules are slowed by 

diffusion through the pores of the solid support, creating separation by size (Figure 5-4).  
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Figure 5-4 Process of size exclusion chromatography for eluting size-varied impurities. 

5.1.3.3 Ion exchange chromatography 
Protein purification can be achieved by separating molecules based on charge using ion 

exchange chromatography (IEC). Cationic or anionic exchange columns can be used to 

separate contaminants from the protein of interest. For example, a positively charged 

resin will interact more readily with negatively charged proteins whilst positively charged 

protein will pass through the column (Figure 5-5). An interacting protein can be eluted 

from the column by increasing the ionic concentration with salt, effectively competing 

off the protein to create separation of proteins by charge.  

 
Figure 5-5 Schematic of IEX purification of a charged protein across a positively charged resin.  
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5.2 Chapter Aims 
Establishing an in-house system of protein expression is the most cost-viable method 

for running an investigation of protein-protein interaction (PPI) disruption by biophysical 

assays.  This chapter aims to describe the expression and purification of Nrf2 and MafG 

protein for the assays discussed in Chapters 2 and 3.  The expression of Nrf2 and MafG 

was performed using E. coli and plasmids previously described within the literature.18,19 

Optimisation of transformation, expression and purification was explored. Additionally, 

this chapter will discuss the use of Nrf2 in surface plasmon resonance experiments for 

observing binding interactions with MafG derived peptides.  

5.3 Results and Discussion 

5.3.1 His-Halo-Nrf2  
5.3.1.1 Expression of Nrf2 in literature 

Nrf2 is expressed through transcription of the NFE2L2 gene.13 Stable recombinant 

expression of Nrf2 is challenging, as it is predicted to be partially disordered due to the 

high net charge across the full length protein.14 This lack of secondary structure has been 

confirmed by circular dichroism, which found Nrf2 to be 27% alpha helical.15 

Consequently, the structural organisation of Nrf2 has largely been unknown, with only 

crystal structures of the DNA binding domain and parts of Neh2 (containing ETGE and 

DLG motif) (PDB: 2DYH).1 As discussed in Chapter 1.5.1 a crystal structure was most 

recently published in December 2022 on the Neh1 domain of Nrf2 in complex with MafG 

and ARE DNA (PDB: 7X5F).16  

Despite challenges in crystallising the disordered protein, expression of the full length 

Nrf2 protein has been achieved for multiple studies of Nrf2 activity.15–19 These studies 

have highlighted a range of challenges in the protein purification process including 

solubility issues, yield, and purification from aggregating protein molecules.15,17,18  

Herein, we describe our own methods of optimising the yield and purification of 

recombinantly expressed Nrf2. 

5.3.1.2  His-Halo-Nrf2  
Expression of full length Nrf2 containing a His6Halotag was trialled with Nrf2 cloned into 

a pET28A plasmid designed by Professor Yimon Aye.18 Halotag was included as whilst 

cleavable, it provided the option to utilise fluorescent Halotag ligands for additional 

biophysical assay exploration.  Obtained from Addgene, plasmid #62455 was provided 

in a strain of DH5α cells. This cell line is used for plasmid propagation, to yield a high 
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quantity of stable plasmid that can be easily extracted. Plasmid quality is maintained in 

DH5α E. coli through the presence of a RecA1 mutation which reduces homologous 

recombination of the circular DNA and an endA mutation to prevent plasmid 

degradation by endonuclease enzymes.  

5.3.1.3 Plasmid purification and sequencing of pET28A His-Halo-Nrf2 
A transformed culture of E.coli DH5α containing the pET28A plasmid was inoculated on 

solid agar containing 50 µg/mL of kanamycin to maintain selection pressure against the 

loss of the plasmid. Overnight incubation at 37 °C yielded individual colonies that were 

isolated and grown in 10 mL luria broth (LB) to produce a liquid culture. Cells were 

prepared for plasmid extraction using a QIAprep spin Miniprep kit to yield 72.3-97.3 

ng/µL of DNA with a purity absorbance ratio of 1.86 which was then sent for sequencing.  

Initially, sequencing of the plasmid was trialled in the presence of a primer 

complementary to the T7 promoter of the pET28A vector (Figure 5-1). Sequencing 

analysis found the sample to be poorly resolved with ambiguous overlapping peaks at 

each nucleotide base. Analysis by basic local alignment search tool (BLAST) did not find 

successful matches against the Nrf2 gene within the Protein Data Bank (PDB).  

Sequencing may fail to match with the protein of interest if the T7 promoter is positioned 

too far from desired gene.20 As such, sequencing of the sample was repeated using a 

primer for the Nrf2 gene (5'- AAC CAC CCT GAA AGC ACA GC-3') providing a 100% match 

for the human NFE2L2 gene within the extracted plasmid sample. Successful extraction 

of the pET28A plasmid containing the Nrf2 gene permitted subsequent transformation 

of the plasmid into E. coli for protein expression. 

5.3.1.4 Protein expression of His-Halo-Nrf2 
For successful expression of the Nrf2 gene, cell lines with machinery for the T7 promoter 

transcription were used. The most commonly used E. coli cell line is competent BL21 

(DE3), an engineered strain, lacking proteases to prevent protein degradation.21,22 BL21 

(DE3) cells contain the gene for T7 RNA polymerase, indicated by the presence of a λDE3 

lysogen encoding its expression. pLysS containing strains express a T7 lysozyme to 

suppresses basal expression of the T7 promoter, which is particularly useful if a protein 

proves toxic to the host. 22  

Rosetta2 cells are a variation on BL21, with an additional pRARE plasmid to encode for 

rare tRNA codons, designed to enhance expression efficiency of mammalian or 

eukaryotic proteins.23 Rosetta2 also utilises a lacY mutation that prevents expression of 
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lactose permease, which may otherwise induce basal expression of the transformed 

plasmid.24  

Optimisation of conditions to stably transform bacterial cells were trialled, varying E. 

coli cell lines, heat shock conditions and SOC incubation time (Table 5-2). The addition 

of β-mercaptoethanol (β-ME) was also trialled, as it has been reported to improve the 

transformation efficiency of plasmids in E. coli by inactivating surface nuclease that 

might degrade migrating DNA.25 Variation on heat shock times have been reported, and 

increasing heat shock exposure to 90 seconds proved successful in producing colonies 

upon agar. Inoculation failed to produce growth in liquid culture, suggesting the plasmid 

was not stably transformed. Increasing incubation time in SOC can allow better cellular 

recovery and establishes the bacteria’s ability for antibiotic resistance.26 Ultimately, 

leading to the successful growth of liquid culture for transformed BL21 (DE3) pLysS cells, 

conditions trialled summarised in Table 5-2. 

