
1 
 

 

 

THE DISCOVERY AND EVALUATION OF 

INHIBITORS OF THE KEAP1-NRF2 

PROTEIN-PROTEIN INTERACTION 

 

Rowena Melanie Hancock 

July 2012 

 

 

A thesis submitted for the degree of Doctor of Philosophy 

of University College London 

 

Department of Pharmaceutical and Biological Chemistry 

UCL School of Pharmacy 

 

 



2 
 

Plagiarism Statement 

This thesis describes research conducted at University College London, School of 

Pharmacy between October 2008 and October 2011 under the supervision of Dr 

Geoff Wells. I certify that the research described is original and that any parts of the 

work that have been conducted by collaboration are clearly indicated. I also certify 

that I have written all the text herein and have clearly indicated by suitable citation 

any part of this dissertation that has already appeared in publication. 

 

 

Signature                                                                                    Date 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Table of Contents 
Acknowledgements ............................................................................................................... 7 

Abbreviations ......................................................................................................................... 8 

Abstract ................................................................................................................................. 11 

1. Introduction: Keap1-Nrf2 protein-protein interaction ................................................. 12 

1.1 Cancer ........................................................................................................................ 12 

1.2 The Hallmarks of cancer .......................................................................................... 12 

1.3 Carcinogenesis ......................................................................................................... 14 

1.4 Chemoprevention ..................................................................................................... 15 

1.5 Cancer chemopreventive agents ........................................................................... 16 

1.6 Clinical trials of chemopreventive agents ............................................................. 17 

1.7 The need for new chemopreventive agents ......................................................... 19 

1.8 Xenobiotic metabolism and DNA protection ......................................................... 20 

1.9 Natural products with cytoprotective properties ................................................... 21 

1.9.1 Isothiocyanates .................................................................................................. 23 

1.9.2 Diallyl sulphides ................................................................................................. 24 

1.9.3 Phenolic compounds ........................................................................................ 25 

1.9.4 Dithiolethiones ................................................................................................... 26 

1.9.5 Flavonoids .......................................................................................................... 27 

1.9.6 Carotenoids ........................................................................................................ 28 

1.10 Nrf2 and Keap1 ....................................................................................................... 28 

1.11 Structure of Keap1 and Nrf2 and their interaction ............................................. 30 

1.12 Characterising the protein-protein interaction .................................................... 33 

1.13 Sequestosome-1 (p62) .......................................................................................... 35 

1.14 Prothymosin α ......................................................................................................... 38 

2. Introduction: Protein-protein interactions .................................................................... 41 

2.1 Protein-protein interaction misconceptions ........................................................... 41 

2.2 Targeting protein-protein interactions .................................................................... 43 

2.3 Approaches to design and generate PPI inhibitors ............................................. 44 

2.4 Protein-protein interaction case studies ................................................................ 46 

2.4.1 The discovery of a small-molecule inhibitor of the p53-MDM2 interaction – 

a PPI success story .................................................................................................... 46 

2.4.2 Inhibition of the β-catenin/Tcf complex – an example of failure of small 

molecule design in targeting a PPI ........................................................................... 50 

2.5 Conclusions and future perspectives..................................................................... 51 



4 
 

3. Introduction: Protein and Peptide drugs ...................................................................... 52 

3.1 Insulin ......................................................................................................................... 52 

3.2 Adaptation of peptides for oral administration ...................................................... 53 

3.3 Drug development using a peptide as a lead compound ................................... 55 

3.3.1 Case study: ACE inhibitors .............................................................................. 55 

4. Project aims ..................................................................................................................... 58 

5. Linear peptides to inhibit the Keap1-Nrf2 protein-protein interaction ..................... 63 

5.1 Introduction to solid phase peptide synthesis ...................................................... 63 

5.2 Results: Fluorescein-labelled peptides ................................................................. 66 

5.2.1 Peptide synthesis .............................................................................................. 66 

5.2.2 Characterisation of the final compounds ....................................................... 72 

5.2.3 Biological evaluation ......................................................................................... 73 

5.3 Competitive binding assays .................................................................................... 81 

5.3.1 Synthesis of unlabelled peptide inhibitiors .................................................... 81 

5.4 Modifications to the native ETGE sequence ........................................................ 86 

5.4.1 Synthesis of inhibitors ....................................................................................... 86 

5.4.2 Characterisation of the final compounds ....................................................... 87 

5.4.3 Biological Evaluation ......................................................................................... 88 

5.5 Further modifications to the native ETGE sequence .......................................... 91 

5.5.1 Synthesis of inhibitors ....................................................................................... 92 

5.5.2 Characterisation of the final compounds ....................................................... 92 

5.5.3 Analysis of the final compounds ..................................................................... 92 

5.6 Modifications to the phenylalanine residue ........................................................... 96 

5.6.1 Synthesis of inhibitors ....................................................................................... 96 

5.6.3 Analysis of the final compounds ..................................................................... 97 

5.7 DLG motif peptides ................................................................................................... 98 

5.7.1 Synthesis of inhibitors ....................................................................................... 99 

5.7.3 Analysis of the final compounds ..................................................................... 99 

5.8 Modifications to the native DLG sequence ......................................................... 100 

5.8.1 Synthesis of inhibitors ..................................................................................... 100 

5.8.2 Characterisation of the final compounds ..................................................... 100 

5.8.3 Analysis of the final compounds ................................................................... 101 

5.9 Inhibitors based on the binding sequences of Prothymosin α and 

Sequestosome-1 ........................................................................................................... 102 

5.9.1 Analysis of the final compounds ................................................................... 102 



5 
 

5.10 Hybrid peptides of the ETGE and sequestosome-1 binding motifs .............. 106 

5.11 Summary................................................................................................................ 108 

6. Cell penetrating peptides ............................................................................................. 113 

6.1 Arginine rich peptides ............................................................................................ 113 

6.2 Amphipathic helical peptides ................................................................................ 113 

6.3 Selecting a cell penetrating strategy .................................................................... 113 

6.3.1 Synthesis of cell penetrating peptides ......................................................... 114 

6.3.2 Characterisation and analysis of the final compounds .............................. 115 

6.4 Development of fluorescent cell penetrating peptides ...................................... 119 

6.5 Cell-based assay results ....................................................................................... 121 

6.6 Summary .................................................................................................................. 125 

7. Cyclic peptides .............................................................................................................. 127 

7.1 Cyclising the ETGE peptide sequence ................................................................ 127 

7.1.1 Molecular modelling to design cyclic peptides ............................................ 128 

7.2 Homodetic cyclisation ............................................................................................ 133 

7.2.1 Synthesis of homodetic cyclic peptides ....................................................... 134 

7.2.2 Characterisation and analysis of the cyclic peptides ................................. 137 

7.3 Ring closing metathesis ......................................................................................... 141 

7.4 Azide-alkyne click chemistry ................................................................................. 143 

8. Peptidomimetics ............................................................................................................ 151 

8.1 Peptidomimetic synthesis ...................................................................................... 152 

8.2 Ac-L-Glu-Linker-L-Glu-OH compounds ................................................................ 152 

8.3 Bz-D-Glu-Linker-D-Glu-OH compounds............................................................... 157 

8.4 Ac-L-Glu-Linker-L-Gly-OH compounds ................................................................ 161 

8.5 Ac-L-Glu-linker-butanoic acid compounds .......................................................... 164 

8.6 Ac-L-Glu-Linker-L-Ala-OH compounds ................................................................ 167 

8.7 Ac-L-Glu-Linker-L-Pro-OH compounds ................................................................ 170 

8.8 Bz-D-Glu-Linker-D-Pro/d-Ala-OH compounds .................................................... 173 

8.9 Bz-LGlu-Linker-LPro/LAla-OH compounds .......................................................... 176 

8.10 Summary................................................................................................................ 179 

9. Conclusions and Future work ..................................................................................... 184 

9.1 Linear peptides........................................................................................................ 184 

9.2 Cell penetrating peptides ....................................................................................... 185 

9.3 Cyclic peptides ........................................................................................................ 187 



6 
 

9.4 Peptidomimetics ...................................................................................................... 187 

9.5 Summary .................................................................................................................. 188 

10. Experimental section .................................................................................................. 190 

10.1 General Experimental Procedure....................................................................... 190 

10.2 General procedure for peptide synthesis .......................................................... 191 

10.2.1 Attachment of the first amino acid to Hydroxymethyl resins – 

symmetrical anhydride formation ............................................................................ 191 

10.2.2 Coupling the first amino acid to Rink amide resins .................................. 191 

10.2.3 Deprotection of the Fmoc protecting group ............................................... 191 

10.2.4 Monitoring coupling and deprotection: the ninhydrin test ....................... 191 

10.2.5 Coupling of Fmoc amino acids by activation ............................................ 192 

10.2.6 Capping the peptide using acetic anhydride ............................................. 192 

10.2.7 Capping the peptide using stearic acid ...................................................... 192 

10.2.8 Coupling fluorescein isothiocyanate to the β-amino group of β-Alanine

 ..................................................................................................................................... 192 

10.2.9 Deprotection of Dmab and Dde protecting groups .................................. 192 

10.2.10 Coupling rhodamine isothiocyanate to the ε-amino group of Lysine .. 192 

10.2.11 Deprotection of Allyl protecting groups .................................................... 192 

10.2.12 Head-to-tail peptide cyclisation ................................................................. 193 

10.2.13 Removal from the resin and side chain deprotection ............................ 193 

10.2.14 Peptide isolation .......................................................................................... 193 

10.3 Analytical HPLC .................................................................................................... 193 

10.4 Preparative HPLC ................................................................................................ 194 

10.5 Synthesis of compounds ..................................................................................... 195 

10.6 Biology methods ................................................................................................... 261 

10.7 Molecular modelling methods ............................................................................. 263 

11. References .................................................................................................................. 268 

 

 

 

 

 

 



7 
 

Acknowledgements 

 

First, and foremost, I would like to thank my supervisor Dr Geoff Wells for giving me 

the opportunity to undertake this study; his knowledge, enthusiasm, guidance and 

support throughout have been invaluable. 

I would like to thank all the members of Dr Wells’ research group for their valuable 

insight and suggestions during the course of my project and also our collaborators, 

Professor Hayes’ research group, at The University of Dundee for protein 

expression and purification. 

I would also like to thank all of my friends and colleagues at UCL School of 

Pharmacy for their support and advice and for creating an enjoyable place to work.   

I am very grateful to UCL School of Pharmacy for granting a studentship to fund my 

PhD studies and for the use of facilities and analytical services.  

Finally, I would like to thank my family, they have always encouraged me in my 

pursuits and expressed pride in my achievements and without their continual 

support this work would not have been possible.  

 

 

 

 

 

 

 

 

 

 

 



8 
 

Abbreviations 

 

Ac  Acetyl  

ACE  Angiotensin converting enzyme 

AcOH  Acetic acid 

All  Allyl 

aq.  Aqueous   

ARE  Antioxidant Response Element 

Bn  Benzyl  

Boc  t-butyloxycarbonyl 

BTB  Broad-complex, Tramtrack, and Bric a brac  

tBu  Tert-butyl  

Bz  Benzoyl  

COSY  Correlation spectroscopy 

CPP  Cell penetrating peptide 

Cul3  Cullin 3 

DCC  N,N’-dicyclohexylcarbodiimide  

DCM  Dichloromethane 

DCU  Dicyclohexylurea 

Dde  1-(4,4-dimethyl-2,6-dioxocyclohexylidine)ethyl 

DIC  N,N’-diisopropylcarbodiimide 

DIPEA  N,N’-diisopropylethylamine 

Dmab 4-{[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl]-

amino}benzyl  

DMAP  4-(Dimethylamino)pyridine 

DMF  N,N-Dimethylformamide 

DMSO  Dimethylsulfoxide 

DTT  Dithiothreitol 

DVB  Divinylbenzene 

EDCI  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

EDTA  Ethylene diamine tetraacetic acid 

EpRE  Electrophile Response Element 

eq.  Equivalents  

ESI  Electrospray ionisation 

Et  Ethyl  

EtOAc  Ethyl acetate 

Et2O  Diethyl ether 

FDA  Food and Drug Administration 

FITC  Fluorescein isothiocyanate  

Fmoc  9-fluorenylmethoxycarbonyl 

FP  Fluorescence polarisation 

FRET Förster Resonance Energy Transfer/Fluorescence Resonance 

Energy Transfer 

GST  Glutathione S-transferase 

HATU 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate    

HBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate 



9 
 

HEPES (4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid 

HOAt  1-hydroxy-7-azabenzotriazole  

HO-1  Hemeoxygenase 1 

HOBt  1-hydroxybenzotriazole   

HPLC  High Performance Liquid Chromatography 

HRMS  High resolution mass spectrometry  

HTS  High throughput screening 

IC50  Inhibition constant 

ITC  Isothermal calorimetry 

J  Coupling constant 

JNK  c-Jun NH2-terminal kinase 

Keap1  Kelch-like ECH associated protein 1  

LCMS  Liquid chromatography mass spectrometry 

m/z  Mass-to-charge ratio 

MAPK  Mitogen-activated Protein Kinase 

MDM2  Mouse double minute 2 

MeCN  Acetonitrile 

MS  Mass spectrometry 

NF-KB  Nuclear factor kappa B 

NMP  N-Methyl-2-pyrrolidone 

NMR  Nuclear Magnetic Resonance 

NQO1  NAD(P)H:quinine oxidoreductase 1 

Nrf2  Nuclear transcription factor erythroid 2p45 (NF-E2)-related factor 

PAM  Phenylacetamidomethyl 

PBS  Phosphate buffered saline 

PCR  Polymerase chain reaction 

PDB  Protein data bank  

Pd(PPh3)4 Tetrakis(triphenylphosphine)palladium(O)  

PhSiH3  Phenylsilane  

PKC  Protein Kinase C 

PPI  Protein-protein interaction  

PyBop (1-hydroxy-1H-benzotriazolato-O)tris-1-pyrrodinylphosphonium 

hexafluorophosphate 

ROS  Reactive Oxygen Species 

RP-HPLC Reverse-phase high performance liquid chromatography 

SAR  Structure activity relationship 

SPPS  Solid Phase Peptide Synthesis 

SPR  Surface Plasmon Resonance 

Tat  Trans-activating transcriptional activator 

TFA  Trifluoroacetic acid 

THF  Tetrahydrofuran 

TIS  Triisopropylsilane   

TRIS  Tris(hydroxymethyl)aminomethane 

Trt  Triphenylmethyl (trityl)  

UGT  UDP-glucuronosyltransferase 

VEGF  Vascular endothelial growth factor 

XRE  Xenobiotic Response Element 

Z  Benzyloxycarbonyl  



10 
 

Publications 

Manuscripts 

Hancock, R., Bertrand, H. C., Tsujita, T., Naz, S., El-Bakry, A., Laoruchupong, J., 

Hayes, J. D., Wells, G. Peptide inhibitors of the Keap1-Nrf2 protein-protein 

interaction. Free Radical Biology and Medicine 2012, 52, 444-451 

 

Poster and oral presentations 

Hancock, R., Bertrand, H., Naz, S., Tsujita, T., Hayes, J.D., Wells, G. A Rational 

Drug Design Approach to Developing Inhibitors of the Keap1-Nrf2 Protein-Protein 

Interaction. 5th Biological and Medicinal Chemistry Symposium – The Chemistry 

Department, University of Cambridge 9th December 2011. 

Hancock, R., Bertrand, H., Naz, S., Tsujita, T., Hayes, J.D., Wells, G. Design, 

synthesis and biological evaluation of peptide inhibitors of the Keap1-Nrf2 protein-

protein interaction. 10th ULLA Summer School – The School of Pharmacy, Parma, 

Italy 2nd – 8th July 2011.   

Hancock, R., Bertrand, H., Naz, S., Tsujita, T., Hayes, J.D., Wells, G. Design, 

synthesis and biological evaluation of peptide inhibitors of the Keap1-Nrf2 protein-

protein interaction. 102nd American Association for Cancer Research Annual 

Meeting, Orlando, Florida 2nd – 6th April 2011. 

Hancock, R., Wells, G. The Discovery and Evaluation of Novel Cancer 

Chemopreventive Agents that Inhibit the Keap1-Nrf2 Protein-Protein Interaction. 

Royal Society of Chemistry (RSC) Cancer Chemistry Meeting, The School of 

Pharmacy, University of London 6th January 2011. 

 

 

 

 

 

 



11 
 

Abstract 

 

Disruption of the interaction between the ubiquitination facilitator protein Keap1 and 

the transcription factor Nrf2 is a potential strategy for enhancing the expression of 

antioxidant and detoxification gene products that are regulated by this cap ‘n’ collar 

basic-region leucine zipper transcription factor. Agents that disrupt this protein-

protein interaction may be useful pharmacological probes and future cancer 

chemopreventive agents. The activity of Nrf2 is thought to be regulated by at least 

two other proteins; the nuclear protein prothymosin α and the proteasome 

associated sequestosome-1 that compete for the Keap1 binding site.   

The aim of this project is to develop compounds that directly inhibit the Keap1-Nrf2 

protein-protein interaction and thereby enhance Nrf2 activity by a mechanism 

different to that of existing chemopreventive agents.  

Linear and cyclic peptides based on the binding motifs of Nrf2, prothymosin α and 

sequestosome-1 were designed and synthesised. An optimised series of peptides 

was then developed with further changes to the sequence to improve the binding 

profile. The peptides were shown to inhibit the Keap1-Nrf2 protein-protein 

interaction, determined using a fluorescence polarisation assay. A small series of 

stearoyl capped peptides were also developed for use in cell based assays. The 

peptides can be ranked in order of affinity and used to determine a structure activity 

relationship for interaction with the Keap1 protein.  

Cyclic inhibitors were generally more potent than the linear peptides, however, the 

most potent peptide was a linear hybrid sequence based upon the Nrf2 and 

sequestosome-1 binding motifs, and with an IC50 of 115 nmol/L was more active 

than either native sequence alone and equivalent in activity to the Nrf2 Neh2 

domain protein.  

Finally, a small library of peptidomimetics designed using the peptide template and 

molecular modelling studies were also synthesised, resulting in five small molecules 

with IC50 values in the micromolar range.  
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1. Introduction: Keap1-Nrf2 protein-protein interaction 

1.1 Cancer 

Cancer is one of the leading causes of death in the world; in 2008 it accounted for 

7.6 million deaths which equates to 13% of all deaths worldwide.1 In the UK it is the 

second leading cause of death after heart disease, in 2009 156,090 deaths were 

directly related to cancer.2 More than one in three people will develop some form of 

cancer during their lifetime and one in four will die as a result of cancer.3 An 

individual’s risk of developing cancer depends on many factors, including age, 

lifestyle and genetic constitution. Understanding the causes of cancer is essential in 

order to prevent, detect and successfully treat the disease.3 

Overall mortality rates for most forms of cancer have not declined in the past 25 

years, this is despite immense efforts to improve treatments for advanced disease.4 

It is now known that about 30% of cancer deaths are due to preventable behavioural 

and dietary risks such as high body mass index, low fruit and vegetable intake, lack 

of physical activity and the use of tobacco and alcohol.1 This suggests that research 

and drug development should be directed towards prevention of new disease in 

addition to treatment of established or end-stage disease. 

1.2 The Hallmarks of cancer 

Cancer arises from the body’s own cells and is best described as a disease 

involving dynamic changes in the genome. Complex organisms have evolved a 

number of mechanisms which detect and correct DNA damage. The genome is so 

well defended that a succession of genetic changes are required for the progressive 

conversion of normal human cells into cancer cells. These cumulative steps were 

first presented by Hanahan and Weinberg in 2000 and were referred to as the six 

hallmarks of cancer.5,6 Ten years later the concept was revisited and updated with 

an additional two emerging hallmarks and two enabling factors.7  

Self-sufficiency in growth signals: Oncogenic signalling pathways mimic normal 

growth signals which stimulate cells to move from a resting state into an active 

proliferative state. Tumour cells, therefore, have a reduced dependence on 

stimulation from their normal tissue microenvironment and as a result disruption of 

normal control over cell growth and division occurs. 

Insensitivity to growth-inhibitory (antigrowth) signals: In addition to developing their 

own growth signals, cancer cells also evolve mechanisms to overcome the multiple 

antiproliferative signals which operate to maintain cellular quiescence and tissue 

homeostasis.  
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Evasion of programmed cell death (apoptosis): Tumour cell populations expand due 

to an increased rate of cell proliferation and a decrease in the rate of cell attrition. 

Apoptosis is a major source of attrition, most (perhaps all) types of cancer have an 

acquired resistance to apoptosis.  

Limitless replicative potential: The disruption of cell-to-cell signalling, described by 

the first three hallmarks of cancer, is not sufficient to ensure expansive tumour 

growth. The intrinsic, cell-autonomous programme, independent of the cell-to-cell 

signalling pathway, that limits multiplication must be disrupted in order for a clone of 

cells to expand to a size that constitutes a macroscopic tumour.  

Sustained angiogenesis: In order to grow and function, cells require a supply of 

oxygen and nutrients. During cell and tissue development the closeness of the 

vasculature is ensured by coordinated growth of blood vessels and parenchyma. 

Tumour cells develop an angiogenic ability and as a result the tumour as a whole 

recruits the continuous supply of oxygen and nutrients needed to sustain growth.  

Tissue invasion and metastasis: During the development of most types of cancer, 

primary tumour masses release cells that move out and invade adjacent tissues 

and/or spread through the bloodstream to distant sites in the body. This is made 

possible by loss of cell-cell or cell-matrix adhesion. The distant tumour cells – 

termed metastases – are the cause of 90% of human cancer deaths. 

Emerging hallmark - Reprogramming energy metabolism: Tumour cells are capable 

of switching their energy production from the normal aerobic metabolism of glucose, 

to the process of glycolysis - usually reserved for anaerobic conditions. Glycolytic 

intermediates are used for the biosynthesis of macromolecules and organelles and 

the change in energy metabolism allows cell survival in hypoxic areas of the tumour 

tissue.    

Emerging hallmark - Avoiding immune destruction: The immune system constantly 

monitors cells and tissues and can eliminate early stage tumours. It seems that 

some cancer cells are capable of avoiding detection and destruction by the immune 

system and can continue to develop and expand into solid tumours.    

Enabling characteristic - Genomic instability: An increase in the rate of genetic 

mutation occurs when cells have an impaired, or loss of, ability to prevent mutation. 

Genomic sequences are subject to corruption by various mechanisms induced by 

environmental stresses such as toxic chemicals, free radicals, carcinogens and 

xenobiotic metabolites. Such assaults alter the structure and information content of 
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the genome causing cells to acquire novel, highly abnormal phenotypes. This is the 

underlying mechanism that enables evolving populations of premalignant cells to 

reach the biological endpoints previously described. 

Enabling characteristic – Tumour promoting inflammation: Immune cells infiltrate 

tumours in an attempt to eradicate them, however, the resultant effect is 

enhancement of tumourigenesis and progression. The process of inflammation in 

effect helps cells to acquire core hallmark capabilities by supplying entities such as 

growth factors for signalling, survival factors to limit cell death and modifying 

enzymes that facilitate angiogenesis, invasion and metastasis.   

The eight hallmarks of cancer and the two enabling factors are shown in Figure 1.1. 

 

Figure 1.1: The eight hallmarks of cancer and two enabling characteristics. Reproduced with 

permission from Hanahan, D.; Weinberg, R.A.
7
 

1.3 Carcinogenesis 

Carcinogenesis, or oncogenesis, is the process by which normal healthy cells are 

transformed into cancer cells. It is regarded as a multistage process consisting of 

four separate, but closely linked stages.8 The first phase, initiation, is a rapid and 

irreversible process – carcinogens are taken up by cells and distributed to organs 

and tissues where metabolic activation (and/or detoxification) of reactive species 

takes place leading to mutations in various genes.8 The next phase is termed 

promotion and is considered to be reversible. This is the stage where mutated cells 

begin to outgrow healthy cells caused either by continuous exposure to the 

carcinogen or due to the presence of promoting agents such as hormones.8 The 
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third stage, which can be considered part of the promotion phase, is termed 

transformation. The evolution of mutated cells arising from altered genes to form 

cancer cells can occur over a long time period, anywhere between 5 and 20 years.8 

During this step, cells undergo further changes such as de-differentiation or 

autonomous growth. The final stage of neoplastic transformation is termed the 

progression phase. This is where the tumour develops metastatic potential; cells 

proliferate, clonal bodies develop, invade tissues and undergo metastasis. These 

four defined stages reflect the various genetic alterations that drive the 

transformation of normal cells into malignant derivatives as described by Hanahan 

and Weinberg.7 

It is well known that interventions can be made to modify the risk of developing 

cancer and that a substantial number of cancer cases could be avoided if people 

made changes to their lifestyle.3 Consumption of particular foods and exposure to 

tobacco smoke can increase the incidence of certain cancers.9 Positive associations 

exist between tobacco smoke and lung cancer, high fat intake and breast cancer, 

red meat consumption and colorectal cancer and, aflatoxins in spoilt food and liver 

cancer.9 In addition, a number of infectious agents are responsible for the 

development of specific cancers and at present chronic infections account for 15% 

of all cancers worldwide. Most important of these are Helicobacter pylori and 

stomach cancer, Hepatitis B and C and liver cancer and, Human papilloma virus 

and cervical cancer.9 In contrast, epidemiological evidence exists which suggests 

that consumption of fresh fruit and vegetables reduces the incidence of cancer.9 

This evidence suggesting a link between environmental factors and cancer risk 

pave the way for the concept of ‘chemoprevention’. 

1.4 Chemoprevention 

In 1996 Michael Sporn suggested that cancer is a preventable rather than a 

treatable disease and that much of the frustration with the “cancer problem” stems 

from the inability to bring this concept to fruition.10 He acknowledged the fact that 

cancer, as most diseases, has a long progression and as such, a long time period 

elapses before invasion and metastasis occur. He concluded that the identification 

of risk factors, as performed in the case of cardiovascular diseases, may enable 

cancer to be treated preventively.10 Cancers which arise due to exposure to the 

environment e.g. cancers of the oral cavity, lungs, large bowel and bladder or those 

under hormonal control, such as prostate or breast cancer are deemed to be 

preventable.11 There are three main ways in which cancer can be prevented; (1) 

elimination of the causative agent (e.g. smoking cessation to prevent the 
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development of lung cancer), (2) removal of precancerous lesions (e.g. surgical 

resection of colon adenomas to prevent colon cancer), or (3) through the use of 

chemopreventive agents to counteract carcinogenic pathways.12  

Cancer chemoprevention is defined as the use of natural, synthetic, or biological 

chemical agents to reverse, suppress, or prevent either the initial phase of 

carcinogenesis or the progression of neoplastic cells to cancer.13 The aim of 

chemoprevention is to stop carcinogenesis at its earliest stages.14 (Figure 1.2). 

 

 

Figure 1.2: The process of carcinogenesis. Normal cells are transformed into initiated cells which then 

undergo tumour promotion into preneoplastic cells which finally progress into neoplastic cells. 

Chemopreventive agents can interfere with various stages of this process. Adapted from Surh, Y.
15

 

 

1.5 Cancer chemopreventive agents 

Chemopreventive agents can largely be divided into two categories: Blocking 

agents and suppressing agents.16 Blocking agents prevent harmful molecules from 

reaching the target site, either by preventing activation of compounds which require 

metabolic activation, enhancing detoxification or by trapping reactive species so that 

they cannot react with their molecular target.11 In contrast, suppressing agents exert 
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an inhibitory effect after carcinogen exposure. A variety of compounds have the 

potential to act as suppressing agents, however, the mechanisms by which they act 

are difficult to define precisely. Some act by enhancing cellular differentiation 

whereas others counteract the consequences of genotoxic events. The proliferation 

of potentially malignant cells can be selectively inhibited by some types of 

suppressing agents while others inhibit components of signalling pathways such as 

the arachidonic acid cascade.16 The two different types of agent can generally be 

separated by the fact that blocking agents are effective when administered prior to 

or at the same time as cancer causing agents, whereas suppressing agents exert 

their effect after exposure to causative agents. In some cases, a compound will 

exert both blocking and suppressing actions.11 

1.6 Clinical trials of chemopreventive agents 

The idea that a medicine could be taken to prevent cancer is an attractive one and 

so far approximately 400 drugs, hormones, vitamins and other agents have been 

identified as potential chemopreventive agents.17 Many classes of these agents 

have shown promising chemopreventive activity such as antioxidants, anti-

inflammatory agents, anti-estrogens and anti-androgens. These examples, 

especially in the case of antioxidants and anti-inflammatories, suggest that 

strategies for cancer chemoprevention may also be relevant to prevention of other 

chronic disorders of aging such as cardiovascular, neurodegenerative, and 

rheumatoid diseases.18 One of the major obstacles to the development of 

chemopreventive agents is the misconception that patients are ‘healthy’ while they 

have preneoplastic lesions, and that it is not ethical to start treatment until the 

invasive disease occurs and symptoms are manifest.10 In addition, if cancer is 

defined as an endpoint in a clinical trial, an interval of ten years or more may be 

necessary between the initial exposure to a carcinogen (i.e. the beginning of the 

trial) and actual clinical signs of cancer.11 Again, ethics come in to play surrounding 

the exposure of healthy patients to carcinogenic insult. In addition, cancer incidence 

is relatively low in any given population and as such the expected event rate will be 

low, as a result, a large sample size must be employed in order to achieve statistical 

significance.17 Due to these factors, clinical trials have been designed using 

surrogate endpoints and rather than selecting subjects from the general population, 

where any chemopreventive agent would require very little or no toxicity, patients 

who are defined as being at a greater risk of developing cancer than the general 

population are selected. For these groups the toxicity of the chemopreventive agent 

will be related to the severity of the risk.11   
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Evidence from clinical trials supports the use of chemoprevention in defined 

circumstances. Examples include the use of Selective Estrogen Receptor 

Modulators (SERM) such as tamoxifen and raloxifene in the prevention of breast 

cancer,19 the use of finasteride to prevent or delay the appearance of prostate 

cancer,20 and the use of anti-inflammatory agents such as celecoxib in the 

prevention of colorectal adenomas.21 It is important to note that although positive 

results were achieved in terms of chemoprevention in these trials, the side effect 

profiles were unacceptable. With the use of SERMs the risk of ischaemic heart 

disease and stroke are increased,19 potential cardiovascular events are also a 

problem with the use of celecoxib,21 while an increased risk of high-grade cancers 

occur with the use of finasteride.20 A recent study analysing the data from 51 clinical 

trials involving more than 77,000 patients suggests that taking a low dose of aspirin 

every day can prevent and possibly even treat cancer.22 However, regular aspirin 

use can have adverse effects such as gastrointestinal and extracranial bleeding, 

although these side effects have been reported to decrease with extended aspirin 

use.22 

In addition to clinical trials using established drugs as chemopreventive agents, 

clinical trials involving nutritional supplements have also been conducted, these 

agents are safe if taken in moderation and have relatively few side effects, however, 

the beneficial effects of these agents, in terms of chemoprevention, have proven to 

be more ambiguous. Based on epidemiological observations and laboratory studies, 

it was proposed that carotenoids and retinoids are agents that may prevent lung 

cancer and cardiovascular disease, however, in a clinical trial of individuals at 

increased risk of lung cancer and cardiovascular disease (smokers and workers 

exposed to asbestos) it was found that a combination of beta carotene and vitamin 

A had no benefit and may have had an adverse effect on the incidence of lung 

cancer and cardiovascular disease.23 In contrast, clinical trials conducted with 

selenium and vitamin E have shown that the synergistic effect of these two agents 

may prevent the development and progression of prostate cancer,24 and reduce the 

incidence of mammary tumours.25 Vitamin E, has been shown to be ineffective by 

itself in the cases of prostate and breast cancer prevention, its action being to 

potentiate the ability of selenium to inhibit tumour formation, however, in the case of 

oral cancer experiments involving hamster cheek pouch treated with the oral 

carcinogen – dimethylbenz[a]anthracene (DMBA) it was shown that vitamin E alone 

or in combination with vitamin C plays a role in the inhibition of tumour cell growth.26 
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These observations suggest that preventive interventions, both pharmaceutical and 

through the use of dietary supplements, can have favourable risk-benefit ratios, but 

work needs to be done to identify the most appropriate agents and patient groups 

who might benefit. 

1.7 The need for new chemopreventive agents 

To date, only eight drugs for use as chemopreventive agents have been approved 

by the FDA (Table 1.1).27 As previously discussed, generally the benefits of these 

therapies do not outweigh the risks for use in the general population.  

Table 1.1: FDA approved chemopreventive drugs. Adapted from Gravitz, L.
27

 

Drug Cancer type Approved Target/mechanism 

Tamoxifen Breast 1998 Selective estrogen receptor modulator 

(SERM) 

Raloxifene Breast 2007 SERM 

HPV vaccine Cervix, vulva, 

vagina, anus 

2006 Immune response to prevent infection by 

cancer causing HPV 

Fluorouracil Skin 1970 Interferes with DNA synthesis causing cell 

death 

5-amino levulinic acid 

+ Photodynamic 

therapy (PDT) 

Skin 1999 Solution kills precancerous cells when 

exposed to light 

Diclofenac sodium 3% Skin  2000 Exact mechanism unknown 

Imiquimod Skin 2004 Enhances immune response and promotes 

apoptosis 

Porfimer sodium + 

PDT + omeprazole 

Esophageal 2003 Accumulates in precancerous cells and 

produces active oxygen species that kill 

adjacent cancer cells upon exposure to UV 

light 

 

There is a need for new therapies that reduce the risk of developing cancer while 

possessing acceptable toxicity profiles suitable for long-term administration. 

The chemopreventive agents presented in Table 1.1, with the exception of the HPV 

vaccine, are suppressing agents. They reduce the incidence of primary tumours and 

slow or reverse the progression of pre-invasive neoplasia, the long process of 

carcinogenesis makes this option viable as there is plenty of opportunity for 

intervention during this process. In contrast, the protection of normal cells would 

involve the use of blocking agents prior to carcinogen exposure (Figure 1.2). At 

present, no agents are commercially available which actually prevent carcinogenic 
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species from reaching their target site – in terms of chemoprevention this approach 

would appear to be preferable.    

There is a great deal of scope for the development of blocking agents that induce 

the expression of Phase II metabolic enzymes and other antioxidant genes.11 

1.8 Xenobiotic metabolism and DNA protection 

There are two major sources of carcinogens; Reactive Oxygen Species (ROS) and 

exogenous compounds. ROS are defined as oxygen-containing, reactive chemical 

species. There are two types of ROS; free radicals such as superoxide, nitric oxide 

and hydroxyl radicals and non-radical ROS which include hydrogen peroxide, 

ozone, peroxynitrate and hydroxide.28 At a low level, ROS are essential for many 

biological functions such as regulating signal transduction pathways, eliminating 

pathogens, and modifying the structure of proteins, transcription factors and genes 

to moderate their functions. However, increased levels of ROS can cause oxidative 

damage to lipids, proteins and DNA. This disruption of redox homeostasis, due 

either to an elevation of ROS production or to a decline of ROS-scavenging 

capacity, results in oxidative stress. Oxidative stress plays an important role in 

carcinogenesis as it contributes, via oxidation of essential molecules, to oncogene 

activation and genomic instability. ROS can be found either in the environment, for 

example, in pollutants and tobacco smoke, or generated via iron salts, radiation, or 

by physiological mechanisms.28 

The environment and diet are the main source of exogenous carcinogens, for 

example tobacco smoke, alcohol, charred food, asbestos and radon. Many of these 

carcinogens require metabolic activation in order to exert an effect at their molecular 

target site. There are two stages to xenobiotic metabolism; Phase I and Phase II. 

Phase I results in polar reactive products which can cause damage to cellular 

macromolecules. Carcinogens can be activated by oxidation, reduction and/or 

hydrolysis reactions to generate electrophilic intermediates which can then attack 

macromolecules within the cell, including DNA.29 An example of Phase I activation 

is cytochrome P450 mono-oxygenase enzyme catalysed oxidation of carcinogens to 

the metabolically active form.8 During Phase II detoxification the xenobiotic is 

converted into a less harmful, more hydrophilic form to facilitate elimination. Many 

Phase II enzymes reduce the electrophilicity of the activated carcinogen by 

conjugation with endogenous ligands such as glutathione and glucuronic acid.8 

Other Phase II enzymes work to combat oxidative stress by maintaining a reducing 

environment in cells. Although Phase II enzymes have different mechanisms of 
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action, the overall effect is to reduce the deleterious effect that reactive species 

have on cells.8    

A number of blocking agents have been found to increase the levels of Phase II 

enzymes such as glutathione S-transferase (GST), NAD(P)H:quinine 

oxidoreductase 1 (NQO1), UDP-glucuronosyltransferase (UGT), Hemeoxygenase 1 

(HO-1), aldehyde dehydrogenase, aldo-ketoreductase, thioredoxin and thioredoxin 

reductase.29,30 Genomic analysis shows that the Antioxidant Response Element 

(ARE) also termed the Electrophile Response Element (EpRE), a specific DNA-

promoter-binding region, is located in the 5’ flanking region of genes encoding 

Phase II enzymes.8,31 These ARE-dependent genes are under the control of the 

nuclear transcription factor erythroid 2p45 (NF-E2)-related factor (Nrf2).29  

The Nrf2-ARE signalling pathway can be modulated by post-transcriptional 

modulation of Nrf2. It has been found that kinase directed phosphorylation of serine 

and threonine residues of Nrf2 by phosphatidylinositol 3-kinase (PI3K), protein 

kinase (PKC), c-Jun NH2-terminal kinase (JNK) and extracellular signal-regulated 

protein kinase (ERK) cause translocation of Nrf2 from the cytoplasm to the nucleus. 

It has been reported that the minimum ARE sequence required for transcriptional 

induction by electrophiles is [5’-(G/A)TGA(G/C)nnnGC(G/A)-3’].32 The Xenobiotic 

Response Element (XRE) is related to the ARE and it has been discovered that 

kinases such as PI3K also phosphorylate the CCAAT/enhancer-binding protein-β 

(CEBP-β) which translocates to the nucleus and binds to the CCAAT region of the 

C/EBP-β-response element located within the XRE in parallel to Nrf2 binding with 

the ARE.8  

Nrf2 is highly expressed in organs of detoxification such as the liver and kidneys 

and also in organs exposed to the external environment, for example the skin, lungs 

and digestive tract.32 The cellular defence response mediated by Nrf2 activation is 

multifunctional and protection is stimulated in many tissues and organs. As a result, 

it is thought that activation of Nrf2 could protect against many diseases, including 

cancer, neurodegenerative diseases, cardiovascular diseases, acute and chronic 

lung injury, autoimmune diseases, and inflammation.33   

1.9 Natural products with cytoprotective properties 

Recent research has identified compounds which have been found to induce the 

expression of detoxifying Phase II metabolic enzymes and other antioxidant genes. 

They have a range of biological effects considered to be cytoprotective in nature 

relating to their induction of adaptive responses in cells to redox stress. These 
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agents (shown in Table 1.2) are predominantly thiol reactive and are mainly derived 

from natural products of plant origin, however, a number of synthetic derivatives 

have been identified that exert similar effects. 

Table 1.2: Cytoprotective compounds and their origin. 

Category Chemopreventive 

agent 

Structure Source 

Isothiocyanates Sulphoraphane (SFN) 

 

Cruciferous 

vegetables 

Phenethyl 

isothiocyanate (PEITC) 
 

Cruciferous 

vegetables 

6-

(methylsulphinyl)hexyl 

isothiocyanate (6-HITC) 

 

Japanese 

horseradish 

wasabi 

Phenolic 

compounds 

Curcumin 

 

Turmeric 

Caffeic acid phenylethyl 

ester (CAPE) 

 

Honeybee 

propolis 

Resveratrol 

 

Grapes 

Capsaicin 

 

Chilli peppers 

Gingerol 

 

Ginger 

Diethiolethiones 3H-1,2-dithiole-3-thione 

(D3T)  

Cruciferous 

vegetables 

5-[2-pyrazinyl]-4 

methyl-1,2-dithiole-3-

thione (Oltipraz) 
 

Synthetic 

5-[4-methoxyphenyl]-

1,2-dithiole-3-thione 

(ADT) 
 

Synthetic 

Diallyl sulfides Diallyl sulphide (DAS) 
 

Allium 

vegetables e.g. 

garlic and onion 

Diallyl disulphide 

(DADS) 
 

Allium 

vegetables e.g. 

garlic and onion 
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Diallyl trisulphide 

(DATS) 
 

Allium 

vegetables e.g. 

garlic and onion 

Flavonoids Genistein 

 

Soybeans 

Silibinin 

 

Milk thistle 

4’-bromoflavone 

 

Synthetic 

Apigenin 

 

Plants e.g. 

Cumin 

Luteolin 

 

Plants e.g. 

oregano 

Quercetin 

 

Onions, apples, 

tea, broccoli, red 

wine 

Epigallocatechin-3-

gallate (EGCG) 

 

Green tea 

Carotenoids β-carotene 

 

Carrots 

Lycopene 

 

Tomatoes 

 

1.9.1 Isothiocyanates 

Epidemiological studies have shown that higher than average consumption of 

cruciferous vegetables correlates with a reduced cancer risk. Subsequent results 

from animal experiments, where the animals were administered isothiocyanates 

(ITCs), the major bioactive components of cruciferous vegetables, were consistent 
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with the epidemiological studies. The tumour inhibitory activity of ITCs is associated 

with the induction of Phase II enzymes via the Nrf2 pathway.34 Sulphoraphane, a 

major isothiocyanate present in broccoli sprouts and mature broccoli, has been 

found to upregulate the expression of NQO1, GST and GCL in the small intestine of 

wild-type mice, whereas Nrf2-null mice exhibited much lower levels of these 

enzymes.9 Independent experiments using phenethyl isothiocyanate (PEITC), an 

isothiocyanate found in watercress, fed mice identified a number of Nrf2-dependent 

and PEITC-inducible genes in the liver. These include Phase II metabolising genes 

and antioxidants such as NQO1, GST, carbonyl reductase 1, and aldehyde 

oxidase.34 The sulphoraphane analogue 6-HITC, derived from Japanese 

horseradish wasabi, was identified by Morimitsu and co-workers as a key GST-

inducer. It has been found to stimulate translocation of Nrf2 to the nucleus with 

subsequent induction of ARE activity. In addition, after oral administration of 6-

HITC, the upregualtion of Phase II enzymes was more pronounced than after the 

administration of sulphoraphane in rat liver epithelial cells.8 Kensler and co-workers 

conducted a cross-over clinical trial using two broccoli sprout-derived beverages; 

one sulphoraphane rich and the other containing the sulphoraphane precursor 

glucoraphanin.35 The healthy participants were recruited from the Qidong Province 

in China, there is a high incidence of hepatocellular carcinoma in this region due to 

exposure to aflatoxin in spoilt rice and high levels of airborne pollutants. After 

administration of the broccoli sprout-derived beverages large increases (20-50%) in 

the levels of excreted glutathione-derived conjugates of carcinogens such as 

benzene, acrolein and crotonaldehyde were observed compared to preintervention 

baseline values.35 These findings indicate that intervention with broccoli sprouts 

may enhance the detoxification of carcinogens and provide a chemopreventive 

effect. 

Although isothiocyanates are derived from cruciferous plants, the intact plants 

actually contain inactive glucosinolate precursors; S-β-thioglucoside N-

hydroxysulphates. Myrosinases (β-thioglucosidase enzymes) are contained in 

different cells. Therefore, the only time that enzyme and substrate come into contact 

is when the plant tissue is damaged.36 In order for a chemopreventive effect to be 

gained from the consumption of cruciferous vegetables the material must be 

chewed or crushed prior to administration.     

1.9.2 Diallyl sulphides 

The chemopreventive effect of Allium vegetables, such as onion and garlic, is also 

generated by crushing the vegetable; either by cutting or chewing. Active 
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organosulphur compounds are obtained from Allium vegetables via the following 

process: upon crushing the primary sulphur compound γ-glutamyl-S-alk(en)yl-l-

cysteine is hydrolysed and oxidised to form the precursor alliin. At the same time, 

processing results in the release of the enzyme alliinase which converts alliin to 

allicin and other thiosulfinates which decompose to form organosulphur compounds 

such as diallyl sulphide (DAS), diallyl disulphide (DADS) and diallyl trisulphide 

(DATS).37 These organosulphur compounds are considered to be indirect 

antioxidants which can activate Nrf2.38 Treatment of mice with DAS, DADS and 

DATS resulted in elevated glutathione levels and the induction of quinone reductase 

and glutathione transferase expression in the forestomach, liver and lung.37   

1.9.3 Phenolic compounds 

Curcumin, isolated from the rhizomes of turmeric, has been found to possess 

anticarcinogenic, antimutagenic, anti-inflammatory and antioxidative properties.34 It 

exerts its chemopreventive effects through a number of mechanisms, the most 

important being the induction of Phase II detoxifying and antioxidant enzymes 

through activation of Nrf2.34 Curcumin was shown to be an effective inhibitor of the 

initiation and promotion stages of carcinogenesis in experiments using both topical 

application and dietary administration of the chemopreventive agent. 8 

Caffeic acid phenethyl ester (CAPE) is a constituent of the honeybee propolis, the 

resin-like material collected from tree buds and sap flows. It exhibits both anticancer 

and anti-inflammatory properties and has been shown to block tumourigenesis in a 

two-stage model of mouse skin tumourigenesis.39 CAPE manifests its 

chemopreventive effects in the same way as curcumin, by increasing Nrf2 binding to 

the ARE. A significant increase in the expression and activity of the Phase II 

enzyme hemeoxygenase-1 (HO-1) has been found after CAPE administration.8 

Curcumin and CAPE have structural similarities; both possess an α,β-unsaturated 

ketone moiety, enabling them to be thiol reactive Michael acceptors.   

Resveratrol is a stilbene found in grapes and red wine. Among its many biological 

activities is a protective function; in human keratinocytes, treatment with resveratrol 

inhibited UV radiation-mediated activation of NF-KB and improved cell survival. In 

addition, in animal models where SKH-1 hair-less mice were exposed to UV 

radiation, resveratrol was shown to suppress tumour development.36 

The anti-inflammatory and analgesic properties of capsaicin, the pungent ingredient 

of hot and red chilli peppers, are already established, however, recently anticancer 

effects of this compound have also been discovered.40 Capsaicin exerts its 



26 
 

chemopreventive effect by altering the metabolism of carcinogens such as the 

nitrosamine; 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) from tobacco 

and aflatoxin B1 from spoilt food. The effects of capsaicin on the STAT3 pathway in 

human multiple myeloma (MM) cells have also been investigated and it has been 

found to block this pathway – this suggests a potential role in the prevention and 

treatment of cancer.40   

The active component of ginger; gingerol exhibits a number of different 

chemopreventive properties. It has been shown to suppress metastasis in lung 

cancer models, inhibit neoplastic transformation in mouse epidermal cells and also 

block VEGF-induced capillary formation in mouse cornea cells.40 Gingerol has been 

shown to exert its chemopreventive effects by suppression of NF-KB by blocking of 

the upstream kinase p38 MAPK which results in suppression of carcinogen induced 

p65 degradation.40   

1.9.4 Dithiolethiones  

Dithiolethiones are five-membered sulphur-containing ring compounds, which have 

shown promise as preventive agents against cancer.34 3H-1,2-dithiole-3-thione 

(D3T) isolated from cruciferous vegetables such as brussel sprouts and cabbage is 

an ARE-driven gene inducer which has been shown to induce the expression of 

products such as glutathione and reducing agents to detoxify carcinogenic species.8 

Oltipraz (5-[2-pyrazinyl]-4 methyl-1,2-dithiole-3-thione) is a synthetic analogue of 

D3T, it was originally developed as an antischistosomal drug, but was found to 

induce ARE-regulated enzymes such as GST, NQO1, GCL, epoxide hydrolase, and 

aflatoxin B1 aldehyde reductase.8 Oltipraz was shown to provide protection against 

aflatoxin-induced carcinogenesis in in vivo models,41 which led to the evaluation of 

this chemopreventive agent in a clinical setting. As previously stated, people in the 

Qidong province of China have high levels of the carcinogen aflatoxin in the diet due 

to rice spoilage, caused by flooding, which puts them at a greater risk of developing 

liver cancer. Clinical trials have demonstrated that oral administration of oltipraz 

inhibits the activation of aflatoxin B1 and enhances detoxification, measured by 

reduced levels of the Phase I metabolite aflatoxin M1 and increased levels of the 

Phase II metabolite aflatoxin mercapturic acid in patients’ urine and blood.42 

Unfortunately, further development of this potential chemopreventive agent was 

stopped due to problems with photosensitivity and peripheral neurological side 

effects.  
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Another synthetic dithiolethione derivative, ADT (5-[4-methoxyphenyl]-1,2-dithiole-3-

thione) has shown promise as a chemopreventive agent. In a randomised phase IIb 

clinical trial ADT achieved a decrease in the progression of bronchial dysplasia in 

smokers.43 

1.9.5 Flavonoids 

Flavonoids are widely consumed due to their ubiquitous distribution in plants. 