Table 5-2 Conditions trialled for plasmid transformation of E.coli host cells with pET28A Nrf2 plasmid. 

E. coli Heat Shock 
SOC 

Incubation Agar Culture 
Liquid 

Culture 
BL21 (DE3) pLysS 30 s 1 h No Growth - 
BL21 (DE3) pLysS 45 s 1 h No Growth - 
BL21 (DE3) pLysS 90 s 1 h Growth No Growth 
BL21 (DE3) pLysS 45 s + 48 mM βME  1 h Growth No Growth 

BL21 45 s 1 h No Growth - 
BL21 90 s 1h No Growth - 
BL21 90 s + 48 mM βME 1h No Growth - 

Rosetta 2 45 s + 48 mM βME  1 h No Growth - 
Rosetta 2 90 s + 48 mM βME 1 h No Growth - 
Rosetta 2 45 s + 48 mM βME  2 h Growth No Growth 

BL21 (DE3) pLysS 45 s + 48 mM βME 2 h Growth Growth 

Successful liquid cultures from the transformed BL21 (DE3) were prepared for large 

scale protein expression at 500 mL. Cultures were grown in LB medium with kanamycin 

15 μg/mL for 4 hours to reach a log growth phase of OD600 of 0.6 at 37 °C at 180 rpm. 

Expression was induced using 1 mM IPTG for 4 hours at 25 °C and the resulting culture 

was pelleted and prepared as a cell lysate for protein purification, a process described 

in 5.5.2. 

5.3.1.5 Purification of His-Halo-Nrf2 

As the Nrf2 protein was expressed with an N-terminal Hisx6 tag, affinity 

chromatography was used to selectively interact with the histidine residues of the 

tag. The Nrf2 protein was purified with Ni-NTA functionalised resin (Figure 5-6) 
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producing a low purity preparation, with co-eluting impurities from 10 – 100 kDa. 

Proteins with high histidine, cysteine or tryptophan content can also undergo 

coordination with Ni2+, limiting the ability of Ni-NTA resin to yield high purity 

isolations of a desired protein.27,28 

 

Figure 5-6 SDS-PAGE analysis of 4-12% Bis-Tris gel after Ni-NTA purification. Wash buffer composed of 50 
mM Tris, 20 mM Imidazole, 300 mM NaCl at pH 8. Elution buffer composed of 50 mM Tris, 250 mM Imidazole, 
300 mM NaCl at pH 8. Gel ran in 1x MOPS at 200 V over 35 minutes.  

The low ratio of Nrf2 to impurities observed by gel electrophoresis suggested it would 

first be preferable to explore methods to increase the desired protein expression relative 

to the impurities. This was explored by altering the time and temperature of expression 

conditions. Inducing protein expression at a lower temperature can improve protein 

solubility through reduced aggregation of proteins, which has previously been reported 

as a challenge in Nrf2 protein expression.29,30 Addition of glycerol can provide an 

improved source of carbon for bacterial cell growth, which has been shown to correlate 

with higher protein yields.31 

Protein was prepared as a lysate and purified by Ni-NTA chromatography, elution 

fractions containing the desired Nrf2 protein were collected and concentrated into 50 

mM Tris at pH 7.4 and measured by Nanodrop Spectrophotometer-1000 measuring 280 

nm absorbance to quantify protein concentration (Table 5-3). The addition of glycerol 

did not change yield and was not included moving forwards. Expression was significantly 

higher over 16 h at 18 °C, so was chosen for subsequent protein expression of the Nrf2 

protein (Figure 5-7).  
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Table 5-3 Summary of experimental conditions of HisHaloNrf2 in BL21 cells 

 

Figure 5-7 SDS PAGE analysis of concentrated elution buffer fractions by 4-12% bis-tris gel in 1x MOPS from 
experimental conditions referred to in Table 5-3.  

High concentrations of IPTG can adversely influence bacterial cell growth, reducing the 

expression of a desired recombinant protein.32 Expression conditions were trialled using 

a reduced concentration of IPTG, however this appeared to induce stronger co-

expression of impurities compared to 1 mM IPTG (Figure 5-8). Whilst Ni-NTA purification 

was performed on a gradient to improve separation, impurities were still evident at both 

IPTG concentrations conditions trialled.  

 

Figure 5-8 SDS-PAGE 4-12% Bis-tris analysis of Nrf2 protein expression using 1 mM (left) and 0.5 mM IPTG 
(right). Wash buffer composed of 50 mM Tris, 20 mM Imidazole, 300 mM NaCl at pH 8. An elution gradient 
was created diluting Elution buffer (50 mM Tris, 250 mM Imidazole, 300 mM NaCl at pH 8) in wash buffer from 
15 -100%. 

 

Time Temperature Additive Concentration 
4 h 37 °C - 0.12 mg/mL 
4 h 37 °C + 5% Glycerol 0.06 mg/mL 

16 h 18 °C - 0.58 mg/mL 
16 h 18 °C + 5% Glycerol 0.45 mg/mL 



165 
 

The removal of co-eluting impurities across a range of sizes was investigated by size 

exclusion chromatography.  Firstly, a culture of BL21 (DE3) pLysS transformed with 

pET28A Nrf2 expressing plasmid was induced at 1 mM IPTG overnight at 18 °C and 

prepared for Ni-NTA purification. Crude lysate was loaded onto a Ni-NTA column and 

washed with lysate buffer (50 mM tris, 10 mM imidazole 300 mM NaCl, pH 8) until the 

absorbance signal had returned to baseline (Figure 5-9, A). An elution gradient was 

subsequently performed from 0 – 100% of elution buffer (50 mM tris, 250 mM imidazole 

300 mM NaCl, pH 8) and fractions were visualised by gel electrophoresis shown in 

Figure 5-9, B. 

 

Figure 5-9 (A) AKTA purification of Nrf2 protein by HisTrap™ FF on AKTA Prime Pure using 17/70 mL of lysate 
collected from 4 L of culture. (B)  4-12% Bis-tris SDS-PAGE analysis of AKTA PURE Ni-NTA purification of Nrf2 
protein. 

Fractions from 50-100% elution buffer from the Ni-NTA column produced the highest 

Nrf2 to impurity ratio and were subjected to SEC to separate the remaining proteins by 

eluting on molecule size across a porous gel matrix.  
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A superdex 200 SEC column was used for its optimal separation range, capable of 

separations of globular proteins from 600 kDa to 10 kDa in size. Fractions from 50-100% 

elution buffer, indicated from Figure 5-9, were injected onto the column, protein elution 

monitored by mAu absorbance at 280 nm. Analysis of the fractions by SDS-PAGE gel 

found impurities were still co-eluting with the Nrf2 protein after SEC purification, shown 

in Figure 5-10. Failure to separate molecules by size through SEC can be an indication 

that the impurities are aggregating with the desired protein, causing co-elution of the 

crude mixture.33 As such further investigation was required to identify a purification 

method capable of separating the impurities. 

 

Figure 5-10 (A) AKTA purification using a HiLoad™ 16/60 Superdex ™ 200 Prep Grade SEC at 0.1 mL/min for 
18 h of Nrf2 after Ni-NTA purification. (B) 4-12% Bis-tris SDS-PAGE of fractions collected from size exclusion 
chromatography. 

As Nrf2 has a pI of approximately 4.7, ionic exchange purification was investigated. 

Anionic exchange columns were prioritised for the capture and separation of protein 

bands, as the net charge of Nrf2 is negative in a phosphate buffer of pH 7.4.34 

Protein lysate from Ni-NTA purification was prepared by buffer exchange into Tris buffer 

at pH 7.4 to remove the salt and imidazole, concentrating the sample to 2 mg/mL. The 
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sample was loaded onto an ion exchange chromatography (IEC) stack passing through 

a cationic, weak and strong anionic exchange column, order summarised in Table 5-4. 

After loading the columns as a set, the columns were separated and individually eluted 

by increasing the salt concentration of the column from 100 mM to 1 M of NaCl 

monitoring the 280 nm absorbance for protein elution. Ion exchange purification did not 

remove the co-eluting impurities with the Nrf2 protein (Figure 5-11). This perhaps 

suggests that the impurities were creating non-specific interactions with the protein 

causing their co-elution by SEC and perhaps are hydrophobic in nature, rationalising 

why separation could not be achieved by IEC.35,36  

Table 5-4 IEC columns employed for purification of HisHaloNrf2 fractions after Ni-NTA purification. 

Order Column Exchange Type Result 

1 
Sulfopropyl High Performance 

(SP HP) 
Strong Cationic 

Exchanger Impurities Eluted 

2 
Diethylaminoethyl fast flow 

(DEAE FF) 
Weak Anionic 

Exchanger 
Nrf2 eluted with 

impurities 

3 
Quaternary Ammonium Flow 

(Q F) 
Strong Anionic 

Exchanger 
Nrf2 eluted with 

impurities 
 

 

Figure 5-11 4-12% SDS-PAGE analysis of IEX fractions collected off the SP HP cationic exchanger, DEAE FF 
weak anionic exchanger and Q F exchanger.  

When facing challenges with removing aggregates in protein purification alterations to 

the purification buffer system can be made through additives such as detergents. The 

use of non-ionic surfactant in protein purification can support protein solubility and limit 

aggregation through reduction of non-specific binding of contaminating proteins 
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through ionic or hydrophobic interactions.37–39 Triton X-100 (Figure 5-12, 5.9)  is an 

amphiphilic organic compound derived from a polyoxyethylene with a hydrophilic 

alkylphenyl head, it is  a commonly used surfactant in protein purification. Similarly, the 

addition of glycerol (Figure 5-12, 5.10) to wash steps of protein purification can support 

protein stabilisation through the ability of alcohols to mediate amphiphilic and 

electrostatic interactions between protein and the glycerol to prevent protein 

aggregation at high concentrations.  

 
Figure 5-12 Chemical structure of glycerol (5.9) and triton x-100 (5.10). 

A second purification of the Nrf2 protein by Ni-NTA was performed with 0.1% Triton X-

100 and 5% glycerol in the wash buffer, performing an extended wash at 1 mL/min for 

150 mL to exhaustively strip co-eluting impurities from the Nrf2 protein. This 

optimisation successfully eluted clean recombinant Nrf2 protein requiring only Ni-NTA 

purification to achieve efficient yields of 1.95 mg from 4 L of culture of Nrf2 after buffer 

exchange into PBS pH 7.4 (Figure 5-13).  

 
Figure 5-13 4-12% Bis-tris SDS-PAGE gel of purified Nrf2. Achieved by Ni-NTA affinity purification (twice), 
washed with 20 mM Imidazole 50 mM NaH2PO4, 500 mM NaCl, 0.01% Triton x-100, 5% Glycerol pH 7.5 at 
pH 8. Eluted over a gradient of 40-250 mM Imidazole, Nrf2 containing fractions concentrated and buffer 
exchanges into PBS pH 7.4. 

Validation of protein expression was achieved using peptide mass fingerprinting to 

identify sequence coverage across both the attached affinity tag and the Nrf2 protein 

(Appendix 5-1), providing confidence in the expression of the desired protein. Protein 

was stored at –80 °C until required for biophysical assays used in Chapters 2 and 3.   
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5.3.2 His-MafG  
5.3.2.1 Expression of MafG in literature 

MafG is a considerably smaller protein in comparison to Nrf2 (162 residues) and has 

proven easier to express for functional activity-related studies. As it lacks extended 

domains for transcriptional recruitment the protein observes a more stable secondary 

structure. The full structure has been experimentally resolved in complex with a DNA 

consensus sequence (PDB: 3A5T).40–42 In the expression and purification of MafG, 

literature suggests the purification, and yields, of MafG are highly efficient, however 

there is reference to MafG expression proving toxic in E. coli.16,19,40 

5.3.2.2 pET15B His-MafG expression 
We designed an expression plasmid in-house using a pET15B plasmid, as reported for 

expression of MafG in the MafG/DNA complex and Nrf2/MafG/DNA complex crystal 

structures.40  Recombinant pET15B plasmid containing full length MafG1-165 was 

designed and ordered from Genscript inserting the MAFG gene at excision sites for 

BamH I and NdeI (Figure 5-14). 

 
Figure 5-14  pET15B plasmid vector map. 