Genistein is an isoflavone found in soybean, which has a number of biological 

activities ranging from antioxidant and phytoestrogenic properties to inhibition of 

protein tyrosine kinases.36 Pre-treatment of human keratinocyte cultures with 

genistein prevented UV radiation induced damage.44 In addition, tumour 

development in hairless mice chronically exposed to UV radiation was inhibited by 

the topical application of genistein prior to exposure.45    

Silibinin, isolated from the milk thistle plant, is a flavonoligan which exhibits 

protective effects against UV radiation-induced DNA damage, inhibits cell 

proliferation and inflammation and enhances cell repair mechanisms.36 The 

protective effects of silibinin have been attributed to a reduction in inflammation and 

angiogenesis promoting factors such as STAT3, NFKB, hypoxia-inducible factor 1α 

(HIF-1α), cyclooxygenase-2 (COX-2) and vascular endothelial growth factor 

(VEGF).46 

4’-Bromoflavone is a synthetic flavonoid with chemopreventive properties.8 It has 

been shown to potently induce the activity of NQO1 and the expression of α- and μ-

isoforms of GST in rat liver, colon, stomach and lungs.8 In addition to its activation of 

the ARE, 4’-bromoflavone has been shown to activate the XRE.8  

Apigenin (4’,5,7-trihydroxyflavone), a common dietary flavonoid found abundantly in 

fruit and vegetables and particularly cumin, is a potential chemopreventive agent. It 

has been shown to exert its effects in leukaemia cells by blocking proliferation of 

cells through cell-cycle arrest in the G2/M phase for myeloid HL60 cells and the 

G0/G1 phase for erythroid TF1 cells.47 However, this cell cycle arrest also results in 

reduced susceptibility to the chemotherapeutic agent, vincristine. This highlights the 

fact that although some agents show potential in the context of chemoprevention, 

the converse could be true in terms of cancer treatment. It appears that care is 

needed in selection of both patient groups and chemopreventive agents for cancer 

prevention therapy.  

Luteolin is one of the most common flavonoids in edible plants and plants used in 

traditional herbal medicine. It is found in high concentrations in carrots, peppers, 
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celery, olive oil, peppermint, thyme, rosemary and oregano.48 Luteolin exhibits a 

variety of pharmacological activities; it has antioxidant, antimicrobial, anti-

inflammatory and anticancer properties. The anticancer properties of luteolin are 

thought to be attributed to its capacity to scavenge ROS and to chelate transition 

metals that may induce oxidative damage i.e. its antioxidant action. The B-ring 

catechol donates hydrogen to stabilise radical species while the C2-C3 double bond 

in conjugation with an oxo group at C4 binds transition metal ions.48   

Quercetin is a polyphenol found in fruit and vegetables, its levels are particularly 

high in onions, apples, tea, broccoli and red wine. Epidemiological evidence 

suggests that consumption of quercetin is related to a reduced risk of cancer.34 

Subsequent research has found that quercetin protects cells from UVA damage by 

the accumulation of Nrf2 with resultant induction of antioxidative gene expression 

and enhanced antioxidative activity.34 

The consumption of green tea has been proven to have multiple health benefits, 

especially in the context of cancer prevention. The catechin polyphenols are the 

major anti-cancer components of green tea and of these, epigallocatechin-3-gallate 

(EGCG) is the most abundant and also the most active agent.34 The mechanism of 

action of EGCG is to induce ARE-mediated luciferase activity,8 and upregulation of 

Nrf2 with resultant increase in the expression of Nrf2-dependent genes in the liver 

and intestine.34 An increase in HO-1 expression in B lymphoblasts, epithelial and 

endothelial cells has been demonstrated in mice treated with EGCG.34  

1.9.6 Carotenoids 

The two major carotenoids are; β-carotene found predominantly in carrots and 

lycopene found predominantly in tomatoes. They act as efficient singlet oxygen 

scavengers due to their extended conjugated systems.36 Studies of humans with 

carotenoid-rich diets have demonstrated photoprotection of the skin, measured by 

decreased sensitivity to UV radiation induced erythema. Carotenoids also have the 

ability to induce Phase II cytoprotective enzymes via activation of the ARE.36 

However, as previously discussed, the use of β-carotene in smokers results in an 

increased risk of lung cancer and cardiovascular disease.   

1.10 Nrf2 and Keap1 

A unique subset of the basic leucine zipper (bZIP) transcription factor family, termed 

the cap ‘n’ collar (CNC) transcription factors, have been shown to play a vital role in 

the control of the cytoprotective response.8,48 These transcription factors include 

Nrf1, Nrf2, Nrf3, Bach1 and Bach2; of these, Nrf1 and Nrf2 have been shown to play 
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a major role in the regulation of cytoprotective gene expression.49 Nrf2-null mice 

develop normally, indicating that Nrf2 is not essential for growth and development. 

In contrast, work with Nrf1-null mice has shown that the Nrf1 gene is essential for 

embryonic development.8,49 Further work with knockout mice has shown that 

deletion of the Nrf2 gene leads to a decrease in expression of Phase II enzymes 

and failure of carcinogen detoxification.49,50 

Under homeostatic conditions Nrf2 is bound to the cytoplasmic adaptor protein 

Kelch-like ECH associated protein 1 (Keap1). This binding results in Keap1 

mediated sequestration of Nrf2 in the cytosol and subsequent ubiquitination.51 Due 

to this Keap1 directed turnover, the cellular concentration of Nrf2 is low in 

unstressed conditions. It is generally believed that binding between Nrf2 and Keap1 

occurs primarily in the cytoplasm, however, a number of groups have proposed that 

the two proteins also interact in the nucleus.52  

When cells are subjected to stress, the Keap1-Nrf2 complex is disrupted. Examples 

of stressors are Reactive Oxygen Species (ROS), electrophiles and protein kinases 

e.g. MAPK, PKC, PI3K. It is thought that these species cause modification of one or 

more of the 27 cysteine residues of Keap1. Experiments have shown that there are 

at least 3 functionally important residues in mammalian Keap1; Cys-151, Cys-273 

and Cys-288,53 modification of these residues causes a conformational change of 

Keap1 and subsequent dissociation from Nrf2 resulting in nuclear translocation of 

Nrf2.30 It is thought that the alkylation induced conformational change of Keap1 

causes disruption of the interaction between Keap1 and Nrf2. This prevents 

ubiquitination and proteasomal degradation of Nrf2 from taking place.31,51 Rather 

than complete dissociation occurring, the increase in Nrf2 levels is due to the fact 

that Keap1 becomes saturated with Nrf2 that cannot be efficiently degraded, with 

the resultant accumulation of newly synthesised Nrf2 which is free to translocate to 

the nucleus and transactivate ARE driven cytoprotective genes. In the nucleus, the 

free Nrf2 forms heterodimers with other elements of the transcriptional machinery 

such as Jun, Fos, Fra, Maf and the Ah receptor. The heterodimer then binds to the 

ARE and transcriptionally activates downstream target genes, resulting in increased 

production of cytoprotective Phase II enzymes.8,31  In addition to its upregulatory 

effects on Phase II enzymes, Nrf2 has also been shown to regulate the turnover of 

oxidised protein via the proteasome.29  

A common feature of many chemopreventive agents is the ability to react with thiol 

groups and induce a conformational change in Keap1. To date, research into the 

development of chemopreventive agents has largely focussed on natural products 
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and their derivatives. Due to greater understanding of the biochemical processes 

involved in the development of cancer, and the process of chemoprevention related 

to the Keap1-Nrf2 pathway, it is now possible to use structure-based drug design to 

develop targeted compounds which may have a resultant positive risk-benefit ratio.  

1.11 Structure of Keap1 and Nrf2 and their interaction 

As previously stated, Nrf2 activity is under the control of Keap1. The Keap1 protein 

consists of a Broad-complex, Tramtrack, and Bric a brac (BTB) region, intervening 

region (IVR), a Kelch repeat domain (also referred to as the double glycine repeat, 

DGR) consisting of six Kelch-repeat motifs and a C-terminal region (CTR) (shown 

schematically in Figure 1.3).31,54 X-ray crystal structures of the Keap1 protein show 

that the Kelch repeat domain forms a six-bladed β-propeller, each blade consists of 

four β-sheets from a single Kelch repeat motif.31,55 The structure determined from 

mouse Keap1 shows that the Kelch-repeat motifs and the C-terminal region make 

up the structure of the six-bladed β-propeller,31 whereas studies of human Keap1 

have identified that only the Kelch domain forms the β-propeller.55 The human and 

mouse structures are nearly identical and each contain a central core with a water 

filled channel.55 Systematic deletion of each of the Keap1 protein domains revealed 

that the Kelch domain is required to bind and sequester Nrf2. The BTB and IVR are 

required for the modulation of Nrf2 levels by chemical agents.55 

Comparison of the Nrf2 amino acid sequence from human, mouse, rat, chicken and 

zebra fish has resulted in the identification of six highly homologous regions (Neh1 

to Neh6 domains) (shown schematically in Figure 1.3).31,54,56 The C-terminal half of 

Nrf2 contains domains Neh1, Neh3 and Neh6. The N-terminal half contains the two 

acidic transactivation domains Neh4 and Neh5 and located at the N-terminus is the 

Neh2 domain composed of ~100 amino acids.31,54,56 The Neh2 region is of particular 

interest as it has been reported that deletion of this domain enhances the 

transcriptional activity of Nrf2 suggesting that the N-terminus is fundamental in 

recruitment of the negative regulator, Keap1, to Nrf2.32  
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Figure 1.3: Domain structure of Nrf2 and Keap1. A. The domain structure of Nrf2 and sequence 

conservation between human (h), mouse (m), rat (r), chicken (c) and zebrafish (z) in the Keap1 

interacting regions – the DLG motif (amino acids 15-36) and the ETGE motif (amino acids 73-85). B. 

The domain structure of Keap1, the protein sequence is highly conserved across species and there are 

no amino acid differences in the Kelch domain Nrf2 binding site. The location of the important cysteine 

residues; C151, C273 and C288 are shown. Adapted from McMahon, M. et al.
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In vitro studies using bacterially expressed and purified mouse Keap1 (mKeap1) 

have identified a direct protein-protein interaction between the Neh2 domain of Nrf2 

and the Kelch-repeat domain (β-propeller) of Keap1(Figure 1.4).54,58 There are two 

motifs within the Neh2 domain which are important for interaction with Keap1: the 

ETGE motif (amino acids 79-82) and the DLG motif (amino acids 29-31).31,55,57 Both 

motifs bind to the same site in Keap1 but the affinity of Keap1 for the ETGE motif is 

approximately 100-fold higher than for the DLG motif.48 

Keap1 binds to Cullin 3 (Cul3)-based ligase using the N-terminal BTB and IVR 

domains, while the C-terminal Kelch domain is involved in binding to the Neh2 

domain of Nrf2.48 Keap1 acts as a substrate adaptor by bringing together Nrf2 and 

Cul3, thereby facilitating ubiquitination. There are seven lysine residues within the 

Neh2 domain of Nrf2 (located between amino acids 44 and 78).48,55 Zhang and co-

workers have identified this part of the Neh2 domain to be the major site of 

ubiquitination mediated by the Cul3-associated Rbx1 protein.59 
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It is known that Keap1 forms a homodimer through the BTB domain.55,56 However, 

the stoichiometry with which Keap1 binds to Nrf2 remains unresolved due to 

conflicting evidence from two research groups. A model proposed by Hannink and 

co-workers suggests that the interaction between the Keap1 dimer and Nrf2 is via a 

2:2 stoichiometry.48 They used molecular biology experiments to characterise the 

interaction between the Keap1 homodimer and two tagged Nrf2 proteins in the 

complex intracellular environment of eukaryotic cells. Results showed that the two 

Kelch domains of the Keap1 homodimer are capable of binding independently to 

two different Nrf2 proteins.48 

In contrast, Yamamoto and co-workers propose a model where the Keap1 dimer 

binds to a single Nrf2 molecule, this 2:1 stoichiometry has been identified using in 

vitro biophysical studies such as nuclear magnetic resonance (NMR) and isothermal 

calorimetry (ITC).31 ITC analysis indicated that one Neh2 molecule interacts with 

two molecules of Keap1 via two binding sites, the ETGE and DLG motifs. Further 

investigation using NMR showed that these two motifs of the Neh2 domain bind to 

an overlapping site on the bottom surface of the β-propeller structure of Keap1. 

They propose that Keap1 recruits Nrf2 by binding of the higher affinity ETGE motif 

to one of the β-propeller structures of the dimer. This provides the “hinge” through 

which the transcription factor can move through space relatively freely, allowing 

flexibility in the protein. The weaker affinity DLG motif in the same Neh2 domain 

docks into the adjacent β-propeller structure of the Keap1 dimer, this provides the 

“latch” that tightly restricts Nrf2 to enable optimal positioning of target lysines for 

conjugation with ubiquitin.31 

Initially, it would seem that the results from Hannink and co-workers’ laboratory are 

more feasible as their work was carried out using eukaryotic cells. They argue that 

in vitro biochemical experiments use high concentrations of purified proteins 

obtained from prokaryote expression systems and the findings don’t accurately 

reflect function in eukaryote cells.48 From this argument it could be concluded that 

the 2:1 stoichiometry observed by Yamamoto and co-workers only occurs in vitro. 

However, the binding of the DLG motif to the Keap1 dimer has been shown to 

correctly orientate the lysine residues in space to allow efficient ubiquitination.31,51 

The proposal that Nrf2 interacts with one β-propeller through its ETGE motif, i.e. a 

single-site interaction does not result in constraining the target lysines in space 

because of the inherently flexible nature of the Neh2 domain. In order to constrain, 

and thus present the target lysines for ubiquitination, the DLG motif must bind to the 

second β-propeller present in the dimeric Keap1; this is facilitated by the prior 
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binding of the ETGE motif.56 It is this proposal which leads us to believe that the 2:1 

stoichiometry occurs in preference to the 2:2 stoichiometry. This two-site binding 

mechanism has been verified by the finding that, in cases of human lung cancer, 

somatic mutations in Nrf2 are located exclusively in the DLG and ETGE motifs.60  

The most reactive cysteine residues of Keap1 are found in the IVR domain (C273 

and C288), linking the BTB domain (responsible for dimerisation) and the Kelch 

domain which interacts with Nrf2. The two BTB domains of the Keap1 dimer are in a 

rigid conformation, so any changes in the IVR domain due to reaction of inducers 

with the two cysteine residues will cause the relative positions of the two Kelch 

domains to change. As previously stated, the DLG motif binds to the Keap1 protein 

with weak affinity, thus it can easily dissociate from Keap1 after distortion of the 

Kelch domains.31,57 

1.12 Characterising the protein-protein interaction  

Isothermal Calorimetry (ITC) experiments in conjunction with point mutagenesis of 

the Neh2 region of Nrf2 have indicated which residues in these regions are 

important for the Keap1 protein-protein interaction (PPI).31,51,61 Structural 

comparison of the Keap1-DLG peptide complex and the Keap1-ETGE peptide 

complex shows that both peptide sequences interact with Keap1 by binding to the 

bottom side of the six-bladed β-propeller (Figure 1.4). This region is highly basic and 

rich in arginine residues.51,61  
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Figure 1.4: Top view of bound conformation of Neh2 domain from Nrf2 (ball and stick representation) 

with Kelch domain of Keap1 (surface representation). A. DLG motif peptide in complex with Keap1 

binding site PDB reference 2DYH. B. ETGE motif peptide in complex with Keap1 binding site. Figure 

constructed using Chimera, PDB reference: 2FLU. 

The DLG peptide contains a tight β-hairpin composed of the residues Arg-25, Gln-

26, Asp-27, Ile-28, and Asp-29. Interactions between Arg-25 and Ile-28, and, Trp-24 

and Asp-29 stabilise the β-hairpin conformation and allow the residues from Keap1 

and the DLG motif to interact.51 Eight intermolecular electrostatic interactions are 

found in the Keap1-DLG peptide complex. Gln-26 of Neh2 forms significant 

interactions with Ser-508, Arg-415, Arg-483, and Ser-555 of Keap1. Asp-27 

interacts with multiple residues of Keap1 including Ser-602, and Arg-415. While 

Asp-29 contributes to an electrostatic interaction with Asn-382 of Keap1.51  

A 

B 
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The ETGE sequence adopts a similar β-turn conformation to the DLG sequence 

when in complex with the Keap1 protein. In addition the binding profiles of Glu-79, 

Thr-80, and Glu-82 of the ETGE peptide are similar to Gln-26, Asp-27, and Asp-29 

of the DLG peptide and interact with the equivalent residues in Keap1.51 The ETGE 

motif of Neh2 binds to Keap1 with a higher affinity than the DLG motif, this can 

partly be explained by the fact that the Keap1-ETGE peptide complex generates 13 

electrostatic interactions between the residues of the ETGE peptide and the Keap1 

domain, as opposed to the eight electrostatic interactions found in the Keap1-DLG 

peptide complex (Figure 1.5).51 In addition, the ETGE peptide is substantially 

embedded into the Keap1 binding cleft, while the DLG motif binds nearer the 

surface.51 These results show that the nature of binding of the DLG and ETGE 

peptides with the Keap1 binding site are similar, however critical differences exist, 

giving rise to the high binding affinity of the ETGE motif and the lower binding 

affinity of the DLG motif.    

 

Figure 1.5: Side view of the crystal structure of the mouse Keap1 domain (shown in ribbon 

representation) in complex with motif peptides from the Neh2 domain of Nrf2 (shown as spheres) A. 

DLG motif peptide PDB reference: 2DYH and B. ETGE motif peptide PDB reference: 2FLU. 

1.13 Sequestosome-1 (p62) 

Sequestosome-1, also known as p62, has been identified as a Keap1 associating 

protein.62,63 Sequestosome-1 has been found to bind to the same six bladed β-

propeller structure of Keap1 as Nrf2.62 Mutants with Keap1 N-terminal deletions 

were shown to interact with both sequestosome-1 and Nrf2, whereas C-terminal 

deletion mutants did not interact with either endogenous protein, confirming that it is 

the C-terminal region of the protein, the six bladed β-propeller, which is important for 

sequestosome-1 to bind to Keap1.62 Komatsu et al have shown that residues 345-

359 of sequestosome-1 are involved in the interaction with Keap1, this has been 

A B 
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termed the Keap1-interacting region (KIR), it is located at the C-terminus and is 

conserved across species.62 

Experiments using the crystal structure of Keap1 in complex with a sequestosome-

1-KIR peptide (residues 346-359) and hydrogen bond analysis have shown a large 

amount of equivalence of the interactions between the high affinity ETGE motif of 

Nrf2 and the binding site of Keap1. It has been found that sequestosome-1 forms 

hydrogen bonds with the same eight amino acid residues (Y334, S363, R380, N382, 

R415, Q530, S555 and S602) of Keap1 as does the ETGE region of Nrf2.62 Further 

work with the crystal structure indicated the importance of 5 amino acid residues 

from sequestosome-1-KIR for binding to this region of Keap1. They are Pro-350, 

Ser-351, Thr-352, Glu-354 and Leu-355. Mutation experiments have supported and 

extended the findings of this work with the crystal structure; a significant decrease in 

Keap1-sequestosome-1 interaction was observed in D349A, P350A, T352A, G353A 

and E354A point mutations.62 

Jain et al have also shown that sequestosome-1 interacts directly with Keap1 via a 

DPSTGE motif that resembles the DEETGE sequence, the high affinity motif from 

Nrf2, used to bind to Keap1.52 A series of GST-sequestosome-1 fusion constructs 

expressed in E. Coli were used, each containing different fragments of the region of 

interest in the cargo receptor protein. In GST pulldown assays to determine ability to 

bind to Keap1, the shortest sequestosome-1 construct found to interact with Keap1 

was sequestosome-1 339-358. After amino acid analysis the sequence DPSTGE 

(amino acids 347-352) was revealed as the important motif for binding to Keap1.52 

This is in agreement with results from crystal structure work and mutagenesis 

experiments.       

As is the case with the ETGE motif, D349 from sequestosome-1 is not involved in 

forming interactions with Keap1, however, it is essential for forming intramolecular 

interactions to stabilise the secondary structure i.e. formation of the β-hairpin of 

sequestosome-1-KIR. It seems that this secondary structure formation is critical for 

Keap1-sequestosome-1 interaction as the D349A mutant failed to bind to Keap1.62  

It would seem that direct competition exists between sequestosome-1 and the high 

affinity ETGE motif for the binding site of Keap1 as they contain interacting motifs 

which conform to the following consensus sequence; DX(E/S)TGE, however, 

determination of the binding energy by isothermal calorimetry (ITC) showed the 

affinity of sequestosome-1 for Keap1 to be 5.4 x 105 M-1, which is closer to the 

affinity of the DLG motif than the ETGE motif.62 In addition, as sequestosome-1 only 
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has one binding motif the binding stoichiometry is 1:1. These results suggest that 

sequestosome-1 may inhibit Nrf2-DLG, but not Nrf2-ETGE, from interacting with 

Keap1. This inhibition of DLG-Keap1 binding by sequestosome-1 further supports 

the existence of the ‘hinge and latch’ model in vivo. It has also been hypothesised 

that another mechanism for Nrf2 activation may exist. It is thought that due to its 

quaternary structure, sequestosome-1 can form multimerised structures capable of 

interacting with both of the subunits of the Keap1 homodimer, with resultant total 

block of the Keap1-Nrf2 interaction.52  

A link between the activity of sequestosome-1 and Nrf2 has also been determined. 

Jain et al have mapped an ARE in the promoter region of the sequestosome-1 gene 

that is responsible for its induction in response to oxidative stress. Further work 

verified that endogenous Nrf2 is bound to this region of the sequestosome-1 

promoter in vivo.52 A positive feedback loop is set up whereby, sequestosome-1 

activates the accumulation of Nrf2, which in turn stimulates transcription of the 

sequestosome-1 gene resulting in a sequestosome-1 mediated sustained activation 

of Nrf2 in response to oxidative and electrophilic stress.52 These results suggest that 

levels of sequestosome-1 and Nrf2 are mutually interdependent and during stress 

these two proteins cooperate to maintain high levels of each other.   

Sequestosome-1 serves as a scaffold in various signalling pathways and shuttles 

polyubiquitinated proteins to the proteasomal and lysosomal degradation 

machinery.64 Under conditions of Nrf2 activation, elevated expression of 

sequestosome-1 results in targeting of Keap1 for degradation by autophagy, this 

prevents overexpression of Keap1 and allows modified and inactivated Keap1 to be 

removed from the pathway to restore homeostasis with a net result of further 

contributing to the activation of Nrf2.52,63 

Sequestosome-1 has been found to be an adaptable protein with a number of 

diverse functions (Table 1.3).  
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Table 1.3: Diverse functions of Sequestosome-1. 

Protein binding 

partner 

Disease state Effect 

Innate defence 

regulator-1 (IDR-

1) 

Infectious and inflammatory 

diseases 

Sequestosome-1 binds to the zinc finger 

domain of IDR-1 resulting in enhanced 

microbial infection control with suppression of 

harmful inflammation.
64,65 

Bacteria Bacterial infections Sequestosome-1 targets bacteria and delivers 

them to the lysosome for degradation.
65,66,67 

TRIM5α (tripartite 

motif protein) 

Innate antiviral response Interaction between sequestosome-1 and 

TRIM5α causes stabilisation of TRIM5α 

expression leading to maintenance of the 

antiviral state induced in cells following 

interferon treatment.
68,69

  

NF-KB Paget’s disease (bone pain, 

fracture, osteoarthritis)  

Sequestosome-1 mutations reduce its ability to 

bind ubiquitin leading to deregulation of the 

sequestosome-1 controlled NF-KB pathway. 

The NF-KB pathway regulates the bone 

resorbing activity of osteoclasts, therefore, an 

increase in NF-KB activity results in an increase 

in bone turnover.
63

 

Caspase-8 Cancer, neurodegenerative 

and autoimmune diseases 

After proapoptotic stimulation by apoptosis 2 

ligand/TNF-related apoptosis-inducing ligand 

(Apo2L/TRAIL), caspase-8 undergoes 

CUL3/RBX1-dependent polyubiquitination, 

which promotes sequestosome-1 mediated 

aggregation, this enhances activity and drives 

the autoproteolytic release of caspase-8 into the 

cytosol to activate executioner caspases and 

trigger apoptosis.
70

 

 

1.14 Prothymosin α 

Prothymosin α is a nuclear oncoprotein which has been shown to interact directly 

with Keap1. It is thought that this interaction plays a key role in the dissociation of 

the Keap1-Nrf2 complex.71,72,73   

Prothymosin α is a small acidic protein, composed of a sequence of 109 amino acid 

residues with a molecular weight of 12.5 kDa.74 It is highly hydrophilic with an 

isoelectric point of 3.5.72 Forty-eight percent of the sequence is composed of the 

acidic residues aspartic and glutamic acid. The few hydrophobic residues in the 

sequence such as valine, leucine and isoleucine are unevenly distributed with most 

occurring within the first 24 amino acids from the N-terminus.75 This low overall 
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hydrophobicity may explain the disordered nature of the protein and its inability to 

form a well defined three dimensional structure under physiological conditions.75 

The lack of a rigid globular structure represents a considerable functional 

advantage; it is thought that the structural plasticity allows prothymosin α to interact 

efficiently with a number of different targets.74      

Prothymosin α is a ubiquitous protein that is highly conserved among 

vertebrates.72,75 Its expression in a wide variety of tissues suggests that it 

possesses many important biological functions. One example is the proliferation of 

mammalian cells; a correlation has been observed between cell proliferation and 

prothymosin α level.76,77,78 Actively dividing cells contain about 17 million 

prothymosin α molecules,72 and unsurprisingly, prothymosin α level is increased in 

malignant cells.79,80 Prothymosin α is also involved in protection against apoptosis; it 

works as a negative regulator to block the formation of the apoptosome and prevent 

cell death.75 There is an implication for stopping or delaying tumour cell growth 

through the manipulation of prothymosin α levels as elimination results in induction 

of apoptosis.76 

Of particular interest is the role of prothymosin α in the regulation of transcription.71 

It has been reported that it interacts with the CREB-binding protein and potentiates 

transcription.75 Furthermore, prothymosin α has been shown to be involved in the 

regulation of cytoprotective gene expression.73 Karapetian and co-workers have 

identified prothymosin α to be a novel Keap1 binding partner.73 Using in vitro 

experiments it was shown to compete with Nrf2 for Keap1 binding, it was proposed 

that the association is via the Keap1 β-propeller domain, resulting in direct inhibition 

of Nrf2.73 The resultant displacement of Nrf2 from the Keap1-Nrf2 complex leads to 

initiation of transcription and increased expression of oxidative stress-protecting 

genes.73  

The molecular interaction of prothymosin α with Keap1 was clarified by 

Padmanabhan and co-workers. They used mouse Keap1 in complex with a short 

peptide sequence (amino acids 39-54) of prothymosin α, the Keap1 interacting 

region, to determine the binding interaction between prothymosin α and Keap1. 

Their findings revealed that the prothymosin α peptide possesses a β-hairpin 

conformation when interacting with Keap1 and binds to Keap1 at the bottom region 

of the β-propeller domain. The tight β-hairpin is formed by residues 41-46, the 

sequence is NEENGE. The structure is stabilised by two intramolecular main-chain 

to main-chain hydrogen bonds between the carbonyl group of Asn-41 and the amide 
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N-H group of Gly-45 and between the amide N-H groups of Asn-41 and the carbonyl 

group of Glu-46. In addition, an intramolecular hydrogen-bond interaction between 

Asn-44 OD1 and the backbone amide group of Glu-46 also contributes to 

stabilisation of the peptide main-chain conformation.71 

This mode of binding is essentially the same as those of the ETGE and DLG motifs 

of Nrf2 and the interacting region of Sequestosome-1 in complex with Keap1.71 

Padmanabhan and co-workers have identified 17 intermolecular electrostatic 

interactions between the highly basic β-propeller domain of Keap1 and the acidic 

side chains of the prothymosin α peptide.71 The fact that prothymosin α has the 

same Keap1 binding site as Nrf2 suggests that prothymosin α will compete with Nrf2 

for Keap1 binding and certain biological events in the nucleus may cause 

prothymosin α mediated dissociation of Nrf2 from Keap1.71  

Karapetian and co-workers present evidence for a role of prothymosin α as an 

intranuclear dissociator of the Keap1-Nrf2 complex.73 They propose that the Keap1-

Nrf2 complex shuttles constantly between the cytoplasm and nucleus. This is in 

contrast with the previously accepted cytoplasmic anchoring model.31 It is thought 

that in the nucleus the complex is attacked by prothymosin α, which is present in 

excess, and this binding with Keap1 causes displacement of Nrf2.73 In non-stressed 

cells the liberation is partial, resulting in a basal level of transcription, whereas in 

cells under oxidative stress the effect is more pronounced due to pre-destabilisation 

of the Keap1-Nrf2 complex.73 Following an oxidative stress event there is an excess 

of nuclear Nrf2, it has been proposed that this excess is removed by reformation of 

the complex with Keap1, the prothymosin α dissociation returns to a partial 

liberation state as the Keap1-Nrf2 complex is once again stabilised. The Keap1-Nrf2 

complex shuttles into the cytoplasm and the Nrf2 is ubiquitinated.73     

Padmanabhan and co-workers state that the DLG and ETGE motifs of the Neh2 

domain of Nrf2 and the prothymosin α peptide bind to Keap1 in a similar manner but 

with different binding potencies. It is proposed that prothymosin α has the highest 

affinity for the Keap1 binding site although data has not yet been published.71  

Investigation of the structure and function of the three, previously described, Keap1 

binding partners could provide a promising strategy for disruption of the Keap1-Nrf2 

protein-protein interaction.    



41 
 

2. Introduction: Protein-protein interactions 

A protein-protein interaction (PPI) is defined as an interaction between two identical 

or dissimilar proteins at their domain interfaces that regulates the function of the 

protein complex.81 Proteins can associate with each other with variable affinities, but 

never in a disorganised manner.82 

PPIs play a vital role in virtually every cellular process. The co-ordinated formation 

of protein-protein interactions occurs during DNA replication, gene regulation, 

transcription (in which factors, activators and suppressors assemble), protein 

synthesis and secretion, programmed cell death and in the many pathways 

associated with cell signalling.83  

Many human diseases are the result of abnormal PPIs involving either endogenous 

proteins or pathogenic proteins or in some cases both, with resultant loss of an 

essential interaction or irregular formation of a protein complex.84 There are an 

estimated 650,000 types of specific protein-protein interaction in each human cell, 

therefore, there exist a potential 650,000 targets for the modification of biological 

processes using drugs designed to target PPIs.85  

The diverse nature of PPIs means that a detailed knowledge of each system is 

required in order to design successful therapeutics. A greater understanding of the 

functional regulation of PPIs and the properties by which they interact with and bind 

to one another will lead to the design of specific molecules to prevent or enhance 

such interactions.    

Until recently it was believed that drug discovery of small molecule inhibitors of 

protein-protein interactions was too difficult to achieve and research in this area was 

regarded as ‘high-risk’.86 This was largely due to a number of misconceptions in 

relation to protein-protein interactions.  

2.1 Protein-protein interaction misconceptions 

Protein-protein contact surfaces 

A major misconception about protein-protein interactions was the assumption that 

the contact areas between proteins are large, flat surfaces without definite binding 

features. It has since been recognised that in fact PPIs are facilitated by defined 

grooves, binding sites and pockets to accommodate fragments from the protein 

binding partner.81 It was also thought that the binding interaction of two proteins 

results in the formation of a rigid structure, when in fact these complexes show 
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adaptability and flexibility allowing small molecules to access grooves and 

pockets.87 

Another challenge in the field of PPI drug discovery is the fact that the binding 

regions of protein partners are often non-contiguous.88 However, it has been 

established that in order to successfully inhibit a protein-protein interaction it is not 

necessary to totally disrupt the large PPI contact surface, instead it may only be 

necessary for a small molecule to interact with a subset of a few amino acids, 

interaction with such ‘hotspots’ can result in disruption of the entire PPI.81 

Natural small-molecule partners 

Unlike the case with enzymes and G-protein-coupled receptors where natural small-

molecule partners are used as the basis of drug design, PPIs do not have a natural 

small molecule substrate or ligand to use as the starting point.87 This, however, is 

not necessarily a problem in terms of drug design as peptide sequences from either 

protein can be used as a template to provide a valuable starting point in the design 

of specific inhibitors. 

Screening for protein-protein interaction inhibitors 

The misconception that screening cannot be used for identification of PPI inhibitors 

still exists despite the fact that a number of inhibitors for various PPIs have been 

identified using both high-throughput screening and fragment screening 

techniques.87 In all cases medicinal chemistry techniques were applied to improve 

the properties of the ‘hit’ compounds to achieve binding affinities (KD values) in the 

nanomolar range.87  

Affinity of protein-protein interactions 

Another misconception is that it is not possible to achieve as high an affinity 

between a small molecule and a protein as the interaction between the protein and 

its natural protein binding partner and so it would be impossible to inhibit a protein 

from interacting with its binding partner using a small molecule.83 However, this has 

been shown to be untrue in a number of cases where small molecule inhibitors were 

found to bind to proteins with an affinity comparable to or better than the native 

protein.86,87 
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Size of small molecules that disrupt protein-protein interactions 

In recent years drug discovery has focussed the development of new medicinal 

entities on Lipinski’s Rule of Five.81 However, strict adherence to these rules could 

result in the dismissal of a number of potent PPI inhibitors. PPI inhibitors with Ki 

values less than 1 μmol/L in clinical trials have molecular masses between 500 and 

900 Daltons, this is above the upper limit of 500 Daltons from Lipinski’s rules.81 In 

order to interact with key amino acid residues across large surface areas of proteins 

it is often necessary for these inhibitors to exceed the size limit observed by other 

drug classes.  

Determining the extent of inhibition 

Standard biological assays that measure, for example, enzyme activity are not 

applicable and so in some cases it is difficult to quantify the extent to which an 

inhibitor can disrupt a PPI. However, activity can be detected using other techniques 

that directly monitor binding such as isothermal calorimetry (ITC) and Surface 

Plasmon Resonance (SPR).88 

2.2 Targeting protein-protein interactions 

A greater understanding of how proteins interact and communicate with each other 

has given a greater insight into the complex functioning of cellular systems in 

various disease states, providing a number of potential therapeutic targets and a 

growing interest in manipulation of PPIs. In addition, the availability, through use of 

the Protein Data Bank (PDB), of X-ray crystal structures of proteins in complex with 

their natural protein binding partners or peptide ligands allows for identification of 

‘hotspots’ and the important residues involved in binding interactions.  

Protein-protein interactions can be modulated by two different mechanisms (Figure 

2.1); one is by the direct inhibition of the protein-protein interaction at the interface 

or ‘hotspot’ and the other is by interaction with an allosteric site on one protein 

causing release of its protein binding partner.  

 

Figure 2.1: Illustration to show the difference between hotspot and allosteric binding sites.  
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2.3 Approaches to design and generate PPI inhibitors 

There are three main ways in which inhibitors of PPIs are developed, these 

approaches are discussed below. 

High throughput screening of natural products and synthetic chemical libraries 

High throughput screening (HTS) is a process which involves the automated testing 

of large numbers of compounds against a large number of targets, allowing the 

rapid identification of active compounds which modulate a particular biochemical 

pathway.89 The results of these experiments provide a starting point for drug design 

and understanding of the interaction or biochemical process.   

HTS can be used for the discovery of PPI inhibitors and is especially useful in cases 

where structural information relating to the PPI is unavailable. Primary PPI binding 

assays are usually used to identify ligands which bind to one or other of the 

proteins. The most direct method is to use a competitive binding assay where one of 

the protein binding partners or a peptide of the interacting region is labelled with a 

fluorescent tag.81 Fluorescence polarisation assays can be used to quantify the 

binding affinity of a PPI inhibitor by measuring the change in fluorescence 

polarisation when the fluorescent probe is displaced by the ligand. Another assay 

which is used is FRET (Fӧrster Resonance Energy Transfer/Fluorescence 

Resonance Energy Transfer) where the proximity of two labelled protein partners 

can be exploited based on the quenching phenomenon.81 This allows for the 

efficient screening of natural and synthetic compounds to identify inhibitors of the 

interaction. These assays are popular for HTS as in comparison to other screening 

assays (e.g. ELISA) they are simple and cost effective due to the fact that washing 

steps and antibodies are not required.      

Computational chemistry 

Computer aided drug design using screening or docking algorithms is an effective 

way of identifying inhibitors of protein-protein interactions.90 In cases where proteins 

can be crystallised it is possible to determine the structure of the binding site using 

X-ray crystallography, molecular modelling software can then be used to accurately 

measure and report the dimensions of the binding site.91 It is then possible to design 

molecules which will fit into the binding site and inhibit the PPI.89 A number of PPI 

inhibitors have been discovered using a combination of in silico studies and 

medicinal chemistry approaches.92   



45 
 

In theory, the affinity of a ligand for the protein binding site should be predicted 

using computational methods and the most potent selected for synthesis. However, 

in practice computational methods only provide a qualitative guide to affinity and 

several stages of design, synthesis and testing are required before an optimal 

molecule is discovered.  

Peptide and peptidomimetic approaches 

Protein dissection of either PPI partner can be used to identify peptides which are 

integral to the binding interaction.93 However, peptides have significant drawbacks 

in terms of drug discovery due to their size, stability and polarity.81 Instead, peptide 

sequences are used as lead compounds and the sequences are minimised and 

optimised for binding affinity.93 In the absence of structural information the technique 

of alanine scanning is employed to identify bioactive peptides whereas when 

structural information is available a combined approach with computational 

chemistry is usually favoured. Using the peptide as a template, the structure can be 

refined to make the compounds more drug-like, these structures are termed 

peptidomimetics. There are different types of peptidomimetics which are discussed 

below: 

Type-I mimetics closely resemble peptides, but contain peptide bond 

replacements. They are designed to mimic protein secondary structure and to 

enhance stability to proteolysis. 

Type-II mimetics do not resemble the native peptide ligand structure and are not 

peptidic in nature, but have properties which are suited to recognising the protein 

binding site.  

Type-III mimetics contain key pharmacophoric elements of the peptide ligand but 

have a non-peptidic scaffold. i.e. they possess one or more amino acid side chains 

attached to a non peptide structure.     

Type-I and type-III mimetics are developed rationally using computational chemistry 

techniques or structure activity relationship guided design, whereas type-II mimetics 

are usually developed from identified ‘hits’ from screening experiments.93 
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2.4 Protein-protein interaction case studies 

2.4.1 The discovery of a small-molecule inhibitor of the p53-MDM2 interaction 

– a PPI success story 

The cellular levels of the tumour suppressor p53 (“p” for protein and “53” for its 

apparent molecular weight of 53 kDa) are regulated by the oncoprotein mouse 

double minute 2 (MDM2, the human analogue is HDM2).88,91,94 The function of p53 

is to maintain genomic integrity of the cell by inducing cell cycle arrest and 

apoptosis in response to DNA damage.95 While the role of MDM2 is to exert a 

regulatory effect on p53, it does this via two different mechanisms; the first is by 

binding to p53 in such a way as to sterically block the transcription activation 

domain which leads to inhibition of the expression of p53 target genes. The second 

mechanism is by the formation of a protein complex where MDM2 serves as an E3 

ligase that targets p53 for ubiquitination and degradation by the proteasome.91,95 

Inactivation or mutation of p53 has been observed in 50% of human tumours and 

this change in function is directly linked to amplification of the gene coding for 

MDM2.88,95 Inhibition of the p53-MDM2 interaction with resultant restoration of p53 

function is a feasible anticancer strategy.    

Characterisation of the p53-MDM2 PPI 

Since the 1996 publication of the co-crystal structure of p53-MDM2 and elucidation 

of the direct protein-protein interaction, a large amount of research has been 

directed towards developing inhibitors of this interaction. The crystal structure 

revealed that a portion of the N-terminal transactivation domain of p53 occupies a 

hydrophobic cleft on the surface of MDM2.94 A dodecapeptide from the binding site 

of p53 (amino acid residues 16-27) was shown to bind to MDM2 and inhibit the p53-

MDM2 interaction (IC50 8.7 μM).
95 Subsequent work using a shorter hexapeptide 

sequence (amino acid residues 18-23) indicate that this sequence is the minimum 

binding epitope for MDM2 (IC50 700 μM).
96 Sequences are shown in Table 2.1 

Table 2.1: Peptides based on the MDM2 interacting region of p53. 

Compound Peptide sequence IC50 (μM) 

A Ac-Gln-Glu-Thr-Phe-Ser-Asp-Leu-Trp-Lys-Leu-Leu-Pro-NH2 8.7 

B Ac-Thr-Phe-Ser-Asp-Leu-Trp-NH2 700 

C Ac-Phe-Met-Asp-Tyr-Trp-Glu-Gly-Leu-NH2 8.9 

D Ac-Phe-Met-Aib-Tyr-Trp-Glu-Ac3c-Leu-NH2 2.2 

E Ac-Phe-Met-Aib-Pmp-Trp-Glu-Ac3c-Leu-NH2 0.3 

F Ac-Phe-Met-Aib-Pmp-ClTrp-Glu-Ac3c-Leu-NH2 0.005 

 

The structure of these peptides in complex with MDM2 show that the p53 peptide 

adopts an α-helical conformation when bound to MDM2 and achieves affinity by 
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inserting three hydrophobic side chains; Phe-19, Trp-23 and Leu-26 into subpockets 

in the MDM2 binding site.91,94 The binding energy of the PPI is due to van der Waals 

interactions between the side chains of p53 and the surface of MDM2. The pocket 

that accommodates Phe-19 is composed of Arg-65, Tyr-67, Glu-69, His-73, Ile-74, 

Val-75, Met-62 and Val-93 of MDM2. In an adjacent pocket Trp-23 interacts with 

Ser-92, Val-93, Leu-54, Gly-58, Tyr-60, Val-93 and Phe-91 and in a third pocket 

Leu-26 interacts with Tyr-100, Thr-101 and Val-53 of MDM2.94 

Optimisation of the native peptide sequence A using phage display and truncation 

led to the equipotent octapeptide C (Table 2.1) and the replacement of the residues 

not involved in the PPI with α,α’-substituted amino acids (compound D, Table 2.1) 

resulted in an increase in binding affinity due to enhanced formation of the α-helical 

secondary structure.95 The substitution of tyrosine with 

phosphonomethylphenylalanine (Pmp) resulted in further improvement in affinity 

due to stabilisation of a salt bridge between this residue and a lysine residue in the 

MDM2 binding site (compound E). Finally, replacement of the tryptophan residue 

with 6-chlorotryptophan resulted in a 60-fold increase in affinity (compound F). This 

dramatic increase in binding affinity can be attributed to the fact that the chlorine 

atom fills the remaining space of the tryptophan binding pocket and creates 

additional van der Waals interactions with the MDM2 binding site.95 This inhibitor 

was successful in cell-based assays where it was shown to cause the activation and 

accumulation of p53 resulting in p53-dependent cell-cycle arrest and apoptosis. 

Unfortunately, due to the size and peptidic nature of this inhibitor it wasn’t a 

candidate for drug development, however, research using peptide probes of the 

p53-MDM2 PPI has influenced the subsequent development of inhibitors of this 

protein-protein interaction.    

Inhibitors derived from natural products 

The first natural product inhibitors of the p53-MDM2 interaction to be reported were 

the chalcones (1,3-diphenyl-2-propen-1-ones).94 The wide ranging activities of this 

class of compounds led Holak and co-workers to believe that activity could be 

attributed to interaction of the chalcones with the p53-MDM2 system. A chalcone 

containing a monochlorophenyl group, compound G (Table 2.2) showed an IC50 of 

206 μM in an ELISA assay for the p53-MDM2 interaction and was found to bind in 

the tryptophan binding pocket of MDM2.86,94 However, these compounds did not 

prove to be very selective for the target protein and further work was not conducted. 
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High-throughput screening has also been employed to discover inhibitors of the 

p53-MDM2 interaction. The screening of 53,000 extracts from the fermentations of a 

diverse collection of microorganisms resulted in the identification of the fungal 

metabolite Chlorofusin as an inhibitor of the p53-MDM2 interaction.94,95 Chlorofusin 

(compound H, Table 2.2) is a cyclic nonapeptide composed of both natural and 

unnatural amino acids derived from the fungus, Microdochium caespitosum, it binds 

to the N-terminal region of MDM2 with an IC50 of 4.6 μM.
95 

Table 2.2: Natural product inhibitors of the p53-MDM2 interaction.
 
 

Compound Structure IC50 (μM) 

G 

 

206 

H 

 

4.6 

I 

 

230 

 

The fermentation culture of the fungus, Arthrinium sp. derived from a marine sponge 

has produced another natural product inhibitor of the p53-MDM2 interaction, (-)-

hexylitaconic acid (compound I, Table 2.2).94 This inhibitor was shown to have an 

IC50 of 230 μM in a p53-MDM2 ELISA assay. At present, both the absolute 

stereochemistry and the mechanism of action of this compound are unknown.     

High-throughput screening for the discovery of small-molecule inhibitors 

The first potent and selective small molecule antagonists of the p53-MDM2 

interaction were the nutlins, discovered by scientists at Roche using high-throughput 

screening of a diverse library of synthetic chemicals. Subsequently a range of 

medicinal chemistry approaches led to a series of potent inhibitors being 

highlighted.86,87,91 The potency of the nutlins (Figure 2.2), which are cis-imidazoline 
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analogues was determined using SPR and the binding modes resolved using X-ray 

crystallography.88 

 

 

Figure 2.2: Structure and potency of the Nutlin compounds. 

The most potent p53-MDM2 antagonist is nutlin-3 which displaces p53 from the 

MDM2 protein with an IC50 of 90 nM.86 High resolution X-ray structures of the nutlins 

show that they make hydrophobic interactions with the MDM2 protein.91 The 

imidazoline scaffold mimics the helical peptide backbone and directs the three 

aromatic substituents into the hydrophobic pockets usually occupied by residues 

Phe-19, Trp-23, and Leu-26 of p53 in the MDM2 binding site, this was determined 

using computational chemistry whereby the bound structure of a p53 peptide 

fragment in complex with MDM2 was overlayed with the bound conformation of 

nutlin-2 with MDM2.88,91 In all cases the halogen substituted phenyls bind deeply 

into the leucine and tryptophan pockets, while the isopropyloxy phenyl moiety binds 

into the phenylalanine pocket.86 The finding that the para halogen atom on the 

phenyl group occupies the Trp-23 pocket is consistent with the enhanced binding 

observed with the 6-Cl-Trp-23 mutant peptide which showed greater affinity for the 

MDM2 binding site than the native peptide sequence.88  

A number of in vivo experiments have been performed to verify whether the 

inhibitory in vitro effects of the nutlins would translate into activation of the p53 

pathway.94 The nutlins inhibited the growth of cultured cancer cells with IC50 values 

between 1.4 and 1.8 μM, indicating that p53 is activated but that these compounds 

are less active in vivo. It was found that accumulation of p53 after treatment with the 

nutlin compounds was due to reduced degradation rather than increased 

production, this was determined by measurement of mRNA levels with PCR. It was 

also determined that treatment with an inhibitor was successful in cells with 

functional p53, but not in those cells with mutant p53.94 In nude mice models 

exhibiting established tumour growth, 90% inhibition of tumour growth relative to 

controls was achieved.94 These small molecule antagonists have been used to 

Nutlin-1 IC50 = 0.26 μM Nutlin-2 IC50 = 0.14 μM Nutlin-3 IC50 = 0.09 μM 
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investigate p53 signalling and have been indicated for treatment of acute myeloid 

leukemia and multiple myeloma.94 

2.4.2 Inhibition of the β-catenin/Tcf complex – an example of failure of small 

molecule design in targeting a PPI 

The activity of β-catenin, a protein which plays a vital role in cell adhesion, is 

enhanced by binding to the Tcf protein. β-catenin levels are significantly increased 

in certain types of cancer, especially cancer of the colon. Disruption of the β-

catenin/Tcf complex, therefore, presents a potential therapeutic opportunity for the 

development of compounds for the treatment of colon cancer.91 

Characterisation of the PPI 

The crystal structure of the β-catenin/Tcf complex has been determined using X-ray 

crystallography and has allowed identification of the critical sites on β-catenin for 

interaction with Tcf.97 The β-catenin binding site is a superhelix composed of 12 

armadillo repeats, each repeat except repeat 7 consists of three helices which 

creates an overall large, flat surface. The binding region of Tcf wraps itself around 

the armadillo repeat region of β-catenin in an antiparallel fashion along the major 

axes of the superhelix. The Tcf binding region in the N- to C-terminal direction 

consists of a β-hairpin module, an extended region that contains a β-strand, and an 

α-helix.97 The β-hairpin module sits in a deep groove in β-catenin created by a kink 

in armadillo repeat 9, whereas the extended region and the α-helix make contacts 

along the surface and in a shallow groove respectively (Figure 2.3).97 

The interaction between the β-hairpin module and the deep groove of β-catenin 

supports the design of small molecule inhibitors. However, due to the large, flat 

nature of the other two β-catenin subsites, the extended region and the α-helix; 

design of small compounds to interact with these regions is limited. It seems unlikely 

that small molecule inhibitors of the first subsite will be capable of disrupting the PPI 

sufficiently as Tcf makes such extensive interactions with other regions of the β-

catenin protein.91 
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Figure 2.3: The armadillo repeat region of β-catenin is shown in blue. The binding region of Tcf shown 

wrapping itself around β-catenin is depicted in orange with the three binding regions highlighted. 

Figure constructed using Chimera, PDB reference 1JPW.  

2.5 Conclusions and future perspectives  

As discussed, the development of potent small molecule inhibitors of protein-protein 

interactions presents a challenge in terms of drug discovery, but as demonstrated 

by development of  inhibitors of the p53-MDM2 interaction one that is not 

impossible. The case of the β-catenin/Tcf complex reinforces the fact that careful 

selection of the PPI, in terms of the structure and properties of the binding site are 

required. It seems that careful selection of the target and knowledge of the 3D 

structure of the interaction between a protein and its ligand through use of NMR and 

X-ray crystal structure data, coupled with a rational approach in terms of drug 

design can result in the successful development of inhibitors of protein-protein 

interactions.     
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3. Introduction: Protein and Peptide drugs 

Proteins and peptides are degraded by proteolytic enzymes in the gastrointestinal 

tract and as a result do not make good drug candidates for oral administration. In 

some disease states, such as Type I diabetes the only effective drug is a protein 

drug, in this case, Insulin which has to be delivered by injection.  

3.1 Insulin 

Insulin is the best known and most widely used protein drug. It is composed of an α- 

and a β-chain which are connected via two disulphide bridges (shown in Figure 3.1). 

Modification to selected amino acid residues has resulted in the production of 

different types of insulin, such as rapid acting forms for meal time administration and 

long acting forms to maintain basal insulin levels.  

 

 

           

 

Figure 3.1: Structure of insulin and modifications to produce different analogues. Adapted from Owens, 

D.R.
98 

Insulin aspart is a rapid acting analogue, the replacement of proline with aspartic 

acid at the C-terminus of the β-chain causes a conformational change and charge 

repulsion which prevents the protein from assembling properly and results in an 

increased rate of dissociation in comparison to native insulin. The reversal of the 

proline and lysine residues in insulin lispro causes similar steric hindrance and a 

reduced ability to self-associate with a resultant increase in the breakdown of the 

molecule into its monomers.98 

In order to increase the half-life of insulin it is necessary to increase the isoelectric 

point of the protein to reduce its solubility at physiological pH.98 In the case of the 

β-chain 

α-chain 

Long acting insulin analogue Rapid acting insulin analogues 

Insulin glargine Insulin aspart 

Insulin lispro 
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long acting analogue insulin glargine, two arginine residues are introduced at the C-

terminus of the β-chain which serve to increase the isoelectric point. The 

replacement of the asparagine residue with glycine at the end of the α-chain results 

in stabilisation of the protein.98    

Despite work with recombinant-DNA technology to produce these various insulin 

analogues and resultant improvement to pharmacokinetic profiles, a form of insulin 

for oral administration is still not available.98 As a result, diabetic patients require 

several daily injections of insulin in order to control blood glucose levels.  

3.2 Adaptation of peptides for oral administration 

A number of peptide drugs have been discovered and developed to allow for the 

use of oral administration. The examples used here are all cyclic peptides which are 

more bioavailable and more stable toward metabolic degradation in comparison to 

their linear counterparts. Vasopressin, shown in Figure 3.2 A is used to treat 

diabetes insipidus. It is a native hormone which was first isolated and synthesised 

by Vincent du Vigneaud in 1953. It is cyclised via the side-chains of two cysteine 

residues to form a disulphide bridge and has a linear component consisting of three 

amino acids.99 It undergoes proteolytic degradation in the gastrointestinal tract, but 

can be successfully administered by injection or nasal spray. 

Small modifications at key positions of the vasopressin structure led to the 

development of a synthetic analogue which can be administered orally. Deamination 

of the first cysteine residue and the conversion of arginine at the eighth position 

from the levo to the dextro form prevent degradation by proteases and increase the 

plasma half-life.100 Desmopressin (Figure 3.2 B) is degraded more slowly than the 

naturally occurring vasopressin and requires less frequent administration.100   

 

 

 

 

 

Vasopressin 

 

 

 

 

 

 

Desmopressin 

 

Loss of amine 

Conversion of stereochemistry 

A B 
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Cyclosporin A 

 

 

 

 

 

Daptomycin 

 

Figure 3.2: Structures of the four cyclic peptides Vasopressin, Desmopressin, Cyclosporin A and 

Daptomycin. 

The immunosuppressant Cyclosporin A was first isolated from the fungus 

Hypocladium inflatum gams from a soil sample in Norway in 1969.101 It is a cyclic 

peptide composed of 10 L-amino acids and one D-amino acid (shown in Figure 3.2 

C). The cyclic nature, the presence of D-Alanine and the seven N-methylated 

residues make cyclosporin A unrecognisable to peptidase enzymes and this allows 

it to be delivered orally. It is used to suppress organ rejection in transplant recipients 

and also to treat a variety of chronic inflammatory and autoimmune diseases. 

Daptomycin is another example of a naturally occurring cyclic peptide, it is a 

secondary metabolite of the soil bacterium Streptomyces roseosporus.102 It is a 

cyclic lipopeptide comprising a number of D-amino acids and the non-proteinogenic 

amino acids; kynurinine, ornithine and L-3-methylglutamic acid (Figure 3.2 D). 

Despite the presence of these unnatural amino acids, daptomycin is administered 

intravenously. Daptomycin has rapid bactericidal activity against Gram positive 

bacteria including methicillin resistant Staphylococcus aureus (MRSA). Its mode of 

action is to bind to bacterial cell membranes causing rapid depolarisation of the 

membrane potential with resultant inhibition of protein, DNA and RNA synthesis 

leading to cell death.103  

It is interesting to note that the exo-cyclic amino acid chain is capped with a 

decanoyl fatty acid chain. It is thought that its presence is essential for penentrating 

the cytoplasmic membrane of Gram positive bacteria. 

Although protein and peptide drugs are used in many therapeutic areas, as 

previously discussed, their use is limited due to inherent problems with oral delivery. 

N-methylated residue 

D-Alanine 

C D 
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There is, therefore, a reluctance to develop peptides as drugs. A more promising 

strategy is to develop drugs using a peptide as a lead compound.  A number of 

orally active drugs have been developed in such a way and an example of drug 

development using a peptide as a lead compound will be presented in the next 

section. 

3.3 Drug development using a peptide as a lead compound 

3.3.1 Case study: ACE inhibitors 

Captopril is an angiotensin-converting enzyme inhibitor (ACE inhibitor) used to treat 

hypertension and congestive heart failure. It is of interest as it is an orally active 

drug developed using a peptide as the lead compound, and demonstrates 

successful structure-based drug design, and rational drug design for a protein 

target.  

ACE is a membrane-bound zinc metalloprotease which recognises and hydrolyses 

a dipeptide from the C-terminus of the decapeptide angiotensin I to give the 

octapeptide angiotensin II (Figure 3.3), a powerful vasoconstrictor which raises 

blood pressure.104,105 

 

 

Figure 3.3: Structure of Angiotensin I and Angiotensin II peptides. 

ACE was a target for design of novel anti-hypertensive agents as inhibition of this 

enzyme can effectively lower blood pressure in hypertensive patients.104  

A peptide (Teprotide) shown in Figure 3.4, isolated from the venom of the Brazilian 

viper, was used as a lead compound for the development of captopril.105 Screening 

of an extract from the venom identified Teprotide as an inhibitor of ACE. 

 

Figure 3.4: Structure of Teprotide peptide isolated from Brazilian viper venom. 

In addition, drug design was aided by studying the structure and mechanism of 

carboxypeptidase – a well characterised member of the zinc metalloproteinase 

family. The enzyme removes the terminal amino acid from the peptide chain and is 

inhibited by L-benzylsuccinic acid (Figure 3.5). L-benzylsuccinic acid inhibits the 

Angiotensin II Angiotensin I 
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action of carboxypeptidase by binding to a zinc ion and an arginine group in the 

active site of the enzyme.105 

 

Figure 3.5: Structure of L-benzylsuccinic acid. 

The active site of ACE was assumed to be similar to carboxypeptidase, i.e. the zinc 

ion and arginine group being important for binding. It was thought that the groups 

would be further apart in ACE because it cleaves a dipeptide from the chain, as 

opposed to a single amino acid in the case of carboxypeptidase. An analogous 

inhibitor to benzylsuccinic acid would be a succinyl-substituted amino acid, Succinyl 

proline (Figure 3.6) was chosen because the amino acid at the C-terminus of 

teprotide is proline.105 

 

Figure 3.6: Structure of Succinyl proline. 

Addition of an α-methyl group increased potency by 10-fold over the des-methyl 

compound by restricting rotational freedom and providing a binding interaction with 

a lipophilic pocket in the active site. Replacement of the carboxylate ion with a thiol 

group led to improved binding interactions with zinc and increased activity (Figure 

3.7).104,105 

 

 

Figure 3.7: Scheme to show the development of captopril. 

Although a peptide was used as the lead compound for the design of captopril, the 

final compound does not have a peptidic structure and as a result cannot be 

hydrolysed by peptidase enzymes, therefore, the ACE enzyme is inhibited for as 

long as the compound stays bound.105 

Captopril 
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Captopril has been used as a lead compound by various other companies to 

develop ACE inhibitors with improved side effect profiles and improved dosing 

regimens. Lisinopril and Enalapril (Figure 3.8) are examples of such ‘me too’ 

drugs.105 

 

 

Figure 3.8: ‘Me too’ ACE inhibitors. 

The concept of using a peptide as a lead compound for drug discovery has also 

been employed in the development of HIV protease inhibitors, both in the 

development of the first generation HIV protease inhibitors e.g. saquinavir106,107 and 

the second generation HIV protease inhibitors e.g. darunavir.108    

The success of drug development using a peptide as a lead compound, as is the 

case with the discovery of ACE inhibitors and HIV protease inhibitors, show that it is 

possible to design drugs for a protein target using a rational drug design approach.  

The project will follow a similar rationale with the starting point being the synthesis 

of lead peptides to probe the Keap1-Nrf2 interaction in detail.  

 

 

 

 

 

 

 

 

 

Enalapril 
Lisinopril 
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4. Project aims  

The aim of this project is to design and synthesise new compounds that interact with 

a biochemical target relevant to the prevention of cancer. The intended approach is 

to achieve inhibition of the Keap1-Nrf2 protein-protein interaction with resultant up-

regulation of the activity of the transcription factor Nrf2, thereby increasing the 

expression of cytoprotective gene products that defend cells against damage.  

There are a number of possible strategies for designing new agents, as shown in 

Figure 4.1. 

 

 

Figure 4.1: Schematic representation of strategies for enhancing the activity of Nrf2 and the 

transcription of ARE gene products.  Adapted from Yates et al.
109

 

The chosen strategy (shown in the red box) was to directly inhibit the protein-protein 

interaction between Keap1 and Nrf2. The intention was to make compounds which 

will be useful as molecular probes to study the system in detail, with the view to the 

future design of molecules with improved inhibitory characteristics and 

pharmaceutical properties. With further work, these will be developed into potential 

preventive agents for cancer. 

The Keap1 protein-protein interaction has been characterised using X-ray 

crystallography studies of the Keap1 Kelch domain protein combined with peptide 
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motifs from the Nrf2 Neh2 domain. In addition, isothermal calorimetry experiments 

in conjunction with point mutagenesis of the Neh2 region of Nrf2 have indicated 

some of the residues in these regions are important to the PPI (Figure 4.2). 

These structural studies will form the basis of strategies to design new molecules 

that interact specifically to inhibit this interaction. The initial ligand design will use 

the Nrf2 peptide binding motifs as templates. 

There are two regions of the Nrf2 Neh2 domain that can interact with the Kelch 

domains of the Keap1 homodimer. These two regions are termed the low affinity 

DLG motif (residues 23-30) and the high affinity ETGE motif (residues 76-84) and 

are separated by an α-helical region containing 7 lysine residues that are subject to 

Cullin-3-Rbx1 mediated ubiquitination. The high affinity binding motif is an attractive 

template as it has been shown to bind to Keap1 with a 100-fold higher affinity than 

the low affinity DLG motif. However, it is just as important to explore the binding of 

DLG based probes as disruption of the interaction between Keap1 and Nrf2 at one 

binding site on the Keap1 homodimer will result in the release of Nrf2. The ETGE 

motif has a large number of polar residues which will make cell membrane 

penetration problematic, whereas the DLG motif contains more non-polar residues 

and more drug-like groups such as the indole containing side chain of tryptophan.  

The Nrf2 Neh2 domain binding motifs ETGE and DLG are shown in Figure 4.2, the 

important residues for binding are highlighted. 
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Figure 4.2: Results of mutagenesis studies on the low affinity DLG motif (A) and high affinity ETGE 

motif (B). When mutated to alanine, the residues shown in blue did not reduce binding whereas 

residues shown in red showed a large reduction in affinity, the residues in orange show a lesser 

reduction in affinity and the residues shown in black were not studied. 

In the first instance, a series of linear peptide probes, of varying length and 

sequence, based on the high affinity ETGE and low affinity DLG Nrf2 binding motifs 

will be designed and synthesised to use as pharmacological probes to study the 

Keap1-Nrf2 interaction in detail. The different peptide chain lengths will be explored 

to determine the optimum chain length for β-turn (also termed β-hairpin) formation 

and interaction with the Keap1 protein and a further series of linear peptides with 

amino acid sequence changes will be developed to generate data to compare with 

mutagenesis studies and to explore ways to improve the binding of these probes 

with the Keap1 protein.  

Fluorescent counter-parts of a number of these linear peptides will also be 

synthesised for use in fluorescence polarisation assays to quantify the binding 

affinities of the various different sequence change peptides and also for use in 

confocal microscopy work to determine the cellular localisation of these inhibitors.  

Keap1 has at least two other known native binding partners; the nuclear protein 

prothymosin α and the proteasome associated sequestosome-1 (p62). The protein-

protein interaction of Keap1 with the binding regions of each of these proteins has 

been determined using X-ray crystallography studies. The structural similarity of 

sequestosome-1 to the ETGE binding motif of Nrf2 and the discovery that both 



61 
 

sequestosome-1 and prothymosin α compete with Nrf2 for Keap1 binding provides 

us with two additional templates for inhibitor design.  

Linear peptides based on these two binding sequences (shown in Figure 4.3) will be 

investigated in conjunction with the Nrf2 related probes.   

 

Figure 4.3: The two additional Keap1 native binding partners prothymosin α (A) and sequestosome-1 

(B). 

These linear ligands will be short chain peptides and as a result there is not much 

scope for intramolecular interactions and stabilisation of the β-turn. Therefore, 

investigation of stabilisation of the ligand and correct orientation of the functional 

side chains will be achieved using peptide cyclisation methods. These cyclic 

peptides will be synthesised using a number of cyclisation techniques such as 

homodetic cyclisation using standard coupling agents, ring closing metathesis and 

azide-alkyne ‘click’ chemistry. In addition to investigation of secondary structure 

formation, the introduction of cyclic peptides will provide a way to reduce peptidase 

activity due to the absence of free N- and C-termini.  

It is well known that peptides and proteins make poor drugs since they are difficult 

to administer, are rapidly cleared from the body and can potentially cause an 

immune response. With this in mind, the intention is to use the peptides as probes 

of the Keap1-Nrf2 complex, after investigation of their function, future work and 

further development will be performed to improve the pharmaceutical characteristics 

of these compounds. This approach has been used for the development of a 

number of successful medicines against other therapeutic targets.  

One way to achieve this is through the use of peptidomimetcs; a series of 

peptidomimetics will be developed using the most potent peptide as a template. By 

developing these compounds it will be possible to explore the use of non-amino acid 

linkers while still retaining binding activity. The use of non-amino acid linkers will 

reduce the peptide nature of these compounds rendering them less susceptible to 
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peptidase activity. The peptidomimetics will also be more drug-like in character as 

they will be smaller and contain fewer hydrophilic residues.  
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5. Linear peptides to inhibit the Keap1-Nrf2 protein-protein interaction 

In order to investigate the interaction between Keap1 and Nrf2 a number of linear 

peptides based on both the high affinity ETGE binding motif and the low affinity DLG 

binding motif from the Neh2 domain of Nrf2 and the two other Keap1 binding 

partners; sequestosome-1 and prothymosin α were synthesised using solid phase 

peptide synthesis.  

5.1 Introduction to solid phase peptide synthesis 

Peptides exhibit a remarkable range of biological properties and it is primarily due to 

their medicinal properties that the study of peptides has become such an active 

area of research. They consist of amino acids covalently linked by amide bonds 

(peptide bonds) formed via a condensation reaction between the α-carboxy group of 

one amino acid and the α-amino group of another amino acid (Figure 5.1). 

Generally, they are considered to be anything from 2 to 50 amino acid residues in 

length, with molecules exceeding this length termed proteins.  

 

 

Figure 5.1: Condensation reaction between two amino acids to form a dipeptide and water. 

In 1963 Merrifield reported the synthesis of a tetrapeptide, Leu-Ala-Gly-Val, using a 

technique termed solid phase peptide synthesis, a process by which chemical 

reactions are carried out on a solid support.110 Further refinement of this novel 

technique led to a publication a year later describing the synthesis of the 

nonapeptide bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg).111 The time 

required for the synthesis was just nine days, a considerably shorter time period 

than if the synthesis had been performed using solution phase chemistry. 

The concept of solid phase peptide synthesis is simple: the growing peptide chain is 

elaborated while attached to a stable, solid support. It remains attached to this 

support throughout the synthesis, and is separated from soluble reagents and 

solvents by filtration and washing. The final product is cleaved from the solid 

support, and purification and characterisation performed after detachment.112 

During solid phase peptide synthesis peptides are synthesised from the C-terminus 

to the N-terminus in contrast to protein biosynthesis, which starts at the N-terminal 

end. The possibility of unintended reactions, such as polymerisation, due to free α-
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carboxy groups, amino groups and side chain groups, is prevented by the use of 

protecting groups allowing synthesis to occur in a controlled and stepwise manner 

(Figure 5.2). 

 

P = Temporary amino protecting group 
S = Permanent side-chain protecting group 
A = Carboxy activating group 

 

Figure 5.2: The solid phase peptide synthesis principle. Adapted from Chan, W.; White, P.
113

 

The essential requirements for solid phase peptide synthesis are: 

 A cross-linked insoluble polymeric support which is inert to the synthetic 

conditions (e.g. a resin bead). 

 An anchor or linker covalently linked to the resin, which incorporates a reactive 

functional group that substrates can be attached to. 

Repeat n times 

α-amino deprotection 

Coupling step 

α-amino and side chain deprotection 
Final cleavage from the resin 

Desired peptide 
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 A bond linking the substrate to the linker which will be stable to the reaction 

conditions used during the synthesis.  

 A means of cleaving the product (or intermediates) from the linker, along with 

protecting groups for functionalities not involved in the synthetic route.105 

The original solid phase peptide synthesis strategy used temporary Boc protection 

for the N-terminal amino group and benzyl (Bn) protection for side chain 

functionalities. However, this technique is not completely orthogonal since the Boc 

group is removed by trifluoroacetic acid (TFA), and the Bn protecting group is 

removed by treatment with a stronger acid, hydrogen fluoride (HF). Therefore, 

repeated removal of the Boc group during peptide synthesis may result in premature 

removal of some of the side chain protecting groups.112 

In 1972, Carpino developed the amino protecting group, 9-

fluorenylmethyloxycarbonyl (Fmoc).114 This protecting group proved to be suitable 

for use in solid phase peptide synthesis as the conditions for removal are mild and 

basic (20% piperidine in DMF). Complete orthogonality is achieved with the use of 

acid labile side chain protecting groups such as the tert-butyl group (tBu) which can 

be removed with TFA (Figure 5.3). 

 

        

 

Figure 5.3: The difference in orthogonality of the Boc and Fmoc approaches.  

The following sections describe the synthesis of several linear peptides with and 

without fluorophores attached. The rationale for design, synthesis, relevant aspects 

of the analytical data (particularly the NMR spectra) and the biological/binding 

activity of the compounds is discussed. Data from molecular docking studies is also 

presented to help to rationalise the results and present a visual summary of how 

changes to peptide structure may affect binding. The structure activity relationships 

relevant to the protein-protein interaction are constructed throughout the chapter. 

TFA HF 

HF 

Piperidine 
TFA 

TFA 

Bn 

Boc 

Fmoc 

tBu 
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Where new techniques are discussed for the first time, a brief introduction is 

provided.  

5.2 Results: Fluorescein-labelled peptides 

In the first instance solid phase peptide synthesis was used to synthesise a series of 

fluorescein-labelled linear peptides to determine their ability to bind to the Kelch 

domain of the human Keap1 protein, determined using a fluorescence polarisation 

(FP) assay. Peptides based on the high affinity ETGE binding motif and the low 

affinity DLG binding motif from the Neh2 domain of Nrf2 were designed and 

synthesised (Figure 5.4 and Table 5.1). 

Human DLIDILWRQDIDLGVSREVFDFSQRRKEYELEKQKKLEKERQEQLQKEQEKAFFAQLQLDEETGEFLP 

Mouse DLIDILWRQDIDLGVSREVFDFSQRQKDYELEKQKKLEKERQEQLQKEQEKAFFAQFQLDEETGEFLP 

     (FITC)βWRQDIDL (1)                                    (FITC)βEETGE (2) 

                                                    (FITC)βDEETGEF (3) 

                                  (FITC)βLDEETGEFL (4)        

                                                           (FAM)LDEETGEFLP (5)                                                                                                                                                    

                                                                                                                                              
                                                                                                                                            

Figure 5.4: Sequences of human and mouse Nrf2 between residues 18 and 85 in the Neh2 domain. 

The underlined peptides have been co-crystallised with the human and mouse Keap1 Kelch domain. 

The highlighted amino acids form important salt-bridge or hydrogen-bond interactions in the binding 

site. The fluorescent peptide structures are shown below. FITC, fluorescein isothiocyanate; FAM, 

carboxyfluorescein; β, β-alanine.  

Table 5.1: Fluorescent peptides based on the native DLG and ETGE peptide sequences. 

Compound Peptide 

1 FITC-β-WRQDIDL-OH 

2 FITC-β-EETGE-OH 

3 FITC-β-DEETGEF-OH 

4 FITC-β-LDEETGEFL-OH 

5 FAM-LDEETGEFLP-OH 
 

5.2.1 Peptide synthesis 

The first stage of synthesis required the selection of the solid support (resin). 

Polystyrene-based resins are the most widely used in solid phase peptide synthesis, 

either 1% or 2% divinylbenzene cross-linked polymers are used, with the latter 

usually reserved for high temperature reactions or those involving organometallic 

reagents. Divinylbenzene (DVB) cross-linked polystyrene is the resin of choice for 

solid phase peptide synthesis due to the fact that it is inexpensive to produce and 

readily swells in the solvents used (DCM, DMF and NMP).113  

The linker group provides a reversible attachment between the growing peptide 

chain and the solid support and also acts as a protecting group for the C-terminal α-

carboxy group during the synthetic process. The linker is chosen depending on the 
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functionality that is present in the starting material and the functional group which is 

desired in the final product once it is released.113 Wang and chlorotrityl resins have 

linkers for the attachment and release of carboxylic acids, the Wang resin is 

functionalised with the acid-labile 4-hydroxybenzyl alcohol handle (Figure 5.5) and 

the chlorotrityl resin is functionalised with the acid-labile 2-chlorotrityl chloride linker 

(Figure 5.5). 

 

     

Figure 5.5: The Wang resin and 2-Chlorotrityl chloride resin. 

For the synthesis of the fluorescent peptides a Wang or 2-chlorotrityl chloride resin 

was selected with the first amino acid pre-loaded. The first step was to remove the 

Fmoc protecting group from this amino acid using the standard conditions; 20% 

piperidine in DMF (Figure 5.6). The mechanism proceeds by base-induced β-

elimination generating dibenzofulvene and an unstable carbamic acid derivative. 

The piperidine acts as both a base and a scavenger of dibenzofulvene, which would 

otherwise react irreversibly with the unprotected amine.  

 

2-chlorotrityl chloride resin Wang resin 
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Figure 5.6: Piperidine mediated Fmoc deprotection. Deprotonation is achieved by piperidine that 

subsequently forms an addition product with the liberated moiety.   

The next amino acid was coupled using the Fmoc protected amino acid and an in 

situ activating agent. These are popular for use in solid phase peptide synthesis due 

to ease of use, limited side reactions and fast reaction times. Most activating agents 

are based on phosphonium or aminium salts, or belong to a group called the 

carbodiimides.  

Carbodiimides are widely used as in situ activating agents in peptide synthesis.115 

The first report of these agents was the description of dicyclohexylcarbodiimide 

(DCC) (Figure 5.7).116 The main limitation to the use of DCC is the formation of the 

insoluble dicyclohexylurea (DCU) during activation, however, the newer 

carbodiimides such as diisopropylcarbodiimide (DIC) and 1-Ethyl-3(3-

dimethylaminopropyl)carbodiimide (EDCI) form ureas which are more soluble.  

 

Figure 5.7: Common carbodiimide coupling agents. 

The phosphonium and aminium salts together with a tertiary base such as 

diisopropylethylamine (DIPEA) (Figure 5.8) result in the efficient conversion of a 

H2O 
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protected amino acid to its activated counterpart.115 A number of these coupling 

reagents convert the amino acid to an activated OBt ester, these include the widely 

used BOP, PyBOP and HBTU. Esters with greater activity can be generated using 

HATU, these HOAt esters are more reactive due to a lower pKa in comparison with 

OBt esters. HATU is generally regarded as the most efficient coupling agent and 

has been shown to be effective in macrocyclisation of complicated substrates, 

sterically hindered couplings and the synthesis of long peptides sequences.117 For 

these reasons, HATU and DIPEA were used for amino acid coupling in the 

synthesis of the peptides.  

 

Figure 5.8: Common phosphonium and aminium salts. 

A ninhydrin test was used after each coupling and deprotection step to determine 

completion of the reaction. The test is used to detect free amines (primary amines in 

particular) in order to verify that the coupling reaction has proceeded to completion. 

Two molecules of ninhydrin combine with an amino group liberating water to 

produce a purple colour, the intensity of which depends on the nature of the amino-

terminal residue. The resin beads remain colourless if they do not contain cationic 

sites that combine with the anionic form of the chromophore (Figure 5.9).118 
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Figure 5.9: The ninhydrin test – this is used to detect unreacted amino groups in order to verify that the 

coupling reaction has proceeded to completion. Two molecules of ninhydrin combine with an amino 

group with the liberation of water to produce a purple colour, the intensity of which depends on the 

nature of the amino-terminal residue. The resin beads remain colourless if they do not contain cationic 

sites that combine with the anionic form of the chromophore. 

After repeated coupling and deprotection steps to give the required peptide the 

fluorescein moiety was introduced by coupling fluorescein isothiocyanate to the 

terminal amino acid residue β-alanine, by reaction in DMF in the presence of 

DIPEA, while protected from light. A β-alanine spacer was used between the final N-

terminal amino acid of the sequence and fluorescein isothiocyanate to prevent 

Edman degradation of the peptide during TFA mediated cleavage of the peptide 

from the resin (Figure 5.10). 
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Figure 5.10: Schematic to show Edman degradation during TFA cleavage when a spacer is not 

present between the N-terminal amino acid and the fluorescein isothiocyanate moiety. Adapted from 

Jullian, M et al.
119

  

The peptides were cleaved from the resin simultaneously with the side chain 

protecting groups using TFA (Figure 5.11). The crude material was purified using 

semi-preparative RP-HPLC and lyophilised.  

The purified yields of the fluorescent peptides were in the range 6% to 18% based 

on the manufacturer’s substitution. The purified yields of the unlabelled linear 

peptides were in the range 5% to 32% based on the manufacturer’s substitution.  
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Figure 5.11: TFA mediated peptide cleavage from resin (Wang linker). 

 

5.2.2 Characterisation of the final compounds 

Analysis of the NMR, mass spectrometry and RP-HPLC data was used to confirm 

the structures of the peptides. Suitable spectra were obtained allowing 1H and 13C 

NMR assignment of the peptides, confirming the structure of the synthetic 

compounds. Mass spectrometry was used for further confirmation of the peptide 

structure. Each peptide displayed a clear [M+H+] peak at 100% intensity. In addition, 

the purified compounds were orange which is consistent with the presence of a 

fluorescein moiety. The fluorescein aromatic protons were observed as multiplets 

between 6.50 ppm and 7.20 ppm for peptides 2 and 3 and shifted for peptide 4 

between 6.40 ppm and 6.80 ppm, this is most likely to be due to the presence of the 

leucine residues in the peptide sequence. In all three cases the multiplet peak area 

integrated correctly for the 9 aromatic protons of the fluorescein moiety. The two 

peptides containing a phenylalanine residue, peptides 3 and 4, exhibited additional 

multiplets in the aromatic region, between 7.11 ppm and 7.21 ppm, integrating for 5 

protons, while peptide 2 which does not have a phenylalanine lacked peaks in this 

region. The shared structural features of all three peptides; the glutamic acid 

residues and the threonine residues were observed in the NMR spectra as 

multiplets between 1.60 ppm and 2.30 ppm integrating for 12 protons, indicating the 

presence of the three glutamic acid residues and a doublet at 1.03 ppm, integrating 

for three protons, which is consistent with the presence of the methyl group on the 

threonine side chain. The NMR spectrum of peptide 4 contains multiplets between 
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0.84 ppm and 0.88 ppm integrating for 12 protons, this is evidence of the presence 

of the two leucine residues at the C- and N-termini, these peaks are not present in 

the NMR spectra of the two shorter chain peptides.   

An example of the 1H NMR for compound 3 (the ETGE containing 7-mer sequence 

peptide; FITC-β-DEETGEF-OH) is shown in Figure 5.12. 

 

Figure 5.12: 
1
H NMR for compound 3  

The DLG motif containing peptide 1 had a different NMR spectrum in comparison 

with the fluorescein-labelled ETGE motif peptides. The methyl protons of leucine 

and isoleucine integrate together as two multiplets; one between 0.70 and 0.90 ppm 

and the other between 0.95 and 1.65 ppm. The aromatic protons of fluorescein were 

observed as a multiplet between 6.48 and 6.82 ppm, this is comparable to the NMR 

spectrum of peptide 4. The aromatic protons of tryptophan were observed as a 

multiplet between 6.90 and 7.20 ppm. Peptide 1 contains a significant number of 

side chain nitrogen protons, these were observed as a multiplet (with the backbone 

nitrogen protons) between 7.25 and 8.40 ppm which integrated for 15 protons.   

5.2.3 Biological evaluation 

The binding affinity of the molecules for the Keap1 binding site was determined 

using a fluorescence polarisation assay. This form of biological evaluation was 

chosen in preference to other methods such as ELISA, SPR and FRET due to the 

relative ease of assay development and the simplicity of the procedure.  

                                                           
 The initial assay validation was performed by Shama Naz. 
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The theory of fluorescence polarisation was first described by Perrin in 1926.120 

Fluorescence polarisation measurements provide information on molecular 

orientation and mobility and the processes that modulate them.121 It can be used as 

an investigative tool to study protein-protein and protein-peptide interactions.  

When a fluorescent molecule in solution is excited with plane-polarised light, light is 

emitted in the same polarised plane; this is provided that the molecule remains 

stationary throughout the excited state. However, if the molecule rotates and 

tumbles during excitation, the light will be emitted in a different plane from the 

excitation light.122 

The fluorescent peptides under investigation are small and will rotate and tumble in 

solution, this results in depolarisation of the emitted light relative to the excitation 

plane. However, when these fluorescent probes are bound to the Keap1 protein, 

little movement occurs due to the large size of the protein and a resultant decrease 

in molecular rotation, therefore, after excitation the emitted light remains highly 

polarised (Figure 5.13).  

The change in polarisation gives information about binding of peptide probes to the 

Keap1 protein and can also be used to investigate inhibitors of the Keap1-Nrf2 

protein-protein interaction.  
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Figure 5.13: Fluorescence polarisation (FP) assay to assess inhibitors of the Keap1-Nrf2 protein-

protein interaction. The assay uses fluorescently labelled peptides and is used to detect the ability of 

potential inhibitors to disrupt the Keap1-Nrf2 interaction.  

The fluorescence polarisation response of the various ligands when bound to Keap1 

was evaluated using titration experiments performed with 1 nmol/L peptide and 

increasing concentrations of the Keap1 Kelch protein (Figure 5.14 and Table 5.2). 

The fluorescence polarisation response was plotted against the Keap1 Kelch protein 

concentration and the data fitted to a four parameter sigmoidal function by non-

linear regression using SigmaPlot software, as described in the experimental 

section. From this, the dissociation constant KD for the fluorescent peptides was 

extracted.   
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Figure 5.14: Fluorescence polarisation of 1 nmol/L fluorescein-labelled peptides (●, FITC-β-EETGE-

OH 2;   ○, FITC-β-DEETGEF-OH 3; ▼, FITC-β-LDEETGEFL-OH 4; △, FAM-LDEETGEFLP-OH 5) as a 

function of Keap1 protein concentration. Data points are shown  ± standard deviation (experiments 

performed in triplicate, n = 3).  

Table 5.2: Dissociation constants and maximum FP signals for the fluorescent peptide-Kelch 

interaction. 

Compound Peptide KD ± SE (nmol/L) Maximum FP 
signal (mP) 

1 FITC-β-WRQDIDL-OH >> 1000 - 

2 FITC-β-EETGE-OH >> 1000 - 

3 FITC-β-DEETGEF-OH 95.7 ± 2.9 261.2 

4 FITC-β-LDEETGEFL-OH 53.8 ± 3.1 186.8 

5 FAM-LDEETGEFLP-OH 51.0 ± 4.6 185.6 
KD, dissociation constant 

The 7-mer DLG motif fluorescein-labelled peptide 1 and the 5-mer ETGE motif 

fluorescein-labelled peptide 2 both failed to induce a fluorescence polarisation 

signal and as a result it was not possible to determine a KD value for either peptide. 

These results suggest that these two peptides either fail to bind to the Kelch domain 

of Keap1 or bind with a very low affinity.  

The longer chain ETGE motif containing peptides (7-mer 3, 9-mer 4, 10-mer 5) all 

produced a change in FP signal. The results show that the dissociation constant 

(KD) decreases with an increase in peptide chain length, (Table 5.2), suggesting a 

progressively stronger interaction with the Kelch domain. This can be explained by 

the fact that the two longer chain peptides have the potential to form a greater 

                                                           
 Synthesised by Rashid Majid (MPharm student) under the supervision of Rowena Hancock. 
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number of intermolecular interactions with the target protein due to the presence of 

a greater number of side chain groups. In addition, these longer chain peptides 

have the scope for more intramolecular interactions which help stabilise the linear 

sequence in a β-turn conformation when in contact with the binding cleft of the 

Keap1 protein. A β-turn or β-hairpin is a structural motif involving two beta stands, 

the two strands are adjacent in the primary structure, orientated in an antiparallel 

arrangement and linked by a short loop of two to five amino acids. β-hairpins can 

occur in isolation or as part of a series of hydrogen bonded strands that collectively 

comprise a β-sheet.123  

An ideal fluorescent peptide probe for an FP assay should be relatively short in 

length to avoid the “propeller effect”. This occurs when long linkers extend the 

fluorophore out of the binding site resulting in an increased flexibility of the 

fluorophore with a resultant loss of polarised fluorescence. This is due to an 

increased probability of the emitted light being in a different plane to the excitation 

light and hence a lower polarisation value. This phenomenon was observed with 

some of the fluorescent peptide probes for the Keap1 binding site. The largest FP 

signal was observed with the 7-mer peptide 3, the longer chain peptides (9-mer 4 

and 10-mer 5) showed a smaller FP response despite having a higher affinity for the 

protein. We attributed this to the increased flexibility of the fluorophore on the longer 

peptides. It was deemed that the 7-mer peptide 3 would be the most suitable for use 

in subsequent experiments due to its more favourable signal-to-noise ratio.  

The fraction of fluorescent peptide bound to the protein at varying Keap1 protein 

concentrations was also determined (Figure 5.15).   
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Figure 5.15: Binding curve of 1 nmol/L fluorescein-labelled peptides (●, FITC-β-EETGE-OH 2; ○, FITC-

β-DEETGEF-OH 3; ▼, FITC-β-LDEETGEFL-OH 4; △, FAM-LDEETGEFLP-OH 5) as a function of 

Keap1 protein concentration. Data points are shown  ± standard deviation (experiments 
performed in triplicate, n = 3). 

 

Recently similar work has been carried out by Inoyama and co-workers. In this case 

to avoid Edman degradation the synthesised Nrf2 peptides were cleaved from the 

resin prior to FITC labelling.124 As a result the fluorescent peptide probes developed 

by this group were different to our fluorescein labelled probes. They synthesised 

three fluorescein labelled peptide probes with which we can draw comparisons. The 

shortest probe was an 8-mer FITC labelled peptide; FITC-DEETGEFL-OH which 

had an KD of 750 nmol/L which is ~8 x less active than our 7-mer fluorescent 

peptide FITC-β-DEETGEF-OH 3, which has an KD of 95.7 nmol/L. They suggest 

that in the case of their 8-mer peptide the fluorescent dye is too close to the binding 

site which adversely affects the binding of the probe to the Keap1 Kelch domain.124 

It appears that our use of the β-alanine as a spacer to prevent Edman degradation 

is also beneficial in terms of spacing the fluorophore a sufficient distance away from 

the Keap1 binding site.     

The initial FP experiments were performed using a standard unmodified PBS buffer 

with a pH of 7.4. Alternative buffer conditions were explored as well as investigation 

of salt concentrations, the effect of DTT, surfactant and pH on the strength and 

stability over time of the interaction between peptide 3 and the Kelch protein. 

                                                           
 Performed by Jitnueng Laoruchupong under the supervision of Hélène C. Bertrand 
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Changing the buffer composition had little effect on the FP signal intensity and the 

KD values (Table 5.3). The two alternative buffers that were investigated were TRIS 

and HEPES with no other additives. The presence of a reducing agent (DTT 5 

mmol/L) had a slight detrimental effect on the dissociation constant and the overall 

FP response (Table 5.3). It was thought that the addition of the surfactant P20 

(0.1% m/v) would be advantageous, as it has been shown to improve the stability of 

other FP assays.125 However, in our experiments no improvement was observed.  

The investigation of buffer conditions confirmed that the standard PBS buffer at pH 

7.4, without additives (DTT or surfactant) gave good fluorescence polarisation assay 

performance and reproducibility (Table 5.3).  

Table 5.3: Dissociation constants for peptide 3 in the presence of different buffers, surfactant and DTT. 

Buffer type Dissociation constant KD (± Std Error) (nmol/L) 

Buffer alone + DTT (5 mmol/L) + P20 (0.1% m/v) 

PBS 95.7 (± 2.9) 133.4 (± 14.8) 94.8 (± 2.4) 

HEPES 101.7 (± 7.7) 169.9 (± 9.5) 115.3 (± 6.4) 

TRIS 108.9 (± 6.2) 146.0 (± 8.9) 128.2 (± 12.1) 

 

A significant change in the KD value between peptide 3 and the Kelch protein was 

observed when the sodium chloride concentration in the incubation solution was 

changed. It varied from 15.9 nmol/L at 0 mmol/L NaCl to 152.8 nmol/L at 200 

mmol/L NaCl (Table 5.4). These findings are consistent with observations in other 

FP assays of protein-protein interactions.126 X-ray crystallography studies of the 

complex formed between the Kelch protein and an ‘ETGE’-containing peptide,127 

predict that charge screening by electrolytes plays a significant role in binding to the 

Kelch domain of Keap1, and there is a strong electrostatic component to the 

interaction. The results from our experiments confirm this prediction.  

Table 5.4: Dissociation constants for peptide 3 at various salt concentrations (Phosphate buffer, pH 

7.4). 

Sodium chloride concentration (mmol/L) Dissociation constant KD (± Std Error) 
(nmol/L) 

0 15.9 (± 0.9) 

50 59.4 (± 6.0) 

100 89.7 (± 2.2) 

137 (Std PBS formula) 95.7 (± 2.9) 

150 113.4 (± 11.9) 

200 152.8 (± 16.3) 

 

Investigation of the pH of the assay was also performed, it was found that when the 

pH of the solution was changed from pH 7.4 to pH 8.0 no effect on the measured KD 

values was observed. 
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The effect of DMSO concentration on the dissociation constant was also 

investigated. This was important to ensure that the assay could be performed using 

a variety of potential inhibitors. It was found that increasing the DMSO concentration 

from 1% to 11% v/v resulted in a modest effect on the measured KD value (95.7 

nmol/L vs. 137.1 nmol/L). This suggests that the co-solvent could be used in 

competition experiments without any detrimental effect. 

It was important to check the reproducibility of the method. This was achieved by 

performing a saturation binding experiment using the standardised conditions: 1 

nmol/L FITC-labelled 7-mer probe FITC-β-DEETGEF-OH 3 with an increasing 

concentration of Keap1 protein in PBS buffer at pH 7.4. All experiments were 

performed in triplicate and repeated three times within a day and once a day for one 

week. There were no significant distortions in the KD values obtained and they all lay 

within the experimental error, this demonstrates a satisfactory intra- and inter-day 

reproducibility of the method. 

The time stability of the assay system was determined at various intervals over a 24 

h period. The maximum mP values observed were relatively stable over this period, 

but there was a progressive decline in the KD value for the interaction that became 

significant after about 4 h. This suggested that measurements should be made 

between 30 min and 4 h after mixing the reagents.  

The assay was assessed to determine whether it would be suitable for high-

throughput screening (HTS) applications. This was achieved by calculating the Z’ 

value, this is a parameter that correlates the well-to-well variations in the 

fluorescence polarisation read-outs between free and protein-bound fluorescent 

probe. It is a measure of the signal to noise ratio for studies with inhibitors and is 

calculated using the following equation: 

 

(1) FreeBound

FreeBound

mPmP

SDSD
Z






33
1'

 

 

where SD is the standard deviation and mP is the fluorescence polarisation. The 

bound state was obtained by incubating 1 nmol/L FITC-labelled 7-mer peptide FITC-

β-DEETGEF-OH 3 with 200 nmol/L Keap1 Kelch domain; for the free state, the 

same mixture was incubated with an additional 100 µmol/L unlabelled peptide 



81 
 

inhibitor Ac-DEETGEF-OH 7. The fluorescence polarisation of both the bound state 

and the free state were analysed in 48 wells of a 96 well plate and duplicate 

experiments were performed. 

The mean and standard deviation of these measurements were then used in 

equation (1) to calculate Z’. The Z’ value was calculated to be 0.66 (Figure 5.16). It 

was determined that our assay is suitable for HTS usage as values in excess of 0.5 

are considered to be suitable for routine HTS usage. 

 

Figure 5.16: Well-to-well variation in FP signal for the peptide 3 – Kelch interaction in the absence 

(wells 1-96) and presence (wells 97-192) of 100 μmol/L of the competitive inhibitor 7. 

5.3 Competitive binding assays 

5.3.1 Synthesis of unlabelled peptide inhibitiors 

A series of unlabelled peptide inhibitors of the Keap1-Nrf2 interaction were 

synthesised using solid phase peptide synthesis (as described in section 5.2.1). The 

peptides (shown in Table 5.5) were based on the high affinity ETGE motif from the 

Neh2 domain of Nrf2 with varying chain lengths; 14-mer, 9-mer, 7-mer and 5-mer 

and either an acetyl capped N-terminus in the case of compounds 6-8 or a free N-

terminus in the case of compounds 9 and 10. The sequences of these compounds 

are shown in Table 5.5.  

 

 

 

                                                           
 Provided by Professor John Hayes, University of Dundee 
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Table 5.5: ETGE peptides as inhibitors of the interaction between peptide 3 and the Kelch domain. 

Compound Sequence 

6 Ac-LDEETGEFL-OH 

7 Ac-DEETGEF-OH 

8 Ac-EETGE-OH 

9 H2N-LDEETGEFL-OH 

10 H2N-FQLDEETGEFLPIQ-OH 

 

The peptides were synthesised using pre-loaded Wang or 2-chlorotrityl resins and 

deprotection and coupling steps performed as previously described. After synthesis 

of the required peptide the acetyl cap was introduced using acetic anhydride and 

DIPEA in DMF. End capping is a technique often employed in peptide chemistry to 

obtain peptides that better resemble proteins as it removes otherwise ionisable end 

groups of the peptide fragments. The peptides were cleaved from the resin 

simultaneously with the side chain protecting groups using TFA. The crude material 

was purified using semi-preparative HPLC and lyophilised.  

5.3.2 Characterisation of the final compounds 

All three linear peptides, the 9-mer peptide (6), the 7-mer peptide (7) and the 5-mer 

peptide (8) share properties in terms of sequence and NMR signals. In the proton 

NMR spectrum, a singlet at 1.80 ppm integrating for three protons indicates the 

presence of the acetyl cap group. All three spectra also contain a doublet at 1.03 

ppm, integrating for three protons which is consistent with the presence of the 

methyl group on the threonine side chain. Peptide 6 exhibits multiplets between 

0.84 ppm and 0.88 ppm integrating for 12 protons, suggesting the presence of the 

two leucine residues at the C- and N-termini, these peaks are not present in the 

NMR spectra of the two shorter chain peptides which do not have leucine residues, 

this further confirms the presence of these residues in peptide 6. The NMR spectra 

for peptide 6 and peptide 7 show multiplets in the aromatic region, between 7.14 

ppm and 7.29 ppm, integrating for 5 protons, which are consistent with the presence 

of the aromatic phenyl group of the phenylalanine residue. The shorter 5-mer ETGE 

sequence peptide, peptide 8, does not have a phenylalanine residue and these 

signals are absent.   

5.3.3 Biological Evaluation 

The standardised assay conditions were applied to screen the series of peptides as 

inhibitors of the Keap1-fluorescent peptide interaction. The Keap1-fluorescent 

peptide complex was exposed to increasing concentrations of unlabelled inhibitor 
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and the change in fluorescence polarisation signal measured. The data were 

normalised and then fitted to a four parameter logistic function by non-linear 

regression using SigmaPlot software and the IC50 values determined. The inhibition 

constant, Ki values of the ligands were calculated from the IC50 values using the 

Kenakin equation.128  

   
              

                         
 

 
Where Lb = proportion of ligand bound 
 IC50 = concentration of inhibitor causing 50% inhibition 
 Kd = dissociation constant of fluorescent peptide  
 Lo = total ligand concentration 
 Ro = total receptor concentration 
 

 

To determine the effectiveness of these peptides as inhibitors of the Keap1-Nrf2 

interaction variable concentrations of the inhibitor (1 nmol/L to 100 μmol/L) and a 

final DMSO concentration of 11% v/v were used. In addition to the peptides, a 

recombinant protein representing the Neh2 domain of Nrf2 (residues 1-96) was also 

screened. Representative binding curves are shown in Figure 5.17.  
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Figure 5.17: Competitive inhibition of fluorescent peptide 3 (FITC- β-DEETGEF-OH) binding to the 

Keap1 Kelch domain by various unlabelled peptides (●, Ac-EETGE-OH 6; ○, Ac-DEETGEF-OH 7; ▼, 

Ac-LDEETGEFL-OH 8; △, Neh2 domain from Nrf2 protein) at different concentrations (log scale). Data 

points are shown  ± standard deviation (experiments performed in triplicate, n = 3). 
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Figure 5.17 shows that the addition of the Neh2 domain of Nrf2 or unlabelled ETGE 

motif peptides caused a dose-dependent reduction in the observed fluorescence 

polarisation signal. The most potent inhibitor of the protein-fluorescent peptide 

interaction is the native Neh2 domain Nrf2 protein. The Ki value of this native protein 

was estimated to be 25.3 nmol/L which is consistent with the KD value determined 

by isothermal calorimetry (~ 5.3 nmol/L) for the corresponding mouse Keap1-Nrf2 

interaction.129  

The results show that both the synthetic peptides and the native Nrf2 protein inhibit 

the interaction between the fluorescently labelled peptide probe, compound 3, and 

the Keap1 protein. As the concentration of the unlabelled peptide or Nrf2 protein 

increases, the percentage binding of the 7-mer fluorescent peptide to the Kelch 

domain of the Keap1 protein decreases. This shows that the unlabelled peptide 

probes cause inhibition of the fluorescent peptide-protein interaction (Table 5.6). 