Lyophilised plasmid was received from genscript, nuclease-free water was added to 

solubilise the circular DNA. Following the recommended protocol by genscript, 2 µL of 

the plasmid at 100 ng/µL was used for transformation into BL21 (DE3) and Rosetta 2 

(DE3) pLysS cells following the successful transformation procedure previously 

described in Table 5-5. Colonies were found in both BL21 and Rosetta 2 cell lines (Table 

5-5).  
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Table 5-5 Cell lines and agar conditions used for transformation of His-MafG PET15B plasmid. 

Cell line Antibiotics Used Result 
BL21 50 µg/mL ampicillin Growth 

Rosetta 2 50 µg/mL ampicillin + 34 µg/mL chloramphenicol Growth 

10 mL cultures were grown in LB overnight at 37 °C 180 rpm and used for large-scale 

culture at 500 mL LB with 50 µg/mL ampicillin at 37 °C for 3-4 h until the cultures reached 

log phase growth at OD600 0.6. Gene expression was induced with 1 mM IPTG for 4 hours 

at 37 °C 180 rpm before the culture was prepared for lysate purification by Ni-NTA affinity 

column. As the molecular weight of the recombinant MafG protein (19 kDa) was 

relatively small, SDS-PAGE analysis was performed using 12% polyacrylamide Bis-Tris 

in MES buffer to improve visualisation. This revealed multiple bands around 20 kDa 

(Figure 5-15). 

 

Figure 5-15 12% Bis-Tris SDS-PAGE analysis of Ni-NTA resin purification of HisMafG expression in Rosetta 2 
(DE3) cells.  

Protein bands can sometime migrate unexpectedly in gel electrophoresis.43,44 To 

efficiently confirm expression of the His-tagged MafG, a western blot was run on crude 

lysates. To find bands corresponding to the tagged protein expression, an anti-His6 tag 

antibody was used with an anti-rabbit HRP conjugated secondary antibody (Figure 5-

16). Expression conditions were repeated for both BL21 and Rosetta 2 cell lines 

transformed with the pET15B testing conditions in LB, 2xYT and TB growth medium in 

500 mL cultures to determine an optimum growth medium. Western blot confirmed His 

tag protein expression at 25 kDa in the Rosetta 2 cell line with the pET15B plasmid with 

strongest expression found in TB growth medium (Figure 5-16). 
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Figure 5-16 His-MafG protein expression identified via western blot using whole cell lysate from BL21 and 
Rosetta 2 transformed cells expressed with 1 mM IPTG incubated for 4 h at 37  °C  (1) Protein Ladder (3) BL21 
PET15B MafG grown in LB (4) BL21 PET15B MafG in TB (5) BL21 PET15B MafG in 2xYT (6) Rosetta 2 PET15B 
MafG in LB (7) Rosetta 2 PET15B MafG in 2xYT (8) Rosetta 2 PET15B MafG in TB.  

Mass spectrometry was performed on the protein band isolated at 25 kDa by gel 

electrophoresis, it is unclear why the band runs at this height as this is inconsistent with 

the band migration shown later in Figure 5-17. Analysis of the band excised matched a 

mass of 19.7 kDa by MALDI-TOF and matching sequence coverage by peptide mass 

fingerprinting (PMF) (Appendix 5-2), providing confidence in protein identification.45  

5.3.2.3 Protein purification of pET15B expressed His-MafG 
In a reduced supply of glucose within a growth medium, bacteria will begin to metabolise 

lactose sugars instead, a process controlled by the lac operon. Ensuring good supply of 

glucose in the growth medium can prevent basal expression from reduced repression by 

the dual-functioning lac operon. As MafG expression has previously been reported to be 

toxic to bacterial cells,  0.5% glucose was added to the growth medium of E. coli cultures 

in large scale purification to suppress basal suppression.16 

Expression was performed in 4 L of bacterial culture, prepared as a cell lysate for Ni-NTA 

column chromatography on an elution gradient of 50-250 mM imidazole. Fractions were 

collected for SDS-PAGE (Figure 5-17, left) producing a clean band of the desired MafG 

protein on elution at 250 mM imidazole in elution fraction 5. Elution fractions containing 

MafG were buffer exchanged into lysis buffer for a second Ni-NTA column to achieve 

further elution of clean bands of His-MafG (Figure 5-17, right), which was then subject 

to a final buffer exchange into PBS pH 7.4 and stored in aliquots at –80 °C at a final 

concentration of 20 – 25 µM.   
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Figure 5-17 12% Bis-Tris SDS-PAGE analysis of Ni-NTA resin purification of HisMafG expression in Rosetta 2 
E. coli. (left) First Ni-NTA column. (right) Second Ni-NTA column. 

5.4 Conclusion 
The expression of the BZIP transcription factors Nrf2 and MafG have been reported in the 

literature for use in biophysical assays such as fluorescence polarisation, 

electrophoretic mobility shift assays and protein crystallography. Nrf2 expression has 

previously demonstrated challenges with solubility and difficulty in purification from 

aggregating impurities resulting in low yield.15,17,18 

Herein we have described optimised expression conditions of HisHaloNrf2 protein 

expression. This was successfully achieved by transformation into variants of the BL21 

E. coli cell line. Optimisation of IPTG-induced protein expression conditions found Nrf2 

was best induced at 18 °C overnight. After exhaustive efforts to purify Nrf2 through Ni-

NTA (Figure 5-8), SEC (Figure 5-10) and IEC purification techniques (Figure 5-11), it was 

thought that impurities were forming complexes with the protein, reducing the efficiency 

of these techniques. Adding non-ionic detergent and glycerol to the wash steps in affinity 

tag purification generated successful protein purification from a singular purification 

method, yielding Nrf2 at concentrations of 6.5 µM in PBS at pH 7.4 (Figure 5-13). 

MafG protein expression has been achieved for measurement of protein-DNA 

interactions in protein crystallography studies, disclosing efficient expression to achieve 

high yields of protein.16,19,40 Recombinant expression of MafG was achieved using a 

pET15B plasmid containing the full length MAFG gene leading to successful 

transformation of Rosetta 2 cell line. Expression conditions were optimised to 30 °C over 

3-4 h with an efficient purification of purified protein at yields of His6MafG of 1.5 mg per 

4 L culture stored in PBS at pH 7.4 (Figure 5-17). 

Future work would include further recombinant protein expression of Nrf2, without the 

expression of the Hisx6 and Halotag and instead employ different affinity tags for 
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expanding the availability of the protein for biophysical assay development for FRET, 

HTRF or ligand affinity-based fluorescence polarisation assays.  