The 9-mer ETGE motif containing peptide 6 is a better inhibitor of the interaction in 

comparison to the 7-mer peptide 7, which in turn is a better inhibitor than the 5-mer 

peptide 8. As expected, the native Nrf2 protein causes disruption of the peptide-

protein interaction and causes greater inhibition of the peptide-protein interaction 

than the three synthetic peptides.  

Table 5.6: IC50 values for ETGE peptides as inhibitors of the interaction between peptide 3 and the 

Kelch domain. 

Compound Sequence IC50 ± SE (μmol/L) 

- Nrf2 Neh2 domain protein
a  0.0862 ± 0.0052 

6 Ac-LDEETGEFL-OH 0.389 ± 0.033 

7 Ac-DEETGEF-OH 5.39 ± 0.58 

8 Ac-EETGE-OH 61%
b
 

9 H2N-LDEETGEFL-OH 1.85 ± 0.08 

10 H2N-FQLDEETGEFLPIQ-OH 0.257 ± 0.010 
a 

Determined at 1% v/v DMSO concentration 
b 
Percentage inhibition at 100 μmol/L concentration of inhibitor 

  

The results of the competition assay also support the assumption that the 

synthesised peptide probes bind to the same binding site of the Keap1 protein (the 

six bladed β-propeller) as the native Nrf2 protein, as direct competition occurs 

between the 7-mer labelled peptide probe and the Nrf2 (Neh2 domain) protein, with 

resultant displacement of the fluorescent peptide probe.  

The binding activity of the ETGE motif containing peptides was analysed; inhibition 

data for these peptides is shown in Table 5.6. As was the case with the fluorescein-

                                                           
 Provided by Tadayuki Tsujita, Univeristy of Dundee 
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labelled probes, changes to the length of the ETGE motif peptides (5-mer, 7-mer, 9-

mer) had a significant effect on binding affinity. When the peptide length was 

shortened from 9 amino acids to 7 amino acids the IC50 value increased by ~14 fold. 

When the chain length was further shortened to 5 amino acids, the binding activity 

was almost completely abolished. In addition, in the case of the two peptides with 

unmodified N-termini the 9-mer peptide 9 and 14-mer peptide 10 the binding activity 

was also found to decrease. The 9-mer peptide 9 was less active than its acetyl-

capped equivalent 6, whereas the 14-mer unmodified peptide 10 had a binding 

affinity equivalent to that of peptide 6, indicating that the addition of 5 amino acids 

from the native sequence restored the binding affinity. This suggests that the 

presence of a positively charged N-terminus close to the binding site is detrimental 

to binding affinity; therefore, it is important to cap the N-terminus with an acetyl 

group.  

The 5-mer peptide Ac-EETGE-OH 8 interacted weakly with the Keap1 binding site, 

even though it contains the full ‘ETGE’ binding motif. We suggest that due to the 

lack of the aspartic acid residue D77 at the N-terminus, this peptide forms a less 

stable β-hairpin secondary structure and therefore cannot interact efficiently with the 

Keap1 binding site. It is interesting to note that the 7-mer peptide H-EETGEFL-OH 

synthesised by Inoyama and co-workers also failed to bind to the Keap1 protein and 

inhibit the Keap1-Nrf2 interaction,124 while our 7-mer peptide, Ac-DEETGEF-OH 7, 

that includes the aspartic acid, gave an IC50 of 5.39 μmol/L. This indicates the 

importance of the aspartic acid residue for the interaction. It is also interesting to 

note the effect that capping of the N-terminus has on the activity of the peptide 

probe. Inoyama and co-workers synthesised an uncapped 9-mer peptide H-

LDEETGEFL-OH with an IC50 of 3.48 μmol/L while our acetyl capped 9-mer peptide 

Ac-LDEETGEFL-OH had ~10-fold greater affinity for the Keap1 binding site with an 

IC50 of 0.39 μmol/L. Inoyama and co-workers recorded an IC50 of 0.19 μmol/L with a 

9-mer acetyl capped peptide of the same sequence in their FP assay.124   

The native ‘ETGE’ motif peptide and the specific amino acids of the Keap1 binding 

site with which it interacts are shown schematically in Figure 5.18. 
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Figure 5.18: A schematic diagram to show the contacts made between the Nrf2 peptide backbone and 

side chains (shown in black) with the interacting residues from the Kelch domain of Keap1 (shown in 

blue).  

5.4 Modifications to the native ETGE sequence 

After determining the necessity of the aspartic acid group in the linear peptide probe 

structure it was decided that the 7-mer peptide structure should be carried forward 

as a template for further peptide design.   

5.4.1 Synthesis of inhibitors 

A series of 7-mer peptides based on the ETGE motif were designed and 

synthesised following the solid phase peptide synthesis strategy previously 

described. The intention of these modified peptides was to investigate the 

interactions that the peptide probe makes with the Keap1 binding site and to identify 

strategies to improve binding affinity. Peptides were designed where certain amino 

acids were substituted with other amino acids, for example, with shorter side chains 

or less polar side chains to provide information on the importance of specific side 

chains for binding. The sequences are shown in Table 5.7. 

 

 

 



87 
 

Table 5.7: Compound number and sequence of native ETGE sequence peptide 7 and modified 

peptides 11-15. 

Compound Sequence 

7 Ac-DEETGEF-OH 

11 Ac-DEEVGEF-OH 

12 Ac-DEESGEF-OH 

13 Ac-DEEAGEF-OH 

14 Ac-DAETGEF-OH 

15 Ac-DGETGEF-OH 

 

Information from the literature suggests that the glutamic acid residue in position 78 

and the threonine residue in position 80 are not essential for the binding interactions 

made between the ETGE motif and the Kelch domain of Keap1.130 It was, therefore, 

decided that modifications to these residues should be made to investigate and 

improve the binding affinity of the 7-mer linear peptide.   

5.4.2 Characterisation of the final compounds 

The sequence changes made to the 7-mer ETGE peptide 7 were partly 

characterised by their NMR spectra; some of the relevant distinguishing features are 

discussed. When the threonine residue was substituted with a valine residue in 

peptide 11, the doublet at 1.03 ppm integrating for 3 protons, consistent with the 

presence of the methyl group on the threonine side chain was replaced with a 

multiplet at 0.85 ppm integrating for 6 protons which indicates the presence of the 

two methyl groups of valine. Substitution at the same position with serine, peptide 

12 resulted in the loss of the methyl signal at 1.03 ppm and replacement by an extra 

signal integrating with the backbone protons. The NMR spectrum of peptide 13, 

threonine to alanine replacement, showed a doublet integrating for 3 protons, 

suggesting the presence of a methyl group, but with a down field shift from 1.03 

ppm to 1.22 ppm suggesting the presence of an alanine methyl group in place of the 

threonine methyl group.  

The replacement of the first glutamic acid residue of the native sequence with an 

alanine residue in peptide 14 could be identified from the NMR profile as a singlet 

(poorly resolved doublet) observed at 1.04 ppm indicating the presence of the 

threonine methyl group and another singlet (poorly resolved doublet) observed at 

1.22 ppm which indicated the presence of the methyl group from the alanine 

residue. Further confirmation was obtained via the integration of the glutamic acid 

side chain protons. In peptide 7 the glutamic acid side chain protons were observed 

between 1.65 ppm and 2.29 ppm with an integration of 12 whereas in the case of 

peptide 14, which only contains two glutamic acid residues, the protons were 

observed between 1.60 ppm and 2.35 ppm and integrated for 8 protons, consistent 
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with the presence of just two glutamic acid residues. The same was true of peptide 

15 where the glutamic acid side chain protons were observed as multiplets between 

1.65 ppm and 2.30 ppm, integrating for 8 protons. In addition, the signals for the 

glycine residue replacing the glutamic acid residue were observed with the 

backbone protons between 2.45 ppm and 4.60 ppm.  

5.4.3 Biological Evaluation 

The first modification made to the ETGE sequence was to substitute the threonine 

residue for less polar alternatives. Substitution of the branched threonine residue 

with the shorter chain alanine residue led to a dramatic decrease in binding affinity, 

IC50 decreased from 5.39 μmol/L with peptide 7 to 15% inhibition at the highest 

inhibitor concentration (100 μmol/L) for peptide 13, this indicates that the threonine 

side chain is essential for binding affinity, either due to the intramolecular 

interactions it participates in to form the peptide secondary structure or due to 

intermolecular interactions with the Keap1 binding site. The removal of the hydroxyl 

group from threonine and replacement with a methyl group, i.e. substitution of 

threonine for valine, peptide 11, resulted in a decrease in binding affinity – although 

to a lesser extent than that observed with peptide 13. The replacement of threonine 

with serine, peptide 12, resulted in a ~7 fold reduction in affinity – this reduction in 

binding affinity was less marked than the results observed with peptide 11 which 

suggests that the hydroxyl group of threonine is more important for interaction than 

the methyl residue. The results are shown in Table 5.8.    

Table 5.8: IC50 values for modified ETGE peptides as inhibitors of the interaction between peptide 3 

and the Kelch domain. 

Compound Sequence IC50 ± SE (μmol/L) 

7 Ac-DEETGEF-OH 5.39 ± 0.58 

11 Ac-DEEVGEF-OH 47%
a 

12 Ac-DEESGEF-OH 35.16 ± 6.23 

13 Ac-DEEAGEF-OH 15%
a
 

14 Ac-DAETGEF-OH 0.730 ± 0.116 

15 Ac-DGETGEF-OH 23.2 ± 7.2 
a
 Percentage inhibition at 100 μmol/L concentration of inhibitor.  

Modification of the first glutamic acid residue (equivalent to Glu 78 in the native Nrf2 

protein) resulted in markedly different changes in binding activity. Replacement of 

the glutamic acid residue with a glycine residue in peptide 15, resulted in an inhibitor 

with only 25% of the activity of the native sequence. In contrast, when the polar 

glutamic acid residue was replaced with the short chain, hydrophobic alanine 

residue in peptide 14, the binding affinity increased and was seven-fold more active 

than the native sequence. It seems that the first glutamic acid residue is surplus to 

requirements, however, careful consideration is required in order to ensure that the 
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modified peptide is more active. The introduction of glycine, a more flexible residue 

results in a decrease in activity, whereas, the replacement of the glutamic acid side 

chain with the shorter, non-charged alanine residue results in an increase in activity. 

This may be due to the shorter side chain allowing more efficient folding of the 

peptide to form the β-hairpin secondary structure (Figure 5.19). Alanine is inherently 

more rigid than glycine, which allows the peptide to maintain its secondary structure, 

facilitating more efficient binding. With the use of molecular modelling it is possible 

to identify why very different binding affinities are observed for peptides 7, 14 and 

15 (Figure 5.19).  

 

 

 

Figure 5.19: Formation of the secondary structure β-turn in A. The native sequence peptide Ac-

DEETGEF-OH 7, B. The adapted peptide Ac-DAETGEF-OH 14 and C. The adapted peptide Ac-

DGETGEF-OH 15. 

Docking studies were performed using Autodock software and the crystal structure 

of the Kelch domain (PDB reference: 2FLU) as described in the experimental 

section. The lowest energy conformations of the peptides from the docking data 

β-turn formation 

β-turn formation 

Lack of β-turn formation 

A 

B 

C 

Ac-DEETGEF-OH 

Ac-DAETGEF-OH 

Ac-DGETGEF-OH 
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suggest that the alanine replacement peptide 14 binds in the same way as the 

native sequence.   

The 7-mer peptide was overlayed with the crystal structure peptide and gave a good 

comparison particularly with regard to the backbone conformation (Figure 5.20).   

 

Figure 5.20: Overlay of the native peptide from the crystal structure (blue representation) and the 7-

mer native peptide (purple representation). The shorter 7-mer peptide interacts with the Keap1 binding 

site with a similar conformation to the longer native peptide, particularly with regard to the positioning 

of the backbone. The positioning of the side chains, particularly the acidic residues is also comparable 

between the native 16-mer peptide and the 7-mer peptide sequence Ac-DEETGEF-OH.  

We know from the literature that in the case of the native sequence, peptide 7, the 

side chain of glutamic acid, residue 78, does not interact with the binding site of 

Keap1, however, the backbone oxygen makes interactions with the binding site. The 

length of the interaction between the backbone oxygen of glutamic acid 78 and the 

side chain nitrogen of glutamine 530 in the Keap1 binding site is 2.98 Å. By 

measuring the distance between the modelled backbone alanine substitution 

(peptide 14) and the same side chain in the binding site it is possible to see that the 

replacement of the long acidic side chain for a smaller hydrophobic side chain 

results in a similar interaction with the binding site; when glutamic acid is replaced 

with alanine the distance is decreased to 1.99 Å. However, when the glutamic acid 

is replaced with glycine, the distance is increased to 11.42 Å indicating a 

significantly different modelled binding conformation.  

This was the first success in improving the binding affinity of the peptide probe 

(Figure 5.21) and the Glu (78) → Ala modification was incorporated in the 

development of subsequent peptides.  
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Figure 5.21: Competitive inhibition of fluorescent peptide 3 (FITC- β-DEETGEF-OH) binding to the 

Keap1 Kelch domain by various unlabelled peptides (●,Neh2 domain from Nrf2 protein; ▼, Ac-

DAETGEF-OH 14; ○, Ac-DEETGEF-OH 7) at different concentrations (log scale). Data points are 

shown  ± standard deviation (experiments performed in triplicate, n = 3). 

 

5.5 Further modifications to the native ETGE sequence 

The next stage was to investigate reducing the overall negative charge of the 

peptide probe. Results from the literature suggest that the first amino acid in the 

sequence, aspartic acid, is essential for intramolecular interactions, but does not 

play a part in intermolecular interactions (Figure 5.22), it was, therefore, thought that 

substitution with asparagine could be tolerated. 

 

Figure 5.22: Intramolecular interactions between aspartic acid and other residues of the peptide 

sequence (Ac-DAETGEF-OH) to form and stabilise the β-hairpin.  

Asp 
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5.5.1 Synthesis of inhibitors 

A further series of 7-mer peptides based on the ETGE motif, containing the previous 

Glu → Ala modification, were designed and synthesised. The intention of this new 

series of peptides was to reduce the overall negative charge of the peptide probe. 

The peptides were synthesised using the solid phase peptide synthesis strategy 

previously described. These sequence change peptides are shown in Table 5.9. 

Table 5.9: Compound number and sequence of modified ETGE sequence peptides 16-22. 

Compound Sequence 

16 Ac-NAETGEF-OH 

17 Ac-DADTGEF-OH 

18 Ac-DANTGEF-OH 

19 Ac-DAQTGEF-OH 

20 Ac-DAETGDF-OH 

21 Ac-DAETGNF-OH 

22 Ac-DAETGQF-OH 

5.5.2 Characterisation of the final compounds 

Distinguishing features of the NMR spectra for peptide 17 which contains two 

aspartic acid residues, as does peptide 20, gives a multiplet integrating for 4 protons 

between 2.40 ppm and 2.80 ppm for peptide 17. This is slightly shifted for peptide 

20 to between 2.85 ppm and 3.05 ppm, whereas peptide 14 which just contains one 

aspartic acid residue has a multiplet in the same region, between 2.60 ppm and 

2.90 ppm, integrating for 2 protons.  

Peptide 18 and peptide 21 both contain asparagine residues in place of glutamic 

acid residues, at positions 3 and 6 respectively. The NMR spectra of these two 

peptides both show peaks at 6.85 ppm and 7.65 ppm for the two protons of the 

amide. When the glutamic acid residue at position 3 and position 6 is replaced with 

a glutamine residue, peptides 19 and 22 respectively, similar NMR shifts are 

observed at 6.80 ppm and 7.30 ppm.  

Peptide 16 has an asparagine residue in place of the aspartic acid at the N-

terminus. The NMR spectrum of peptide 16 differed from that of peptide 14 by the 

two nitrogen proton signals of the asparagine side chain carboxamine observed as 

two singlets (6.96 ppm and 7.45 ppm). 

5.5.3 Analysis of the final compounds 

The various changes to the peptide sequence to reduce the overall negative charge 

resulted in a series of peptides with a range of binding affinities shown in Table 

5.10.  
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Table 5.10: IC50 values for modified ETGE peptides as inhibitors of the interaction between peptide 3 

and the Kelch domain. 

Compound Sequence IC50 ± SE (μmol/L) 

16 Ac-NAETGEF-OH 8.23 ± 2.62 

17 Ac-DADTGEF-OH 18.0 ± 11.1 

18 Ac-DANTGEF-OH 3%
a
 

19 Ac-DAQTGEF-OH 8%
a
 

20 Ac-DAETGDF-OH 12%
a
 

21 Ac-DAETGNF-OH 0%
a
 

22 Ac-DAETGQF-OH 78.8 ± 0.7 
a
 Percentage inhibition at 100 μmol/L concentration of inhibitor.  

The aspartic acid to asparagine amino acid change, peptide 16 resulted in an IC50 

close to that of peptide 7 which represents the native sequence. A reason for this 

reduction in activity compared to peptide 14 can be proposed by examining the 

docked conformation of peptide 16 with the Kelch domain (Figure 5.23). This 

suggests that the presence of the amide in the asparagine side chain causes 

distortion of the side chain carbonyl group, with a consequent lengthening of the 

hydrogen bonds between the carbonyl group of asparagine 77 and the nitrogen 

atom of glutamic acid 79 and threonine 80. The less favourable electrostatic 

interaction may mean that the β-hairpin formed is not as tight as that formed with 

peptide 14 which could affect the formation of intermolecular electrostatic 

interactions with the Keap1 binding site.   

 

Figure 5.23: Intramolecular interactions between asparagine and other residues of the peptide 

sequence (Ac-NAETGEF-OH) to form and stabilise the β-hairpin.  

Investigation of the second glutamic acid residue in position 3 was performed, firstly 

by shortening the chain to an aspartic acid residue, peptide 17, which resulted in a 

~25 fold decrease in binding affinity. Substitution of the glutamic acid with amide 

derivatives such as asparagine and the longer chain glutamine resulted in abolition 

of binding activity, peptide 18 and peptide 19.  

Asn 
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Molecular modelling data was used to estimate the distance between the replaced 

side chains in the peptide sequence and the Keap1 binding site. The glutamic acid 

at position 79 of the native sequence makes extensive interactions with a number of 

residues in the Keap1 binding site (as shown in Figure 5.18). The backbone oxygen 

makes an interaction with the carboxylate oxygen of  S555 in the binding site, one of 

the side chain oxygen atoms of E79 makes interactions with the side chain oxygen 

of S508 and both R415 NH2 and R415 NH1 in the Keap1 binding site. The second 

side chain oxygen makes an interaction with R483 NH2 and R483 NE and via a 

bridging water molecule with R415 NH1. In the case of peptide 17 the docking 

studies suggested that the length of these interactions were all increased, Table 

5.11 (distances for peptide 17 are shown in blue).  

Table 5.11: Electrostatic interaction distance between peptide 17 and the Keap1 binding site (shown in 

blue) in comparison to those of the interaction between the native ETGE peptide and the Keap1 

binding site from the crystal structure (PDB reference: 2FLU). 

Peptide 
residue 

Kelch 
residue 

Distance (Å) Bridging 
water 

Distance (Å) Kelch 
residue 

Distance 
(Å) 

E79 O S555 OG 2.59     2.71     

E79 OE1 OD1 S508 OG 
R415 NH2 
R415 NH1 

2.63     4.97 
2.72     4.18 
3.04     3.27 

    

E79 OE2 OD2 R483 NH2 
R483 NE 

3.17     4.39 
2.70     4.13 

 
 
HOH 176 

 
 
2.98     4.63 

 
 
R415 NH1 

 
 
3.14     
3.14 

 

Most distances increased significantly, i.e. by 1 Å or more, however, the interaction 

between the backbone oxygen and S555 OG increased from 2.59 Å to 2.71 Å and 

the distance of the interaction between the side chain oxygen of aspartic acid and 

R415 NH1 increased from 3.04 Å with glutamic acid in this position to 3.27 Å with 

aspartic acid in this position. It is possible that these relatively small changes 

allowed peptide 17 to retain some of the binding affinity of peptide 14.   

When the glutamic acid residue at position 79 is replaced by an asparagine residue, 

peptide 18, the measured distances between this side chain and the residues in the 

Keap1 binding site increase dramatically, Table 5.12 (distances for peptide 18 are 

shown in blue). The modelling studies suggest that shortening the chain appears to 

lead to a failure to reproduce the native binding interaction in silico; all distances 

were increased by 10 Å.  
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Table 5.12: Electrostatic interaction distance between peptide 18 and the Keap1 binding site (shown in 

blue) in comparison to those of the interaction between the native ETGE peptide and the Keap1 

binding site from the crystal structure (PDB reference: 2FLU). 

Peptide 
residue 

Kelch 
residue 

Distance (Å) Bridging 
water 

Distance (Å) Kelch 
residue 

Distance 
(Å) 

E79 O S555 OG 2.59     13.78     

E79 OE1 OD1 S508 OG 
R415 NH2 
R415 NH1 

2.63     16.89 
2.72     15.26 
3.04     13.57 

    

E79 OE2 ND2 R483 NH2 
R483 NE 

3.17     12.12 
2.70     14.37 

 
 
HOH 176 

 
 
2.98     12.71 

 
 
R415 NH1 

 
 
3.14     
3.14 

 

Although the modelled distances measured for the interaction between glutamine in 

position 79, peptide 19, and the specific residues of the Keap1 binding site remain 

largely the same as the distances measured when glutamic acid is in this position, 

Table 5.13 (distances for peptide 19 are shown in blue) we know that this peptide 

does not bind. This can be explained by the fact that although the side chain is in 

the correct orientation and is of the correct length to interact with the Keap1 binding 

site, there is a reduction in the binding interaction due to the replacement of the 

negatively charged carboxylic acid group of glutamic acid with the uncharged amide 

group of glutamine.  

Table 5.13: Electrostatic interaction distance between peptide 19 and the Keap1 binding site (shown in 

blue) in comparison to those of the interaction between the native ETGE peptide and the Keap1 

binding site from the crystal structure (PDB reference: 2FLU). 

Peptide 
residue 

Kelch 
residue 

Distance (Å) Bridging 
water 

Distance 
(Å) 

Kelch 
residue 

Distance 
(Å) 

E79 O S555 OG 2.59     2.61     

E79 OE1 S508 OG 
R415 NH2 
R415 NH1 

2.63     3.09 
2.72     2.76 
3.04     2.98 

    

E79 OE2  R483 NH2 
R483 NE 

3.17     3.59 
2.70     2.86 

 
 
HOH 176 

 
 
2.98     4.01 

 
 
R415 NH1 

 
 
3.14     3.14 

 

Modification of the glutamic acid residue in position 6 (equivalent to amino acid 

position 82 of the native Nrf2 sequence) also led to a decrease in binding affinity, 

shortening of the carboxylate side chain using aspartic acid, peptide 20 and 

replacement of the carboxylate with an amide group with the asparagine derivative, 

peptide 21 resulted in a complete loss of binding activity. Replacement of the 

carboxylate side chain of glutamic acid with its amide derivative glutamine in the 

case of peptide 22 resulted in a 100-fold reduction in binding affinity, which was the 

most tolerated change in this position. The tolerance of glutamine over aspartic acid 
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and asparagine in this position can be explained by the fact that atom OE1 of 

glutamine makes the same interactions with residues N382 and R380 of the Keap1 

binding site as does the OE1 atom of glutamic acid and the binding distances are 

comparable. It is possible that the affinity between this peptide probe and the Keap1 

binding site is decreased due to failure of the NE2 atom of the glutamine side chain 

to interact sufficiently with the S363 residue of the Keap1 binding site due to the 

loss of the electrostatic component of the interaction. 

Peptides 20 and 21 both have shorter chain amino acids replacing E82. In both 

cases the modelled distances between the side chain of the residues in this position 

and the interacting residues of Keap1 increase by at least 2 Å which accounts for 

the loss of binding affinity.   

5.6 Modifications to the phenylalanine residue 

5.6.1 Synthesis of inhibitors 

The final modification to the sequence was to investigate the binding activity of the 

terminal phenylalanine group (Table 5.14).  

Table 5.14: Compound number and sequence of modified ETGE sequence peptides 23-25. 

Compound Sequence 

23 Ac-DAETGEW-OH 

24 Ac-DAETGEY-OH 

25 Ac-DAETGEH-OH 

 

The peptides were synthesised using solid phase peptide synthesis methodology as 

described previously. Peptide 23 and 25 were synthesised using 2-chlorotrityl resin 

pre-loaded with the appropriate amino acid while peptide 24 was synthesised by 

loading Fmoc-Tyr(tBu)-OH onto a Wang resin using the symmetrical anhydride of 

the protected amino acid.  

5.6.2 Characterisation of the final compounds 

The main differences between peptide 14 and peptides 23-25 are in the aromatic 

region of the NMR spectra. The tryptophan containing peptide 23 containing the 3-

substituted indole shows the characteristic peaks between 6.95 ppm and 7.50 ppm. 

In addition, the nitrogen proton from the ring is found upfield as a singlet integrating 

for one proton at 10.80 ppm. The tyrosine containing peptide 24 showed two 

distinctive doublets in the aromatic region at 6.63 ppm and 6.99 ppm, while the 

proton from the hydroxyl group creates a broad singlet integrating for one proton at 

4.52 ppm. The histidine containing peptide 25 showed two distinctive singlets at 
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6.83 ppm and 7.59 ppm, while the nitrogen proton from the ring was found to 

integrate with the backbone nitrogen protons as a multiplet between 7.85 ppm and 

8.30 ppm.  

5.6.3 Analysis of the final compounds 

Replacement with the bulkier tryptophan side chain maintained the activity of the 

probe, peptide 23. Whereas replacement with tyrosine reduced activity by ~50% 

suggesting that the phenylalanine in this position makes hydrophobic interactions 

with the Keap1 binding site which are disrupted by the introduction of a hydroxyl 

group on this residue, peptide 24. Replacement of the phenylalanine group with the 

smaller imidazole ring of histidine resulted in peptide 25 which only had 10% activity 

in comparison to peptide 14 suggesting that histidine is not capable of making 

extensive hydrophobic interactions with the Keap1 binding site. In addition, at pH 

7.4 the imidazole ring of histidine has a ~50% probability of being positively charged 

and as a result charge-charge repulsion may occur. The IC50 values of these 

peptides are shown in Table 5.15. 

Table 5.15: IC50 values for modified ETGE peptides as inhibitors of the interaction between peptide 3 

and the Kelch domain.  

Compound Sequence IC50 ± SE (μmol/L) 

23 Ac-DAETGEW-OH 0.558 ± 0.053 

24 Ac-DAETGEY-OH 1.79 ± 0.20 

25 Ac-DAETGEH-OH 7.47 ± 0.85 

 

The modelled interaction between the backbone carbonyl and amide groups and the 

interacting residues of the Keap1 binding site were compared to the interaction of 

the backbone carbonyl and amide groups of phenylalanine in this position. In all 

cases the measured distances were comparable to the distances observed for 

phenylalanine (Table 5.16). It was concluded that substitution with different amino 

acids in this position affect the hydrophobic interactions that the side chain of 

phenylalanine forms with the Keap1 binding site rather than the interactions made 

between the peptide backbone and the binding site.  
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Table 5.16: Length of the docked electrostatic interaction between peptides 23-25 and the Keap1 

binding site in comparison to those of the interaction between the native ETGE peptide and the Keap1 

binding site from the crystal structure (PDB reference: 2FLU). 

Peptide 

residue/atom 

Kelch 

residue/atom 

Distance (Å) 

  ETGE 23 24 25 

F83 O N382 ND2 2.99 2.95 2.95 2.95 

F83 N Y334 OH 3.34 3.25 3.25 3.25 

 

5.7 DLG motif peptides  

The DLG motif binds to the Keap1 binding site with 100-fold lower affinity than the 

ETGE motif. The DLG peptide forms a tight β-hairpin on contact with the Keap1 

binding site in the same way as the ETGE peptide and interacts with the same 

residues of Keap1. However, the DLG peptide only makes 8 electrostatic 

interactions with the Keap1 binding site (Figure 5.24) compared to the 13 

interactions made between the ETGE peptide and the Keap1 protein. The DLG 

motif is also known to bind nearer the surface of the protein while the ETGE motif is 

embedded deeply in the binding cleft.51 These differences in number of interactions 

and the distance between the interacting residues account for the differences 

observed in the binding affinities of these two different native peptide probes. The 

interactions between the DLG peptide and the Keap1 binding site are shown in 

Figure 5.24.     

 

Figure 5.24: A schematic diagram to show the contacts made between the Nrf2 peptide backbone and 

side chains (shown in black) with the interacting residues from the Kelch domain of Keap1 (shown in 

blue).  
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5.7.1 Synthesis of inhibitors 

A series of 7-mer peptides based on the DLG motif (residues 24-31 of Nrf2) shown 

in Table 5.17 were designed and synthesised following the solid phase peptide 

synthesis strategy previously described.  

Table 5.17: Compound number and sequence of native DLG sequence and modified DLG peptides 26-

37. 

Compound Sequence 

26 Ac-WRQDIDL-OH 

27 Ac-WAQDIDL-OH 

28 Ac-WGQDIDL-OH 

29 Ac-YAQDIDL-OH 

30 Ac-FAQDIDL-OH 

31 Ac-WAQDADL-OH 

32 Ac-WAQDFDL-OH 

33 Ac-WAEDIDL-OH 

34 Ac-WAYDIDL-OH 

35 Ac-WAQEIDL-OH 

36 Ac-WAQDIEL-OH 

37 Ac-WAQEIEL-OH 

 

5.7.2 Characterisation of the final compounds 

The main features of the NMR spectra are the methyl group signals of leucine and 

isoleucine in all three ‘DLG’ motif peptides found as multiplets between 0.70 ppm 

and 0.90 ppm and integrating for 12 protons. A singlet at 1.80 ppm shows the 

presence of the methyl group in the acetate cap. The aromatic protons of tryptophan 

appear as multiplets between 6.40 ppm and 7.10 ppm. The nitrogen protons of 

arginine appear as a multiplet between 7.10 ppm and 8.80 ppm in the same region 

as the backbone and side chain nitrogen protons. Peptides 27 and 28 lack the 

arginine group simplifying this region of the spectrum; peptide 27 has a doublet at 

1.25 ppm which integrates for 3 protons indicating the presence of the alanine 

methyl group and peptide 28 has a doublet of doublets integrating for 2 protons at 

3.70 ppm which indicates the presence of the 2 protons of glycine.  

5.7.3 Analysis of the final compounds 

In the first instance a 7-mer peptide probe of the native DLG sequence peptide 26 

was investigated. Results from the fluorescence polarisation assay indicate that it 

has a 3-fold lower affinity for the Keap1 binding site in comparison to the 7-mer 

native ETGE peptide 7 (Table 5.14). After establishing the binding affinity of the 

native DLG peptide motif, changes to the sequence were made to investigate and 

potentially improve binding affinity. The first change to the sequence involved 

reducing the size of the arginine side chain (amino acid 25 from the native 

sequence) as results from mutagenesis studies suggest that this side chain can be 
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modified without significant reduction in binding affinity.131 It was found that when 

the arginine residue was substituted with an alanine residue there was a modest 

reduction in binding affinity, the native peptide 26 was found to be approximately 

twice as active as the alanine containing peptide 27. However, when the long side 

chain of arginine was replaced by the flexible residue glycine, peptide 28, binding 

activity was abolished (Table 5.18). A comparison can be drawn here with the 

changes observed with the ETGE peptide probes with alanine (peptide 14) and 

glycine (peptide 15) replacements.  

Table 5.18: IC50 values for modified DLG peptides as inhibitors of the interaction between peptide 3 

and the Kelch domain. 

Compound Sequence IC50 ± SE (μmol/L) 

26 Ac-WRQDIDL-OH 17.1 ± 1.9 

27 Ac-WAQDIDL-OH 48.6 ± 1.7 

28 Ac-WGQDIDL-OH 11%
a
 

a
 Percentage inhibition at 100 μmol/L inhibitor concentration. 

5.8 Modifications to the native DLG sequence 

5.8.1 Synthesis of inhibitors 

A series of 7-mer peptides based on the DLG motif, containing the Arg → Ala 

modification were designed and synthesised using solid phase peptide synthesis as 

previously described. The Arg → Ala replacement was kept in the sequence as only 

a small reduction in binding affinity was observed and the net positive charge was 

reduced. The intention was to investigate the interaction of the DLG motif with the 

Keap1 binding site and to determine if modifications to the structure would result in 

an increase in binding affinity.  

5.8.2 Characterisation of the final compounds 

For subsequent studies of the low affinity motif the simplified alanine containing 

peptide 27 was used as a template.  

The alanine residue in place of the isoleucine residue creates a doublet in the NMR 

spectrum with the other alanine methyl group in the sequence. The doublet at 1.20 

ppm integrates for 6 protons indicating the presence of two alanine methyl groups in 

                                                           
 Synthesised by Rashid Majid (MPharm student) under the supervision of Rowena Hancock. 
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this sequence. In the case of both peptide 31 and peptide 32 the multiplet between 

0.75 ppm and 0.90 ppm integrates for 6 protons rather than 12 protons in the case 

of the native peptide 26 confirming the loss of the isoleucine residue. The 

phenylalanine residue of peptide 32 has aromatic signals between 7.14 ppm and 

7.22 ppm integrating for 5 protons and the aromatic protons of the tryptophan 

residue found as multiplets between 6.93 ppm and 7.08 ppm. The aromatic protons 

of the phenylalanine group in peptide 30 exist as a multiplet between 7.13 ppm and 

7.28 ppm. In addition, the singlet peak at 10.75 ppm which integrates for 1 proton 

indicating the presence of the nitrogen in the tryptophan ring is absent.  

5.8.3 Analysis of the final compounds 

All of the subsequent sequence changes made to peptide 27 were found to reduce 

binding affinity (Table 5.19). 

Table 5.19: Percentage inhibition values for modified DLG peptides as inhibitors of the interaction 

between peptide 3 and the Kelch domain 

Compound Sequence Percentage inhibition at 100 μmol/l inhibitor 
concentration 

29 Ac-YAQDIDL-OH 2% 

30 Ac-FAQDIDL-OH 5% 

31 Ac-WAQDADL-OH 25% 

32 Ac-WAQDFDL-OH 18% 

33 Ac-WAEDIDL-OH 7% 

34 Ac-WAYDIDL-OH 10% 

35 Ac-WAQEIDL-OH 8% 

36 Ac-WAQDIEL-OH 23% 

37 Ac-WAQEIEL-OH 11% 
 

The first changes made were to the tryptophan residue, this was to investigate how 

this hydrophobic residue interacts with the Keap1 binding site. Replacement with 

both tyrosine; peptide 29 and phenylalanine, peptide 30 resulted in a dramatic loss 

of activity. This may be because the tryptophan residue makes extensive 

interactions with a hydrophobic pocket in the binding site which the smaller tyrosine 

and phenylalanine residues are incapable of doing. 

Conversion of the central isoleucine residue to phenylalanine, peptide 32 or alanine, 

peptide 31 resulted in a reduction in binding affinity, however, of all the alterations 

made these were two of the most well tolerated. The replacement of isoleucine with 

the aromatic side chain of phenylalanine indicates that a bulky group can be 

accommodated in this position. In addition, shortening the hydrophobic side chain to 

an alanine residue can also be accommodated, although binding affinity is reduced.    

                                                           
 Compounds 29-37 synthesised by Ayman El-Bakry (MSc student) under the supervision of Rowena 
Hancock. 
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It was thought that conversion of the amide residue, glutamine (residue 26 in the 

native peptide sequence) might result in an improvement in binding affinity as the 

glutamine residue in the DLG sequence occupies a similar position to the glutamic 

acid residue at position 79 in the ETGE sequence. It was thought that this change 

from glutamine to glutamic acid in peptide 33 would make the peptide more ‘ETGE’ 

like and improve binding affinity. However, this change actually resulted in a total 

loss of binding affinity. An alternative method to modify binding affinity by 

introduction of an aromatic group at this position, glutamine → tyrosine, peptide 34 

also resulted in a loss of binding affinity. 

The space in the Keap1 binding site occupied by the two aspartic acid residues 

(residues 27 and 29 of the native peptide sequence) was also investigated. In order 

to probe the binding site these two aspartic acid residues were substituted in turn 

with glutamic acid (peptide 35 and 36) and a double sequence change in peptide 

37. The double sequence change, aspartic acid to glutamic acid (DID → EIE) was 

superior to either change alone, but activity relative to the native sequence was 

substantially reduced.     

When the DLG containing peptides 26-37 were docked with the Keap1 Kelch 

domain then overlayed with the X-ray crystal structure of the native peptide 

sequence, there was not a good comparison between the two which may suggest 

why the modified DLG peptides do not bind well to the Keap1 binding site.   

5.9 Inhibitors based on the binding sequences of Prothymosin α and 

Sequestosome-1 

There are at least two other known native binding partners of Keap1; the nuclear 

protein prothymosin α and the proteasome associated sequestosome-1. The 

protein-protein interaction of Keap1 with the binding regions of each of these 

proteins has been determined using X-ray crystallography studies.62,71 Linear 

peptides seven amino acids in length based on these two binding sequences were 

synthesised. The sequences are shown in Table 5.20.  

Table 5.20: Sequences of native Prothymosin α and Sequestosome 1 peptides. 

Compound Sequence IC50 ± SE (μmol/L) 

38 Prothymosin α Ac-NEENGEQ-OH 29%
a
 

39 Sequestosome-1 Ac-DPSTGEL-OH 34.4 ± 9.4 

 

5.9.1 Analysis of the final compounds 

The Prothymosin α and Sequestosome 1 peptides were tested using the 

fluorescence polarisation assay to compare their binding affinities and structural 
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properties with the two Nrf2 binding motifs (Figure 5.25). The rank order of 7-mer 

peptides (from highest to lowest binding affinity) is ETGE, DLG, sequestosome-1, 

prothymosin α. 

Peptide concentration (nmol/l)
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Figure 5.25: Competitive inhibition of fluorescent peptide 3 (FITC- β-DEETGEF-OH) binding to the 

Keap1 Kelch domain by various unlabelled peptides (●, Ac-WRQDIDL-OH 6; ○, Ac-DEETGEF-OH 7; 

▼, Ac-DPSTGEL-OH 8; △, Ac-NEENGEQ-OH) at different concentrations (log scale). Data points are 

shown  ± standard deviation (experiments performed in triplicate, n = 3). 

The peptide based on the Keap1 binding motif of the nuclear protein prothymosin α 

(amino acids 41-47) interacted very weakly with the Kelch domain of Keap1 (Table 

5.21). This weak interaction may be attributed to the fact that prothymosin α is an 

inherently flexible protein,132 therefore, the short sequence from its binding motif 

may be unlikely to form intramolecular interactions to encourage a suitable 

secondary structure leading to failure of this linear motif to form intermolecular 

interactions with the binding site.  

Table 5.21: IC50 values for prothymosin α and sequestosome-1 peptides as inhibitors of the interaction 

between peptide 3 and the Kelch domain.  

Compound Sequence IC50 ± SE (μmol/L) 

38 Prothymosin α Ac-NEENGEQ-OH 29%
a
 

39 Sequestosome-1 Ac-DPSTGEL-OH 34.4 ± 9.4 
a
 Percentage inhibition at 100 μmol/L concentration of inhibitor.    

 

 



104 
 

The peptide based on the Keap1 binding motif of sequestosome-1 (amino acids 

347-353), peptide 39 had a higher affinity (34.4 μmol/L) than the prothymosin α 

derived peptide 38. The difference in affinity of the two native peptides is likely to be 

due to the way in which the secondary structure of the peptide is formed. Both 

prothymosin α and sequestosome-1 bind to the Kelch domain of Keap1 in the same 

manner as the Neh2 domain of Nrf2. It is known that once in contact with the Kelch 

domain the protein binding motifs form a β-hairpin conformation. As previously 

discussed, prothymosin α is a very flexible protein and the 7-mer binding motif, 

peptide 38 is unlikely to form a secondary structure in order to interact with the 

Kelch domain. Conversely, the binding motif of sequestosome-1, peptide 39 

contains a proline residue which helps the linear peptide form a β-hairpin structure, 

therefore, it is likely that the proline residue is essential for forming the secondary 

structure of the peptide.  

Measurements using the crystal structure of Keap1 in complex with a 

sequestosome-1 peptide (residues 346-359) show that residues P350, S351, T352, 

E354 and L355 interact with the same eight amino acid residues (Y334, S363, 

R380, N382, R415, Q530, S555 and S602) of Keap1 as does the ETGE region of 

Nrf2. Using the crystal structure of the Keap1-sequestosome-1 complex, the 

distance between the interacting residues was measured as shown in Figure 5.26. 

 

Figure 5.26: A schematic diagram to show the contacts made between the sequestosome-1 peptide 

backbone and side chains (shown in black) with the interacting residues from the Kelch domain of 

Keap1 (shown in blue).  
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The distance between the interacting residues of the prothymosin α peptide and the 

Keap1 binding site were measured using the crystal structure of the Keap1-

prothymosin α complex, the results are shown in Figure 5.27. 

 

Figure 5.27: A schematic diagram to show the contacts made between the prothymosin α peptide 

backbone and side chains (shown in black) with the interacting residues from the kelch domain of 

Keap1 (shown in blue).  

The interaction distances between the prothymosin α peptide and the Keap1 

binding site are not significantly longer than the same interactions between the 

sequestosome-1 peptide and Keap1. There is no suggestion from the crystal 

structure that the interaction between the sequestosome-1 peptide and the binding 

site should be stronger than the interaction of prothymosin α as discussed 

previously, therefore, we propose that the higher affinity of the sequestosome-1 

peptide for the binding site must be due to secondary structure formation.  

A number of similarities between the sequestosome-1 binding motif 39 and the most 

active modified ETGE motif peptide 14 were observed (Figure 5.28).  
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Figure 5.28: A. Sequestosome-1 peptide sequence; B. The most active modified ETGE motif peptide 

14. The amino acid residues highlighted in blue are common to both peptide sequences.   

Both peptides have an aspartic acid residue at the N-terminus, and both contain the 

‘TGE’ motif. At the C-terminus they contain a hydrophobic group, leucine in the case 

of the sequestosome-1 peptide and phenylalanine in the case of the ETGE motif 

peptide. Both peptides contain a polar substituent on the side chain of the amino 

acid in position 3 (residue 79 in the ETGE motif and residue 351 in the 

sequestosome-1 peptide), serine in the case of sequestosome-1 and glutamic acid 

in the case of the ETGE motif peptide. The sequestosome-1 peptide contains a 

proline residue which is thought to help form its secondary structure, so it was 

hypothesised that replacement of the alanine residue in peptide 14 with a proline 

residue might further increase the binding affinity. 

5.10 Hybrid peptides of the ETGE and sequestosome-1 binding motifs 

Replacement of the alanine residue in peptide 14 with a proline residue, peptide 40 

significantly increased the binding affinity, a three-fold decrease in IC50 value was 

observed (Table 5.22).  

Table 5.22: IC50 values for hybrid peptides as inhibitors of the interaction between peptide 3 and the 

Kelch domain. 

Compound Sequence IC50 ± SE (μmol/L) 

14 Ac-DAETGEF-OH 0.730 ± 0.116 

40 Ac-DPETGEF-OH 0.248 ± 0.042 

41 Ac-DPETGEL-OH 0.115 ± 0.013 

42 Ac-DPETGEI-OH 0.144 ± 0.018 

43 Ac-DPETGEV-OH 0.236 ± 0.024 

44 Ac-DPS(p)TGEL-OH 3.97 ± 0.47 

    

After success with this ‘hybrid’ of the two native sequences, another ‘hybrid’ peptide 

was designed, this time incorporating more of the sequestosome-1 sequence with a 

leucine residue in the terminal position, peptide 41. Interestingly this peptide was 

more active than the more ETGE like hybrid; peptide 41 was twice as active as 
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peptide 40. This led to investigation of other hydrophobic groups in the C-terminal 

position. Replacement of leucine with isoleucine led to a very modest decrease in 

binding affinity, 0.144 μmol/L for peptide 42 vs. 0.115 μmol/L for peptide 41, while 

shortening the side chain using the branched side chain amino acid valine, peptide 

43 resulted in a binding affinity equivalent to peptide 40. 

It was concluded that the most potent peptide inhibitor of the Keap1-Nrf2 interaction 

is the hybrid peptide 41, incorporating the best aspects of each native sequence 

and was more active than either native sequence alone. It is approximately 300-fold 

more active than the native sequestosome-1 7-mer peptide 39 and approximately 

50-fold more active than the native ETGE sequence 7-mer peptide 7.   

The activity of peptide 41 prompted the investigation of the phosphoserine 

derivative of sequestosome-1, peptide 44. This peptide was less active than the 

glutamic acid derivate 41, but was 10-fold more active than the sequestosome-1 

peptide 39. These results raise the possibility that the glutamic acid in this position 

may be a mimic of a post translation phosphorylation of the serine residue. The 

glutamic acid replicates the charge and chain length of a phosphorylated serine 

residue.   

The ETGE/sequestosome-1 hybrid peptide was further investigated to identify 

strategies to reduce the overall negative charge of the compound. Replacement of 

the C-terminal carboxylic acid with the amide derivative 45 (using Rink amide MBHA 

resin for the solid phase synthesis) resulted in a 5-fold decrease in binding activity 

which is equivalent to the activity of peptide 14. Previous mutagenesis and 

isothermal calorimetry studies indicate that the aspartic acid residue at the N-

terminus of both the 7-mer ETGE motif and sequestosome-1 peptides is important 

for intramolecular interactions but does not make significant intermolecular 

interactions with the Keap1 binding site. With the revelation that a proline residue 

can be incorporated into the sequence to form the secondary structure we 

investigated the substitution of the aspartate residue with an asparagine. In addition, 

the final glutamic acid of the sequence (equivalent to residue 354 of the native 

sequestosome-1 sequence) makes fewer interactions with the Keap1 binding site so 

we evaluated the replacement of this residue with glutamine. However, the binding 

activity of peptides 46 and 47 which incorporated these changes was severely 

reduced. Peptide 46 maintained some activity, possibly due to the presence of the 

C-terminal carboxylic acid, however, binding activity was reduced 600-fold in 

comparison to peptide 41 and in the case where the C-terminal carboxylate group 
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was replaced by an amide group (peptide 47), activity was almost entirely lost. The 

IC50 values are shown in Table 5.23. 

Table 5.23: IC50 values for hybrid peptides as inhibitors of the interaction between peptide 3 and the 

Kelch domain. 

Compound Sequence IC50 ± SE (μmol/L) 

45 Ac-DPETGEL-NH2 0.634 ± 0.064 

46 Ac-NPETGQL-OH 68.9 ± 15.2 

47 Ac-NPETGQL-NH2 17%
a
 

48 Ac-NPETGEL-OH 0.875 ± 0.082 

49 Ac-NPETGEL-NH2 8.33 ± 1.12 
a
 Percentage inhibition at 100 μmol/L concentration of inhibitor.  

Restoration of the glutamic acid residue in peptides 48 and 49 resulted in 

compounds with strong affinities for the Keap1 binding site. The C-terminal 

carboxylate derivative 48 was 10-fold more active than the amide derivative 49, 

although both compounds were relatively potent inhibitors of the Keap1-Nrf2 

interaction. The binding affinity of peptide 49 is very close to the binding affinity of 

the native ETGE sequence peptide 7; 8.33 μmol/L vs. 5.39 μmol/L but has a smaller 

overall charge.      

The modified peptide 48 had a similar binding affinity to the 7-mer 45 which more 

closely resembles the ETGE and sequestosome-1 motifs. It was, therefore, deemed 

a successful adaptation.  

5.11 Summary 

Linear peptides based on the high affinity ETGE binding motif and the low affinity 

DLG binding motif tagged with fluorescein isothiocyanate were designed and 

synthesised to determine their ability to bind to the Kelch domain of the human 

Keap1 protein, determined using a fluorescence polarisation assay. The 

fluorescence polarisation response of the various ligands when bound to Keap1 was 

evaluated using titration experiments performed with 1 nmol/L peptide and 

increasing concentrations of the Keap1 Kelch protein. 

The 7-mer DLG motif fluorescein-labelled peptide and the 5-mer ETGE motif 

fluorescein-labelled peptide both failed to induce a fluorescence polarisation signal, 

suggesting failure to bind to the Kelch domain of Keap1.  

The longer chain ETGE motif peptides (7-mer, 9-mer and 10-mer) all produced a 

change in FP signal. The results show that the dissociation constant (KD) decreases 

with an increase in peptide chain length, suggesting a progressively stronger 

interaction with the Kelch domain. The 7-mer fluorescein-labelled peptide had the 
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most favourable signal-to-noise ratio and was deemed the most suitable for use in 

subsequent experiments.  

A series of unlabelled peptide inhibitors of the Keap1-Nrf2 interaction were 

synthesised. The inhibitors were based on the high affinity ETGE motif from the 

Neh2 domain of Nrf2 with varying chain lengths; 9-mer, 7-mer and 5-mer. The 9-

mer ETGE motif containing peptide was the best inhibitor of the interaction while the 

5-mer peptide did not bind to the Keap1 protein. The 7-mer peptide was carried 

forward for further work as it had the best combination of binding affinity and size.  