5.5 Experimental 

5.5.1 Reagents 
Reagents were purchased from Fisher Scientific, Merck or Cytiva. 

5.5.2 Protein expression 

5.5.2.1 His6Halo-Nrf2 

pET28a-His6-Halo-TEV-Nrf2 was kindly provided by Dr Yimon Aye.18 Plasmid was 

replicated in NEB® 5-alpha cells by 10 mL overnight cultures of LB and 15 μg/mL 

kanamycin at 37 °C 180 RPM. Cells were then pelleted at 6000 g for 18 min at 4 °C. Pellet 

was then prepared for extraction using a QIAprep® Spin Miniprep Kit following the 

manufacturers protocol. Plasmid was then confirmed by Mix2Seq sequencing from 

Eurofin, analysis performed in chromas, BLAST sequence comparison found 100% 

match from human NFE2L2 gene.  

10 ng of plasmid was incubated with chemically competent BL21 (DE3) E. coli further 

treated with 48 mM β-ME for 30 minutes at 4 °C. The E. coli was then heatshocked at 42 

°C for 45 seconds followed by a 2-hour incubation in SOC media. Overnight cultures 

were prepared in LB containing 15 µg/mL kanamycin, further diluted 1:50 in LB media 

with 15 µg/mL Kanamycin. After 4-5 hrs incubation at 37 °C 180 RPM, expression was 

induced at OD600 0.6-0.8 with 1 mM IPTG at 18 °C for 16 hrs, 180 RPM. Cell culture was 

pelleted by centrifugation 14000 g for 18 min at 4 °C. The pellet was then resuspended 

in buffer (50 mM NaH2PO4, 500 mM NaCl, 10 mM Imidazole, 0.01% Triton x-100, 5% 

Glycerol pH 7.5) and sonicated for 8.2 min at 60 V on a 3 x pulse cycle. Lysed solution 

was then centrifuged at 5000 g for 30 min at 4 °C. Lysate supernatant was then loaded 

onto Ni-NTA resin (Thermo Scientific™ HisPur™ Ni-NTA) at 4 °C, Ni-NTA resin was washed 

with excess buffer (20 mM Imidazole 50 mM NaH2PO4, 500 mM NaCl, 0.01% Triton x-100, 

5% Glycerol pH 7.5 at pH 8). His6Halo-Nrf2 was then eluted over an imidazole gradient 

of 40 mM – 250 mM in 50 mM NaH2PO4 pH 8 over 10 CV. Purification by Ni-NTA resin was 

then repeated. His6Halo-Nrf2 was concentrated and resuspended in PBS pH 7.4, with a 

final concentration of 0.66 mg/mL and stored at -80 °C. Purification was confirmed by 

SDS-PAGE on a 4-12% Bis-Tris gel (Invitrogen) in 1x MOPS buffer. Sequence was 

confirmed by mass spectrometry. His6Halo-Nrf2, 104.7 kDa: 
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(His6_Halo_Nrf2)§ 

HHHHHH_SSGLVPRGSHMAEIGTGFPFDPHYVEVLGERRMHYVDVGPRDGTPVLFLHGNPT

SSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFFDDHVRFMDAFIEALGLEEVVLVIHD

WGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIE

GTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQS

PVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISG

SGENLYFQGSG_MMDLELPPPGLPSQQDMDLIDILWRQDIDLGVSREVFDFSQRRKEYELEK

QKKLEKERQEQLQKEQEKAFFAQLQLDEETGEFLPIQPAQHIQSETSGSANYSQVAHIPKSDAL

YFDDCMQLLAQTFPFVDDNEVSSATFQSLVPDIPGHIESPVFIATNQAQSPETSVAQVAPVDLD

GMQQDIEQVWEELLSIPELQCLNIENDKLVETTMVPSPEAKLTEVDNYHFYSSIPSMEKEVGN

CSPHFLNAFEDSFSSILSTEDPNQLTVNSLNSDATVNTDFGDEFYSAFIAEPSISNSMPSPATLS

HSLSELLNGPIDVSDLSLCKAFNQNHPESTAEFNDSDSGISLNTSPSVASPEHSVESSSYGDTL

LGLSDSEVEELDSAPGSVKQNGPKTPVHSSGDMVQPLSPSQGQSTHVHDAQCENTPEKELP

VSPGHRKTPFTKDKHSSRLEAHLTRDELRAKALHIPFPVEKIINLPVVDFNEMMSKEQFNEAQL

ALIRDIRRRGKNKVAAQNCRKRKLENIVELEQDLDHLKDEKEKLLKEKGENDKSLHLLKKQLST

LYLEVFSMLRDEDGKPYSPSEYSLQQTRDGNVFLVPKSKKPDVKKN 

5.5.2.2 His6-MafG 

The human MAFG sequence (1-162) was inserted into a pET-15b cloning vector 

containing a C-terminal His6 tag attached by a thrombin cleavable linker. Plasmid was 

produced by GenScript. 200 ng of the plasmid was transformed into Rosetta 2 (DE3) 

pLysS Competent Cells (Novagen), incubated for 30 minutes, 42 °C heat shock for 120 

seconds, 2 hour incubation in SOC media. Single colonies were picked and overnight 

cultures grown in LB with 50 µg/mL Ampicillin, further diluted 1:50 in Terrific Broth (TB) 

media supplemented with 0.05% glucose with 50 µg/mL Ampicillin incubated at 37 °C 

180 RPM for 4.5 hours. Protein expression was then induced at OD600 0.6 with 1 mM IPTG 

at 37 °C for 4 hours.  Cells were pelleted by centrifugation at 14000 g for 18 min at 4 °C. 

The pellet was then resuspended in buffer (50 mM Tris, 10 mM Imidazole, 100 mM NaCl 

pH 8) and sonicated for 8.2 min at 60 V on a 3 x pulse cycle. Lysed solution was then 

centrifuged at 5000 g for 30 min at 4 °C. Lysate supernatant was loaded onto Ni-NTA resin 

(Thermo Scientific™ HisPur™ Ni-NTA) at 4 °C, Ni-NTA resin was washed with excess buffer 

(20 mM Imidazole 50 mM NaH2PO4, 500 mM NaCl, pH 7.5 at pH 8) and was then eluted 

over an imidazole gradient of 40 mM – 250 mM in 50 mM NaH2PO4 pH 8 over 10 CV. 