The interaction was further investigated using a second series of modified ETGE 

motif containing peptides. Replacement of the polar amino acid side chains of 

threonine and serine residues resulted in a decrease in binding affinity whereas 

replacement of a glutamic acid residue which is known not to be involved in the 

binding interaction resulted in an increase in binding affinity thought to be due to the 

shorter alanine side chain promoting secondary structure formation. 

A third series of modified peptides incorporating the Glu → Ala replacement was 

developed with a view to reducing the overall negative charge, this was performed 

by replacing aspartic acid residues with asparagine and glutamic acid residues with 

glutamine. In all cases the IC50 increased indicating that these acidic amino acid 

side chains involved in the interaction to some extent.  

A final series of modified ETGE motif peptides was investigated to determine the 

role that the C-terminal phenyalanine residue plays in the interaction. Replacement 

with tryptophan, tyrosine and histidine all resulted in a decrease in binding affinity. It 

was concluded that substitution with different amino acids in this position affects the 

hydrophobic interactions that the side chain of phenylalanine forms with the Keap1 

binding site rather than the interactions made between the peptide backbone and 

the binding site.  

The low affinity DLG motif was investigated for interaction with the Keap1 binding 

site. The arginine side chain was replaced with an alanine residue in order to reduce 

the size and overall positive charge of the probe, this resulted in a modest reduction 

in binding affinity and was carried through for further investigation. However, all of 

the subsequent changes to the peptide probe, even those which made it more 

‘ETGE’ like were found to reduce binding affinity. 

Peptide probes of two other known Keap1 binding partners Prothymosin α and 

Sequestosome-1 were synthesised for comparison with the Nrf2 binding motifs. The 



110 
 

rank order of the 7-mer peptides (from highest to lowest binding affinity) is ETGE, 

DLG, sequestosome-1, prothymosin α. The peptide based on the Keap1 binding 

motif of the nuclear protein prothymosin α interacted very weakly with the Kelch 

domain of Keap1. This weak interaction may be attributed to the fact that 

prothymosin α is an inherently flexible protein, therefore, the short sequence from its 

binding motif may be unlikely to form intramolecular interactions to encourage a 

suitable secondary structure leading to failure of this linear motif to form 

intermolecular interactions with the binding site. The peptide based on the Keap1 

binding motif of sequestosome-1 had a higher affinity than the prothymosin α 

derived peptide, the difference in affinity of the two native peptides is likely to be due 

to the way in which the secondary structure of the peptide is formed. Prothymosin α 

is a very flexible protein and the 7-mer binding motif peptide is unlikely to form a 

secondary structure in order to interact with the Kelch domain. Conversely, the 

binding motif of sequestosome-1 contains a proline residue which helps the linear 

peptide form a β-hairpin structure, therefore, it is likely that the proline residue is 

essential for forming the secondary structure of the peptide.  

It was hypothesised that replacement of the alanine residue with a proline residue in 

the most active modified ETGE peptide could result in the development of a peptide 

probe with even greater affinity for the Keap1 binding site. The hypothesis was 

correct and a three fold increase in binding affinity was observed with this change. 

After success with this ‘hybrid’ of the two native sequences, another ‘hybrid’ peptide 

was designed, this time incorporating more of the sequestosome-1 sequence with a 

leucine residue in the terminal position. Interestingly this peptide was twice as active 

as the more ETGE like hybrid. It was concluded that the most potent peptide 

inhibitor of the Keap1-Nrf2 interaction is the hybrid peptide incorporating the best 

aspects of each native sequence and was more active than either native sequence 

alone. It is approximately 300-fold more active than the native sequestosome-1 7-

mer peptide and approximately 50-fold more active than the native ETGE sequence 

7-mer peptide.   

 A summary of all of these changes is shown in Figure 5.29. 
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A. 

 

B. 

 

C. 

 

D. 

 

 

Figure 5.29: (A) The Keap1-Nrf2 protein-protein interface. The Keap1 Kelch domain is shown in 

cartoon representation and peptide 6 (Ac-LDEETGEFL-OH) is shown in stick representation. Hydrogen 

bonds are shown with blue lines (based upon PDB ID 2FLU). (B) Summary data from hKelch 

mutagenesis studies in combination with Nrf2 functional assays to evaluate the amino acids relevant to 

binding for the ETGE motif (residues 76-84): red – impaired Nrf2-dependent transcription, blue – no 

effect; solid lines represent hydrogen bonds or salt bridges, and dashed lines represent van der Waals 

interactions. (C) Summary of SAR data for the ETGE motif (residues 76-84). Point mutagenesis/ITC 

data from the mKelch-Nrf2 interaction is superimposed (red – amino acid change increases binding (to 

<50% of control) to mKelch, yellow – intermediate decrease in binding (to between 25 and 50%), blue 

– no effect (to between 50 and 100% of control) or enhanced binding, white – not evaluated). (D) 

Summary of SAR data for the DLG motif residues 24-30 (colour scheme summarising 

mutagenesis/ITC data as for (C).  

In summary, a number of peptide derivatives based upon the native Keap1 binding 

sequences of Nrf2, sequestosome-1 and prothymosin α have been synthesised and 

evaluated for their ability to interact with the Kelch domain of Keap1 using an 

optimised fluorescence polarisation assay. The most active hybrid peptides 

incorporate the ETGE motif of the Nrf2 high affinity binding motif and features from 
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the sequestosome-1 motif. These peptides appear to provide the best balance of 

electrostatic interactions that facilitate binding.  
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6. Cell penetrating peptides 

The major obstacle to intracellular delivery of peptides is the cellular plasma 

membrane. Membranes are impermeable to most polar or charged compounds, but 

permeable to nonpolar compounds. Cell penetrating peptides (CPPs) are capable of 

crossing the plasma membrane in an energy- and receptor-independent fashion and 

have previously been used to deliver a diverse range of therapeutics such as 

proteins, antibodies, DNA, liposomes and imaging agents.133 It was thought that this 

technique could be utilised to achieve cellular delivery of the negatively charged 

peptide inhibitors of the Keap1-Nrf2 interaction.  

There are many different CPPs available which can largely be divided into two 

classes; positively charged arginine rich peptides and amphipathic helical peptides. 

6.1 Arginine rich peptides 

The trans-activating transcriptional activator (tat) protein from human 

immunodeficiency virus 1 (HIV-1) was found to penetrate cells growing in tissue 

culture.134 The arginine rich peptide sequence YGRKKRRQRRR was discovered to 

be responsible for this activity and has been used by a number of groups to deliver 

peptides intracellularly.135,136 Another arginine rich sequence, 

RQIKIWFQNRRMKWKK (Penetratin), derived from the third helix of the 

Antennapedia protein homeodomain from Drosophila is also an effective cell 

penetrating peptide.137 The attachment of a chain of arginine residues, usually 7, 8 

or 9 has also been employed as an intracellular delivery method.133,138 

6.2 Amphipathic helical peptides   

Amphipathic helical peptides possess both hydrophilic and lipophilic properties 

which make them ideal candidates to cross the cell membrane. Examples of 

amphipathic helical peptides are transportan, a 27 amino acid long peptide 

GWTLNSAGYLLGKINLKALAALAKKIL from the N-terminus of the neuropeptide 

galanin and the truncated version, transportan-10 

AGYLLGKINLKALAALAKKIL.139,140 A model amphipathic peptide (MAP), an 18 

amino acid α-helical structure with the lysine rich sequence 

KLALKLALKALKAALKLA has also been shown to display extensive uptake into 

several cell types.141 

6.3 Selecting a cell penetrating strategy  

The ETGE motif peptide Ac-DEETGEF-OH (7) and the ETGE motif/Sequestosome-

1 hybrid peptide Ac-DPETGEL-OH (41) both have an overall negative charge which 

means that they are highly unlikely to cross the cellular plasma membrane unaided. 

In order to determine whether the peptide probes have an effect on the upregulation 
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of Nrf2-dependent gene products in cells it is necessary to penetrate the cell 

membrane. As previously discussed, there are a number of CPPs of varying length 

and sequence available, however, due to the negative charge of the peptides it was 

thought that the use of positively charged sequences could cause the peptide to 

adopt a structure in which the negative side chains of the peptide probe would 

interact with the positive side chains of the CPP. In addition, there is a possibility 

that the sequence of the CPP could modify the activity of the peptide probe.  

The cellular plasma membrane is composed of a variety of different proteins and 

lipids, the relative proportions of which vary with the type of membrane. Of the lipids 

there are three different types; phospholipids, glycolipids and cholesterols.142 This 

understanding of the cellular plasma membrane led to the selection of an alternative 

cell penetrating method; the attachment of a long chain fatty acid to the peptide. In 

principle the fatty acid could interact with the cell membrane and ‘pull’ the negatively 

charged peptide probe into the intracellular environment. The fatty acid chains in 

phospholipids and glycolipids usually contain an even number of carbon atoms, 

typically between 16 and 20 with the 16 and 18 carbon fatty acids being the most 

common, therefore, the C-18 saturated fatty acid stearic acid, was selected for our 

exploratory studies. The stearic acid residue was used to cap the peptide probe in 

place of the acetyl group used in the previous chapter.  

6.3.1 Synthesis of cell penetrating peptides 

The same synthetic strategy was employed as previously described to synthesise 

the cell penetrating peptides. After synthesis of the required peptide the stearic acid 

was attached using standard coupling conditions; HATU and DIPEA in DMF. The 

first attempt at attaching the stearic acid, using the standard method, resulted in a 

low yield, no stearoyl capped material was recovered after cleavage from the resin. 

Repetition of the reaction under the same conditions but with an increased reaction 

time (2 hours) resulted in an improved yield.  

Six stearoyl capped cell penetrating peptides were synthesised; the first was a cell 

penetrating version of the most potent hybrid peptide sequence St-DPETGEL-OH 

(50), the two modified hybrid peptides (48, 49) were also further adapted in order to 

achieve cell penetration; St-NPETGEL-OH (51) and St-NPETGEL-NH2 (52). The 

native ETGE sequence was also synthesised with a stearoyl cap St-DEETGEF-OH 

(53). A benzoyl capped version of the hybrid peptide was also synthesised to 

compare cell penetrating properties of the smaller benzoyl group in comparison to 

the stearoyl group; Bz-DPETGEL-OH (54). In addition, scrambled versions (acetyl 

and stearoyl capped) of both the hybrid peptide (55, 57) and the native sequence 
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(56, 58) were synthesised as negative controls. The purified yields of the cell 

penetrating peptides were in the range 6% to 16% based on the manufacturer’s 

substitution. 

The IC50 and, therefore, binding affinity of these peptides was determined using the 

previously described fluorescence polarisation assay prior to cell-based assays for 

Nrf2 activity induction (Table 6.1). 

Table 6.1: IC50 values for peptides 50 – 58 for the interaction between peptide 3 and the Kelch protein. 

Compound Sequence IC50 ± SE (μmol/L) 

50 St-DPETGEL-OH 0.022 ± 0.003 

51 St-NPETGEL-OH 0.272 ± 0.029 

52 St-NPETGEL-NH2
 3.71 ± 1.14 

53 St-DEETGEF-OH 0.177 ± 0.038 

54 Bz-DPETGEL-OH 0.159 ± 0.017 

55 St-DPGEETL-OH 73.91 ± 38.57 

56 St-DEGEETF-OH 11.78 ± 2.67 

57 Ac-DPGEETL-OH 0%
a
 

58 Ac-DEGEETF-OH 0%
a
 

a
 Percentage inhibition at 100 μmol/L concentration of inhibitor.  

6.3.2 Characterisation and analysis of the final compounds 

In all cases the observed mass correlated with the calculated mass and the NMR 

profiles were consistent with the presence of a stearoyl chain as a large multiplet 

signal at 1.25 ppm integrating for 28 protons was observed in comparison to a 

singlet at 1.80 ppm integrating for 3 protons, as observed with the acetyl capped 

counterparts. The benzoyl capped peptide displays multiplets in the aromatic region 

between 7.40 ppm and 7.85 ppm integrating for 5 protons which is consistent with 

the presence of a phenyl group at the N-terminus.  

An example of the 1H NMR for compound 50 (the ETGE containing 7-mer sequence 

peptide; St-DPETGEL-OH) is shown in Figure 6.1. 

                                                           
 Synthesised by Hélène Pfister (MSc student) under the supervision of Rowena Hancock. 

 

 



116 
 

 

Figure 6.1: 
1
H NMR for compound 50 

The addition of stearic acid to the peptides increased the overall lipophilicity of the 

compounds. This had an effect on the handling of the peptides. The LCMS elution 

time was increased from 5 min (in the standard method) to 10 min due to increased 

retention of these lipophilic compounds on the C-18 reverse phase HPLC column. In 

addition, analytical and preparative HPLC was performed with C-8 columns in place 

of the C-18 columns (used in the standard method) in order to reduce the HPLC 

retention time of the conjugates during analysis and purification. 

The binding of the purified peptides to Keap1 was evaluated using the fluorescence 

polarisation assay described previously. Interestingly, the results show that the 

introduction of a stearoyl cap resulted in a 5-fold increase in potency with peptide 50 

in comparison to peptide 41, a 3-fold increase in potency with peptide 51 in 

comparison to peptide 48, a 2-fold increase in potency with peptide 52 in 

comparison to peptide 49 and a very significant 30-fold increase in potency with 

peptide 53 in comparison to peptide 7.  There was no significant change in potency 

observed with the benzoyl capped peptide 54 in comparison to peptide 41. These 

surprising results indicate that the stearic acid cap may interact with the Keap1 

binding site with a resultant increase in potency of the peptide probe. The Kelch 

domain of the Keap1 protein possesses a central water filled cavity, it was thought 

that the stearoyl chain may penetrate into this cavity, anchoring the peptide and 

increasing the potential for intermolecular interactions (Figure 6.2).  
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Figure 6.2: An Autodock prediction of the conformation of the N-terminal stearoyl chain. The stearoyl 

capped peptide St-DPETGEL-OH (peptide 50) is shown in stick representation, the Keap1 protein is 

shown in ribbon representation.  

However, molecular docking studies suggest that the stearoyl chain may be more 

likely to position itself on the surface of the binding site. In the lowest energy 

representation the most favourable position of the stearoyl chain appears to be to 

fold back on itself in the Keap1 binding site (Figure 6.3).     

 

Figure 6.3: The lowest energy conformation of peptide 50 from an Autodock docking run. The stearoyl 

capped peptide St-DPETGEL-OH is shown in stick representation, the Keap1 protein is shown in 

ribbon representation.  
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It is important to determine whether a specific sequence rather than the amino acid 

composition is critical for activity; a scrambled peptide can be used in this instance 

as a negative control. Scrambled peptides are constructed through permutation of 

the original peptide sequence. The negative control peptides were designed to give 

maximum potential for binding i.e. the structural components; aspartic acid, proline 

and leucine (in the case of peptides 55 and 57) and aspartic acid and phenylalanine 

(in the case of peptide 56 and 58) were retained in position, while the principle 

binding components; glutamic acid, threonine and glycine, i.e. the ‘ETGE’ motif, 

were scrambled to give a ‘GEET’ sequence. In the FP assay the acetyl capped 

scrambled peptides 57 and 58 did not bind to the Kelch domain of Keap1 which 

indicates that it is the specific ‘ETGE’ sequence of amino acids that is important for 

binding rather than merely the presence of these amino acids in the peptide 

sequence. Negative controls of the stearoyl counterparts were also analysed, 

peptides 55 and 56. Surprisingly these scrambled peptides showed affinity for the 

binding site. In the case of peptide 55 the IC50 was 74 μmol/L which shows that this 

stearoyl peptide is not very potent, especially when compared to the unscrambled 

stearoyl counterpart peptide 50 which has an IC50 of 0.022 μmol/L. In this case the 

scrambled sequence is >3,000 times less active than the unscrambled sequence. 

However, the scrambled version (peptide 53) of the stearoyl capped native ETGE 

sequence peptide (peptide 56) is only ~60 times less active than the unscrambled 

native sequence peptide, this suggests that the stearic acid may form specific or 

non-specific hydrophobic interactions with the Keap1 binding site and bring the 

interacting residues (especially in the case of peptide 56) into close proximity with 

the Keap1 binding site.   

A competition assay was performed to determine the extent to which the stearoyl 

tail component inhibited the interaction between the Kelch domain and the 

fluorescent peptide 3. Variable concentrations of stearic acid (1 nmol/L to 100 

μmol/L) and a final DMSO concentration of 11% v/v were used. The extent to which 

the stearic acid inhibited the interaction ranged from 12% at the top concentration to 

5% inhibition at the lowest concentration suggesting a very weak direct interaction 

with the Keap1 binding site. This suggests that the addition of a stearoyl cap to the 

peptides enhances the inhibitory characteristics of the peptides rather than being an 

inhibitor in its own right.  
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6.4 Development of fluorescent cell penetrating peptides 

Two cell penetrating peptides containing the fluorophore rhodamine; St-

K(RITC)NPETGEL-OH (compound 59) and St-K(RITC)NPETGEL-NH2 (compound 

60) were synthesised with the view to conducting confocal microscopy experiments 

to determine the sub-cellular localisation of the peptides. Confocal microscopy is an 

optical imaging technique used to increase optical resolution and contrast of a 

micrograph. The specimen is scanned point by point with a laser beam and a spatial 

pinhole is used to eliminate out of focus light.143 This technique produces a series of 

optical sections through the specimen which can be constructed into a three-

dimensional representation. Confocal microscopy is non-destructive and can be 

used to track dynamic processes in living cells.144 

Binding assays were used to determine the binding affinity (dissociation constant, 

KD) of the two fluorescently labelled stearic acid peptides, however problems with 

dissolution of the peptides in DMSO led to inconclusive results; no change in the FP 

signal was observed when the protein concentration was increased from 0 nmol/L to 

1000 nmol/L (Table 6.2). 

Table 6.2: Fluorescence polarisation (mP) values obtained from binding assays with rhodamine 

labelled cell penetrating peptides (compound 59 and compound 60). 

Protein concentration (nM) Fluorescence polarisation value (mP) 

Compound 59 Compound 60 

0 244 ± 5 283 ± 16 

5 241 ± 6 283 ± 4 

10 227 ± 63 290 ± 9 

50 269 ± 25 309 ± 19 

100 309 ± 9 307 ± 14 

200 293 ± 26 294 ± 9 

500 282 ± 10 296 ± 9 

1000 270 ± 20 271 ± 4 

 

In order to improve the dissolution of these compounds the sample solutions were 

sonicated prior to use in the assay, however this did not have any effect on the 

outcome of the assay. 

It was thought that perhaps the fluorescently labelled stearic acid peptides formed 

micelles in solution due to the presence of a hydrophobic tail in the form of the 

stearic acid component and a hydrophilic head in the form of the peptide/rhodamine 

component (Figure 6.4).  

                                                           
 Synthesised by Hélène Pfister (MSc student) under the supervision of Rowena Hancock. 
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Figure 6.4: A. The amphiphilic nature of rhodamine containing stearic acid peptides using compound 

59 as an example. B. The formation of micelles from amphiphilic compounds. The hydrophilic head 

group is shown as a blue circle and the hydrophobic tail group shown as a line. 

Surfactants are known to break down or reduce the size of micelles, therefore, a 

test experiment was carried out in which the non-ionic surfactant P20 was added to 

the PBS buffer at a final concentration of 0.1% v/v. However, this did not alter the 

outcome of the assay (Table 6.3). 

Table 6.3: Fluorescence polarisation (mP) values obtained from binding assays with rhodamine 

labelled peptides 59 and 60 in the presence of the surfactant P20 (final concentration of 0.1% v/v).  

Protein concentration (nM) Fluorescence polarisation (mP) 

Compound 59 Compound 60 

0 236 ± 11 232 ± 6 

5 226 ± 11 228 ± 10 

10 239 ± 18 203 ± 18 

50 226 ± 5 235 ± 1 

100 239 ± 8 220 ± 12 

200 227 ± 13 207 ± 39 

500 234 ± 18 233 ± 5 

1000 215 ± 6 213 ± 12 
 

In the binding assays, when increasing the protein concentration, the mP values 

were expected to increase as more peptide binds to the protein. The mP value 

would be expected to be low (~ 60 mP) at low protein concentrations because the 

fluorescent peptide is free in solution, whereas at high protein concentrations, the 

fluorescent peptide would be expected to interact with the protein and therefore the 

mP values should be high (~ 200 mP). The fact that the mP values are high initially 

and do not change with a change in protein concentration suggests that the 

fluorescently labelled stearic acid peptides may exist in larger organised structures 
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such as micelles. Micelles are large and therefore rotate slowly this may explain the 

high mP values.  

When the surfactant P20 was introduced the mP values were lower than those 

obtained without surfactant (an average of 200 mP vs. 300 mP) suggesting that 

there may be fewer micelles or that they may be smaller in size. However, a change 

in mP values was still not observed. This suggests that the micelles may be smaller 

but the peptides either did not bind to Keap1 or the peptide binding to the protein 

was masked by the high background fluorescence polarisation.  

6.5 Cell-based assay results 

A cell-based NQO1 assay was used to determine the activity of the stearoyl 

capped peptides, based on the work by Prochaska and Santamaria.145 NQO1 is a 

representative Phase II enzyme, the upregulation of which indicates inhibition of the 

Keap1-Nrf2 interaction. Hepa1c1c7 murine hepatoma cells were plated in 96-well 

plates and grown for 24 h, they were then exposed to the peptides for another 24 h. 

The cells were then lysed and NQO1 activity assayed by the addition of a reaction 

mixture containing an NADPH-generating system, menadione (2-methyl-1,4-

naphthoquinone) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide). NQO1 catalyses the reduction of menadione to menadiol by NADPH, and 

MTT is reduced non-enzymatically by menadiol resulting in the formation of a blue 

colour which can be quantified by measuring UV absorbance at 595 nm (Figure 

6.5). 

 

Figure 6.5: Schematic of the NQO1 assay. 

                                                           
 The NQO1 assay was developed by Hiroko Tonai-Kachi and performed by Marjolein Schaap. 
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The activity of the stearoyl capped hybrid peptide (compound 50) was investigated 

using the NQO1 assay (Figure 6.6). NQO1 activity was increased after stimulation 

with compound 50 and the CD value was measured as ~100 μmol/L. The CD value 

of sulphoraphane (a known NQO1 inducer) is 0.2 μmol/L.The NQO1 activity of the 

acetyl capped hybrid peptide compound 41 and the benzoyl capped hybrid peptide 

compound 54 were also investigated (Figure 6.6) however, NQO1 activity was not 

increased with these compounds.  

 

Figure 6.6: NQO1 induction by cell penetrating peptides measured as a change in optical density (OD) 

at 595 nm (●, Ac-DPETGEL-OH 41; ○, Bz-DPETGEL-OH 54; ▼, St-DPETGEL-OH 50). 

The activity of the stearoyl capped hybrid compound 51 and its acetyl capped 

counterpart compound 48 were investigated using the NQO1 assay (Figure 6.7). 

NQO1 activity was increased after stimulation with compound 51 but not with the 

acetyl capped compound 48. The CD value of compound 51 was measured as 80 

μmol/L. 
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Figure 6.7: NQO1 induction by cell penetrating peptides measured as a change in optical density (OD) 

at 595 nm (●, Ac-NPETGEL-OH 48; ○, St-NPETGEL-OH 51). 

The results from the NQO1 assay show that the addition of a stearic acid chain to 

the N-terminus of the hybrid peptides results in peptides that were capable of 

crossing the cellular plasma membrane. Both stearic acid capped compounds St-

DPETGEL-OH (compound 50) and St-NPETGEL-OH (compound 51) resulted in an 

increase in activity in the NQO1 assay whereas their acetyl capped counterparts Ac-

DPETGEL-OH (compound 41) and Ac-NPETGEL-OH (compound 48) did not. 

Compound 50 was 10-fold more active than compound 51 in the fluorescence 

polarisation assay, but slightly less active in the NQO1 assay; 100 μmol/L vs 80 

μmol/L. This is thought to be due to the replacement of the negatively charged 

aspartic acid with the uncharged asparagine group. The fact that compound 51 is 

less charged than compound 50 may make the compound more likely to cross the 

cell membrane resulting in a better NQO1 response. It would be interesting to 

investigate whether compound 52 which is 10-fold less active than compound 51 in 

the fluorescence polarisation assay follows the same trend and is more active in the 

NQO1 assay. The presence of the uncharged NH2 group at the C-terminus in place 

of the negatively charged carboxylic acid group may make this compound a better 

candidate for the NQO1 assay as the compound will have a lower net charge which 

should result in better cell penetration and a greater upregulation of cytoprotective 

gene products.        
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It would also be interesting to investigate the activity of the stearoyl capped native 

‘ETGE’ sequence peptide (compound 53) in the NQO1 assay. As stated previously, 

adaptation of the native peptide with proline replacing glutamic acid and leucine 

replacing phenylalanine has resulted in a 50-fold increase in activity as observed in 

the fluorescence polarisation assay. It would be interesting to investigate if the same 

increase in activity is observed in the NQO1 assay.    

Steel et al have used a Tat-conjugated Nrf2 sequence peptide to activate Nrf2 and 

its downstream target gene hemeoxygenase-1 (HO-1).146 They used ETGE peptide 

sequences based on the work by Hannink et al to generate three peptides with the 

tat sequence located at the N-terminus (10-mer, 14-mer and 16-mer).48 Tat-10: 

YGRKKRRQRRRLDEETGEFLP, Tat-14: YGRKKRRQRRRLQLDEETGEFLPIQ, 

Tat-16: YGRKKRRQRRRAFFAQLQLDEETGEFL. The peptides were screened for 

their ability to activate HO-1 gene expression in intact THP-1 cells (Human acute 

monocytic leukemia cell line). Interestingly only the Tat-14 peptide was found to 

activate HO-1 expression, they suggest that the conjugation of the tat peptide to the 

10-mer and 16-mer peptides did not result in uptake of the peptide complex into 

cells or that the presence of the Tat peptide inhibited the binding of the peptides to 

the Kelch domain.146  

By looking at the structure of the three Tat-conjugated peptides it appears that the 

failure of Tat-10 and Tat-16 to evoke a response in the HO-1 assay may be due to 

the presence of the Tat peptide inhibiting binding. It is well documented that 

conjugation of a number of different agents with the Tat peptide enhances cell 

penetration.147 In the case of the Tat-10 peptide it seems that the positively charged 

arginine residues of the Tat peptide are located very close to the negatively charged 

aspartic acid and glutamic acid residues of the ETGE motif containing component, 

whereas in the case of the Tat-14 peptide there are three uncharged amino acids, 

leucine, glutamine, leucine which serve to separate the positively and negatively 

charged components and may prevent the peptide complex folding in on itself which 

is likely to be what happens with the shorter Tat-10 peptide, preventing penetration 

of the cell membrane.  

The fact that the 7-mer peptide conjugates described here with stearic acid attached 

at the N-terminus were found to cause an increase in NQO1 induction whereas the 

shortest tat conjugated peptide to induce HO-1 function was a 14-mer suggests that 

our initial choice of stearic acid as a method for cell penetration was reasonable.  
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6.6 Summary 

Conjugation to a fatty acid is a potential way to enhance in vitro activity of the 

compounds and also to determine activity in cell-based assays. Such compounds 

have a potential role as probe molecules for exploring the activity of Keap1-Nrf2 

interaction inhibitors in vitro. In order to determine whether the peptide probes have 

an effect on the upregulation of Nrf2-dependent gene products in cells it is 

necessary to penetrate the cell membrane. Stearic acid was used to cap the peptide 

probe in place of the acetyl group used for previous linear peptides. The idea behind 

the use of the stearoyl group was that it would interact with the cell membrane and 

‘pull’ the negatively charged peptide probe into the intracellular environment.  

Six stearoyl capped cell penetrating peptides were synthesised; the first was a cell 

penetrating version of the most potent hybrid peptide sequence St-DPETGEL-OH, 

two other modified hybrid peptides were also further adapted in order to achieve cell 

penetration; St-NPETGEL-OH and St-NPETGEL-NH2. The native ETGE sequence 

was also synthesised with a stearoyl cap St-DEETGEF-OH. A benzoyl capped 

version of the hybrid peptide was also synthesised to compare cell penetrating 

properties of the smaller benzoyl group in comparison to the stearoyl group; Bz-

DPETGEL-OH. In addition, scrambled versions (acetyl and stearoyl capped) of both 

the hybrid peptide and the native sequence were synthesised as negative controls. 

Interestingly, the results show that the introduction of a stearoyl cap resulted in a 

significant increase in potency in comparison to the acetyl capped counterparts. 

These surprising results indicate that the stearic acid cap may interact with the 

Keap1 binding site with a resultant increase in potency of the peptide probe. A 

competition assay was performed to determine the extent to which the stearoyl tail 

component inhibited the interaction between the Kelch domain and the fluorescent 

peptide FITC-β-DEETGEF-OH. Variable concentrations of stearic acid (1 nmol/L to 

100 μmol/L) were used, the extent to which the stearic acid inhibited the interaction 

ranged from 12% at the top concentration to 5% inhibition at the lowest 

concentration suggesting a very weak direct interaction with the Keap1 binding site. 

This suggests that the addition of a stearoyl cap to the peptides enhances the 

inhibitory characteristics of the peptides rather than being an inhibitor in its own 

right.  

A cell-based NQO1 assay was used to determine the activity of the stearoyl capped 

peptides, NQO1 is a representative Phase II enzyme, the upregulation of which 

indicates inhibition of the Keap1-Nrf2 interaction. The activity of the stearoyl capped 

hybrid peptides St-DPETGEL-OH and St-NPETGEL-OH was investigated using the 
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NQO1 assay. NQO1 activity was increased after stimulation with compound St-

DPETGEL-OH and the CD (change in optical density) value was measured as ~100 

μmol/L. NQO1 activity was also increased after stimulation with compound St-

NPETGEL-OH, the CD value of was measured as 80 μmol/L. The CD value of 

sulphoraphane (a known NQO1 inducer) is 0.2 μmol/L. The NQO1 activity of the 

acetyl capped hybrid peptide counterparts were also investigated however, NQO1 

activity was not increased with these compounds.  

The success of these cell penetrating peptides may allow the range of experiments 

that can be performed with model Keap1-Nrf2 PPI inhibitors to be expanded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



127 
 

7. Cyclic peptides 

Following the successful development of a potent linear peptide probe, compound 

41, it was hypothesised that similar results could be achieved by tethering the two 

ends of the native ETGE sequence together in the form of a homodectic cyclic 

peptide. We hypothesised that constraining the sequence in this way would be as 

effective as the inclusion of proline to form the β-hairpin in the linear peptide probe. 

Cyclic peptides are frequently more bioavailable, more stable toward metabolic 

degradation, and more selective in receptor binding than their linear counterparts 

and therefore often represent promising drug candidates.148 

7.1 Cyclising the ETGE peptide sequence 

Figure 7.1 shows a native ETGE sequence 15-mer peptide in its bound 

conformation in the Keap1 binding site. As previously discussed, a large portion of 

the ETGE sequence peptide is not involved in the binding interaction and projects 

away from the Keap1 binding site. The four residues of the peptide sequence which 

make contact with the Keap1 binding site are Glu-79, Thr-80, Gly-81 and Glu-82. 

These residues form the β-hairpin and are responsible for the majority of the 

interaction of the ETGE peptide motif with the Keap1 binding site. The residue Asp 

77 is also important for the formation of the β-hairpin as it forms intramolecular 

interactions with the backbone of the threonine residue which contributes to 

secondary structure formation.   

 

Figure 7.1: The interaction between Keap1 (purple ribbon representation) and the ETGE motif peptide 

(ball and stick representation). Potential sequence cyclisation points are indicated. PDB reference: 

2FLU. 

β-hairpin formation and 

contact with binding site

Amino acid residues which are not 

involved in the binding interaction

Potential point s to tether and 

restrict the binding sequence

Potential points to tether and 

restrict the binding sequence
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7.1.1 Molecular modelling to design cyclic peptides 

The plan was to synthesise a series of homodetic cyclic peptides incorporating the 

four important binding residues E79, T80, G81 and E82. Molecular modelling was 

used to identify potential points of the sequence to tether together to create different 

sized cyclic peptides. The selected residues to cyclise the sequence to create four 

cyclic peptides are shown in Figure 7.2. 

 

Figure 7.2: Diagram to show the points of cyclisation to make a 6-mer, 7-mer, 8-mer and 9-mer cyclic 

peptide containing the ‘ETGE’ motif.  

The crystal structure of the ETGE motif peptide in complex with the Keap1 binding 

site was used in the first instance to determine the feasibility of different size cyclic 

peptides. The smallest feasible cyclic peptide was deemed to be a 5-mer peptide, 

therefore, the distance between E78N and E82C was measured which would give a 

cyclic peptide with the following sequence; EETGE. The distance between these 

two residues was measured as 6.87 Å. A larger 6-mer peptide incorporating the 

ETGE motif could be created by tethering residues D77 and E82 together to give a 

cyclic peptide with the sequence DEETGE. The distance between D77N and E82C 

was found to be shorter 4.00 Å (Figure 7.3), which implies that cyclisation between 

these two residues is more likely to result in a cyclic peptide that has less disruption 

of the bound conformation than the cyclisation of the shorter 5-mer sequence.   
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Figure 7.3: Molecular modelling representations to show the distance between residues in potential 

cyclic peptides. A. 5-mer cyclic peptide, B. 6-mer cyclic peptide. Keap1 binding site is shown in purple 

ribbon representation and the Nrf2 peptide as ball and stick representation.  

The distance between D77N and F83C was measured to determine the feasibility of 

synthesising a larger 7-mer peptide; DEETGEF and the distance between L76N and 

F83C to investigate synthesising a potential 8-mer peptide; LDEETGEF. The two 

distances were similar 5.80 Å for the 7-mer and 5.59 Å for the 8-mer (Figure 7.4). 

A 

B 
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Figure 7.4: Molecular modelling representations to show the distance between residues in potential 

cyclic peptides. A. 7-mer cyclic peptide, B. 8-mer cyclic peptide. Keap1 binding site is shown in purple 

ribbon representation and the Nrf2 peptide as ball and stick representation.  

An 8-mer cyclic peptide could also be synthesised by tethering the sequence 

between residues D77 and L84 to give a cyclic peptide of the sequence 

DEETGEFL. The distance between D77N and L84C was measured as 7.42 Å which 

is a greater distance than that measured for the previous 8-mer cyclisation. The 

distance between the two leucine residues was also measured which would give a 

9-mer cyclic peptide with the sequence LDEETGEFL. The distance between L76N 

and L84C was measured as 6.23 Å (Figure 7.5). 

A 

B 
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Figure 7.5: Molecular modelling representations to show the distance between residues in potential 

cyclic peptides. A. 8-mer cyclic peptide, B. 9-mer cyclic peptide. Keap1 binding site is shown in purple 

ribbon representation and the Nrf2 peptide as ball and stick representation. 

The six distances which have been presented were also sampled from a molecular 

dynamics (MD) simulation of the 9-mer ETGE peptide bound to the human Keap1 

Kelch domain using the Assisted Model Building with Energy Refinement (AMBER) 

software suite. Snap shots from a 100 ns MD trajectory were analysed using the 

ptraj program to measure the distances between the relevant tethering positions. 

The mean distances were calculated from the 10,000 data points. The distances 

calculated with the molecular dynamics simulations and the measurement from the 

crystal structure are compared in Table 7.1.  

 

A 

B 
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Table 7.1: Comparison of distances measured from the crystal structure and distances measured from 

the AMBER MD trajectory. 

Cyclic peptide size Distance measured from the 
crystal structure (Å) 

Distance measured from the 
AMBER MD trajectory (Å) 

5-mer 6.87 6.98 (± 0.20) 

6-mer 4.00 9.76 (± 3.06) 

7-mer 5.80 9.07 (± 2.97) 

8-mer A (L76N – F83C) 5.59 7.44 (± 1.95) 

8-mer B (D77N – L84C) 7.42 7.46 (± 1.95) 

9-mer 6.23 4.93 (± 1.66) 

  

The measured distances from the crystal structure and the dynamic distances from 

the MD trajectory are very similar for the 5-mer cyclic peptide and the 8-mer cyclic 

peptide (option B), whereas there is a notable difference between the measured and 

dynamic distances for the 6-mer, 7-mer, 8-mer (option A) and 9-mer cyclic peptides. 

The similarity between the crystal structure measured distance and the dynamic 

distance for the 5-mer cyclic peptide prediction could be explained by the fact that 

these five amino acid residues are bound tightly in the Keap1 binding cleft and, 

therefore, there is not much flexibility in this part of the peptide. The residues which 

are located further from the binding site are more flexible and can occupy a range of 

conformations not represented in the crystal structure.    

On reviewing the formation of the β-hairpin of the ETGE motif in the Keap1 binding 

site it was decided that a 5-mer cyclic peptide would be too small to be an effective 

mimic of the peptide secondary structure. The distance between the two glutamic 

acid residues, E78 and E82 is quite large; 6.87 Å measured from the crystal 

structure and 6.98 Å calculated using the AMBER MD trajectory. It was thought that 

a 5-mer cyclic peptide of sequence EETGE would bring the two important 

interacting residues, E79 and E82, too close together, therefore, cyclisation would 

distort the positioning of these two residues and prevent them from interacting 

effectively with the Keap1 binding site. The distance between residues D77 and E82 

to form a 6-mer cyclic peptide was measured as 4.00 Å with the crystal structure, 

with a larger distance 9.76 Å predicted with the dynamic measurements. In the case 

of the larger cyclic peptides it appears that the cyclisation points are far enough out 

of the binding site and flexible enough that tethering of the ends would not distort 

the interaction of the key residues, E79 and E82, with the Keap1 binding site.  

 

 

                                                           
 S.A. Harris, University of Leeds – AMBER MD simulations. 
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7.2 Homodetic cyclisation 

There are two main classes of cyclic peptide: homodetic and heterodetic.149 

Homodetic peptides are those in which all of the covalent linkages between the 

constituent amino acids are peptide bonds, therefore, homodetic cyclisation occurs 

through the formation of an amide bond between two residues, whereas heterodetic 

peptides contain covalent linkages between certain amino acids that are not peptide 

bonds, heterodetic cyclic peptides can be cyclised by other linkages such as ethers, 

lactones and disulphides.150,151  

Peptides have three main modes of cyclisation: head-to-tail, side chain-to-side chain 

and head/tail-to-side chain (Figure 7.6). Head-to-tail cyclisation involves the reaction 

of the N-terminal α-amino group with the C-terminal α-carboxy group of the linear 

peptide chain. If the peptide has appropriate functionality in the amino acid side 

chains then side chain-to-side chain cyclisation can occur, this can take place for 

example between the amino group of lysine and the carboxylic acid group of 

glutamic acid. Head/tail-to-side chain cyclisation can occur via the N-terminal α-

amino group and a side chain carboxy group, or between the C-terminal α-carboxy 

group and a side chain amino group.   

 

Figure 7.6: Different proposed modes of cyclisation. Head-to-tail cyclisation where the N-terminal is 

attached to the C-terminal is shown in red. Head-to-side chain where the N-terminal is attached to one 

of the side chains of the peptide is shown in orange. Side chain-to-side chain cyclisation is shown in 

green and side chain-to-tail cyclisation where a side chain is attached to the C-terminal is shown in 

blue.  

In principle, exactly the same coupling conditions can be used for cyclisation as 

those used for chain elongation as the reaction is identical, however, cyclisation 

reactions often proceed at a much slower rate in comparison to standard amino acid 

couplings, therefore, cyclisation reaction times should be longer; usually 12 hours 

compared to 1 hour for standard amino acid coupling. Also, the linear peptide 

precursor must have sufficient conformational freedom in order to allow the peptide 

termini to react. Cyclisation reactions in which the N- and C-termini of the linear 
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precursor are in close proximity are often higher yielding than conformationally 

‘unproduct-like’ precursors.152 

Classical approaches to the synthesis of cyclic peptides generally involve 

preparation of the partially protected linear precursor by solution or solid phase 

approaches, followed by cyclisation in solution under high-dilution conditions.148 

However, solution-phase methodologies, even under high dilution conditions, suffer 

from drawbacks, such as cyclodimerisation and cyclooligomerisation side reactions, 

in addition this approach is time consuming and often leads to lower yields. An 

alternative approach which limits intermolecular reactions and favours 

intramolecular reactions is to perform cyclisation on an immobilised linear precursor. 

The technique of side-chain immobilisation is employed whereby the first amino acid 

in the peptide synthesis is anchored to the resin via its side chain, in this way 

complete orthogonality can be achieved. Orthogonal α-carboxy protection is 

achieved using palladium [0]-labile allyl esters or the hydrazine-labile 4-{N-[1-(4,4-

dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl]amino}benzyl (Dmab) esters.153  

7.2.1 Synthesis of homodetic cyclic peptides 

To obtain a homodetic 6-mer head-to-tail cyclic peptide containing the ETGE motif, 

the sequence FAETGE was chosen with the C-terminal glutamic acid attached to 

the resin with the view to cyclise the sequence between the glutamic acid residue 

and the N-terminal phenyalanine residue. The sequence FAETGE was chosen as it 

was clear from our previous work that the glutamic acid in position 78 is not involved 

in intermolecular interactions. Therefore, it was substituted with the less bulky 

alanine residue.    

The superior on-resin cyclisation method was chosen in favour of the classical 

solution cyclisation procedure. It was also decided that a Dmab ester should be 

used in preference to an allyl ester for α-carboxy protection of resin-bound glutamic 

acid. This is because the allyl deprotection strategy requires removal of the allyl 

group with Pd[0], a reaction that is inconvenient as it requires the use of anhydrous 

reagents under a nitrogen or argon atmosphere to protect the air sensitive catalyst, 

in addition the reaction time is relatively long and can be sluggish at higher resin 

loads or for expanded ring sizes.154 In theory, removal of the Dmab protecting group 

is much more straightforward, the conditions that are used are 2% hydrazine in 

DMF for 3 minutes, repeated once.154,155 The first amino acid was anchored to the 

resin by the side chain of an NαFmoc protected glutamic acid residue with 

orthogonal α-carboxyl protection using a Dmab protecting group as shown in Figure 

7.7. 
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Figure 7.7: Orthogonal α-carboxyl protection using the Dmab protecting group and anchoring the 

amino acid to the resin by side chain attachment. 

The peptide was synthesised using standard Fmoc chemistry as previously 

described. Dmab deprotection (prior to cyclisation) was carried out in accordance 

with the literature procedure, 2% hydrazine in DMF for 3 minutes, repeated 

once.154,155 However, it was found to be unsuccessful. Increasing the number of 

repeats to five was unsuccessful, as was increasing the reaction time to 15 minutes. 

The failure of Dmab removal was monitored using LCMS analysis of a sample 

cleaved from the resin.  

After failure to remove the Dmab protecting group, it was decided that an alternative 

orthogonal protecting group should be investigated; Fmoc-Glu(Wang resin)-OAll as 

shown in Figure 7.8. 

 

Figure 7.8: Orthogonal α-carboxyl protection using the allyl protecting group and anchoring the amino 

acid to the resin by side chain attachment. 

Allyl deprotection was achieved using the Alcaro method; the peptidyl resin was 

dried under vacuum and re-swollen in dry DMF followed by dry DCM under argon. 

The resin was shaken for 5 min with an excess of PhSiH3 in dry DCM under argon 

and a solution of Pd(PPh3)4 in dry DCM was added. After 1 h the resin was washed 

with dry DCM. The treatment with PhSiH3/Pd(PPh3)4 was repeated once again. The 

resin was washed with DCM, a solution of 0.5% sodium diethyldithiocarbamate in 

DMF, DMF and DCM.148  

After successful removal of the allyl group, the N-terminal Fmoc group was removed 

according to the standard procedure (20% piperidine in DMF) and the McCusker 
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method (HATU (4 equiv) and DIPEA (4 equiv) in DMF156), was used to initiate on-

resin cyclisation. The solution was added to the resin and mixed for 16 h, the resin 

was drained and washed with DMF. The procedure was repeated twice and 

monitored using the ninhydrin test. On removal from the resin, the product was 

confirmed to be the linear rather than the cyclic peptide by LCMS analysis.  

It was hypothesised that the problem with cyclising the peptide sequence could be 

due to the presence of bulky side chain groups such as glutamic acid and threonine. 

In order to investigate cyclisation conditions these groups were replaced with 

alanine residues. Three 6-mer peptides with the sequence; FAAAGE were 

synthesised with the glutamic acid residue immobilised on the resin via its side 

chain with cyclisation between the glutamic acid at the C-terminus and the 

phenylalanine at the N-terminus. Three 7-mer peptides of the sequence FAAAAGE 

were also synthesised to investigate cyclisation conditions with a longer chain 

peptide. Three different cyclisation methods were investigated for each sequence. 

The first method investigated was the McCusker method using HATU (4 eq. relative 

to resin loading) and DIPEA (4 eq. relative to resin loading) in DMF.156 The solution 

was added to the resin and mixed for 16 h, the resin was drained and washed with 

DMF. The procedure was repeated twice and monitored using the ninhydrin test. 

This method failed to produce either a 6-mer or 7-mer cyclic peptide, confirmed 

using LCMS and the ninhydrin test. The next method investigated was the 

Romanovskis method;157 using HATU (4 eq. relative to resin loading), HOAt (4 eq. 

relative to resin loading), DIPEA (8 eq. relative to resin loading) in DMF. The 

solution was added to the resin and mixed for 16 h, the resin was drained and 

washed with DMF. The procedure was repeated twice and monitored using the 

ninhydrin test. Again cyclisation failed to occur with both the 6-mer and 7-mer 

sequence. A final method was tested, the Alcaro method;148 PyBOP (1 eq. relative 

to resin loading) and DIPEA (2 eq. relative to resin loading) were dissolved in DMF. 

The solution was added to the resin and mixed for 4 h. After cyclisation the resin 

was drained and washed with DMF. The procedure was repeated twice and 

monitored using the ninhydrin test. Cyclisation of both chain lengths also failed with 

this third method.  

Failure to cyclise both the 6-mer and 7-mer peptide sequence could be attributed to 

the fact that the cyclisation point was between two bulky residues, glutamic acid 

attached to the resin and phenylalanine at the N-terminus. Therefore, it was decided 

that the cyclisation point should be moved to a different part of the sequence. 

Previous attempts at synthesising a cyclic peptide involved the sequence FAETGE, 
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it was decided that the sequence AETGED should be used instead. This allowed a 

strategy in which the peptide was immobilised on the resin via the side chain of 

aspartic acid and cyclised between this residue and the N-terminal alanine (Figure 

7.9). 

 

Figure 7.9: Cyclisation strategies for the 6-mer cyclic peptide. Cyclisation shown in blue proposes that 

cyclisation should occur between the C-terminal aspartic acid residue (attached to the resin via its side 

chain) and the N-terminal alanine residue. Cyclisation shown in purple proposes that cyclisation should 

occur between the C-terminal glutamic acid residue (attached to the resin via its side chain) and the N-

terminal phenylalanine residue. 

A 7-mer peptide with the sequence AETGEFD, an 8-mer peptide with the sequence 

AETGEFLD and a 9-mer peptide with the sequence AETGEFLLD were also 

synthesised, each time cyclisation took place between the aspartic acid and alanine 

residues. A new method was employed to effect cyclisation; HOAt (3 eq. relative to 

resin loading) and DIC (3 eq. relative to resin loading) were dissolved in DMF155 and 

this solution was added to the resin and mixed for 24 h, then the resin was drained 

and washed with DMF. The procedure was repeated twice and monitored using the 

ninhydrin test. This time all cases of cyclisation, apart from cyclisation of the 9-mer 

peptide, were successful as determined by LCMS analysis.  

The purified yields of the cyclic peptides ranged from 5% to 6% based on the 

manufacturer’s substitution.   

7.2.2 Characterisation and analysis of the cyclic peptides 

Analysis of the NMR spectra, mass spectrometry and RP-HPLC data were used to 

confirm the structures of the peptides. Suitable spectra were obtained to allow 

assignment of the 1H and 13C NMR signals of the peptides and confirm their 

structure. Mass spectrometry was used for further confirmation. Each peptide 

displayed a clear [M+H+] peak at 100% intensity. The NMR spectra for all three 

cyclic peptides showed characteristic peaks for the methyl groups of threonine and 

alanine; a doublet at 1.02 ppm showed the presence of the threonine methyl group 

and a doublet at 1.20 ppm showed the presence of the alanine methyl group. The 
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NMR spectrum of the 8-mer cyclic peptide also showed additional multiplets 

between 0.69 ppm and 0.85 ppm showing the presence of the additional leucine 

residue in this peptide. The 8-mer and 7-mer cyclic peptides both contain a 

phenylalanine residue. The phenyl group appeared as a group of multiplets between 

7.14 ppm and 7.29 ppm. These peaks were absent for the 6-mer peptide which did 

not contain this residue.  