Elution fractions containing MafG protein were combined and re-purified by Ni-NTA 

 
§ “_” is included in sequence to highlight separation between His, Halotag and the protein. 
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purification. Protein expression and purity was confirmed by SDS-PAGE on a 12% Bis-

Tris gel in MES buffer.  

Expression of His tagged protein was confirmed by western blot with His-Tag Antibody 

#2365 and Anti-rabbit IgG, HRP-linked Antibody #7074 from Cell Signalling Technology, 

PDVF membrane visualised using Invitrogen™ Novex™ ECL Chemiluminescent Substrate 

Reagent Kit. MafG was purified using Ni-NTA resin in buffer (50 mM NaH2PO4, 500 mM 

NaCl, 10 mM Imidazole 0.01% Triton x-100, 5% Glycerol pH 7.5) His6MafG protein was 

eluted over an imidazole gradient 10mM – 250 mM in 10 CV. Eluted His6-MafG underwent 

buffer exchanged into 1x PBS, 10 mM DTT yielding approximately 0.39 mg/mL from 4 L of 

culture. 

(His6 _MAFG) 

HHHHHH_MTTPNKGNKALKVKREPGENGTSLTDEELVTMSVRELNQHLRGLSKEEIVQLKQR

RRTLKNRGYAASCRVKRVTQKEELEKQKAELQQEVEKLASENASMKLELDALRSKYEALQTFAR

TVARSPVAPARGPLAAGLGPLVPGKVAATSVITIVKSKTDARSGGATCC 

5.5.3 SDS-PAGE  

Protein samples were prepared by incubating 10 µL of protein with 10 µL tris-glycine SDS 

buffer and 2 µL of 0.5 M DTT at 95 °C for 15 minutes. Cooled samples were then loaded 

onto Invitrogen pre-cast NuPAGE 1.0 mm Mini-Protein gels containing either 4-12% Bis-

Tris (for HisHalo-Nrf2) or 12% Bis-Tris (for HisMafG) accompanied by a lane loading 3 µL 

of Thermo Scientific PageRuler prestained protein ladder for size determination. Gels 

then underwent electrophoresis at a constant voltage of 200 V for 30-45 minutes in a 

running buffer of either MOPS or MES at 50 mM with 50 mM Tris, 0.1% SDS, 0.01-0.09% 

DMF and 1 mM EDTA at pH 7.7.  

Gels were subsequently washed in deionised water and incubated with a Coomassie 

stain (1 mM Coomassie with 20% (v/v) methanol 10% (v/v) acetic acid) for 10 minutes 

followed by washes in deionised water and incubation in a destaining solution (30% (v/v) 

methanol and 10% (v/v) glacial acetic acid) until band visualisation was clear. 

5.5.4 Western blot 

Pre-run SDS-PAGE gels were used to transfer protein content onto a Polyvinylidene 

Difluoride (PVDF) membrane using XCell SureLock Mini Cell Electrophoresis System 

using XCell II™ Blot Module for 1 h 30 min in 1 X Transfer buffer (20 mM Tris base, 150 mM 

Glycine, 3 mM SDS, 20% MeOH). The membrane was then washed with TBST (137 mM 
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NaCl, 2.7 mM KCl, 19 mM Tris Base, 0.5% Tween-20, pH 7.4) then blocked in milk 

solution (5% milk powder in TBST) overnight at 4 °C.  Membrane was then incubated with 

desired rabbit primary antibody, following manufacturer instructions on dilution, 

incubation time and temperature. Membrane then washed thoroughly in TBST before 

incubation with anti-rabbit HRP conjugated antibody for 45 min at room temperature. 

After another thorough washing with 5% milk solution, followed by TBST 1x, band 

visualisation carried out using Novex™ ECL Chemiluminescence Kit on ImageQuant LAS 

4000 chemiluminescence camera (GE Healthcare). 

Antibodies used:  

Anti-Nrf2 Antibody #AF0639 (Affinity Biosciences) 

Anti-His Antibody #2365 (Cell Signalling Technology) 

Anti-Rabbit IgG HRP-linked Antibody #7074 (Cell Signalling Technology)  

5.5.5 Peptide mass fingerprinting 

Protein collected from SDS-PAGE gel in either  4-12% or 12% Bis-Tris in MOPS or MES 

and gel band for sequencing was isolated and washed in buffer (50% of 50 mM 

Triethylammonium bicarbonate buffer (TEAB) with 50% Acetonitrile), samples were 

incubated in 10 mM DTT for 30 min at 55 °C. Sample was then incubated in the dark with 

agitation in 30 mM Iodoacetamide (IAA) in 50 mM TEAB for 30 minutes then washed in 

50 mM TEAB in 50% acetonitrile. Sample was then prepared in 100% acetonitrile and 

dried thoroughly in preparation for trypsin digestion and MALDI-TOF performed at the 

John Innes Centre proteomics facility using a Bruker Autoflex™ Speed Maldi-TOF/TOF, 

protein identification was performed by database search using Mascot Server 3.0 and 

Mascot Distiller 2.8.  
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5.6 Appendix 

5.6.1 Peptide mass fingerprinting sequence coverage 

 

Appendix 5-1 Protein sequencing of His6Halo-Nrf2 protein by trypsin digest and mass spectrometry 
compared against a database of commonly found E. coli contaminants confirmed correct protein 
expression 

 

Appendix 5-2 Peptide mass fingerprint results from PET15B His-MafG confirming sequence coverage (36%) 
from expression induced in Rosetta 2 (DE3) cells in TB medium expression induced at OD600 0.6 for 3-4 hours 
with 1 mM IPTG at 37 ֯ C. 
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6.1 General Discussion  
Protein-protein interactions have long been considered undruggable due to their large 

and shallow surface area at their binding interface.1,2 Whilst PPIs across a range of 

shapes and sizes can now be targeted with peptides and small molecules, the majority 

of PPI inhibitors reported over the last fifty years disrupt interactions involving  α-helix 

recognition motifs. Interestingly within this secondary structure categorisation, coiled-

coil interactions are under-represented, with only a handful of inhibitors reported 

(Chapter 1.2.3). This presents a unique opportunity to explore novel peptide and small 

molecule inhibitors against disease-relevant dimeric coiled-coil PPIs.  

The transcription factor Nrf2 was a prime candidate for this research, forming a dimeric 

coiled-coil with its obligatory binding partner MafG, necessary for DNA binding to initiate 

gene transcription. Nrf2 has been extensively studied for its conflicting cytoprotective 

role, reducing inflammation in cells but it is also capable of promoting hallmarks of 

cancer.3,4 Concerningly, Nrf2 has been implicated in cancer metastasis, growth and 

chemo-resistance (Chapter 1.5.3).5,6  

Existing Nrf2 inhibitors consist mostly of natural products or small molecules.7–11 These 

inhibitors often display off-target effects or do not directly target Nrf2 or the PPI with 

MafG. At the outset of this research in 2021, no inhibitors had been reported against the 

Nrf2/MafG PPI, compounded by the absence of a crystal structure to confirm the 

residues involved within this interaction. The advent of machine learning programs such 

as AlphaFold has helped to overcome this structural dilemma, demonstrating an ability 

to produce highly accurate models of protein-protein and protein-DNA interactions.12 

Moreover, the crystal structure of the Nrf2/MafG heterodimer reported at the end of 2022 

provided reassuring similarity to the AlphaFold2 homology model initially used to guide 

the peptide design within this work (Chapter 2.3.1).  

The leucine zippers of Nrf2 and MafG form a parallel coiled-coil with regularly repeating 

hydrophobic residues at a and d positions within the heptadic motif (abcdefg)n. Upon 

the discovery of the Nrf2 protein, it was predicted that residues 505-552 created the 

leucine zipper.13 Analysis of crystal structure and AlphaFold models suggests residues 

522-568 more accurately describes the zipper domain of Nrf2.12,14  Nrf2 residues 553-

562 have also been reported to constitute a nuclear exportation sequence, promoting 

cytosolic migration of the protein.15–17 Heterodimerisation with MafG masks this 

sequence, maintaining nuclear retention of Nrf2.15 Utilising this information, residue 
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alignment with MafG demonstrates sequence 73KEELEKQKAELQQEVELASENASMKLE104 

interacts directly with Nrf2522-552, without shielding nuclear exportation (Chapter 2.3.2). 

Herein we have described the design and synthesis of novel peptides mimicking the 

leucine zipper of MafG73-104 to afford inhibition of the Nrf2/MafG PPI. Peptides were 

synthesised conserving the heptadic motif of the MafG leucine zipper, required for 

coiled-coil formation with Nrf2. This led to the solid-phase peptide synthesis of six 

peptide sequences of 28, 21 or 14 residues in length (Figure 6-1, 2.46, 2.52-2.56). 

Synthesis of peptides (2.46, 2.52 and 2.54) underwent optimisation due to sequence 

aggregation (Chapter 2.3.2.4). The addition of lithium chloride, a chaotropic salt, 

improved synthesis of 2.54, 2.52 and 2.46.  

 
Figure 6-1 MafG peptides and peptide-small molecule hybrids of interest. 

Secondary structure analysis of the six peptides confirmed their capacity to adopt the 

α-helical structure, essential for coiled-coil formation (Chapter 2.3.3). 21-mer 

sequences, 2.53 and 2.52 exhibited the highest degree of helicity (71% and 81%), 

suggesting a strong propensity for forming a stable coiled-coil interaction with Nrf2.  

Characterising the binding affinity of Nrf2-binding inhibitors towards its leucine zipper is 

inherently difficult, as the protein is predominantly disordered and is believed to only 

fold transiently in the presence of a binding partner.18 This limitation became evident in 

our attempts to measure binding interactions by SPR (Chapter 2.3.6). 2.46 and 2.52-

2.56 displayed weak interactions with the immobilised Nrf2 with Kd values predicted 

outside of the concentration ranges tested. Moreover, the protein itself began to 

demonstrate signs of instability, with baseline erosion on the SPR chip hindering further 
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experimental condition trials. Despite these challenges, to our knowledge, this 

represents the first reported attempt to measure Nrf2-ligand binding kinetics by SPR. 

Previous research into Nrf2/MafG PPI inhibitors that bind to Nrf2 is an underexplored 

area of study. The only small molecule inhibitor with direct evidence of Nrf2 binding is 

ML385, identified by HTS using an Nrf2/DNA binding luciferase assay.19 ML385 has been 

shown to bind to the bZIP domain of Nrf2 by a biotin pull down assay.19 Additionally, 

fluorescence polarisation was used to confirm disruption of the ternary complex of 

Nrf2/MafG with DNA.19 However, this does not confirm the binding site of ML385, which 

could cause disruption by engaging the DNA binding domain of Nrf2.  

As transcription factor binding interactions are often transient and dynamic, they can be 

challenging to quantify. A fluorescence polarisation (FP) assay to monitor ternary 

complex formation between Nrf2, MafG, and ARE-promoter DNA has helped to 

overcome this. Originally developed to characterise the small-molecule inhibitor 

ML385, this assay has since been employed to validate the inhibitory activity of a stapled 

peptide (N1S) reported in 2023.19,20 N1S is the first documented example of a peptide 

capable of disrupting the PPI between Nrf2 and MafG. 

Guided by the existing literature, a three-part fluorescence polarisation assay was 

established, using Nrf2 and MafG proteins expressed in Chapter 5 and a fluorescently 

labelled DNA sequence containing an ARE promoter. Interestingly, only two peptides, 

28-mer 2.46 (Ac-KEELEKQKAELQQEVEKLASENASMKLE-NH2) and 21-mer 2.52, (Ac-

KAELQQEVEKLASENASMKLE-NH2) demonstrated an ability to disrupt ternary complex 

formation, further confirmed by an electrophoretic mobility shift assay (Chapter 2.3.4 

and 2.3.5).  

Both 2.52 and 2.46 peptides conserve three out of four heptad repeats, which suggested 

a minimum length may be necessary for stable coiled-coil formation and subsequent 

disruption of the protein/DNA interaction. In contrast, shorter peptides were thought to 

lack the structural stability required to engage in productive interactions, as circular 

dichroism analysis suggested they less than 50% helical. Notably, 2.53 does not contain 

the ‘NASMKLE’ motif, potentially indicating that this sequence is critical for binding. 

Alternatively, it is possible that some peptides self-assemble into homomeric coiled-

coils, sequestering themselves and preventing interaction with full-length Nrf2.  
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It was found that 2.52 was capable of undergoing methionine oxidation, which 

noticeably decreased the peptides activity within the FP assay established. Synthesis of 

the sequence with norleucine substitution (2.58) was found to retain binding inhibitory 

activity in the FP assay. Disruption of the MafG homodimer by 2.58 was also evident, as 

at 250 µM DNA binding of either protein was completely abolished. 