An example of the 1H NMR for compound 63 (the ETGE containing 8-mer cyclic 

sequence peptide; (cyclic) AETGEFLD) is shown in Figure 7.10. 

 

Figure 7.10: 
1
H NMR for compound 63  

The three different sized cyclic peptides were tested for their ability to inhibit the 

Keap1-Nrf2 interaction using the fluorescence polarisation assay. The results are 

shown in Figure 7.11 and Table 7.2. 
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Figure 7.11: Competitive inhibition of fluorescent peptide 3 (FITC- β-DEETGEF-OH) binding to the 

Keap1 Kelch domain by various unlabelled peptides (▼, cyc-AETGED 61; ○, cyc-AETGEFD 62; ●, 

cyc-AETGEFLD 63) at different concentrations (log scale). Data points are shown ± standard 

deviation (experiments performed in triplicate, n = 3). 
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Table 7.2: IC50 values for cyclic peptides as inhibitors of the interaction between peptide 3 and the 

Kelch domain.  

Compound Structure IC50 ± SE (μmol/L) 

61 

 

14.7 ± 6.04 

62 

 

13.6 ± 2.37 

63 

 

0.69 ± 0.0557 

 

The 8-mer cyclic peptide, compound 63, was the most potent of the three cyclic 

peptides. It appears that a larger ring size allows the two glutamic acid residues to 

be positioned in the correct orientation to bind effectively with the Kelch domain of 

the Keap1 binding site. The two smaller 6-mer and 7-mer cyclic peptides (61 and 

62) bind effectively to the Keap1 binding site and have comparable binding affinities, 

but are not as potent as the 8-mer.  

It is interesting to note that the most effective cyclic peptide has a comparable 

binding affinity to compound 14, the linear 7-mer peptide of sequence DAETGEF 

which has a binding affinity of 0.73 μmol/L. It appears that cyclising the sequence, 

especially a sequence eight amino acid residues in length, results in efficient 

restriction and positioning of the two key glutamic acid residues, however, it does 

not result in a compound that is more potent than its shorter linear counterpart.  
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The 7-mer cyclic peptide has the lowest predicted binding energy using molecular 

modelling data from Autodock (Figure 7.12). However, as discussed the data from 

the fluorescence polarisation assay suggests that in fact the 8-mer cyclic peptide is 

the most potent cyclic inhibitor of the Keap1-Nrf2 interaction.  
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Figure 7.12: Correlation between the Autodock calculated lowest binding energy and cyclic peptide 

ring size. The Autodock Binding Energy, Kcal/mol. The results show that the formation of a 7 

membered ring is most energetically favourable.  

7.3 Ring closing metathesis 

Ring closing metathesis was investigated as an alternative method to achieve 

peptide cyclisation. This method has been applied to the synthesis of 5- to 30-

membered cyclic alkenes. The reaction utilises a ruthenium catalyst (Grubb’s 

catalyst) and is tolerant of a variety of functional groups, but normally the molecule 

requires polar functional groups that are able to form a template for the catalyst. The 

newer second and third generation Grubb’s catalysts are considered to be more 

versatile catalysts for this transformation (Figure 7.13).  
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Figure 7.13: Grubb’s second generation ruthenium catalyst; benzylidene[1,3-bis(2,4,6-trimethylphenyl)-

2-imidazolidinylidene]dichloro(tricyclohexylphosphine) ruthenium. 

The key intermediate is a metallocyclobutane, which can undergo cycloreversion 

either towards the products or back to the starting materials. When the olefins of the 

substrate are terminal, the driving force for ring closing metathesis is removal of 

ethene from the reaction mixture158,159,160 (Figure 7.14).  

 

Figure 7.14: Ring closing metathesis mechanism. 

It was thought that ring closing metathesis could be used to extend the ring size of 

the cyclic hexapeptide, using the allyl ester group attached to the resin bound 

glutamic acid and an acrylamide attached to the N-terminus, shown in Figure 7.15. 
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Figure 7.15: Schematic to show Ring Closing Metathesis. Conditions are 0.3 equivalents relative to 

resin loading of Grubb’s second generation catalyst with DCM as the solvent at 40°C for 48 hours. 

Fmoc-Glu(Wang resin)-OAllyl was used to prepare this compound according to the 

general method as previously described. The N-terminal alkene was introduced 

using acrylic acid, DIC and DIPEA. The peptidyl resin was dried using DMF, DCM 

and MeOH. Grubb’s second generation catalyst was dissolved in anhydrous DCM 

and added to the resin under an argon atmosphere and allowed to react at 40°C for 

48 h.   

Ring closing metathesis failed on several occasions determined using mass 

spectrometry and NMR data. The failure to cyclise the sequence via ring closing 

metathesis was thought to be caused by either oxidation of the catalyst or the 

choice of ring size. The sequence may have been too restricted for the ring closing 

reaction to occur properly or it could be that the sequence was a poor template for 

the catalyst. 

7.4 Azide-alkyne click chemistry 

A third way to cyclise the peptide sequence was investigated using azide-alkyne 

click chemistry. Jagasia and co-workers found that head-to-tail cyclodimerisation of 

resin-bound oligopeptides bearing azide and alkyne groups occurs readily by 1,3-

dipolar cycloaddition upon treatment with copper iodide (CuI). The process was 

found to be independent of peptide sequence, sensitive to the proximity of the 

alkyne to the resin, sensitive to solvent composition and inhibited by the inclusion of 

tertiary amide linkages.161 The standard dimerisation conditions used copper iodide, 

2,6-lutidine and 4:1 MeCN:DMSO as the solvent, however, the conditions can be 

manipulated to promote monomeric ring closure by changing the solvent to DMSO. 

It is also important to note that peptides shorter than hexamers are predominantly 

converted to cyclic monomers.161 It was proposed that a cyclic peptide based on the 

ETGE motif could be synthesised using azide-alkyne click chemistry by 

manipulating the reaction conditions to obtain cyclic monomers in preference to 

cyclic dimers. The synthetic route to the ‘click’ chemistry precursor is shown in 

Figure 7.16.  
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Figure 7.16: Reaction scheme for synthesis of linear peptide precursor for the copper iodide-mediated 

azide-alkyne cycloaddition. 

A peptide was chosen based upon the native sequence (DEETGEF) incorporating a 

propargylamine unit at the C-terminal and an azido alkyl carboxylic acid at the N-

terminal (Figure 7.17). After synthesis of the linear peptide chain, cyclisation of the 

linear monomer was performed.  

     

  

Figure 7.17: formation of the cyclic monomer using the Cu[I]-mediated azide-alkyne cycloaddition. 

Two different length azido acids, a 5-azidopentanoic acid and a 6-azidohexanoic 

acid, were synthesised in order to make two different sized cyclic peptides. The 

azido acids were synthesised by the reaction of 5-bromovaleric acid or 6-

bromohexanoic acid with sodium azide at room temperature in DMF (Figure 7.18). 

The progress of the reaction was monitored using LCMS.162 The yield of 5-

azidopentanoic acid was 45% and the yield of 6-azidohexanoic acid was 50%. 



145 
 

 

Figure 7.18: Synthetic scheme for azido acid synthesis 

The linear peptide chain was synthesised using solid phase peptide synthesis 

methodology. A bromoacetamide functionality was attached to a Rink amide MBHA 

resin using the anhydride of 2-bromoacetic acid. Following this the resin was 

washed with DMF and treated with propargylamine to achieve attachment of an 

alkyne functionality to the resin. The first amino acid was then coupled using the 

symmetrical anhydride of the Fmoc protected amino acid. Subsequent amino acids 

were attached according to the standard method using HATU and DIPEA in DMF. 

The final stage of linear chain synthesis involved the attachment of either 5-

azidopentanoic acid or 6-azidohexanoic acid, which was achieved using the 

standard coupling conditions; HATU, DIPEA in DMF.  

On-resin cyclisation was carried out using solvents freshly deoxygenated by 

bubbling with nitrogen. The peptide loaded resin was treated with a solution of 

copper (I) iodide in DMSO and 2,6-lutidine for 48 hours under a nitrogen 

atmosphere. The resin was washed (DMF, MeCN, H2O) then treated with a 

saturated aqueous solution of disodium EDTA to remove copper salts and washed 

again (H2O, MeCN, DCM, Et2O). The peptide was cleaved from the resin using 95% 

TFA (2.5% TIS, 2.5% water). NMR and IR spectra of both peptides were 

inconclusive for cyclisation.  

After failure with this method of azide-alkyne cyclisation, it was decided that a 

different click chemistry method should be used, but this time with the intention of 

restricting the sequence between the aspartic acid and threonine residue, positions 

77 and 80 in the native sequence, (Figure 7.19) as these two residues are involved 

in intramolecular interactions to stabilise the β-hairpin in the native peptide 

sequence.  
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Figure 7.19: Indicating the strategy for cyclising the native peptide sequence that could be restricted 

using azide-alkyne click chemistry. A. 2D representation. B. 3D representation based upon PDB 

reference: 2FLU. The blue line shows the interaction between the aspartic acid and threonine residues.  

It was decided that an azidolysine should be synthesised from an α-Fmoc-ε-Boc-

protected lysine amino acid. The first stage of the process was to remove the Boc 

protecting group by adding TFA at 0 °C then heating to 50 °C for 18 h. The cooled 

solution was treated with amberlyst A-21 ion exchange resin for 1 h and the filtrate 

concentrated in vacuo to give a colourless oil with a 70% yield (Figure 7.20). 

 

Figure 7.20: Conversion of the Boc-protected lysine side chain to the free amine. Acid catalysed Boc 

group removal. 

The starting material had a molecular weight of 468.6, whereas the product had a 

molecular weight of 368.4, this mass was observed as a single peak by LCMS with 

A 

B 
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a mass of 369.12. The 1H NMR spectrum for the final product showed a singlet at 

6.30 ppm integrating for two protons which confirmed the presence of the two amine 

protons of the lysine side chain, as this peak was not observed in the NMR 

spectrum of the starting material.    

Conversion of the side chain amine to an azide was achieved using triflic azide 

(freshly prepared from triflic anhydride and sodium azide) (Figure 7.21).  

 

(Tf = CF3SO2) 

Figure 7.21: Conversion of free amine side chain of lysine to an azide. 

The Fmoc-Lys-OH in 80% aqueous acetic acid and copper(II)sulphate solution was 

treated with water, MeOH and trifluoromethanesulfonyl azide (2 eq.) in DCM and the 

pH adjusted to 9-10 with K2CO3. The two-phase system was stirred vigorously for 

20 h. The yield of the reaction after work up was 55%.   

A peptide was synthesised containing the azido lysine residue. The sequence was 

Pro-Glu-Lys(Az)-Gly-Glu-Phe with 4-pentynoic acid attached at the N-terminus. The 

peptidyl resin was treated with DIPEA and CuI in THF and stirred at room 

temperature for 16 h then worked up as before. The peptide was cleaved from the 

resin using 95% TFA (2.5% TIS, 2.5% water). NMR and IR spectra were 

inconclusive for cyclisation. 

An alternative method to bridge the side chains of amino acids in the aspartic acid 

and threonine positions was investigated; the commercially available Fmoc-

propargylglycine was inserted into the sequence in place of threonine and the 

aspartic acid residue at the N-terminus was replaced with azidoacetic acid to give 

the following linear peptide; Azidoacetic acid-Pro-Glu-Propargylglycine-Gly-Glu-Phe 

(Figure 7.22). 

TfN3, CuSO4 

pH 9-10 

H2O, MeOH, DCM 
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Figure 7.22: Linear peptide containing alkyne and azide moieties and the proposed cyclisation. 

Azidoacetic acid was synthesised from bromoacetic acid (Figure 7.23) by treatment 

with sodium azide in DMF in a similar manner to that described previously. The 

azidoacetic acid was isolated in 88% yield as a pale yellow oil.  

 

 

Figure 7.23: Azido acetic acid synthesis from bromoacetic acid. 

The molecular weight of the starting material was 138.95 whilst the molecular 

weight of the product was 101.06 confirmed using LCMS. An azide peak at 2110.82 

cm-1 was observed in the IR spectrum.   

The peptidyl resin was treated with DIPEA and CuI in THF and stirred at room 

temperature for 16 h. The resin was washed with THF, water, DMF, MeOH, DCM, 

and dried in vacuo then cleaved from the resin and side chain deprotected using 

95% TFA (2.5% TIS, 2.5% water). The crude product was precipitated using ether, 

purified using RP-HPLC and lyophilised. The molecular weight of the linear peptide 

starting material and the cyclisation product were the same; 755.29, therefore, 1H 

NMR and IR spectra were used to determine whether cyclisation had occurred. A 

singlet around 7.50 ppm would be expected for the proton of the triazole ring in the 

cyclisation product, this singlet was not observed in the 1H NMR spectrum which 

was identical to the 1H NMR spectrum of the linear peptide precursor. The IR 

spectra of the linear precursor and the cyclisation product were also identical, 

further confirming the failure of cyclisation; the spectra showed peaks at 2118.67 

and 2118.08 cm-1 for the precursor and cyclisation product respectively indicating 

the presence of the azide rather than a triazole. 

A second attempt at cyclising between propargylglycine and an azide was 

performed with the longer chain azidopropionic acid which was synthesised in the 

NaN3, DMF, room 

temperature 
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same way as the azido acetic acid. The following peptide was synthesised; 

Azidopropionic acid-Pro-Glu-Propargylglycine-Gly-Glu-Phe and cyclisation 

performed in the same way as described previously. Again the lack of triazole 

proton peak in the NMR spectrum and the presence of the azide peak in the IR 

spectrum indicated failure of the ‘click’ cyclisation reaction.   

7.5 Summary 

It was hypothesised that constraining the ETGE sequence by cyclising the 

sequence would be as effective as the inclusion of the proline residue to form the β-

hairpin in the linear peptide probe. Cyclic peptides are more bioavailable, more 

stable towards metabolic degradation and more selective in receptor binding that 

their linear counterparts, for these reasons they often represent promising drug 

candidates and molecular probes of protein-protein interactions. 

The four residues of the peptide sequence which make contact with the Keap1 

binding site are Glu-79, Thr-80, Gly-81 and Glu-82. These residues form the β-

hairpin and are responsible for the majority of the interaction of the ETGE peptide 

motif with the Keap1 binding site. The plan was to synthesise a series of homodetic 

cyclic peptides incorporating the four important binding residues E79, T80, G81 and 

E82. Molecular modelling was used to identify potential points of the sequence to 

tether together to create different sized cyclic peptides. Several ring sizes and 

cyclisation substrates were explored. Homodetic head-to-tail cyclic peptides of 6, 7 

and 8 amino acid chain lengths were successfully synthesised, the most potent 

cyclic peptide was the 8-mer cyclic peptide. Cyclic inhibitors were generally more 

potent than the linear peptides, however, they were not as potent as the linear 

hybrid sequence based upon the Nrf2 and sequestosome-1 binding motifs. It is 

likely that there was a degree of racemisation during the cyclisation reaction, this 

means that potentially a racemic mixture was being tested in the fluorescence 

polarisation assay. It would be interesting to use a more refined purification method 

to separate the racemic mixture and elucidate the IC50 of the active compound, this 

could result in the discovery that the cyclic peptides are more potent than originally 

thought.  

In all cases cyclisation using azide-alkyne ‘click’ chemistry and ring closing 

metathesis was unsuccessful. This was thought to be due to failure of the on-resin 

cyclisation reaction rather than failure to synthesise the linear precursor. In all cases 

the linear precursor was detected using 1H NMR, IR and LCMS analysis. Future 
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work should involve exploring different cyclisation reaction conditions (including 

solution phase cyclisations) to constrain the peptide.  
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8. Peptidomimetics 

Peptidomimetics can be defined as compounds whose essential elements 

(pharmacophore) mimic a natural peptide or protein in 3D space and which retain 

the ability to interact with the biological target and produce the same biological 

effect.163 Peptidomimetics are designed to overcome problems associated with 

natural peptides such as stability against proteolysis and poor bioavailability. There 

is a lot of scope for the use of peptidomimetics in drug discovery as often selectivity 

and potency of the native peptide can be improved.  

From our data relating to the activity of linear peptides, it became apparent that 

glutamic acid residues 79 and 82 from the ETGE sequence of Nrf2 are the main two 

amino acids important for binding (Figure 8.1). In order to develop small molecule 

inhibitors of the Keap1-Nrf2 interaction it was thought that synthesis of 

peptidomimetics containing these two important glutamic acid residues would be a 

logical starting point. It was decided that the first stage in development of 

peptidomimetics should involve the linking of the two glutamic acid residues using a 

number of different spacer groups.     

 

Figure 8.1: The ‘ETGE’ motif with the two glutamic acid residues important for binding, E79 and E82, 

highlighted in blue 

The following sections discuss the rationale for the synthesis of the compounds, the 

distinguishing features of the analytical data, the biological activity of the 

compounds and a brief assessment of their modelled interaction with the Keap1 

binding site. The molecular docking studies were used to visualise potential 

interactions and to generate hypotheses to test with new compounds, rather than as 

an interpretative tool. The final section provides a brief summary of the structure 

activity data.   



152 
 

8.1 Peptidomimetic synthesis 

The peptidomimetics were synthesised using solid phase chemistry. The C-terminal 

amino acid was preloaded on a Wang or 2-chlorotrityl chloride resin. Removal of the 

Fmoc protecting group was achieved using 20% piperidine in DMF. The spacer 

group was coupled using HATU and DIPEA in DMF as previously described and the 

final N-terminal amino acid using standard coupling conditions. The crude 

compound was cleaved from the resin using TFA and purified using RP-HPLC and 

lyophilised to give the pure compound. The peptidomimetics were synthesised 

successfully, the observed mass correlated with the calculated mass for all 

compounds; each peptidomimetic displayed a clear [M+Na+] or [M+H+] peak at 

100% intensity. Suitable spectra were obtained allowing full 1H and 13C NMR 

assignment of the peptidomimetics and mass spectrometry was used for further 

confirmation of the structure. The purified yields of the peptidomimetics were in the 

range 3% to 44% based on the manufacturer’s substitution.  

8.2 Design and synthesis of Ac-L-Glu-Linker-L-Glu-OH compounds 

The first three peptidomimetics 64-66 (structures shown in Table 8.1) investigated 

the use of different aryl spacer groups to constrain the two glutamic acid residues. 

The NMR spectra were used to characteristic the molecules, an example of the 1H 

NMR data obtained for compound 65 is shown in Figure 8.2.  

Figure 8.2: 
1
H NMR for compound 65  

All three spectra showed a singlet at 1.80 ppm for the presence of the methyl group 

of the acetyl cap. Also, multiplets were observed between 1.75 ppm and 2.00 ppm 

and between 2.20 ppm and 2.40 ppm indicating the presence of the glutamic acid 

side chains and a multiplet between 4.35 ppm and 4.45 ppm integrating for two 

protons indicated the presence of the two α-H protons on the glutamic acid 

residues. Doublets at 8.20 ppm and 8.50 ppm were observed for the two glutamic 
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acid nitrogen protons and a singlet at 10.25 ppm was observed for the aniline N-H. 

An additional singlet at 2.55 ppm integrating for two protons was observed in the 

case of compound 66, indicating the presence of the extra CH2 group in this 

structure. The aromatic proton chemical shifts were similar for the 1,4-disubstituted 

compounds 64 and 66. In compound 66 the two doublets for the aromatic protons 

were found at 7.20 ppm and 7.50 ppm whereas in compound 64 peaks were found 

at 7.65 ppm and 7.90 ppm. The 1,3-disubstituted compound 65 had a characteristic 

aromatic coupling pattern with multiplets centred at 7.40, 7.60, 7.80 and 8.00 ppm.   

 The use of three different spacers; 4-aminobenzoic acid (64), 3-aminobenzoic acid 

(65) and 4-aminophenylacetic acid (66), failed to produce a peptidomimetic with 

significant affinity for the Keap1 binding site (Table 8.1). 

Table 8.1: Percentage inhibition values for peptidomimetics for the interaction between peptide 3 and 

the Kelch protein. 

Compound Structure Percentage 
inhibition at 100 
μmol/L 

64 

 

8%
 

65 

 

2% 

66 

 

7% 

 

The failure of peptidomimetics 64, 65 and 66 to interact with the Keap1 binding site 

was thought to be due to the structures having too much flexibility. Using molecular 

docking studies (Autodock software) of these peptidomimetics in complex with the 

Keap1 protein we were able to determine possible conformations of these structures 

in contact with the binding site.  

The distance between the two glutamic acid residues of the native ETGE sequence 

and the distance between these residues in the three peptidomimetics 64-66 was 

determined. The distance measured between the two glutamic acid residues in the 
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bound peptide sequence was 11.37 Å (Figure 8.3), the distance between these two 

residues in the 4-aminobenzoic acid linker structure 64 was measured as 8.11 Å, 

and was measured as 7.72 Å in peptidomimetic 65 and 8.77 Å in peptidomimetic 66 

(Figure 8.3). In all three cases the two glutamic acid residues seem to be positioned 

closer in space than in the bound native sequence.   

 

 

Figure 8.3: Schematic diagram to show the distance between the two glutamic acid residues in A. the 

native peptide sequence, B. peptidomimetic 64, C. peptidomimetic 65 and D. peptidomimetic 66.    

In all three instances the docking studies suggest that it is the C-terminal carboxylic 

acid rather than the side chain carboxylic acid of the glutamic acid residue which is 

directed towards the arginine, asparagine and serine residues of the Keap1 binding 

site, mimicking the interactions of the side chain of the glutamic acid residue E82 of 

the native ETGE sequence (Figure 8.4). 

 

 

 

 

 

 

 

Native peptide 64 

65 66 
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Figure 8.4: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 62, B. Compound 63, C. Compound 64. The interacting residues of Keap1 are highlighted 

in the representation of peptidomimetic 62 in A (peptidomimetics shown in purple).  

A 

B 

C 
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The distance between the side chain of the first glutamic acid residue of each 

peptidomimetic and the C-terminal carboxylic acid was measured. These distances 

were much closer to the distance measured for the native peptide; 10.77 Å for 

peptidomimetic 64, 10.66 Å for peptidomimetic 65 and 10.44 Å for peptidomimetic 

66 (Figure 8.5).  

 

 

Figure 8.5: Schematic diagram to show the distance between the glutamic acid residue and the C-

terminal carboxylic acid in A. 4-aminobenzoic acid linker 64, B. 3-aminobenzoic acid linker 65 and C. 

4-aminophenylacetic acid linker 66.    

The modelled conformations suggest that the linker groups may not optimally mimic 

the length and/or orientation of the peptide backbone in spacing the two residues. 

However, it is interesting to note that the way in which the C-terminus appears to 

position the carboxylate group means that these atoms are predicted to be in the 

correct orientation to interact with the key residues of the Keap1 binding site.  

The docked distances between the side chain glutamic acid residue of each of the 

three peptidomimetics and the interacting residues of the Keap1 binding site were 

measured and compared to the interacting distances of the E79 residue of the 

ETGE peptide. Similarly, the interactions between the C-terminal carboxylate and 

the Keap1 binding site were measured and compared to the interactions that 

residue E82 makes with the Keap1 binding site (Table 10.1 Experimental section). 

The measurements may suggest why the first three peptidomimetics of the series 

do not bind particularly well with the Keap1 binding site. The distances for the 

docked structures are comparable to those of the crystal structure (Table 10.1) 

which suggests that the molecules may be able to mimic the ‘ETGE’ motif. 

However, the poor activity of the compounds suggests that other factors may 

influence activity.  

64 65 66 
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8.3 Design and synthesis of Bz-D-Glu-Linker-D-Glu-OH compounds 

A new group of peptidomimetics (67-70) were designed to investigate potential 

interactions with the hydrophobic binding region of Keap1 occupied by the 

phenylalanine residue of the ETGE motif and the leucine residue of the 

sequestosome-1 binding sequence. The initial compound set achieved this by using 

a reversed sequence of D-amino acids with a benzoyl group at the N-terminus to 

mimic the phenylalanine of the ETGE sequence. All four structures contained two 

glutamic acid residues, peptidomimetic 67 used β-alanine as a flexible linker group, 

while structures 68-70 contained the previously used linker groups; 4-aminobenzoic 

acid (68), 3-aminobenzoic acid (69) and 4-aminophenylacetic acid (70).  

The NMR spectra of compounds 68-70 indicated the presence of an additional 

aromatic ring (multiplets between 7.20 ppm and 7.90 ppm) in comparison with the 

acetyl capped compounds 64-66. The NMR spectra of compound 67 showed the 

presence of an aromatic ring, multiplet between 7.40 ppm and 7.90 ppm, and 

additional protons consistent with the backbone protons (δ 2.20-3.30 ppm) of the β-

alanine linker group.     

In all cases the binding affinity of the peptidomimetics improved with the addition of 

a benzoyl group at the N-terminus and reversal of the amide bonds (Table 8.2). The 

greatest improvement in binding affinity was observed with peptidomimetic 69 

containing the 3-aminobenzoic acid linker group, although none of the 

peptidomimetics were particularly potent relative to the native ETGE peptide motif.   
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Table 8.2: Percentage inhibition values for peptidomimetics for the interaction between peptide 3 and 

the Kelch protein. 

Compound Structure Percentage inhibition 
at 100 μmol/L 

67 

 

37% 

68 

 

39% 

69 

 

50% 

70 

 

38% 

 

The distances between the glutamic acid side chains of the D-amino acid containing 

peptides in their docked conformations (Autodock software) were measured. In this 

case the measured distances were closer to the values for the native peptide 

sequence (11.37 Å). The distance between the two glutamic acid side chains of 

compounds 67-70 were in the range 9.02-11.05 Å (Figure 8.6).   
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Figure 8.6: Schematic diagram to show the difference in length between the two glutamic acid residues 

in A. peptidomimetic 67, B. peptidomimetic 68, C. peptidomimetic 69 and D. peptidomimetic 70.    

The interactions between the Keap1 binding site and the glutamic acid side chains 

and backbone residues linked to the aromatic ring of compounds 67-70 were 

measured and compared with those of the native peptide (Table 10.1 experimental 

section).   

The molecular modelling data suggests that compounds 67 and 68 may interact 

with the Keap1 binding site in a similar way to the native peptide sequence, 

whereas compounds 69 and 70 are orientated differently in the binding site. In the 

case of the latter two compounds, the benzoyl group appears to fold round in the 

binding site in an orientation that mimics the phenylalanine residue of the native 

peptide sequence and appears to be more likely to form interactions with the Keap1 

binding site. In general, the predicted interaction distances between compounds 67-

70 and the Keap1 binding site more closely match the interaction distances of the 

native peptide sequence and the Keap1 binding site than the interactions observed 

with compounds 64-66 (Figure 8.7). 
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Figure 8.7: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 67, B. Compound 68, C. Compound 69, D. Compound 70.  

B 

C 

D 

A 
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8.4 Design and synthesis of Ac-L-Glu-Linker-L-Gly-OH compounds 

As previously discussed, in some instances the molecular modelling observations 

indicate that the C-terminus rather than the glutamic acid side chain is important for 

interaction with the binding site. This led to the development of subsequent 

peptidomimetics with other amino acids in this position. It was hypothesised that the 

replacement of the C-terminal glutamic acid with a glycine residue might be 

sufficient for interaction with the binding site, with the additional benefit of loss of a 

side chain, resulting in a smaller compound with a smaller overall negative charge 

(Table 8.3). 

Table 8.3: Percentage inhibition values for peptidomimetics for the interaction between peptide 3 and 

the Kelch protein. 

Compound Structure Percentage inhibition 
at 100 μmol/L 

71 

 

9%
 

72 

 

18%
 

73 

 

40%
 

 

The 1H NMR spectra of compounds 71-73 indicated the presence of the glycine 

residue as a doublet integrating for two protons at 3.88 ppm. Further evidence for 

the presence of the glycine group came from a triplet at 8.65 ppm integrating for one 

proton which suggests the presence of the amide proton of the glycine residue. All 

three peptidomimetics show a singlet at 1.80 ppm integrating for three protons 

which shows the presence of the acetyl cap. The 4-aminobenzoic acid linked 

compound 71 and the 4-aminophenylacetic acid linked compound 73 show two 

characteristic doublets for the protons of the aromatic ring, the doublets of 

compound 71 are found at 7.68 ppm and 7.83 ppm while the same doublets are 

found shifted at 7.19 ppm and 7.50 ppm for compound 73.   
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Replacement of the glutamic acid residue with glycine using a 4-aminobenzoic acid 

linker did not result in an improvement in binding affinity, 9% inhibition 71 vs. 8% 

inhibition 64. However, improvement in binding affinity was observed with the 

glutamic acid to glycine replacement using both the 3-aminobenzoic acid and 4-

aminophenylacetic acid templates. The most significant improvement in binding was 

with the 4-aminophenylacetic acid structure 73 (40% inhibition at 100 μmol/L). The 

distances between the glutamic acid side chain carbon, and the C-terminus were 

measured from the docked conformations of the molecules with the Keap1 protein 

(Autodock software) for each of these three glycine containing peptidomimetics. The 

distances were in the range 10.73-12.14 Å which spanned the distance determined 

for the bound native peptide (11.37 Å) (Figure 8.8). 

 

 

Figure 8.8: Schematic diagram to show the difference in length between the glutamic acid residue and 

the C-terminal carboxylic acid in A. peptidomimetic 71, B. peptidomimetic 72 and C. peptidomimetic 

73.    

The conformations in which the three glycine containing peptidomimetics docked 

with the Keap1 binding site are shown in Figure 8.9.  

 

 

 

71 72 73 
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Figure 8.9: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 71, B. Compound 72, C. Compound 73. 

A 

B 
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The distances between the carboxylate groups of the three peptidomimetics 71-73 

and the relevant residues of Keap1 were measured and are shown in Table 10.2 in 

the experimental section. 

The docked conformations of compounds 71-73 indicated that there may be 

favourable interactions between the side chain of the glutamic acid and one or more 

of the S508, R415 and R483 residues that interact with the E79 residue of Nrf2. In 

the case of compounds 71 and 73 the glycine carboxylic acid appears to interact 

with N382, R380 and S363, mimicking the interaction with E82 of the Nrf2 sequence 

(Figure 8.9). Compound 73 appears to have the most favourable docked 

conformation (although some interaction distances were longer), however, the 

binding activity of the compounds overall is relatively poor.   

8.5 Design and synthesis of Ac-L-Glu-linker-butanoic acid compounds  

The relative success with compound 73 indicates that a longer chain acid at the E82 

position could result in an improvement in binding. The use of a longer chain 

residue, butanoic acid, with the 4-aminophenylacetic acid linker resulted in a 

dramatic increase in binding affinity with peptide 76, an IC50 of 63 μmol/L was 

achieved. However, extension of the acid chain did not improve binding affinity of 

the 4-aminobenzoic acid 74 and 3-aminobenzoic acid 75 structures (Table 8.4). 

Table 8.4: Percentage inhibition and estimated IC50 values for peptidomimetics for the interaction 

between peptide 3 and the Kelch protein. 

Compound Structure Percentage 
inhibition at 100 
μmol/L 

Estimated IC50 
± SE (μmol/L) 

74 

 

13%
 

 

75 

 

5%
 

 

76 

 

67% 62.65 ± 8.85 
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The 1H NMR spectra of the compounds confirmed the presence of the 4-

aminobutanoic acid moiety; a multiplet was observed between 1.60 and 1.70 ppm 

for the protons on the C3 carbon of the butanoic acid chain, the four adjacent CH2 

protons appeared as peaks between 2.20 ppm and 3.30 ppm. The nitrogen proton 

attached to the butanoic acid chain appeared as a triplet at 8.35 ppm and 8.50 ppm 

for compounds 74 and 75 respectively and shifted to 7.98 ppm for compound 76. 

The aromatic protons of compounds 74 and 76 appeared as two doublets. The 

aromatic protons of compound 75 were shown as a triplet, two doublets and a 

singlet, as observed before for this linker group.      

The modelled distance between the carbon atom of the glutamic acid residue side 

chain and the C-terminus was measured for each compound. The distances (shown 

in Figure 8.10) were in the range 11.33-11.57 Å; consistent with that of the native 

ETGE motif (11.37 Å). 

 

 

 

Figure 8.10: Schematic diagram to show the difference in length between the glutamic acid residue 

and the C-terminal carboxylic acid in A. peptidomimetic 74, B. peptidomimetic 75 and C. 

peptidomimetic 76.    

 

The conformation in which the docked compounds interact with the Keap1 binding 

site is shown in Figure 8.11.  
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Figure 8.11: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 74, B. Compound 75, C. Compound 76.  

A 
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Analysis of the modelled binding interactions between the three butanoic acid 

containing peptidomimetics indicates that the butanoic acid residue could be too 

long for interaction with the Keap1 binding site. In all three cases the modelling 

studies suggest that the butanoic acid chain seems to project up and out of the 

Keap1 binding site away from the important interacting residues.  

The distances measured between the glutamic acid side chain of compound 76 and 

the Keap1 binding site are much more comparable to the distances measured for 

the native peptide, which implies a greater affinity of this compound for the binding 

site in comparison to the other two peptidomimetics in this series (Table 10.2 

experimental section). 

8.6 Design and synthesis of Ac-L-Glu-Linker-L-Ala-OH compounds 

In an attempt to reduce rotation of the C-terminal carboxylic acid group, alanine was 

introduced in place of glycine. The three compounds were synthesised and 

analysed by NMR. The methyl group of the alanine residue introduced in 

compounds 77-79 was found as a doublet between 1.25 and 1.35 ppm. With the 3-

aminobenzoic acid containing structure 78, binding affinity did not improve, 

however, in the case of the 4-aminobenzoic acid and 4-aminophenylacetic acid 

containing structures, 77 and 79 respectively, binding affinity greatly increased and 

an IC50 value was obtained for both compounds, Table 8.5. 

Table 8.5: Percentage inhibition and estimated IC50 values for peptidomimetics for the interaction 

between peptide 3 and the Kelch protein. 

Compound Structure Percentage 
inhibition at 100 
μmol/L 

Estimated IC50 ± 
SE (μmol/L) 

77 

 

57% 78.46 ± 12.85 

78 

 

3%
 

 

79 

 

58% 61.44 ± 6.20 

The distance between the carboxylic acid of the glutamic acid side chain and the 

carboxylate group of the C-terminus in the docked conformation of the molecules 
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was measured for each of the three alanine containing peptidomimetics. The 

distances were in the range 10.78-11.71 Å (Figure 8.12).  

   

 

Figure 8.12: Schematic diagram to show the difference in length between the glutamic acid residue 

and the C-terminal carboxylic acid in A. peptidomimetic 77, B. peptidomimetic 78 and C. 

peptidomimetic 79.    

 

The modelled interaction between these alanine containing peptidomimetics and the 

Keap1 binding site is shown in Figure 8.13.   
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Figure 8.13: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 77, B. Compound 78, C. Compound 79.  
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All three peptidomimetics appear to position well in the Keap1 binding site. The 

interactions are comparable to those made between the native peptide sequence 

and the Keap1 protein. The electrostatic interaction distances which were measured 

for the peptidomimetics are shown in Table 10.2 in the experimental section.     

8.7 Design and synthesis of Ac-L-Glu-Linker-L-Pro-OH compounds 

After the success with replacing glycine with alanine, it was decided that a proline 

group should be used to restrict the rotation of the carboxylate group at the C-

terminus. Interestingly, in the cases where alanine had been successful at 

improving binding affinity, replacement with proline did not further improve affinity 

and in fact binding affinity was severely diminished. Conversely, when proline was 

introduced at the C-terminus of the 3-aminobenzoic acid containing structure, where 

alanine had no effect, an increase in binding affinity was observed and an IC50 of 79 

μmol/L was obtained with compound 81 (Table 8.6). 

The presence of the proline residue was observed in the NMR spectra for all three 

compounds. Multiplets integrating for a total of seven protons were found for the 

pyrrolidine ring protons between 3.20 ppm and 3.70 ppm.   

Table 8.6: Percentage inhibition and IC50 values for peptidomimetics for the interaction between 

peptide 3 and the Kelch protein. 

Compound Structure Percentage 
inhibition at 100 
μmol/L 

Estimated IC50 
± SE (μmol/L) 

80 

 

9%
 

 

81 

 

64% 78.64 ± 12.46 

82 

 

46%
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It is evident that the introduction of the proline group to the peptidomimetic structure 

restricts the positioning of the C-terminal carboxylic acid. In all cases, the modelled 

distance between the two carboxylate groups was greatly decreased compared to 

the distance between the two carboxylates of the native sequence. The distance for 

compound 80 was 8.38 Å and slightly longer for compound 82 at 9.98 Å, with the 

shortest distance (7.66 Å) observed with the peptidomimetic 81 which showed 

binding affinity for the Keap1 protein (Figure 8.14).   

 

Figure 8.14: Schematic diagram to show the difference in length between the glutamic acid residue 

and the C-terminal carboxylic acid in A. peptidomimetic 80, B. peptidomimetic 81 and C. 

peptidomimetic 82.    

 

The modelled interaction between these proline containing peptidomimetics and the 

Keap1 binding site is shown in Figure 8.15.  
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Figure 8.15: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 80, B. Compound 81, C. Compound 82. 
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It is clear from the images of the molecular modelling predicitions of these 

peptidomimetics in the Keap1 binding site that the glutamic acid side chain is well 

positioned to interact with the key residues of the binding site; S508, R415 and 

R483, especially in the case of compound 81. This, however, is not true of the 

proline carboxylic acid which appears to be directed away from the interacting 

residues. The electrostatic interaction distances which were measured between the 

peptidomimetics and the Keap1 binding site are shown in Table 10.3 in the 

experimental section.         

8.8 Design and synthesis of Bz-D-Glu-Linker-D-Pro/d-Ala-OH compounds 

The proline and alanine containing peptidomimetics were investigated further with 

the use of D-amino acids, compounds 83 and 84, the sequence was reversed and 

as before (see compounds 67-70) a benzoyl cap was introduced at the N-terminus 

to mimic the phenylalanine from the ETGE sequence to occupy the hydrophobic 

binding pocket. However, the presence of the hydrophobic group in this position 

failed to improve the binding affinity and in fact binding affinity was diminished 

(Table 8.7).  

The modelled distance between the two carboxylic acid groups changed with the 

introduction of the benzoyl group at the N-terminus. The distance between these 

two groups in compound 83 was measured as 11.26 Å. Conversely, in the case of 

the proline containing peptidomimetic 84 the introduction of the benzoyl group 

changed the distance to 9.54 Å (Figure 8.16). 

 

 

Figure 8.16: Schematic diagram to show the difference in length between the glutamic acid residue 

and the C-terminal carboxylic acid in A. peptidomimetic 83, B. peptidomimetic 84.    

The 1H NMR spectrum for compound 83 was comparable to the acetyl capped 

compound 77 in terms of the presence of a doublet at 1.35 ppm indicating the 

presence of the methyl group of the alanine residue. The lack of a singlet at 1.80 

ppm and an additional five protons between 7.50 ppm and 7.90 ppm show the 

presence of the benzoyl cap group. Additional protons are observed in the NMR 

83 84 
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spectrum of compound 84, there are five protons between 7.20 ppm and 8.00 ppm 

in comparison to the acetyl capped compound 81 the protons between 3.40 ppm 

and 4.50 ppm indicate the presence of the proline group.   

Table 8.7: Percentage inhibition values for peptidomimetics for the interaction between peptide 3 and 

the Kelch protein. 

Compound Structure Percentage inhibition at 
100 μmol/L 

83 

 

30%
 

84 

 

46%
 

 

Figure 8.17 shows the predicted orientation of the two benzoyl capped 

peptidomimetics. Compound 83 is positioned in the opposite orientation to the way 

the native peptide is observed to interact with the Keap1 binding site, and also has 

the opposite orientation to the acetyl capped equivalent 77. It is thought that the 

presence of the benzoyl group causes this change in docked conformation and 

prevents the C-terminal carboxylic acid from making interactions with the Keap1 

binding site.  

 

 

 

 

 

 

 

 

 



175 
 

 

 

Figure 8.17: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 83, B. Compound 84.  

The predicted orientation of the proline containing peptidomimetic with a benzoyl 

cap, compound 84, indicates that the two carboxylic acid groups are directed to the 

same parts of the Keap1 binding site as was observed with the acetyl counterpart 

compound 81, meaning that the benzoyl cap is directed away from the interacting 

residues of Keap1. It appears that the introduction of a benzoyl group causes 

distortion of the structure in both cases and a reduction in binding affinity. 

 

  

 

 

 

A 

B 
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8.9 Design and synthesis of Bz-LGlu-Linker-LPro/LAla-OH compounds 

Investigations were also made with proline and alanine containing peptidomimetics 

using the L-amino acid sequence with introduction of a benzoyl cap, so in effect the 

hydrophobic group was at the opposite end of the sequence to that used previously. 

The spacing and orientation of the carboxylic acid groups was investigated using 

the docked conformation of the molecules, the distances were found to be different 

for the four different compounds. The two alanine containing compounds 86 and 88 

positioned the carboxylic acids with a distance similar to the value measured for the 

native peptide sequence, 11.70 Å and 10.53 Å respectively, whereas the two proline 

compounds 85 and 87 had much shorter distances, 8.48 Å and 7.99 Å respectively, 

in comparison to the native peptide sequence (Figure 8.18). 

 

Figure 8.18: Schematic diagram to show the difference in length between the two glutamic acid 

residues in A. peptidomimetic 85, B. peptidomimetic 86 C. peptidomimetic 87 and D. peptidomimetic 

88.    

The 1H NMR spectrum of compound 85 is the same as the 1H NMR spectrum of the 

D-amino acid equivalent compound 84. The seven protons of the proline residue are 

found as a multiplet between 3.20 ppm and 4.50 ppm and the five protons of the 

benzoyl cap group are found in a multiplet with the aromatic protons of the linker 

group between 7.00 ppm and 8.80 ppm. The same peaks are observed with the 4-

position substituted compound 87 where the seven proline protons are found as a 

multiplet between 3.40 ppm and 4.40 ppm and the aromatic protons of both the 

linker and cap group are found as a multiplet between 7.45 ppm and 7.92 ppm. The 

NMR spectrum of compound 86 is the same as that of the D-amino acid equivalent 

compound 83. The methyl group of the alanine residue is found as a doublet at 1.35 

ppm and the additional protons of the benzoyl cap group are found in the same 

85 86 

87 88 
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region as the aromatic protons of the linker group (7.45-7.98 ppm). The same peaks 

are found with the 3-position substituted compound 88, there is a characteristic 

doublet at 1.35 ppm indicating the presence of the methyl group of alanine and the 

aromatic protons of the linker and cap group are found as multiplets integrating for 

nine protons between 7.35 ppm and 7.95 ppm.    

The introduction of a benzoyl group at the N-terminus failed to improve binding 

affinity with peptidomimetics where the proline was in both the 3-position 85, and in 

the 4-position 87 and in a peptidomimetic where the alanine was in the 4-position 

86, however, in the case of the peptidomimetic 88 where alanine was in the 3-

position on the ring, introduction of a benzoyl group at the N-terminus greatly 

increased binding affinity to give an IC50 of 67 μmol/L.   

Table 8.8: Percentage inhibition and estimated IC50 values for peptidomimetics for the interaction 

between peptide 3 and the Kelch protein. 

Compound Structure Percentage 
inhibition at 100 
μmol/L 

Estimated IC50 ± 
SE (μmol/L) 

85 

 

41%
 

 

86 

 

42%
 

 

87 

 

25%
 

 

88 

 

58% 67.49 ± 8.21 

The modelled interaction between the four benzoyl capped peptidomimetics and the 

Keap1 binding site are shown in Figure 8.19.  
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Figure 8.19: 3D representations of peptidomimetics in complex with the Keap1 binding site. A. 

Compound 85, B. Compound 86, C. Compound 87, D. Compound 88. 

B 

A 

C 

D 
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The molecular docking predictions of compounds 85-87 show that the glutamic acid 

residue points towards residues S508, R415 and R483 of the Keap1 binding site, 

mimicking the interaction of residue E79 of the native peptide sequence. Compound 

88 appears to be orientated the other way around with the carboxylic acid of the 

alanine residue pointing towards these Keap1 residues and the glutamic acid 

residue pointing towards residues N382, R380 and S363 of the Keap1 binding site, 

mimicking the action of residue E82 of the native peptide sequence. The benzoyl 

cap of compound 85-87 points out of the binding site, whereas in compound 88 it 

points into the binding site, however, it is not in close enough proximity to the Keap1 

binding site to mimic the interactions of the backbone nitrogen and oxygen atoms of 

the phenylalanine residue of the native peptide sequence. The electrostatic 

interaction distances between the peptidomimetics and the Keap1 binding site in 

comparison to the electrostatic interaction distances between the native ETGE 

peptide and the Keap1 binding site are shown in Table 10.3 in the experimental 

section.    

8.10 Summary 

The peptidomimetics were tested in the first instance at 100 μmol/L inhibitor 

concentration to determine which compounds were likely to inhibit the interaction 

between the Keap1 protein and the fluorescein labelled 7-mer peptide 3, FITC-β-

DEETGEF-OH. Of the 25 peptidomimetics that were tested 11 gave a percentage 

inhibition greater than 40% and were tested further (Figure 8.20). 

 

Figure 8.20: Bar chart to show competitive inhibition of the fluorescent peptide 3 (FITC- β-DEETGEF-

OH) binding to the Keap1 Kelch domain by various unlabelled peptidomimetics (64-88) at a 
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concentration of 100 μmol/L of inhibitor. The red line indicates peptidominetics which were taken 

forward for further testing.  

As presented previously, of the 25 peptidomimetics that were synthesised five 

showed binding affinity for the Keap1 binding site and an estimated IC50 value was 

calculated. Of these peptidomimetics which showed binding affinity three had a C-

terminal alanine residue; compounds 77, 79 and 88. Compound 81 had a proline 

residue at this position which served to restrict the positioning of the carboxylic acid 

and compound 76 explored the extension of this functional group by using a longer 

chain acid group, butanoic acid. The five active peptidomimetics were very close in 

activity with IC50 values ranging from 61.44 μmol/L for the most effective binder to 

78.64 μmol/L for the least effective (Figure 8.21).  
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Figure 8.21: Competitive inhibition of fluorescent peptide 3 (FITC-β-DEETGEF-OH) binding to the 

Keap1 Kelch domain by various unlabelled peptidomimetics (●, compound 76; ○, compound 77; ▼, 

compound 79; △, compound 81; ■, compound 88; □, Ac-EETGE-OH) at different concentrations (log 

scale). Data points are shown ± standard deviation (experiments performed in triplicate, n = 3). 

 

Although these IC50 estimates are in the micromolar range it is important to note that 

all of these peptidomimetics are equivalent in activity to the 5-mer peptide based on 

the native ETGE sequence, Ac-EETGE-OH 8 which achieves 61% inhibition of the 

Keap1-Nrf2 interaction at 100 μmol/L inhibitor concentration. However, the 

peptidomimetics are smaller in size, ranging from 379.36 – 441.43, than the 5-mer 

peptide which has a molecular mass of 605.55 giving these compounds a greater 

ligand efficiency (Figure 8.22).     
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Figure 8.22: Ligand efficiency vs. molecular weight for the five most potent peptidomimetics and 

representative peptides - the 5-mer ETGE peptide 8, the three 7-mer peptides 7, 14 and 41 and the 9-

mer peptide 6. Ligand efficiency was calculated using the equation: ligand efficiency = -log10 IC50 / Mw 

It is important to note that the inhibitory effect of the peptidomimetics was not 

observed immediately unlike with the peptide inhibitors where the measurements 

were recorded after 1 hour of incubation, the inhibitory effect of the peptidomimetics 

was recorded after three hours of incubation. An example of the change in inhibition 

over time is shown in Figure 8.23 using compound 77.    
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Figure 8.23: Competitive inhibition of fluorescent peptide 3 (FITC-β-DEETGEF-OH) binding to the 

Keap1 Kelch domain by compound 77 (●, after 1 hour; ○, after 2 hours; ▼, after 3 hours) as a function 

of competitor peptide concentration (log scale). Data points are shown ± standard deviation 

(experiments performed in triplicate, n = 3). 
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The five peptidomimetics which exhibited an inhibitory effect on the Keap1-Nrf2 

interaction showed a small amount of inhibition after 1 hour incubation, with a 

greater amount of inhibition shown after 2 hours. After 3 hours the inhibitory effect 

stabilised and with an increased incubation time no further increase in inhibition was 

observed (Figure 8.23).  

The molecular docking data for the compounds and the correlation with the binding 

activity in the FP assay is summarised in Figure 8.24. The lowest binding energies 

of each of the 25 peptidomimetics (calculated using AutoDock) were plotted against 

the percentage inhibition (at 100 μmol/L) of these compounds.   
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Figure 8.24: Correlation between lowest binding energy and percentage inhibition. 
a
Percentage 

inhibition at 100 μmol/L inhibitor concentration in fluorescence polarisation assay.  