It was interesting to discover later in the project, that 11-mer peptide 3.86, (Ac-

LASENASMKLE-NH2) was still capable of disrupting the ternary complex formation, at a 

much-reduced affinity (Chapter 3.3.3). Especially given 14-mer 2.54 (Ac-

VEKLASENASMKLE-NH2) demonstrated no inhibitory activity within our FP or EMSA 

assay. This finding suggests conservation of a full heptad repeat may not be strictly 

necessary to disrupt the Nrf2/MafG coiled-coil. Further investigation into the secondary 

structure characterisation of the shorter peptides, 3.85 and 3.86 may offer insight if the 

helical content appears more stable in comparison to 2.54.  

Building on the discovery of our novel peptide inhibitor, we aimed to initiate a peptide-

directed ligand design strategy using 2.52 as a scaffold. There are limited reports of small 

molecule inhibitors capable of disrupting dimeric coiled-coils. We investigated the use 

of peptide-directed ligand design with in silico fragment screening to investigate small 

molecule interactions with the Nrf2 leucine zipper (Chapter 3). Fragments derived from 

in silico screening were supplemented with additional fragments sourced from existing 

laboratory collections, to achieve synthesis of twenty peptide small molecule hybrids. 

Interestingly no hits were found from the in silico screen. Future efforts to utilise in silico 

methodology may benefit from curating more targeted screening libraries to improve 

efficiency and hit rates.  

Exploration of available fragments across a chemical space identified two promising 

candidates. 3.72, an aromatic indole featuring an aldehyde sidechain, and 3.78, an 

azaspirodecane structure featuring two ketone functional groups (Figure 6-1). Both 

peptides demonstrated greater activity compared to the parent peptide (3.72), but also 

an ability to disrupt both hetero and homodimeric complex binding. This would be the 

first example of a peptide-small molecule hybrid capable of disrupting the Nrf2/MafG 

interaction. Future work could investigate development of small molecule scaffolds with 

specificity to the Nrf2 leucine zipper over MafG.  

Over the last two decades Nrf2 has become synonymous with chemoresistance.3,5,10,21  

Few direct inhibitors of the Nrf2/MafG PPI have been reported and our understanding of 



185 
 

the impact of Nrf2 inhibition in a cellular context is limited.19,20 In particular, there are 

mixed reports on the impact of Nrf2 inhibition on cell viability and the potency of all 

reported small molecules, which are all active at micromolar concentrations.7–11 

Consequently, investigation of the impact of Nrf2/MafG disrupting peptides and 

peptide-small molecule hybrids adds to our understanding of the transcription factor. In 

Chapter 4, our biological investigation found MafG peptides did not significantly 

decrease cell viability compared to the growth control at 100 µM in A549 NSCLC. 

Comparatively, at 100 µM, small molecule inhibitor ML385 causes 100% growth 

inhibition and hydrocarbon stapled peptide inhibitor of MafG reduces cell viability by 

37%.19,20 

Inhibition of Nrf2 hopes to achieve a decrease in the cytoprotective genes transcribed, 

including the enzyme NQO1. This enzyme supports drug detoxification processes, 

linked with Nrf2 overexpression, and the development of chemoresistance in 

NSCLC.22,23 Our investigation into the impact of our Nrf2 inhibitors on NQO1 activity 

found a noticeable, dose-dependent (100-25 µM) decrease in activity from 2.52, 2.58 

and 3.72 in A549 cells, suggesting these peptides were capable of a functional response, 

relevant to the inhibition of Nrf2 transcription. This response from 2.52 and 3.72 

correlated with the results found by our competition fluorescence polarisation assay, 

achieving inhibition with IC50 of <100 μM. As a result, 2.52 and 3.72 were investigated 

further for synergism with doxorubicin, a DNA intercalator and a topoisomerase II 

inhibitor, linked to Nrf2-driven resistance.24 Disappointingly, the inhibitors did not 

improve the IC50 of doxorubicin treated A549 cells. Whilst it was anticipated that 

doxorubicin resistance in A549 cells would be driven by Nrf2 expression, this resistance 

may produce an over-expression of drug efflux pump associated P-glycoprotein (P-gp), 

which might also act on the MafG peptides.25 Further investigation of the peptides on 

other Nrf2 transcribed genes by mRNA expression, such as P-gp, may provide further 

mechanistic understanding of the transcription factors influence. 

Alternatively, doxorubicin resistance may occur by a different mechanism than Nrf2 

overexpression. Consequently, co-treatment of 2.52 and 3.72 was also explored with 

gemcitabine, an anti-metabolite that incorporates into DNA, blocking enzymes from 

completing DNA synthesis.26 Excitingly, 3.72 generated a response in the A549 cells 

towards gemcitabine at concentrations as low as 0.7 μM. Whilst 2.52 did not produce 

an improved response with gemcitabine, it is possible that the peptide is more 

susceptible to degradation compared to the hybrid inhibitor.  
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6.2 Conclusion 
The study of the Nrf2 transcription factors can provide valuable insight into the 

mechanisms of chemoresistance in cancer. Despite numerous reports of small 

molecule and natural products capable of inhibiting transcription factor activity, none 

have progressed through clinical trials.27 Furthermore, the inhibitors described do not 

fully characterise the mechanism of Nrf2 inhibition, raising questions on the selectivity 

of these compounds and the risk of off-target effects.7–11 Consequently, there is a great 

need to develop research probes towards direct Nrf2 inhibition. Within this thesis, 

design and synthesis of rational peptide inhibitors of the Nrf2 PPI with MafG has been 

explored, and we have highlighted an important section, MafG73-104. Use of a 

fluorescence polarisation assay and novel use of an electrophoretic mobility shift assay 

confirms the ability of 2.52 to disrupt Nrf2 activity. To the best of our knowledge, this is 

the first example of peptides designed to bind to Nrf2 to disrupt the Nrf2/MafG PPI. 

This research aimed to investigate if peptide-directed ligand design could offer a route 

to designing small molecule inhibitors against a coiled-coil interaction. Our peptide-

small molecule hybrids offer a promising step towards achieving this. Utilising MafG73-

104 as a scaffold, a peptide to small molecule drug discovery campaign was performed, 

leading to the identification of two novel peptide-small molecule hybrids (3.72 and 

3.78). 3.72 demonstrated improved efficacy compared 2.52, decreasing NQO1 

enzymatic activity in A549 cells and an ability to sensitise the NSCLC cells to 

gemcitabine, a chemotherapeutic agent.  
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