It appears that there is no correlation between the binding energy of the compounds 

and the percentage inhibition of the compounds at the top concentration. This 

shows that molecular modelling can give information about the way in which 

compounds might interact with the binding site and how well compounds are likely 

to bind in comparison to others, however, the predicted binding energies are not 

definitive and the most meaningful results will be obtained from biological assays. 

This reinforces the fact that molecular modelling data should be used as part of the 

design process in drug design and should not be relied on entirely. 

8.11 Overall summary 

Our data relating to the activity of linear peptides showed that the glutamic acid 

residues 79 and 82 from the ETGE sequence of Nrf2 are the main two amino acids 

important for binding. In order to develop small molecule inhibitors of the Keap1-
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Nrf2 interaction it was thought that synthesis of peptidomimetics containing these 

two important glutamic acid residues would be a logical starting point. A series of 

peptidomimetics were designed to explore this hypothesis. The first stage in 

development of peptidomimetics involved the linking of the two glutamic acid 

residues using a number of different spacer groups. Subsequent peptidomimetics 

were designed to explore the binding of the C-terminal carboxylic acid with the 

Keap1 binding site. The C-terminal glutamic acid was first replaced with glycine to 

investigate how flexibility of the carboxylic acid in this position affects binding to the 

Keap1 protein. Relative success led to the use of the longer chain butanoic acid 

resulting in the development of the first potent peptide. Alanine was then used to 

reduce rotation of the C-terminal carboxylic acid, resulting in two potent 

peptidomimetcis. After the success with the alanine replacement it was decided that 

a proline group should be used for further restriction of the carboxylic acid group. 

This led to the development of a fifth potent peptidomimetic.  

Of the 25 peptidomimetics that were synthesised five showed binding affinity for the 

Keap1 binding site and an estimated IC50 value was calculated. Of these 

peptidomimetics which showed binding affinity three had a C-terminal alanine 

residue, one had a proline residue at this position which served to restrict the 

positioning of the carboxylic acid and one compound explored the extension of this 

functional group by using a longer chain acid group, butanoic acid. The five active 

peptidomimetics were very close in activity with IC50 values ranging from 61.44 

μmol/L for the most effective binder to 78.64 μmol/L for the least effective. It is 

important to note that all of these peptidomimetics are equivalent in activity to the 5-

mer peptide based on the native ETGE sequence, Ac-EETGE-OH. However, the 

peptidomimetics are smaller in size, ranging from 379.36 – 441.43, than the 5-mer 

peptide which has a molecular mass of 605.55 giving these compounds a greater 

ligand efficiency. This work has shown that by using the native ETGE peptide as a 

template it is possible to develop small molecule inhibitors for the Keap1-Nrf2 

protein-protein interaction.      
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9. Conclusions and Future work 

Disruption of the interaction between the ubiquitination facilitator protein Keap1 and 

the transcription factor Nrf2 is a potential strategy for enhancing the expression of 

antioxidant and detoxification gene products that are regulated by this cap ‘n’ collar 

basic-region leucine zipper transcription factor. Agents that disrupt this protein-

protein interaction may be useful pharmacological probes and future cancer 

chemopreventive agents. The activity of Nrf2 is thought to be regulated by at least 

two other proteins; the nuclear protein prothymosin α and the proteasome 

associated sequestosome-1 that compete for the Keap1 binding site.   

We have successfully developed peptides and peptidomimetics that directly inhibit 

the Keap1-Nrf2 protein-protein interaction and thereby enhance Nrf2 activity by a 

mechanism different to that of existing chemopreventive agents.  

9.1 Linear peptides 

A series of linear peptides based on the Keap1 binding motifs of Nrf2, prothymosin 

α and sequestosome-1 were synthesised successfully using solid phase 

methodology. The peptides were shown to cause inhibition of the Keap1-Nrf2 

protein-protein interaction, determined using a fluorescence polarisation assay.  

In the first instance, linear peptides based on the high affinity binding motif of Nrf2 

(the ETGE sequence) were designed and synthesised to determine the optimum 

chain length for β-hairpin formation and interaction with the Keap1 protein. It was 

determined that the presence of the aspartic acid in the native ETGE sequence is 

necessary for β-hairpin formation and the presence of the two glutamic acid 

residues are important for intermolecular interactions, as a result it was deemed that 

a peptide seven amino acids in length was optimal for both secondary structure 

formation and binding interactions and was carried forward as a template for further 

peptide design.      

Linear peptides based on the low affinity binding motif of Nrf2 (the DLG sequence) 

were also synthesised and the binding motifs of prothymosin α and sequestosome-1 

were also explored. An optimised series of peptides was then developed with further 

changes to the native ETGE sequence to improve the binding profile. The peptides 

can be ranked in order of affinity and used to determine a structure activity 

relationship for interaction with the Keap1 protein. The most potent linear peptide 

was a hybrid sequence based upon the ETGE and sequestosome-1 binding motifs. 

This compound was 50 fold more potent than the ETGE motif and 300 fold more 

potent than the sequestosome-1 motif, the IC50 was measured as 115 nmol/L.  
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The most potent peptide has the following sequence: Ac-DPETGEL-OH. Other 

hydrophobic groups in the C-terminal position were investigated; replacement of 

leucine with phenylalanine, isoleucine or valine led to modest decreases in binding 

affinity. After extensive investigation of the Keap1 binding partners it was concluded 

that the sequence Ac-DPETGEL-OH was the most potent possible 7-mer sequence 

to disrupt the Keap1-Nrf2 protein-protein interaction. 

Initial work with a shorter sequence of the ETGE motif, the 5-mer peptide Ac-

EETGE-OH showed that it interacted weakly with the Keap1 binding site, even 

though it contained the full ‘ETGE’ binding motif. We suggested that due to the lack 

of the aspartic acid residue D77 at the N-terminus, this peptide forms a less stable 

β-hairpin secondary structure and therefore cannot interact efficiently with the 

Keap1 binding site. The introduction of proline into the native ETGE sequence 

resulted in a significant increase in binding affinity; the IC50 decreased from 5.39 

μmol/L with the native sequence peptide Ac-DEETGEF-OH to 0.248 μmol/L with the 

proline containing peptide Ac-DPETGEF-OH. Previous studies have shown that the 

aspartic acid residue makes intramolecular interactions to form the β-hairpin 

secondary structure, it can therefore be hypothesised that the presence of the 

proline residue negates the need for the aspartic acid as it forces the linear peptide 

into a β-hairpin. In the future it would be interesting to investigate the binding affinity 

of a linear 6-mer peptide probe with the sequence Ac-PETGEL-OH or Ac-DPETGE-

OH to compare to the longer 7-mer sequence to confirm whether the aspartic acid 

residue is important just for secondary structure formation or whether it makes 

additional intermolecular interactions with the Keap1 binding site. If this peptide 

were effective it would be interesting to investigate the affinity of a 5-mer peptide 

Ac-PETGE-OH to see if the presence of the proline residue would be enough to 

create a potent 5-mer peptide for the Keap1-Nrf2 protein-protein interaction.  

9.2 Cell penetrating peptides 

In order to determine whether the linear peptide probes had an effect on the 

upregulation of Nrf2-dependent gene products it was necessary to penetrate the cell 

membrane. The ETGE motif peptide Ac-DEETGEF-OH and the ETGE 

motif/Sequestosome-1 hybrid peptide Ac-DPETGEL-OH both have an overall 

negative charge which means that they are highly unlikely to cross the cellular 

plasma membrane unaided. It was decided that stearic acid should be attached to 

the N-terminus of these peptides in place of the acetyl cap. In principle the stearic 

acid should interact with the cell membrane and pull the negatively charged peptide 

through.  
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A small series of cell penetrating peptides based on the ETGE motif peptide and the 

ETGE motif/sequestosome-1 hybrid peptide were synthesised, which showed 

varying degrees of affinity for the Keap1 binding site in the FP assay. Two of the cell 

penetrating peptides were tested in the NQO1 assay; the hybrid peptide St-

DPETGEL-OH and the adapted hybrid peptide St-NPETGEL-OH. Although the 

adapted hybrid peptide showed a 10-fold lower affinity for the Keap1 binding site 

than the hybrid peptide in the FP assay, it was more active in the NQO1 assay. This 

is thought to be due to the loss of one negatively charged carboxyl group from the 

structure due to the replacement of aspartic acid with asparagine which resulted in 

greater cell penetration. Due to constraints with the NQO1 assay it was not possible 

to test all of the stearic acid peptides. Future work would include testing the other 

stearic acid peptides in the NQO1 assay to determine a rank order and to draw 

comparisons with the results from the FP assay. The stearic acid peptides tested 

were tested along with their acetyl capped counterparts which did not show any 

response in the NQO1 assay so it can be concluded that the stearic acid assisted 

penetration of the cell membrane. 

Stearic acid has a chain length of 18 carbon residues, future work would include 

investigating shorter lipid chains for their cell penetrating abilities. It could also 

include obtaining an X-ray crystal structure of a stearoyl capped peptide in complex 

with the Keap1 protein to determine exactly how the stearic acid component 

interacts with the binding site and enhances the potency of the peptide probe. 

Future work could also be directed towards enhancing the hydrophobic interactions 

of the stearoyl capped peptides in the design of cell penetrating small molecule 

inhibitors of the Keap1-Nrf2 protein-protein interaction.  

Two cell penetrating peptides with a fluorophore attached were synthesised; St-

K(RITC)NPETGEL-OH and St-K(RITC)NPETGEL-NH2 with the view to performing 

confocal microscopy experiments to determine where the peptides localise in cells. 

Unfortunately the nature of these two peptide probes meant that they were insoluble 

in DMSO and it was not possible to determine a KD value for these peptides or to 

perform the NQO1 assay and therefore, subsequent microscopy work could also not 

be performed. Future work would involve the development of fluorescently labelled 

cell penetrating peptides which are soluble in DMSO, although fluorescein is not as 

efficient as rhodamine in confocal microscopy due to quenching it might be 

preferable to use in terms of solubility.  
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9.3 Cyclic peptides   

A small series of homodetic cyclic peptides incorporating the four important binding 

residues E79, T80, G81 and E82 were synthesised. It was hypothesised that 

tethering the two ends of the native sequence together could constrain the 

sequence in the same way as the presence of the proline residue in peptide 41 to 

mimic the β-hairpin with the additional benefit that cyclic peptides are more 

bioavailable, more stable toward metabolic degradation, and can be more selective 

in receptor binding than their linear counterparts. Three homodetic cyclic peptides 

were synthesised successfully; AETGED, AETGEFD, AETGEFLD. The largest 

cyclic peptide, the 8-mer peptide had the highest affinity for the Keap1 binding site 

with an IC50 of 0.69 μmol/L, however, this was less active than the proline containing 

7-mer linear peptide Ac-DPETGEL-OH which had an IC50 of 0.115 μmol/L.  

The cyclic peptides did not contain a proline residue as the intention was to mimic 

the secondary structure formation using the cyclisation technique in order to draw 

comparisons with the use of proline in linear structures to create the β-hairpin. 

However, future work could include cyclising the following sequences; PETGED, 

PETGEFD, PETGEFLD to compare binding properties to investigate whether the 

inclusion of a proline residue in the sequence leads to the development of more 

potent peptides. From a synthetic point of view it would be interesting to investigate 

the ease of synthesis; the presence of a proline residue may facilitate cyclisation, 

but cyclisation between aspartic acid and the secondary amine of proline is unlikely 

to be favourable.  

Cyclisation of a 9-mer peptide of the native ETGE sequence AETGEFLLD was 

unsuccessful. Future work could include resynthesising this cyclic peptide to 

determine whether or not the 8-mer cyclic peptide is the optimum size for interaction 

with the Keap1 protein.  

Other cyclisation methods such as ring closing metathesis and azide-alkyne ‘click’ 

chemistry proved to be unsuccessful for cyclising the sequence on resin. It would be 

useful to revisit these different approaches to investigate whether a more potent 

cyclic peptide/constrained peptide could be developed.  

9.4 Peptidomimetics    

To develop small molecule inhibitors of the Keap1-Nrf2 interaction a series of 

peptidomimetics containing the two glutamic acid residues important for binding 

were synthesised. Four different linker groups were used; 4-aminobenzoic acid 

linker, 3-aminobenzoic acid linker, 4-aminophenylacetic acid linker and β-alanine. Of 
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the 25 peptidomimetics synthesised, five showed sufficient binding affinity to the 

Keap1 binding site for an IC50 value to be estimated. Of these peptidomimetics 

which showed binding affinity three had a C-terminal alanine residue; compounds 

77, 79 and 88. While a fourth, compound 81 had a proline at this position which 

served to restrict the positioning of the carboxylic acid. The fifth compound, 

compound 76 explored the extension of the carboxylic acid functional group by 

using a longer chain acid group, butanoic acid. The most lead-like compound of the 

peptidomimetics is compound 81 due to the presence of the proline residue (Figure 

9.1). 

 

Figure 9.1: The peptidomimetic with most drug-like characteristics. 

Compound 81 would be a good starting point for future development. It is thought 

that the proline at the C-terminal positions the carboxylic acid in an orientation to 

interact effectively with the Keap1 binding site. It would be interesting to make 

compounds composed of proline attached to the 3-aminobenzoic acid structure with 

replacement of the glutamic acid residue at the N-terminus. A logical starting point 

would be to substitute the glutamic acid for the shorter chain aspartic acid to 

investigate the effect on binding. It would also be interesting to substitute the 

glutamic acid for the amide containing counterpart glutamine and the shorter chain 

asparagine to investigate the effect on binding that the replacement of the 

carboxylic acid with an amide has (Figure 9.2).  

     

Figure 9.2: Suggested changes to the peptidomimetic structure of compound 81. 

9.5 Summary 

Previous studies have focussed on understanding the biological roles of Keap1 and 

Nrf2 but little evaluation of the interaction site of the two proteins as a potential drug 

target has been carried out. All known compounds which disrupt the Keap1-Nrf2 

protein-protein interaction are thiol reactive, they interact with cysteine residues on 
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the Keap1 protein and disrupt the interaction with Nrf2 causing accumulation of Nrf2 

and subsequent upregulation of cytoprotective gene products. The problem with 

these thiol reactive compounds is that they are not specific to the Keap1-Nrf2 

protein-protein interaction and are likely to cause off target effects.  

We have developed molecules which directly inhibit the Keap1-Nrf2 protein-protein 

interaction. The first set of compounds were linear peptides based on the high 

affinity ETGE binding motif and the low affinity DLG binding motif of Nrf2. 

Subsequent peptides using two other known Keap1 binding partners prothymosin α 

and sequestosome-1 led to the development of a linear hybrid peptide (combining 

the best aspects of the ETGE motif and the sequestosome-1 binding sequence) 

which was equivalent in activity to the Nrf2 Neh2 domain protein. These linear 

peptides allowed us to elucidate a structure activity relationship for the interaction 

with the Kelch domain of Keap1 and to develop potential probe molecules that may 

be useful as biopharmacological probes of the Keap1-Nrf2-ARE system. The 

molcules which we have developed are mechanistically different from the thiol 

reactive natural products that are known Nrf2 inducers. Subsequent work with cell 

penetrating peptides demonstrated that these linear peptides are active in cell 

based assays as they were shown to have an effect on the upregulation of Nrf2-

dependent gene products.  

In summary, a series of peptides and peptidomimetics have been developed that 

directly inhibit the Keap1-Nrf2 protein-protein interaction and thereby enhance Nrf2 

activity by a mechanism different to that of existing chemopreventive agents. The 

most potent peptide was a linear hybrid sequence of the Nrf2 and sequestosome-1 

binding motifs, it was more active than either native sequence alone and equivalent 

in activity to the Nrf2 Neh2 domain protein. The small library of peptidomimetics was 

designed using the peptide template and molecular modelling studies and resulted 

in five small molecules with IC50 values in the micromolar range. These compounds 

had greater ligand efficiencies than the peptides.  

This project constitutes a novel approach to the design of inhibitors for the Keap1-

Nrf2 protein-protein interaction and we anticipate that the results will be of interest to 

those in the drug discovery community and cancer chemopreventive communities.  
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10. Experimental section 

10.1 General Experimental Procedure 

All α-amino acids had the L-configuration (unless stated) and 

Fluorenylmethoxycarbonyl (Fmoc) was used for Nα protection, reactive side chains 

were protected with t-Butyl. All chemicals were obtained from commercial suppliers 

and used without further purification. Diisopropylcarbodiimide (DIC), 

dichloromethane (DCM), trifluoroacetic acid (TFA), hydrazine, rhodamine 

isothiocyanate (RITC), 5-bromovaleric acid, 6-bromohexanoic acid, 2-bromoacetic 

acid, copper iodide, triflic anhydride, stearic acid and methanol were purchased 

from Aldrich. Ninhydrin, piperidine, triisopropylsilane (TIS), diisopropylethylamine 

(DIPEA), tetrakis(triphenylphosphine)palladium(O), diethyldithiocarbamic acid 

sodium salt trihydrate, acetic anhydride, tetrahydrofuran (THF), Grubb’s second 

generation catalyst, sodium azide and fluorescein isothiocyanate (FITC) were 

purchased from Fisher. Peptide synthesis grade dimethylformamide (DMF) was 

purchased from Rathburn Chemicals. All α-amino acids, resins and HATU were 

purchased from NovaBiochem (Merck). Peptides 5, 9, 10 and 58 were purchased 

from Cambridge Biosciences. 

Mass spectroscopy data were collected using a Waters Micromass ZQ instrument 

coupled to a Waters 2695 HPLC with a Waters 2996 PDA (LCMS instrument). 

Waters Micromass ZQ parameters used were: Capillary (kV), 3.50; Cone (V), 30; 

Extractor (V), 3.0; Source temperature (°C), 120; Desolvation temperature (°C), 350; 

Cone flow rate (L/h), 80; Desolvation flow rate (L/h), 650.   

LCMS analysis was used to monitor the progress of peptide synthesis and to 

characterise the final compound after HPLC purification. Solvents were removed by 

rotary evaporation at or below 40 °C and the compounds further dried using high 

vacuum pumps. The purification of the peptides was achieved using High 

Performance Liquid Chromatography.  

1H NMR and 13C NMR were recorded on a Bruker Advance 400 Spectrophotometer 

at 400 MHz or Bruker Advance 500 Spectrophotometer at 500 MHz. Chemical shifts 

(δ H) are quoted in ppm (parts per million) and referenced to the d6-DMSO residual 

dimethyl-sulphoxide signal 1H δ = 2.50. Multiplicities in 1H NMR spectra are quoted 

as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. 

High resolution mass spectra (HRMS) were obtained on a Thermo Navigator mass 

spectrometer coupled to an HPLC instrument using electrospray (ES) ionisation and 

time-of-flight (TOF) mass spectrometry.  



191 
 

10.2 General procedure for peptide synthesis 

When using Wang resin, the general procedure for peptide synthesis began by 

coupling the first amino acid. The peptide sequence was grown by sequential 

coupling of amino acids and deprotection of Fmoc protecting groups. The peptide 

was then capped using acetic anhydride, stearic acid, fluorescein isothiocyanate or 

rhodamine isothiocyanate, cleaved from the resin, isolated and purified. 

When using pre-loaded resins or the Rink amide resin, synthesis began with Fmoc 

deprotection and was followed by sequential assembly of amino acids using the 

amino acid coupling procedure and deprotection of Fmoc protecting groups. The 

peptide was then capped using acetic anhydride, stearic acid or fluorescein 

isothiocyanate or rhodamine isothiocyanate, cleaved from the resin and isolated and 

purified. 

10.2.1 Attachment of the first amino acid to Hydroxymethyl resins – 

symmetrical anhydride formation 

The Wang resin was allowed to swell in DMF at room temperature for 30 min in a 

solid phase synthesis tube. The Fmoc protected amino acid (10 eq. relative to resin 

loading) was allowed to dissolve in dry DCM (5 mL). A solution of DIC (5 eq.) in dry 

DCM was added to the amino acid solution. The mixture was allowed to stir for 20 

min at 0 °C, the reaction mixture was kept free of moisture with a calcium chloride 

drying tube. The DCM was removed by evaporation under reduced pressure and 

the residue dissolved in DMF and added to the resin. DMAP (0.1 eq.) was dissolved 

in DMF and the solution added to the resin/amino acid mixture. The solution was 

allowed to mix at room temperature for 1 h. The procedure was repeated once.115  

10.2.2 Coupling the first amino acid to Rink amide resins 

The Rink amide resin was allowed to swell in DMF at room temperature for 30 min 

in a solid phase synthesis tube. The Fmoc protecting group was removed following 

procedure 10.2.3 and the first amino acid coupled using the general coupling 

procedure described in 10.2.5. 

10.2.3 Deprotection of the Fmoc protecting group 

A 5 mL solution of 20% piperidine in DMF was added to the resin and shaken for 10 

min, this procedure was repeated twice. The resin was rinsed with DMF (3 x 5 mL) 

and deprotection qualitatively monitored using procedure 10.2.4. 

10.2.4 Monitoring coupling and deprotection: the ninhydrin test  

A small sample of resin beads was added to a 1 mL solution of ninhydrin (0.4% in 

water). The mixture was heated to boiling for 30 sec. When the growing peptide 

chain was deprotected, the test solution appeared blue to blue-violet in colour 
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(positive result), when the next peptide residue was coupled the test solution 

appeared colourless or yellow (negative result).   

10.2.5 Coupling of Fmoc amino acids by activation 

The Fmoc amino acid (2.5 eq. relative to resin loading), HATU (2.5 eq. relative to 

resin loading) and DIPEA (5 eq. relative to resin loading) were dissolved in DMF (5 

mL). This solution was added to the resin and mixed for 1 h the resin was drained 

and washed with DMF (3 x 5 mL) and the procedure repeated once.  

10.2.6 Capping the peptide using acetic anhydride 

Acetic anhydride (5 eq. relative to resin loading) and DIPEA (10 eq. relative to resin 

loading) were dissolved in DMF. The solution was added to the resin and mixed for 

1 h at room temperature. The resin was drained and washed with DMF (3 x 5 mL). 

The procedure was repeated once. 

10.2.7 Capping the peptide using stearic acid  

Stearic acid (2.5 eq. relative to resin loading), HATU (2.5 eq. relative to resin 

loading) and DIPEA (5 eq. relative to resin loading) were dissolved in DMF (5 mL). 

The solution was added to the resin and mixed for 2 h, the resin was drained and 

washed with DMF (3 x 5 mL). The procedure was repeated three times.  

10.2.8 Coupling fluorescein isothiocyanate to the β-amino group of β-Alanine 

Fluorescein isothiocyanate (2.5 eq. relative to resin loading) and DIPEA (5 eq. 

relative to resin loading) were dissolved in DMF (5 mL).  The solution was added to 

the resin and mixed for 2 h (the reaction tube was protected from light), the resin 

was drained and washed with DMF (3 x 5 mL). The procedure was repeated once. 

10.2.9 Deprotection of Dmab and Dde protecting groups 

A 5 mL solution of 2% hydrazine in DMF was added to the resin and shaken for 3 

min, repeated once. The resin was rinsed with DMF (3 x 5 mL) and deprotection 

qualitatively monitored using procedure 10.2.4. 

10.2.10 Coupling rhodamine isothiocyanate to the ε-amino group of Lysine 

Rhodamine isothiocyanate (1.5 eq. relative to resin loading) and DIPEA (3 eq. 

relative to resin loading) were dissolved in DMF (5 mL). The solution was added to 

the resin and mixed for 2 h (the reaction tube was protected from light), the resin 

was drained and washed with DMF (3 x 5 mL). The procedure was repeated once.   

10.2.11 Deprotection of Allyl protecting groups 

The resin was dried under vacuum and re-swollen in dry DCM (2 x 20 min) under 

argon. The resin was shaken for 5 min with a solution of PhSiH3 (24 eq.) in dry DCM 

under argon and then a solution of Pd(PPh3)4 (0.25 eq.) in dry DCM was added. 
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After 1 h the resin was washed with dry DCM (1 x 5 min). The treatment with 

PhSiH3/Pd(PPh3)4 was repeated once. The resin was washed with DCM (1 x 5 min), 

a solution of 0.5% sodium diethyldithiocarbamate in DMF (2 x 5 min), DMF (3 x 2 

min) and DCM (3 x 2 min).148  

10.2.12 Head-to-tail peptide cyclisation 

HOAt (3 eq. relative to resin loading) and DIC (3 eq. relative to resin loading) were 

dissolved in DMF (5 mL). The solution was added to the resin and mixed for 24 h, 

the resin was drained and washed with DMF (3 x 5 mL). The procedure was 

repeated twice and monitored using the ninhydrin test.155   

10.2.13 Removal from the resin and side chain deprotection 

The resin was washed with DMF (3 x 5 mL), DCM (3 x 5 mL) and methanol (3 x 5 

mL) and dried overnight in a dessicater. The dry resin was transferred to a dry 

round bottom flask and a 10 mL solution of TFA/TIS/H2O (95:2.5:2.5) added. The 

mixture was allowed to stir at room temperature for 2 h. The resin was filtered, 

washed twice with TFA and the filtrates combined. The TFA was removed initially by 

rotary evaporation and residual TFA removed using a high vacuum pump to leave a 

glassy film.  

10.2.14 Peptide isolation  

The glassy film was washed with diethyl ether (10 mL) which allowed the crude 

peptide to precipitate. The crude peptide was triturated into the ether and the 

solution centrifuged at 10,000 RPM for 10 min to form a pellet of crude peptide. The 

ether was decanted and the crude peptide allowed to dry overnight.  

10.3 Analytical HPLC  

System A  

Analytical reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on a Phenomenex Onyx Monolithic C-18 column 50 x 4.6 mm. All HPLC 

experiments were performed with gradient conditions: initial fixed composition 5% B 

to 50% B over 3 min, returned to 5% B in 2 min. Total duration of gradient run was 5 

min. Eluents used were solvent A (H2O with 0.1% formic acid) and solvent B (MeCN 

with 0.1% formic acid). Flow rate used: 3.0 mL/min.   

System B 

Analytical reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on a Phenomenex Onyx Monolithic C-18 column 50 x 4.6 mm. All HPLC 

experiments were performed with gradient conditions: initial fixed composition 5% B, 
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held for 2 min, 5% B to 50% B over 3 min, held at 50% B for 1 min, then 50% B to 

95% B, returned to 5% B in 2.5 min and held at 5% B for 30 s. Total duration of 

gradient run was 10 min. Eluents used were solvent A (H2O with 0.1% formic acid) 

and solvent B (MeCN with 0.1% formic acid). Flow rate used: 3.0 mL/min.   

System C 

Analytical reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on an Atlantis C-18 column 250 x 4.6 mm. All HPLC experiments were 

performed with gradient conditions: initial fixed composition 0% B to 100% B over 

40 min, held for 5 min at 100% B, then returned to 0% B in 7 min and held for 1 min. 

Total duration of gradient run was 53 min. Eluents used were solvent A (H2O with 

0.02% TFA) and solvent B (MeCN with 0.02% TFA). Flow rate used: 1.20 mL/min. 

System D 

Analytical reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on a Zorbax Eclipse XDB C-18 column 150 x 4.6 mm. All HPLC 

experiments were performed with gradient conditions: initial fixed composition 5% B 

to 90% B over 20 min, held for 5 min at 90% B, then returned to 5% B in 10 min and 

held for 5 min. Total duration of gradient run was 40 min. Eluents used were solvent 

A (H2O with 0.02% TFA) and solvent B (MeCN with 0.02% TFA). Flow rate used: 

1.20 mL/min. 

System E 

Analytical reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on a Zorbax Eclipse XDB C-8 column 150 x 4.6 mm. All HPLC 

experiments were performed with gradient conditions: initial fixed composition 5% B 

to 90% B over 20 min, held for 5 min at 90% B, then returned to 5% B in 10 min and 

held for 5 min. Total duration of gradient run was 40 min. Eluents used were solvent 

A (H2O with 0.02% TFA) and solvent B (MeCN with 0.02% TFA). Flow rate used: 

1.20 mL/min. 

10.4 Preparative HPLC 

System F 

Preparative reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on an Atlantis C-18 column 250 x 19 mm. All HPLC experiments were 

performed with gradient conditions: initial fixed composition 0% B to 100% B over 

40 min, held for 5 min at 100% B, then returned to 0% B in 7 min and held for 1 min. 
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Total duration of gradient run was 53 min. Eluents used were solvent A (H2O with 

0.02% TFA) and solvent B (90% MeCN with 0.016% TFA). Flow rate used: 20.40 

mL/min. 

System G   

Preparative reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on a Zorbax Eclipse XDB C-18 column 250 x 9.4 mm. All HPLC 

experiments were performed with gradient conditions: initial fixed composition 5% B 

to 90% B over 20 min, held for 5 min at 90% B, then returned to 5% B in 10 min and 

held for 5 min. Total duration of gradient run was 40 min. Eluents used were solvent 

A (H2O with 0.02% TFA) and solvent B (MeCN with 0.02% TFA). Flow rate used: 

5.00 mL/min.  

System H 

Preparative reverse-phase high-performance liquid chromatography (HPLC) was 

carried out on a Zorbax Eclipse XDB C-8 column 250 x 9.4 mm. All HPLC 

experiments were performed with gradient conditions: initial fixed composition 5% B 

to 90% B over 20 min, held for 5 min at 90% B, then returned to 5% B in 10 min and 

held for 5 min. Total duration of gradient run was 40 min. Eluents used were solvent 

A (H2O with 0.02% TFA) and solvent B (MeCN with 0.02% TFA). Flow rate used: 

5.00 mL/min.  

10.5 Synthesis of compounds 

Compound 1: FITC-βAla-Trp-Arg-Gln-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give an orange 

powder. 
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1H NMR (400 MHz, DMSO): δ 0.70-0.90 (12H, m, H1,9,11), 0.95-1.65 (11H, m, 

H2,3,10,15,18,19), 1.70-2.20 (3H, m, H8,16), 2.60-3.25 (12H, m, 

H6,13,20,22,28,29), 4.15-4.35 (4H, m, H4,7,14,17), 4.55-4.65 (3H, m, H5,12,21), 

6.48-6.82 (9H, m, H30,31,32,33,34,35,36,37,38), 6.90-7.20 (5H, m, 

H23,24,25,26,27), 7.25-8.40 (15H, m, H39,40,41,43,44,45,46,47,48,49,50,51,52), 

10.00-10.20 (2H, s, OH FITC), 10.70 (1H, s, H42), 12.50 (2H, s, OH). 13C NMR (100 

MHz, DMSO): δ 10.7, 12.8, 14.0, 14.7, 15.2, 16.2, 17.7, 18.9, 20.2, 22.7, 24.2, 25.8, 

27.3, 47.1, 48.3, 56.6, 57.5, 58.8, 60.0, 61.6, 62.8, 64.0, 86.3, 97.1, 99.2, 100.8, 

102.3, 106.9, 120.9, 121.8, 123.0, 123.9, 125.2, 126.7, 127.9, 129.5, 131.7, 135.4, 

136.9, 147.0, 151.1, 152.9, 154.8, 169.6, 170.9, 171.5, 172.4, 174.3, 175.2, 176.1, 

177.6. HRMS (ESI): calculated for C39H58N8O15 [M+H+] 1405.5524, found 

1405.5546. MS (ESI): m/z = 703.81 [M-701.68, 100%], m/z = 1406.17 [M+H+, 10%], 

m/z = 701.92 [M-703.57, 100%], m/z = 1405.26 [M-H+, 20%]. Retention time 

(system D): tR 9.58 min. Retention time (system A): tR 2.92 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.3569 g. Pure 

peptide obtained from 100 mg crude: 7.6 mg.  

Compound 2: FITC-βAla-Glu-Glu-Thr-Gly-Glu-OH  

 

H-Glu(OtBu)-2ClTrt resin (500 mg, 0.67 mmol/g) was used to prepare this 

compound according to the general method (section 10.2). The crude material was 

subjected to preparative HPLC separation (system F) and lyophilisation to give an 

orange powder.  

1H NMR (500 MHz, DMSO): δ 1.05 (3H, d, J 6.33, H7), 1.25 (1H, d, J 3.93, H22), 

1.70-2.00 (6H, m, H2,2’,2’’), 2.20-2.31 (6H, m, H1,1’,1’’), 2.54 (1H, s, H21), 3.50 

(1H, m, H6), 3.74-4.34 (7H, m, H3,4,5,8,9,10,11), 6.51-7.75 (9H, m, 

H12,13,14,15,16,17,18,19,20), 7.79-8.40 (5H, m, H23,24,25,26,27), 10.10 (2H, s, 

OH FITC), 10.70 (1H, s, OH). 13C NMR (100 MHz, DMSO): δ 19.5, 26.5, 26.6, 27.1, 

29.9, 30.2, 40.4, 41.9, 51.4, 51.9, 58.4, 66.6, 102.2, 109.8, 112.5, 123.7, 126.3, 

129.0, 151.8, 159.4, 168.5, 168.6, 170.2, 171.0, 171.1, 171.3, 171.5, 173.1, 173.8, 
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173.9. HRMS (ESI): calculated for C45H49N7O19S [M+H+] 1024.2882, found 

1024.2881. MS (ESI): m/z = 1025.30 [M+H+, 75%], m/z = 1023.42 [M-H+, 100%]. 

Retention time (system D): tR 8.06 min. Retention time (system A): tR 2.55 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.4928 g. Pure peptide obtained from 100 mg crude: 43.1 mg. 

Compound 3: FITC-βAla-Asp-Glu-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system F) and lyophilisation to give an orange 

powder. 

1H NMR (400 MHz, DMSO): δ 1.04 (3H, d, J 6.28, H14), 1.22-1.27 (1H, m, H31), 

1.63-2.00 (6H, m, H9,9’,9’’), 2.16-2.30 (6H, m, H10,10’,10’’), 2.43-2.77 (1H, m, 

H30), 2.69-2.95 (2H, m, H18), 3.05 (1H, dd, J 14.04, 5.18, H7), 3.65-3.80 (5H, m, 

H6,19,20), 3.95-4.00 (1H, m, H13), 4.15-4.45 (6H, m, H8,11,12,15,16,17), 6.50-7.20 

(9H, m, H21,22,23,24,25,26,27,28,29), 7.18-7.30 (5H, m, H1,2,3,4,5), 7.70-8.35 

(7H, m, H32,33,34,35,36,37,38), 10.00-10.17 (3H, m, OH). 13C NMR (100 MHz, 

DMSO): δ 19.3, 26.9, 27.2, 27.7, 29.9, 31.7, 33.4, 36.5, 49.4, 51.4, 51.8, 53.4, 58.2, 

59.5, 60.3, 66.8, 102.0, 109.7, 112.5, 126.4, 127.9, 128.9, 134.4, 137.2, 138.4, 

140.9, 147.6, 151.9, 159.4, 160.3, 161.4, 163.0, 168.5, 170.2, 170.9, 171.7, 172.6, 

174.0. HRMS (ESI): calculated for C58H63N9O23S [M+H+] 1286.3835, found 

1286.3828. MS (ESI): m/z = 644.65 [M-639.61, 20%], m/z = 1287.94 [M+H+, 15%], 

m/z = 642.71 [M-641.55, 100%], m/z = 1286.17 [M-H+, 10%]. Retention time 

(system D): tR 8.91 min. Retention time (system A): tR 2.75 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.4971 g. Pure 

peptide obtained from 100 mg crude: 14.2 mg. 
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Compound 4: FITC-βAla-Leu-Asp-Glu-Glu-Thr-Gly-Glu-Phe-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system F) and lyophilisation to give an orange 

powder. 

1H NMR (400 MHz, DMSO): δ 0.75-0.87 (12H, m, H1,1’), 0.98 (3H, d, J 6.25, H18), 

1.17 (2H, s, H24), 1.39 (2H, t, J 13.68, 6.84 H3,3’), 1.45-1.50 (2H, m, H2,2’), 1.57-

1.75 (6H, m, H13,13’,13’’), 1.84-1.92 (2H, m, H25), 2.08-2.25 (6H, m, H14,14’,14’’), 

2.63-2.76 (2H, m, H22), 2.95-3.05 (1H, m, H5), 3.35-3.43 (2H, m, H6), 3.63-3.68 

(1H, m, H17), 3.93 (1H, s, H36), 4.12-4.50 (8H, m, H4,12,15,16,19,20,21,25), 4.88 

(1H, s, H35), 6.35-6.75 (9H, m, H26,27,28,29,30,31,32,33,34), 7.11-7.21 (5H, m, 

H7,8,9,10,11), 7.67-7.71 (2H, m, H41,44), 7.85 (1H, d, J 8.23, H45), 7.92-8.02 (4H, 

m, H37,39,40,43), 8.10 (2H, d, J 7.67, H38), 8.27 (1H, d, J 13.73, H42), 10.05 (2H, 

s, OH FITC), 12.15 (5H, s, OH). 13C NMR (100 MHz, DMSO): δ 19.3, 21.3, 21.6, 

22.8, 22.9, 24.3, 26.9, 27.5, 29.0, 29.8, 30.1, 31.2, 37.1, 44.9, 50.3, 51.6, 53.7, 60.3, 

66.5, 71.8, 102.3, 109.8, 112.5, 126.1, 126.2, 128.0, 128.3, 128.9, 129.2, 137.6, 

151.9, 159.4, 168.7, 170.2, 170.8, 170.9, 171.2, 173.9, 178.2, 180.3, 180.7. HRMS 

(ESI): calculated for C70H85N11O25S [M+H+] 1512.5518, found 1512.5601. MS (ESI): 

m/z = 1514.57 [M+H+, 10%], m/z = 758.03 [M-752.54, 40%], m/z = 756.06 [M-

754.51, 100%]. Retention time (system D): tR 10.56 min. Retention time (system A): 

tR 3.08 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.8765 g. Pure peptide obtained from 100 mg crude: 10.6 mg. 
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Compound 6: Ac-Leu-Asp-Glu-Glu-Thr-Gly-Glu-Phe-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system F) and lyophilisation to give a white 

powder.  

1H NMR (400 MHz, DMSO): δ 0.84 (6H, dd, J 6.41, 3.89, H1), 0.88 (6H, dd, J 11.39, 

6.54Hz, H1’), 1.04 (3H, d, J 6.28, H18), 1.41 (2H, t, J 14.55, 7.59, H3,3’), 1.49-1.56 

(2H, m, H2,2’), 1.61-1.98 (6H, m, H13,13’,13’’), 1.84 (3H, s, H24), 2.12-2.30 (6H, m, 

H14,14’,14’’), 2.70-2.83 (2H, m, H22), 3.25 (1H, dd, J 14.12, 4.42, H5), 3.73 (2H, 

ddd, J 41.43, 16.6, 5.44, H6), 3.94-4.00 (1H, m, H17), 4.15-4.57 (8H, m, 

H4,12,15,16,19,20,21,23), 7.14-7.28 (5H, m, H7,8,9,10,11), 7.73 (2H, dd, J 17.66, 

7.93, H29,32), 7.89 (1H, d, J 7.96, H33), 7.98-8.07 (4H, m, H25,27,28,31), 8.13 (1H, 

J 7.91, H26), 8.33 (1H, d J 7.56, H30), 12.30 (5H, s, OH). 13C NMR (100 MHz, 

DMSO): δ 19.4, 21.2, 21.6, 22.4, 22.9, 24.0, 24.2, 27.0, 27.6, 29.9, 30.0, 30.3, 49.7, 

50.2, 51.2, 51.7, 53.6, 60.1, 66.6, 126.2, 128.0, 129.2, 137.6, 168.6, 169.5, 170.2, 

170.7, 170.8, 173.8, 174.0. HRMS (ESI): calculated for C48H71N9O20 [M+H+] 

1094.4894, found 1094.4875. MS (ESI): m/z = 1095.88 [M+H+, 40%], m/z = 1093.96 

[M-H+, 35%], m/z = 546.62 [M-547.51, 100%]. Retention time (system D): tR 8.63 

min. Retention time (system A): tR 2.73 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.3507 g. Pure peptide obtained from 100 

mg crude: 10.2 mg. 
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Compound 7: Ac-Asp-Glu-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system F) and lyophilisation to give a white 

powder.  

1H NMR (500 MHz, DMSO): δ 1.03 (3H, d, J 6.31, H14), 1.65-1.99 (6H, m, 

H9,9’,9’’), 1.84 (3H, s, H19), 2.17-2.29 (6H, m, H10,10’,10’’), 2.62-2.93 (2H, m, 

H18), 3.04 (1H, dd, J 13.85, 5.09, H7), 3.74 (2H, ddd, J 43.62, 16.81, 5.63, H6), 

3.94-4.01 (1H, m, H13), 4.17-4.56 (6H, m, H8,11,12,15,16,17), 4.92 (1H, s, OH), 

7.17-7.29 (5H, m, H1,2,3,4,5), 7.68-8.23 (7H, m, H20,21,22,23,24,25,26), 12.00 

(5H, s, OH). 13C NMR (100MHz, DMSO): δ 24.5, 27.6, 32.8, 35.1, 35.4, 41.1, 41.7, 

54.8, 56.6, 57.1, 58.7, 63.5, 131.6, 133.4, 134.3, 142.6, 173.8, 174.8, 175.4, 176.0, 

176.2, 176.3, 177.0, 177.9, 179.1, 179.2. HRMS (ESI): calculated for C36H49N7O18 

[M+H+] 868.3212, found 868.3214. MS (ESI): m/z = 869.24 [M+H+, 100%], m/z = 

867.33 [M-H+, 100%]. Retention time (system D): tR 5.99 min. Retention time 

(system A): tR 2.23 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass 

of crude peptide: 0.2210 g. Pure peptide obtained from 100 mg crude: 40.9 mg. 

Compound 8: Ac-Glu-Glu-Thr-Gly-Glu-OH  

 

H-Glu(OtBu)-2ClTrt resin (500 mg, 0.67 mmol/g) was used to prepare this 

compound according to the general method (section 10.2). The crude material was 

subjected to preparative HPLC separation (system F) and lyophilisation to give a 

white powder.   
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1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.16, H7), 1.50-2.40 (6H, m, H2,2’,2’’), 

1.83 (3H, s, H10), 1.90-2.45 (6H, m, H1,1’,1’’), 3.43 (2H, s, H4), 3.90-4.40 (7H, m, 

H3,5,6,8,9), 5.75 (1H, s, OH), 6.30 (4H, s, OH), 7.40-8.50 (5H, m, H11,12,13,14,15). 

13C NMR (100 MHz, DMSO): δ 16.6, 19.8, 22.9, 26.5, 26.7, 27.9, 30.5, 42.3, 51.5, 

52.3, 52.5, 58.9, 67.1, 169.3, 170.6, 171.9, 173.4, 173.5, 174.1. HRMS (ESI): 

calculated for C23H35N5O14 [M+H+] 606.2210, found 606.2243. MS (ESI): m/z = 

606.18 [M+H+,10%], m/z = 604.21 [M-H+, 5%] Retention time (system D): tR 1.34 

min. Retention time (system A): tR 0.33 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.1885 g. Pure peptide obtained from 100 

mg crude: 9.14 mg. 

Compound 11: Ac-Asp-Glu-Glu-Val-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.85 (6H, t, J 14.29, 7.16, H14,14’), 1.65-2.00 (6H, m, 

H9,9’,9’’), 1.85 (3H, s, H19), 2.20-2.40 (6H, m, H10,10’,10’’), 2.45-2.95 (3H, m, 

H13,18), 3.05 (1H, dd, J 19.02, 13.93, 5.21, H7), 3.75 (2H, m, H6), 4.10-4.60 (6H, 

m, H8,11,12,15,16,17), 7.15-7.30 (5H, m, H1,2,3,4,5), 7.65-8.30 (7H, m, 

H20,21,22,23,24,25,26), 12.20 (5H, s, OH). 13C NMR (100 MHz, DMSO): 17.9, 19.1, 

22.5, 27.2, 27.8, 29.9, 30.5, 49.7, 51.4, 51.9, 53.5, 57.7, 126.4, 128.2, 129.0, 137.5, 

168.4, 169.5, 170.8, 170.9, 171.0, 171.8, 172.6, 174.0. HRMS (ESI): calculated for 

C37H51N7O17 866.3420 [M+H+], found 866.3438. MS (ESI): m/z = 866.99 [M+H+, 

100%], m/z = 865.08 [M-H+, 100%]. Retention time (system D): tR 7.06 min. 

Retention time (system A): tR 2.38 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.1962 g. Pure peptide obtained from 100 

mg crude: 17.3 mg. 
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Compound 12: Ac-Asp-Glu-Glu-Ser-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.65-2.00 (6H, m, H9,9’,9’’), 1.85 (3H, s, H18), 2.15-

2.30 (6H, m, H10,10’,10’’), 2.60-2.95 (2H, m, H17), 3.05 (1H, m, H7), 3.50-4.60 

(10H, m, H6,8,11,12,13,14,15,16), 7.15-7.30 (5H, m, H1,2,3,4,5), 7.80-8.30 (7H, m, 

H19,20,21,22,23,24,25), 12.20 (6H, s, OH). 13C NMR (100 MHz, DMSO): δ 22.4, 

27.0, 27.6, 29.9, 36.0, 36.6, 49.6, 51.4, 51.8, 53.5, 55.2, 61.7, 126.4, 128.2, 129.1, 

137.4, 168.5, 169.6, 170.3, 170.9, 171.0, 171.8, 172.6, 173.9, 174.0. HRMS (ESI): 

calculated for C35H47N7O18 [M+H+] 854.3056, found 854.3033. MS (ESI): m/z = 

854.80 [M+H+, 100%], m/z = 852.87 [M-H+, 100%]. Retention time (system D): tR 

6.39 min. Retention time (system A): tR 2.13 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.1844 g. Pure peptide obtained from 100 

mg crude: 36.5 mg. 

Compound 13: Ac-Asp-Glu-Glu-Ala-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method. The crude material was subjected to preparative 

HPLC separation (system G) and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 1.22 (3H, d, J 6.25, H13), 1.65-2.00 (6H, m, 

H9,9’,9’’), 1.84 (3H, s, H18), 2.10-2.35 (6H, m, H10,10’,10’’), 2.45-2.70 (2H, m, 

H17), 2.85-4.60 (10H, m, H6,7,8,11,12,14,15,16), 7.12-7.35 (5H, m, H1,2,3,4,5), 
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7.80-8.25 (7H, m, H19,20,21,22,23,24,25), 12.20 (5H, s, OH). 13C NMR (100 MHz, 

DMSO): 18.0, 22.4, 27.0, 27.6, 29.8, 30.1, 35.8, 36.5, 48.3, 49.6, 51.4, 51.9, 52.0, 

53.5, 126.4, 128.2, 129.1, 137.4, 168.4, 168.8, 169.6, 170.6, 170.9, 171.8, 172.4, 

172.6, 174.0. HRMS (ESI): calculated for C35H47N7O17 [M+H+] 838.3107, found 

838.3119. MS (ESI): m/z = 839.00 [M+H+, 100%], m/z = 837.08 [M-H+, 100%]. 

Retention time (system D): tR 6.79 min. Retention time (system A): tR 2.23 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.2200 g. Pure peptide obtained from 100 mg crude: 19.1 mg. 

Compound 14: Ac-Asp-Ala-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.04 (3H, s, H14), 1.22 (3H, s, H17), 1.60-2.00 (4H, 

m, H9,9’), 1.84 (3H, s, H20), 2.15-2.35 (4H, m, H10,10’), 2.40-3.10 (4H, m, H6,19), 

3.65-4.60 (9H, m, H7,8,11,12,13,15,16,18), 7.15-7.35 (5H, m, H1,2,3,4,5), 7.55-8.30 

(7H, m, H21,22,23,24,25,26,27), 12.30 (4H, s, OH). 13C NMR (100 MHz, DMSO): δ 

17.9, 19.3, 22.5, 26.7, 27.6, 29.9, 30.1, 36.0, 36.5, 41.9, 42.2, 48.3, 49.5, 51.5, 52.0, 

53.5, 58.2, 66.6, 126.4, 128.1, 129.0, 137.4, 168.5, 169.5, 170.1, 170.5, 170.9, 

171.1, 171.8, 172.2, 172.6, 174.0. HRMS (ESI): calculated for C34H47N7O16 [M+H+] 

810.3157, found 810.3190. MS (ESI): m/z = 811.03 [M+H+, 100%], m/z = 809.11 [M-

H+, 100%]. Retention time (system D): tR 6.80 min. Retention time (system A): tR 

2.22 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.2233 g. Pure peptide obtained from 100 mg crude: 25.3 mg.  
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Compound 15: Ac-Asp-Gly-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.05 (3H, d, J 6.35, H14), 1.65-2.00 (4H, m, H9,9’), 

1.85 (3H, s, H19), 2.15-2.30 (4H, m, H10,10’), 2.45-4.60 (14H, m, 

H6,7,8,11,12,13,15,16,17,18), 7.15-7.30 (5H, m, H1,2,3,4,5), 7.70-8.30 (7H, m, 

H20,21,22,23,24,25,26), 12.25 (4H, s, OH). 13C NMR (100 MHz, DMSO): δ 18.9, 

22.8, 26.7, 29.9, 35.1, 36.5, 43.0, 52.8, 56.3, 56.7, 59.1, 62.0, 67.6, 125.8, 127.3, 

128.7, 136.5, 170.1, 170.5, 170.9, 172.0, 173.4, 174.5, 178.3. HRMS (ESI): 

calculated for C33H45N7O16 [M+H+] 796.3001, found 796.2987. MS (ESI): m/z = 

796.98 [M+H+, 100%], m/z = 795.11 [M-H+, 100%]. Retention time (system D): tR 

6.56 min. Retention time (system A): tR 2.20 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.1964 g. Pure peptide obtained from 100 

mg crude: 34.5 mg. 

Compound 16: Ac-Asn-Ala-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.30, H14), 1.23 (3H, d, J 7.14, H17), 

1.65-2.00 (4H, m, H9,9’), 1.81 (3H, s, H20), 2.15-2.30 (4H, m, H10,10’), 2.35-2.60 
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(2H, m, H19), 2.85-3.10 (2H, m, H6), 3.70-3.80 (2H, d, H11), 3.95-4.05 (1H, m, 

H13), 4.15-4.55 (6H, m, H7,8,12,15,16,18), 6.96 (1H, s, H22), 7.15-7.30 (5H, m, 

H1,2,3,4,5), 7.45 (1H, s, H22), 7.55-8.25 (7H, m, H21,23,24,25,26,27,28), 12.20 

(4H, s, OH). 13C NMR (100 MHz, DMSO): δ 18.3, 19.9, 23.1, 30.4, 31.3, 37.1, 37.7, 

48.8, 50.1, 50.4, 52.9, 54.1, 55.7, 56.6, 127.1, 128.4, 129.6, 138.2, 168.7, 169.6, 

170.6, 171.8, 172.4, 173.0, 174.3, 176.4, 177.3. HRMS (ESI): calculated for 

C33H45N7O16 [M+H+] 809.3317, Found 809.3279. MS (ESI): m/z = 809.00 [M+H+, 

100%], m/z = 807.05 [M-H+, 100%]. Retention time (system D): tR 7.13 min. 

Retention time (system A): tR 2.17 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.2214 g. Pure peptide obtained from 100 

mg crude: 17.6 mg. 

Compound 17: Ac-Asp-Ala-Asp-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.05 (3H, d, J 5.75, H14), 1.20 (3H, d, J 6.80, H18), 

1.62-2.00 (2H, m, H9), 1.84 (3H, s, H20), 2.12-2.29 (2H, m, H10), 2.40-2.80 (4H, m, 

H16,16’), 2.85-3.10 (2H, m, H6), 3.75 (2H, s, H11), 3.95-4.65 (7H, m, 

H7,8,12,13,15,17,19), 7.10-7.40 (5H, m, H1,2,3,4,5), 7.50-8.30 (7H, m, 

H21,22,23,24,25,26,27), 12.50 (5H, s, OH). 13C NMR (100 MHz, DMSO): δ 18.0, 

19.4, 22.5, 26.3, 27.5, 30.0, 36.2, 36.5, 48.2, 49.4, 49.6, 51.5, 53.5, 58.3, 66.5, 

126.4, 128.6, 129.0, 137.4, 168.5, 169.4, 170.2, 170.6, 170.9, 171.9, 172.2, 172.7, 

174.0. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 796.3001, found 796.3020. 

MS (ESI): m/z = 795.92 [M+H+, 100%], m/z = 793.94 [M-H+, 100%]. Retention time 

(system D): tR 6.07 min. Retention time (system A): tR 2.20 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.1974 g. Pure 

peptide obtained from 100 mg crude: 37.6 mg. 
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Compound 18: Ac-Asp-Ala-Asn-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.80, H14), 1.18 (3H, d, J 7.25, H18), 

1.60-2.00 (2H, m, H9), 1.83 (3H, s, H20), 2.00-2.30 (2H, m, H10), 2.50-3.10 (4H, m, 

H16,16’), 3.40-4.70 (11H, m, H6,7,8,11,12,13,15,17,19), 6.90-7.30 (5H, m, 

H1,2,3,4,5), 7.40-8.40 (7H, m, H21,22,23,25,26,28), 12.50 (5H, s, OH). 13C NMR 

(100MHz, DMSO): δ 18.6, 20.2, 22.6, 23.0, 26.7, 28.2, 30.4, 37.1, 48.8, 50.4, 51.9, 

54.1, 58.7, 59.3, 59.6, 67.0, 127.1, 128.7, 129.3, 137.9, 161.3, 162.2, 163.5, 169.9, 

171.2, 172.1, 173.0, 174.3. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 

795.3161, found 795.3137. MS (ESI): m/z = 795.52 [M+H+, 100%], m/z = 793.55 [M-

H+, 100%]. Retention time (system D): tR 5.89 min. Retention time (system A): tR 

2.15 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.2053 g. Pure peptide obtained from 100 mg crude: 26.8 mg. 

Compound 19: Ac-Asp-Ala-Gln-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 
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1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.08, H14), 1.23 (3H, d, J 7.08, H19), 

1.60-2.00 (4H, m, H9,16), 1.81 (3H, s, H22), 2.02-2.28 (4H, m, H10,17), 2.35-2.65 

(2H, m, H21), 2.90-3.10 (2H, m, H6), 3.73 (2H, d, J 4.29, H11), 4.02 (1H, m, H13), 

4.10-4.60 (6H, m, H7,8,12,15,18,20), 7.13-7.30 (5H, m, H1,2,3,4,5), 7.35-8.60 (7H, 

m, H23,24,25,27,28,29,30). 13C NMR (100 MHz, DMSO): δ 16.3, 17.6, 19.7, 22.1, 

27.4, 30.1, 31.5, 35.2, 36.9, 42.8, 43.8, 48.1, 49.9, 50.2, 57.3, 58.2, 66.5, 126.0, 

128.2, 129.4, 138.0, 168.6, 169.1, 170.7, 171.9, 172.1, 173.5, 173.8, 174.2. HRMS 

(ESI): calculated for C33H45N7O16 [M+H+] 809.3317, found 809.3302. MS (ESI): m/z 

= 809.37 [M+H+, 100%], m/z = 807.36 [M-H+, 100%]. Retention time (system D): tR 

5.94 min. Retention time (system A): tR 2.15 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.2177 g. Pure peptide obtained from 100 

mg crude: 13.1 mg. 

Compound 20: Ac-Asp-Ala-Glu-Thr-Gly-Asp-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.36, H13), 1.21 (3H, d, J 7.12, H18), 

1.81 (3H, s, H20), 2.20-2.32 (2H, m, H15), 2.32-2.46 (2H, m, H16), 2.85-3.05 (4H, 

m, H9,9’), 3.40-3.50 (2H, m, H6), 3.70-4.60 (9H, m, H7,8,10,11,12,14,17,19), 7.15-

7.30 (5H, m, H1,2,3,4,5), 7.80-8.20 (7H, m, H21,22,23,24,25,26,27). 13C NMR (100 

MHz, DMSO): δ 17.8, 19.4, 22.4, 26.8, 30.1, 32.9, 34.9, 36.6, 48.4, 49.1, 49.5, 53.7, 

60.2, 66.5, 72.2, 126.4, 128.1, 129.2, 137.5, 168.6, 169.4, 170.2, 170.3, 170.8, 

171.3, 171.7, 172.2, 172.6, 174.1. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 

796.3001, found 796.3010. MS (ESI): m/z = 796.39 [M+H+, 100%], m/z = 794.38 [M-

H+, 100%]. Retention time (system D): tR 5.32 min. Retention time (system A): tR 

2.18 min. Purity: > 95% Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.2482 g. Pure peptide obtained from 100 mg crude: 12.9 mg. 
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Compound 21: Ac-Asp-Ala-Glu-Thr-Gly-Asn-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.05 (3H, d, J 6.33, H13), 1.25 (3H, d, J 7.07, H18), 

1.70-2.00 (2H, m, H15), 1.85 (3H, s, H21), 2.20-2.30 (2H, m, H16), 2.30-2.50 (2H, 

m, H9), 2.55-2.70 (2H, m, H20), 2.90-3.10 (2H, m, H6), 3.70-3.80 (2H, d, J 5.48, 

H10) 4.00 (1H, m, H12), 4.15-4.65 (6H, m, H7,8,11,14,17,19), 6.85 (1H, s, H28), 

7.20-7.30 (5H, m, H1,2,3,4,5), 7.65 (1H, d, J 7.97, H28), 7.90-8.25 (7H, m, 

H22,23,24,25,26,27,29), 12.05 (4H, s, OH). 13C NMR (100 MHz, DMSO): δ 18.3, 

20.2, 23.0, 27.6, 30.4, 36.8, 37.0, 37.6, 42.6, 48.8, 49.8, 50.0, 52.6, 54.0, 58.6, 67.0, 

126.8, 128.6, 129.6, 137.6, 169.0, 169.9, 170.6, 171.0, 171.2, 171.6, 171.7, 172.4, 

172.6, 172.9, 174.4. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 795.3161, 

found 795.3174. MS (ESI): m/z = 795.27 [M+H+, 100%], m/z = 793.28 [M-H+, 100%]. 

Retention time (system D): tR 6.04 min. Retention time (system A): tR 2.13 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.1917 g. Pure peptide obtained from 100 mg crude: 35.1 mg. 
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Compound 22: Ac-Asp-Ala-Glu-Thr-Gly-Gln-Phe-OH 

 

Fmoc-Phe-Wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.17 (3H, d, J 6.33, H14), 1.22 (3H, d, J 7.01, H19), 

1.60-2.40 (8H, m, H9,10,16,17), 1.85 (3H, s, H22), 2.40-2.68 (2H, m, H21), 2.85-

3.10 (2H, m, H6), 3.50 (2H, d, J 6.03, H11) 3.70-3.80 (1H, m, H13), 4.10-4.40 (6H, 

m, H7,8,12,15,18,20), 6.80 (1H, s, H29), 7.30 (1H, s, H29) 7.30-7.40 (5H, m, 

H1,2,3,4,5), 7.80-8.60 (7H, m, H23,24,25,26,27,28,30). 13C NMR (100MHz, DMSO): 

δ 18.7, 19.9, 21.4, 23.0, 27.3, 28.5, 30.7, 31.5, 37.1, 44.6, 48.8, 50.0, 52.3, 54.0, 

58.8, 60.1, 67.0, 126.8, 128.7, 129.5, 138.2, 169.8, 170.7, 171.5, 171.7, 172.6, 

173.2, 174.1, 174.3, 174.6. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 

809.3317, found 809.3300. MS (ESI): m/z = 809.74 [M+H+, 80%], m/z = 807.75 [M-

H+, 100%]. Retention time (system G): tR 5.15 min. Retention time (system A): tR 

2.15 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.2864 g. Pure peptide obtained from 100 mg crude: 27.0 mg. 
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Compound 23: Ac-Asp-Ala-Glu-Thr-Gly-Glu-Trp-OH 

 

H-Trp(Boc)-2-ClTrt resin (500 mg, 0.51 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.32, H14), 1.20 (3H, d, J 7.10, H17), 

1.68-1.96 (4H, m, H9,9’), 1.80 (3H, s, H20), 2.15-2.30 (4H, m, H10,10’), 2.55-2.70 

(2H, m, H19), 3.00-3.10 (3H, m, H6) 3.75 (2H, d, J 5.62 H11), 3.95-4.05 (1H, m, 

H13) 4.10-4.60 (6H, m, H7,8,15,16,18), 6.95 (1H, m, H3), 7.05 (1H, m, H2) 7.15 

(1H, m, H5) 7.30 (1H, d, J 8.03, H4), 7.50 (1H, d, J 7.82, H1), 7.85-8.30 (7H, m, 

H21,22,23,24,25,26,27), 10.80 (1H, s, H28). 13C NMR (100 MHz, DMSO): δ 18.2, 

19.8, 22.9, 27.3, 28.0, 30.4, 36.7, 42.6, 48.9, 50.1, 51.9, 52.8, 53.5, 54.9, 58.9, 

110.1, 111.8, 118.8, 121.2, 123.2, 124.2, 127.6, 136.4, 165.6, 167.3, 169.1, 169.7, 

171.3, 171.5,172.7, 173.1, 174.4, 185.1. HRMS (ESI): calculated for C33H45N7O16 

[M+H+] 849.3267, found 849.3313. MS (ESI): m/z = 847.76 [M-H+, 100%]. Retention 

time (system D): tR 8.65 min. Retention time (system A): tR 2.27 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.2095 g. Pure 

peptide obtained from 100 mg crude: 10.7 mg. 
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Compound 24: Ac-Asp-Ala-Glu-Thr-Gly-Glu-Tyr-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Tyr(tBu)-

OH was used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.21, H11), 1.25 (3H, d, J 7.12, H14), 

1.60-2.00 (4H, m, H6,6’), 1.80 (3H, s, H17), 2.15-2.30 (4H, m, H7,7’), 2.40-2.95 (4H, 

m, H3,16), 3.70-4.30 (9H, m, H4,5,8,9,10,12,13,15), 4.52 (1H, s, OH Tyr), 6.63 (2H, 

d, J 8.36, H1,1’), 6.99 (2H, d J 8.31, H2,2’), 7.80-8.30 (7H, m, 

H18,19,20,21,22,23,24). 13C NMR (100MHz, DMSO): δ 18.0, 20.0, 22.9, 27.3, 28.0, 

30.6, 31.0, 36.4, 49.1, 50.2, 53.2, 54.7, 58.9, 67.1, 115.3, 128.4, 130.5, 156.1, 

169.2, 169.7, 171.0, 171.3, 172.0, 172.7. HRMS (ESI): calculated for C33H45N7O16 

[M+H+] 826.3107, found 826.3079. MS (ESI): m/z = 825.93 [M+H+, 100%], m/z = 

823.88 [M-H+, 100%]. Retention time (system D): tR 5.74 min. Retention time 

(system A): tR 1.90 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass 

of crude peptide: 0.3186 g. Pure peptide obtained from 100 mg crude: 17.9 mg. 

Compound 25: Ac-Asp-Ala-Glu-Thr-Gly-Glu-His-OH 

 

H-His(Trt)-2-ClTrt resin (500 mg, 0.75 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 
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1H NMR (400 MHz, DMSO): δ 1.03 (3H, d, J 6.32, H12), 1.22 (3H, d, J 7.17, H15), 

1.80 (3H, s, H18), 2.16-2.28 (4H, m, H7,7’), 2.40-2.68 (4H, m, H8,8’), 2.83-2.98 (4H, 

m, H4,17), 3.95-4.60 (9H, m, H5,6,9,10,11,13,14,16), 6.83 (1H, s, H1), 7.59 (1H, s, 

H2), 7.85-8.30 (8H, m, H3,19,20,21,22,23,24,25). 13C NMR (100 MHz, DMSO): δ 

17.8, 19.1, 22.8, 26.7, 31.0, 31.7, 35.3, 43.2, 52.9, 53.7, 56.8, 56.9, 58.8, 62.2, 

118.5, 135.7, 137.2, 170.3, 170.9, 171.0, 171.5, 173.1, 174.7, 178.5, 179.0. HRMS 

(ESI): calculated for C31H45N9O16 [M+H+] 800.3067, found 800.3090. MS (ESI): m/z 

= 799.71 [M+H+, 20%], m/z = 797.73 [M-H+, 100%]. Retention time (system D): tR 

8.85 min. Retention time (system A): tR 2.68 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.2692 g. Pure peptide obtained from 100 

mg crude: 9.0 mg. 

Compound 26: Ac-Trp-Arg-Gln-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.70-0.90 (12H, m, H1,9,11), 0.96-1.09 (1H, m, H2), 

1.30-1.73 (8H, m, H3,10,18,19), 1.75 (3H, s, H28), 1.78-2.00 (2H, m, H15), 2.05-

2.35 (3H, m, H8,16), 2.45-3.20 (8H, m, H6,13,20,22), 4.05-4.40 (4H, m, 

H4,7,14,17), 4.40-4.65 (3H, m, H5,12,21), 6.40-7.10 (5H, m, H23,24,25,26,27), 

7.10-8.75 (13H, m, H29,31,32,33,34,35,36,37,38,39,40), 10.75 (1H, s, H30), 12.40 

(3H, s, OH). 13C NMR (100 MHz, DMSO): δ 11.1, 15.0, 22.5, 22.9, 24.1, 24.2, 26.5, 

27.5, 28.4, 30.3, 30.6, 31.1, 52.3, 55.7, 57.2, 59.4, 60.9, 61.6, 64.7, 111.3, 114.1, 

115.3, 117.7, 120.5, 122.4, 124.2, 127.0, 160.9, 172.9, 173.9, 175.2, 175.8, 177.0, 

178.6. HRMS (ESI): calculated for C39H58N8O15 [M+H+] 987.4900, found 987.4900. 

MS (ESI): m/z = 987.86 [M+H+, 100%], m/z = 985.86 [M-H+, 100%]. Retention time 

(system D): tR 7.39 min. Retention time (system A): tR 2.50 min. Purity: > 95%. 
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Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.1167 g. Pure 

peptide obtained from 100 mg crude: 13.5 mg. 

Compound 27: Ac-Trp-Ala-Gln-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.75-0.90 (12H, m, H1,9,11), 1.30-1.65 (5H, m, 

H2,3,10), 1.25 (3H, d, J 6.81, H18), 1.65-2.40 (5H, m, H8,15,16), 1.75 (3H, s, H26), 

2.60-3.25 (6H, m, H6,13,20), 4.12-4.32 (4H, m, H4,7,14,17), 4.47-4.65 (3H, m, 

H5,12,19), 6.70-7.20 (5H, m, H21,22,23,24,25), 7.30-8.30 (9H, m, 

H27,29,30,31,32,33,34,35), 10.75 (1H, s, H28), 12.50 (3H, s, OH). 13C NMR (100 

MHz, DMSO): δ 11.2, 11.7, 15.2, 17.8, 21.4, 22.5, 22.8, 24.0, 27.6, 28.2, 31.4, 48.3, 

49.5, 52.1, 53.4, 55.6, 56.9, 110.3, 111.2, 118.1, 118.4, 120.7, 123.6, 127.3, 136.0, 

169.3, 170.2, 171.6, 172.0, 173.6, 173.8. HRMS (ESI): calculated for C39H58N8O15 

[M+H+] 902.4260, found 902.4285. MS (ESI): m/z = 902.38 [M+H+, 100%], m/z = 

900.32 [M-H+, 100%]. Retention time (system D): tR 8.24 min. Retention time 

(system A): tR 2.72 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass 

of crude peptide: 0.1467 g. Pure peptide obtained from 100 mg crude: 12.1 mg.  
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Compound 28: Ac-Trp-Gly-Gln-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.75-0.90 (12H, m, H1,9,11), 0.95-1.60 (5H, m, 

H2,3,10), 1.65-2.20 (5H, m, H8,15,16), 1.78 (3H, s, H25), 2.45-3.20 (6H, m, 

H6,13,19), 3.70 (2H, dd, J 23.12, 16.75, H17), 4.13-4.32 (3H, m, H4,7,14), 4.45-

4.65 (3H, m, H5,12,18), 6.70-7.20 (5H, m, H20,21,22,23,24), 7.30-8.40 (9H, m, 

H26,28,29,30,31,32,33,34), 10.75 (1H, s, H27), 12.50 (3H, s, OH). 13C NMR (100 

MHz, DMSO): δ 11.2, 15.1, 21.4, 22.5, 22.8, 24.2, 27.4, 28.1, 31.4, 35.9, 36.9, 49.4, 

49.5, 50.3, 52.0, 53.7, 56.9, 110.2, 111.2, 118.1, 118.4, 120.8, 123.5, 127.4, 136.1, 

168.7, 169.6, 170.2, 170.4, 171.4, 171.5, 171.8, 172.2, 173.7. HRMS (ESI): 

calculated for C39H58N8O15 [M+H+] 888.4103, found 888.4127. MS (ESI): m/z = 

888.44 [M+H+, 100%], m/z = 886.37 [M-H+, 100%]. Retention time (system D): tR 

7.98 min. Retention time (system A): tR 2.68 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.1598 g. Pure peptide obtained from 100 

mg crude: 24.3 mg. 

 

 

 

 

 

 

 



215 
 

Compound 29: Ac-Tyr-Ala-Gln-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.75-0.90 (12H, m, H1,9,12), 1.05 (1H, m, H8), 1.23 

(3H, d, J 7.05, H17), 1.32-1.67 (5H, m, H2,3,10), 1.74 (3H, s, H22), 1.80-2.15 (4H, 

m, H14,15), 2.52-2.72 (4H, m, H6,6’), 2.85-2.93 (2H, dd, J 3.83, 14.13, H19), 4.10-

4.60 (7H, m, H4,6,7,12,13,16,18), 6.63 (2H, d, J 8.48, H20,20’), 6.73 (1H, s, H26), 

7.03 (2H, d, J 8.50, H21,21’), 7.18 (1H, s, H26), 7.58-8.26 (7H, m, 

H23,24,25,26,27,28,29,30). 13C NMR (100 MHz, DMSO): δ 11.2, 15.1, 17.8, 21.3, 

22.4, 22.8, 23.9, 24.1, 28.3, 31.2, 48.2, 49.4, 50.4, 52.0, 54.3, 56.9, 114.9, 127.9, 

130.1, 155.5, 169.2, 169.4, 170.2, 171.3, 171.6, 171.9, 173.8. HRMS (ESI): 

calculated for C39H58N8O15 [M+H+] 879.4100, found 879.4127. MS (ESI): m/z = 

879.37 [M+H+, 100%], m/z = 877.39 [M-H+, 100%]. Retention time (system D): tR 

7.58 min. Retention time (system A): tR 2.55 min. Purity: > 95%. Melting point: 

>250°C (decomposes). Mass of crude peptide: 0.1562 g. Pure peptide obtained 

from 100 mg crude: 28.8 mg. 

Compound 30: Ac-Phe-Ala-Gln-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 
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1H NMR (400 MHz, DMSO): δ 0.70-0.92 (12H, m, H1,9,11), 1.04 (1H, m, H8), 1.23 

(3H, d, J 7.03, H17), 1.27-1.65 (5H, m, H2,3,10), 1.74 (3H, s, H23), 1.78-2.22 (4H, 

m, H14,15), 2.57-2.84 (4H, m, H6,6’), 2.92-3.07 (2H, dd, J 3.71, 13.86, H19), 4.08-

4.64 (7H, m, H4,5,7,12,13,16,18), 6.76 (1H, s, H27), 7.13-7.28 (6H, m, 

H20,21,22,27’), 7.59-8.32 (7H, m, H24,25,26,28,29,30,31), 12.20 (3H, s, OH). 13C 

NMR (100 MHz, DMSO): δ 11.1, 14.5, 17.8, 22.8, 24.6, 24.8, 27.3, 32.5, 35.3, 36.8, 

37.2, 40.1, 53.4, 53.9, 55.7, 56.1, 58.1, 61.8, 125.8, 127.6, 128.3, 136.5, 170.4, 

170.8, 171.0, 171.5, 173.3, 173.5. HRMS (ESI): calculated for C39H58N8O14 [M+H+] 

863.4151, found 863.4149. MS (ESI): m/z = 864.23 [M+H+, 40%], m/z = 862.22 [M-

H+, 100%]. Retention time (system D): tR 8.63 min. Retention time (system A): tR 

2.73 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.1445 g. Pure peptide obtained from 100 mg crude: 42.2 mg.  

Compound 31: Ac-Trp-Ala-Gln-Asp-Ala-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.75-0.90 (6H, dd, J 6.45, 19.26, H1), 1.20 (6H, d, J 

7.21, H8,8’), 1.40-1.67 (3H, m, H2,3), 1.76 (3H, s, H21), 1.80-2.18 (4H, m, H12), 

2.53-2.95 (4H, m, H6,6’), 3.05-3.15 (2H, dd, J 4.11, 14.71, H15), 4.15-4.65 (7H, m, 

H4,5,7,9,10,13,14), 6.78 (1H, s, H26), 6.93-7.08 (2H, m, H18,19), 7.14 (1H, s, H16), 

7.24 (1H, s, H26’), 7.31 (1H, d, J 8.04, H17), 7.62 (1H, d, J 7.86, H20), 7.73-8.23 

(7H, m, H22,24,25,27,28,29,30), 10.77 (1H, s, H23), 12.15-12.80 (3H, s, OH). 13C 

NMR (100 MHz, DMSO): δ 17.8, 21.5, 22.5, 22.9, 24.0, 27.5, 27.8, 31.3, 48.3, 49.4, 

50.3, 52.3, 53.2, 110.1, 111.3, 117.9, 118.4, 120.7, 123.5, 127.2, 135.9, 170.3, 

171.2, 171.7, 171.9, 172.0, 172.2, 173.7, 173.9. HRMS (ESI): calculated for 

C38H53N9O14 [M+H+] 860.3790, found 860.3821. MS (ESI): m/z = 860.52 [M+H+, 

100%], m/z = 858.52 [M-H+, 100%]. Retention time (system D): tR 7.76 min. 

Retention time (system A): tR 2.53 min. Purity: > 95% Melting point: > 250 °C 
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(decomposes). Mass of crude peptide: 0.1627 g. Pure peptide obtained from 100 

mg crude: 14.1 mg.  

Compound 32: Ac-Trp-Ala-Gln-Asp-Phe-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, dd, J 6.47, 15.44, H1), 1.20 (3H, d, J 

7.06, H17), 1.40-1.74 (3H, m, H2,3), 1.76 (3H, s, H25), 1.78-2.15 (4H, m, H14,15), 

2.55-2.75 (4H, m, H6,6’), 2.98-3.16 (4H, m, H8,19), 4.12-4.65 (7H, m, 

H4,5,7,12,13,16,18), 6.78 (1H, s, H30), 6.93-7.08 (2H, m, H22,23), 7.14 (2H, m, 

H9), 7.20 (1H, s, H30’), 7.22 (5H, m, H10,11,20), 7.32 (1H, d, J 8.05, H21), 7.63 

(1H, d, J 7.83, H24), 7.80-8.32 (7H, m, H26,28,29,31,32,33,34), 10.78 (1H, s, H27), 

12.20 (3H, s, OH). 13C NMR (100 MHz, DMSO): δ 17.8, 21.2, 22.5, 22.8, 24.0, 27.5, 

27.9, 31.4, 48.4, 49.5, 50.3, 52.1, 53.3, 53.9, 110.4, 110.9, 117.8, 120.5, 123.3, 

126.1, 127.6, 128.9, 131.3, 136.2, 137.2, 169.3, 170.2, 170.6, 171.1, 171.6, 171.8, 

172.2, 173.9. HRMS (ESI): calculated for C44H57N9O14 [M+H+] 936.4103, found 

936.4141. MS (ESI): m/z = 936.64 [M+H+, 100%], m/z = 934.65 [M-H+, 100%]. 

Retention time (system D): tR 9.43 min. Retention time (system A): tR 2.87 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.1683 g. Pure peptide obtained from 100 mg crude: 19.5 mg.  
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Compound 33: Ac-Trp-Ala-Glu-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.70-0.90 (12H, m, H1,9,11), 1.00-1.10 (1H, m, H8), 

1.21 (3H, d, J 7.07, H17), 1.30-1.65 (5H, m, H2,3,10), 1.68-1.92 (2H, m, H14), 1.75 

(3H, s, H25), 2.18-3.50 (10H, m, H6,6’,14,15,19), 4.10-4.63 (7H, m, 

H4,5,7,12,13,16,18), 6.94-7.65 (5H, m, H20,21,22,23,24), 7.68-8.30 (7H, m, 

H26,28,29,30,31,32,33), 10.78 (1H, s, H27). 13C NMR (100 MHz, DMSO): δ 11.2, 

15.0, 17.7, 21.8, 22.5, 22.8, 23.9, 24.0, 25.7, 27.5, 30.0, 48.3, 49.5, 51.5, 52.1, 53.4, 

56.9, 107.8, 110.1, 117.9, 118.4, 120.6, 123.5, 127.4, 135.9, 169.1, 170.3, 171.0, 

171.5, 172.0, 173.8, 173.9. HRMS (ESI): calculated for C41H58N8O15 [M+H+] 

903.4080, found 903.4095. MS (ESI): m/z = 903.94 [M+H+, 100%], m/z = 901.93 [M-

H+, 100%]. Retention time (system D): tR 8.79 min. Retention time (system A): tR 

2.80 min. Purity: > 95% Melting point: > 250 °C (decomposes). Mass of crude 

peptide: 0.1585 g. Pure peptide obtained from 100 mg crude: 31.6 mg.  
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Compound 34: Ac-Trp-Ala-Tyr-Asp-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.72-0.90 (12H, m, H1,9,11), 1.00-1.10 (1H, m, H8), 

1.15 (3H, d, J 7.06, H18), 1.20-1.74 (5H, m, H2,3,10), 1.76 (3H, s, H26), 2.57-2.77 

(4H, m, H6,6’), 2.80-2.95 (2H, m, H14), 3.00-3.14 (2H, dd, J 3.96, 14.74, H20), 4.12-

4.67 (7H, m, H4,5,7,12,13,17,19), 6.62 (2H, d, J 8.46, H15), 6.91-7.08 (4H, m, 

H16,23,24), 7.13 (1H, s, H21), 7.31 (1H, d, J 8.06, H22), 7.59-7.67 (1H, m, H24), 

7.78-8.40 (7H, m, H27,29,30,31,32,33,34), 9.15 (1H, s, OH), 10.76 (1H, s, H28), 

12.20 (3H, s, OH). 13C NMR (100 MHz, DMSO): δ 11.2, 15.1, 18.0, 21.3, 22.5, 22.8, 

23.9, 24.1, 26.5, 27.5, 48.2, 49.3, 49.5, 50.2, 53.3, 56.8, 110.2, 111.1, 114.8, 118.1, 

118.5, 120.7, 123.5, 127.2, 127.5, 130.1, 135.9, 155.7, 169.2, 170.3, 171.2, 171.6, 

171.8, 173.7. HRMS (ESI): calculated for C39H58N8O15 [M+H+] 937.4307, found 

937.4257. MS (ESI): m/z = 937.94 [M+H+, 100%], m/z = 935.37 [M-H+, 100%]. 

Retention time (system D): tR 9.79 min. Retention time (system A): tR 2.93 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.1294 g. Pure peptide obtained from 100 mg crude: 34.3 mg.  
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Compound 35: Ac-Trp-Ala-Gln-Glu-Ile-Asp-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.70-0.90 (12H, m, H1,9,11), 0.97-1.12 (1H, m, H8), 

1.20 (3H, d, J 7.06, H19), 1.35-1.74 (5H, m, H2,3,10), 1.76 (3H, s, H27), 1.82-1.93 

(2H, m, H16), 2.05-2.15 (2H, m, H17), 2.16-2.47 (2H, m, H13), 2.57-2.94 (4H, m, 

H6,14), 3.00-3.14 (2H, dd, J 4.05, 14.83, H21), 4.12-4.67 (7H, m, 

H4,5,7,12,15,18,20), 6.78 (1H, s, H32), 6.93-7.08 (2H, m, H24,25), 7.13 (1H, s, 

H22), 7.24 (1H, s, H32’), 7.31 (1H, d, J 8.04, H23), 7.62 (1H, d, J 7.86, H26), 7.75-

8.38 (7H, m, H28,30,31,33,34,35,36), 10.78 (1H,  s, H29), 12.20 (3H, s, OH). 13C 

NMR (100 MHz, DMSO): δ 11.0, 15.0, 17.9, 21.3, 22.5, 22.8, 24.1, 27.4, 27.5, 27.7, 

30.1, 31.4, 48.2, 51.7, 52.1, 53.2, 54.5, 56.5, 110.1, 111.2, 118.1, 118.4, 120.7, 

123.5, 127.2, 135.9, 169.2, 170.3, 170.6, 170.8, 171.1, 171.6, 172.0, 173.7. HRMS 

(ESI): calculated for C39H58N8O15 [M+H+] 916.4417, found 916.4463. MS (ESI): m/z 

= 916.63 [M+H+, 100%], m/z = 914.62 [M-H+, 100%]. Retention time (system D): tR 

8.67 min. Retention time (system A): tR 2.80 min. Purity: > 95% Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.1172 g. Pure peptide obtained from 100 

mg crude: 10.5 mg.  
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Compound 36: Ac-Trp-Ala-Gln-Asp-Ile-Glu-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.70-0.90 (12H, m, H1,10,12), 0.97-1.12 (1H, m, H9), 

1.21 (3H, d, J 7.04, H19), 1.28-1.74 (5H, m, H2,3,11), 1.76 (3H, s, H27), 1.82-1.94 

(2H, m, H16), 2.04-2.09 (2H, m, H17), 2.16-2.30 (2H, m, H6), 2.57-2.94 (4H, m, 

H7,14), 3.04-3.15 (2H, dd, J 4.10, 14.68, H21), 4.12-4.68 (7H, m, 

H4,5,8,13,15,18,20), 6.78 (1H, s, H32), 6.93-7.08 (2H, m, H24,25), 7.14 (1H, s, 

H30), 7.23 1H, s, H32’), 7.31 (1H, d, J 8.05, H23), 7.63-8.38 (7H, m, 

H28,30,31,33,34,35,36), 10.78 (1H, s, H29), 12.20 (3H, s, OH). 13C NMR (100 MHz, 

DMSO): δ 11.1, 15.1, 17.8, 21.1, 22.5, 22.8, 24.1, 27.3, 27.6, 28.1, 29.6, 31.3, 48.2, 

50.2, 50.4, 51.0, 51.6, 52.0, 53.3, 110.0, 111.2, 118.1, 118.4, 120.8, 123.6, 127.3, 

136.2, 169.2, 170.4, 170.9, 171.3, 171.5, 172.0, 173.8, 173.9. HRMS (ESI): 

calculated for C39H58N8O15 916.4417, found 916.4467 [M+H+]. MS (ESI): m/z = 

916.64 [M+H+, 100%], m/z = 914.62 [M-H+, 100%]. Retention time (system D): tR 

8.96 min. Retention time (system A): tR 2.80 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.1169 g. Pure peptide obtained from 100 

mg crude: 20.3 mg.   
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Compound 37: Ac-Trp-Ala-Gln-Glu-Ile-Glu-Leu-OH 

 

Fmoc-Leu-Wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.70-0.90 (12H, m, H1,10,12), 0.97-1.12 (1H, m, H9), 

1.20 (3H, d, J 7.05, H18), 1.30-1.74 (5H, m, H2,3,11), 1.76 (3H, s, H26), 1.80-1.95 

(2H, m, H15), 2.04-2.09 (2H, m, H16), 2.10-2.30 (4H, m, H6,6’), 2.57-2.94 (4H, m, 

H7,7’), 3.04-3.17 (2H, dd, J 4.04, 14.67, H20), 4.13-4.60 (7H, m, 

H4,5,8,13,14,17,19), 6.78 (1H, s, H31), 6.93-7.08 (2H, m, H23,24), 7.14 (1H, s, 

H21), 7.24 (1H, s, H31’), 7.31 (1H, d, J 8.05, H22), 7.61 (1H, d, J 7.81, H25), 7.74-

8.35 (7H, m, H27,29,30,32,33,34,35), 10.78 (1H, s, H28), 12.20 (3H, s, OH). 13C 

NMR (100 MHz, DMSO): δ 11.0, 15.1, 17.9, 21.1, 22.5, 22.8, 24.1, 27.3, 30.1, 31.3, 

36.7, 48.2, 51.6, 52.0, 53.2, 56.6, 57.5, 110.2, 111.1, 118.1, 118.4, 120.7, 123.5, 

127.3, 136.0, 169.2, 170.7, 170.8, 170.9, 171.1, 171.5, 172.1, 173.8, 174.1. HRMS 

(ESI): calculated for C39H58N8O15 [M+H+] 930.4573, found 930.4590. MS (ESI): m/z 

= 930.82 [M+H+, 100%], m/z = 928.79 [M-H+, 100%]. Retention time (system D): tR 

8.78 min. Retention time (system A): tR 2.80 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.1003 g. Pure peptide obtained from 100 

mg crude: 13.8 mg.  
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Compound 38: Ac-Asn-Glu-Glu-Asn-Gly-Glu-Gln-OH 

 

Fmoc-Gln(Trt)-wang resin (500 mg, 0.59 mmol/g) was used to prepare this 

compound according to the general method (section 10.2). The crude material was 

subjected to preparative HPLC separation (system G) and lyophilisation to give a 

white powder. 

1H NMR (400 MHz, DMSO): δ 1.65-2.15 (8H, m, H2,2’,2’’,2’’’), 1.84 (3H, s, H11), 

2.15-2.30 (8H, m, H1,1’,1’’,1’’’), 2.35-2.60 (4H, m, H7,7’), 3.61-4.63 (8H, m, 

H3,4,5,6,8,9,10), 6.70-7.58 (6H, m, H13,17,21), 7.65-8.59 (7H, m, 

H12,14,15,16,18,19,20). 13C NMR (100 MHz, DMSO): 18.3, 22.5, 26.8, 30.5, 36.9, 

37.0, 41.7, 49.7, 49.9, 52.2, 169.4, 170.6, 170.8, 171.1, 171.4, 171.5, 171.7, 174.1. 

HRMS (ESI): calculated for C32H48N10O18 [M+H+] 861.3153, found 861.3170. MS 

(ESI): m/z = 861.77 [M+H+, 100%], m/z = 859.81 [M-H+, 100%]. Retention time 

(system D): tR 1.10 min. Retention time (system A): tR 0.45 min. Purity: > 95%. 

Melting point: >250°C (decomposes). Mass of crude peptide: 0.0514 g. Pure 

peptide obtained from 50 mg crude: 10.2 mg.  

Compound 39: Ac-Asp-Pro-Ser-Thr-Gly-Glu-Leu-OH 

 

Fmoc-Leu-wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 
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1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.02-1.08 (3H, m, H11), 1.25-

1.35 (1H, m, H2), 1.40-1.92 (2H, m, H3), 1.80 (1H, s, H20), 2.20-2.30 (2H, m, H6), 

2.30-2.45 (2H, m, H7), 2.60-2.80 (2H, m, H19), 3.70-3.75 (2H, m, H13), 3.80-4.00 

(6H, m, H15,16,17), 4.00-4.40 (8H, m, H4,5,8,9,12,14,18), 4.81-4.92 (1H, m, H10), 

7.65-8.35 (6H, m, H21,22,23,24,25,26), 12.25 (3H, s, OH). 13C NMR (100 MHz, 

DMSO): δ 17.7, 22.0, 23.3, 24.8, 26.1, 27.6, 29.5, 37.7, 43.3, 44.3, 48.8, 49.7, 55.6, 

59.4, 60.2, 61.2, 62.1, 63.3, 64.8, 169.9, 171.2, 171.8, 173.3, 174.3, 174.9. HRMS 

(ESI): calculated for C31H49N7O15 [M+H+] 760.3312, found 760.3346. MS (ESI): m/z 

= 760.36 [M+H+, 60%], m/z = 758.41 [M-H+, 100%]. Retention time (system D): tR 

5.78 min. Retention time (system A): tR 2.15 min. Purity: > 95%. Melting point: > 

250°C (decomposes). Mass of crude peptide: 0.1538 g. Pure peptide obtained from 

100 mg crude: 12.0 mg.  

Compound 40: Ac-Asp-Pro-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 1.05 (3H, d, J 6.35, H14), 1.60-1.75 (2H, m, H6), 1.80 

(3H, s, H22), 1.85-2.10 (6H, m, 9,9’,21), 2.20-2.40 (4H, m, H10,10’), 2.40-3.10 (6H, 

m, H17,18,19), 3.60-4.90 (9H, m, H7,8,11,12,13,15,16,20), 7.15-7.30 (5H, m, 

H1,2,3,4,5), 7.55-8.30 (6H, m, H23,24,25,26,27,28). 13C NMR (100 MHz, DMSO): δ 

19.3, 22.1, 24.2, 27.4, 29.2, 29.9, 30.1, 36.5, 47.5, 48.0, 48.4, 48.8, 51.3, 53.4, 58.3, 

59.7, 126.4, 128.1, 129.0, 137.4, 168.4, 168.8, 170.7, 170.9, 171.4, 171.5, 172.6, 

173.7, 173.9. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 836.3314, found 

836.3348. MS (ESI): m/z = 836.63 [M+H+, 100%], m/z = 834.59 [M-H+, 100%]. 

Retention time (system D): tR 5.12 min. Retention time (system A): tR 2.28 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.2683 g. Pure peptide obtained from 100 mg crude: 23.7 mg. 
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Compound 41: Ac-Asp-Pro-Glu-Thr-Gly-Glu-Leu-OH 

 

Fmoc-Leu-wang resin (500 mg, 0.64 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.04 (3H, d, J 6.40, H11), 

1.45-1.60 (2H, m, H3), 1.60-1.70 (1H, m, H2), 1.70-2.10 (8H, m, H6,6’,7,7’), 1.80 

(3H, s, H18), 3.65-3.80 (7H, m, H12,13,14,15), 3.95-4.35 (7H, m, H4,5,5’,8,9,10), 

4.83 (1H, m, H16), 7.55-8.30 (6H, m, H19,20,21,22,23,24). 13C NMR (100 MHz, 

DMSO): δ 19.9, 21.8, 22.6, 23.2, 24.7, 26.8, 28.0, 29.6, 30.5, 30.7, 42.7, 47.3, 48.0, 

50.8, 52.1, 53.2, 58.9, 60.2, 67.2, 169.0, 169.4, 171.0, 171.6, 171.9, 172.0, 174.3, 

174.5. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 802.3470, found 802.3456. 

MS (ESI): m/z = 801.89 [M+H+, 100%], m/z = 799.83 [M-H+, 100%]. Retention time 

(system D): tR 6.80 min. Retention time (system A): tR 2.22 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.1790 g. Pure 

peptide obtained from 100 mg crude: 22.2 mg. 

Compound 42: Ac-Asp-Pro-Glu-Thr-Gly-Glu-Ile-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Ile-OH 

was used to prepare this compound according to the general method (section 10.2). 

The crude material was subjected to preparative HPLC separation (system G) and 

lyophilisation to give a white powder. 
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1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1,3), 1.04 (3H, d, J 6.02, H12), 

1.18 (1H, m, H4), 1.41 (1H, m, H11), 1.68-1.98 (8H, m, H7,7’,8,8’), 1.80 (3H, s, 

H20), 3.60-3.90 (6H, m, H15,16,17), 4.00 (1H, t, J 5.62, 9.62, H14), 4.05-4.90 (7H, 

m, H5,6,7,9,10,13,18), 7.50-8.30 (6H, m, H21,22,23,24,25,26), 12.00 (3H, s, OH). 

13C NMR (100 MHz, DMSO): δ 11.4, 15.3, 19.5, 22.1, 24.0, 24.6, 26.2, 27.4, 29.0, 

30.1, 36.0, 42.2, 47.1, 47.7, 51.7, 53.0, 56.4, 58.5, 60.0, 66.8, 168.5, 168.8, 170.4, 

171.3, 172.8, 174.1. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 802.3470, 

found 802.3471. MS (ESI): m/z = 801.72 [M+H+, 100%], m/z = 799.66 [M-H+, 100%]. 

Retention time (system D): tR 6.67 min. Retention time (system A): tR 2.18 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.2788 g. Pure peptide obtained from 100 mg crude: 29.7 mg.  

Compound 43: Ac-Asp-Pro-Glu-Thr-Gly-Glu-Val-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Val-OH 

were used to prepare this compound according to the general method. The crude 

material was subjected to preparative HPLC separation (system G) and 

lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.83-0.92 (6H, m, H1), 1.05 (3H, d, J 6.29, H10), 

1.68-1.98 (8H, m, H5,5’,6,6’), 1.80 (3H, s, H18), 2.05-2.10 (1H, m, H2), 2.35-2.75 

(2H, m, H17), 3.60-3.81 (6H, m, H13,14,15), 3.95-4.90 (9H, m, 

H3,4,7,8,9,11,12,16), 7.55-8.25 (6H, m, H19,20,21,22,23,24). 13C NMR (100 MHz, 

DMSO): δ 17.8, 17.9, 19.0, 19.4, 22.1, 24.1, 29.1, 29.6, 30.2, 30.3, 46.9, 47.5, 51.6, 

57.2, 58.6, 66.9, 168.6, 168.9, 170.6, 171.4, 171.5, 172.7, 173.9, 174.0. HRMS 

(ESI): calculated for C33H45N7O16 [M+H+] 788.3314, found 788.3299. MS (ESI): m/z 

= 787.85 [M+H+, 100%], m/z = 785.81 [M-H+, 100%]. Retention time (system D): tR 

5.04 min. Retention time (system A): tR 2.00 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.3799 g. Pure peptide obtained from 100 

mg crude: 23.4 mg. 

 



227 
 

Compound 44: Ac-Asp-Pro-Ser(Phos)-Thr-Gly-Glu-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.12 (3H, d, J 6.24, H11), 

1.20-1.30 (3H, m, H2,3), 1.45-2.30 (8H, m, H6,7,13,19), 1.80 (3H, s, H20), 3.60-

3.80 (6H, m, H15,16,17), 3.95-4.30 (9H, m, H4,5,8,9,10,12,14,18), 7.45-8.10 (6H, 

m, H21,22,23,24,25,26). 13C NMR (100 MHz, DMSO): 18.9, 22.8, 24.2, 24.6, 26.7, 

29.4, 29.9, 35.7, 40.2, 43.1, 49.3, 50.6, 55.7, 56.7, 57.8, 61.9, 66.2, 67.7, 67.8, 

170.1, 170.5, 170.8, 171.0, 173.1, 173.2, 174.9, 178.5. HRMS (ESI): calculated for 

C33H45N7O16 [M+H+] 840.3028, found 840.3074. MS (ESI): m/z = 839.83 [M+H+, 

100%], m/z = 837.74 [M-H+, 100%]. Retention time (system D): tR 5.46 min. 

Retention time (system A): tR 2.12 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.1646 g. Pure peptide obtained from 100 

mg crude: 7.2 mg. 
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Compound 45: Ac-Asp-Pro-Glu-Thr-Gly-Glu-Leu-NH2 

 

Rink amide MBHA resin (500 mg, 0.59 mmol/g) and the symmetrical anhydride of 

Fmoc-Leu-OH were used to prepare this compound according to the general 

method (section 10.2). The crude material was subjected to preparative HPLC 

separation (system G) and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.05 (3H, d, J 6.34, H11), 

1.40-1.50 (2H, m, H3), 1.50-1.65 (1H, m, H2), 1.70-2.00 (6H, m, H7,7’,18), 1.80 (3H, 

s, H19), 2.15-2.35 (4H, m, H6,6’), 2.60-2.70 (1H, m, H10), 3.60-3.80 (6H, m, 

H14,15,16), 4.00-4.90 (8H, m, H4,5,8,9,12,13,17), 6.95 (1H, s, H26), 7.15 (1H, s, 

H26), 7.60-8.30 (6H, m, H20,21,22,23,24,25). 13C NMR (100 MHz, DMSO): δ 19.6, 

21.5, 22.0, 22.9, 23.8, 27.6, 29.2, 30.4, 46.8, 47.7, 50.7, 51.3, 52.3, 58.5, 59.7, 66.4, 

68.6, 72.9, 168.7, 169.0, 170.8, 171.4, 173.6, 173.9. HRMS (ESI): calculated for 

C33H45N7O16 [M+H+] 799.3474, found 799.3514. MS (ESI): m/z = 801.22 [M+H+, 

100%], m/z = 799.21 [M-H+, 100%]. Retention time (system D): tR 6.27 min. 

Retention time (system A): tR 2.08 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.1460 g. Pure peptide obtained from 100 

mg crude: 35.5 mg. 
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Compound 46: Ac-Asn-Pro-Glu-Thr-Gly-Gln-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.00-1.10 (3H, d, J 6.25, H11), 

1.50 (2H, m, H3), 1.80 (3H, s, H21), 1.60-2.00 (9H, m, H2,6,7,13,14), 2.00-2.10 (2H, 

m, H20), 2.20-2.70 (4H, m, H16,17), 3.60-3.70 (2H, m, H18), 3.70-3.80 (1H, m, 

H10), 4.00-4.80 (8H, m, H4,5,8,9,12,15,19), 6.80-7.80 (6H, m, H22,24,25,26,27,29), 

8.00-8.20 (4H, m, H23,28). 13C NMR (100 MHz, DMSO): δ 19.4, 21.4, 22.1, 22.8, 

24.1, 24.2, 26.2, 28.2, 29.1, 30.5, 31.4, 37.2, 42.3, 46.9, 47.5, 50.8, 52.0, 52.7, 58.2, 

60.0, 66.0, 168.5, 168.8, 170.5, 170.7, 171.5, 171.6, 172.7, 174.1. HRMS (ESI): 

calculated for C33H53N9O14Na [M+Na+] 822.6310, found 822.3618. MS (ESI): m/z = 

800.24 [M+H+, 100%], m/z = 798.19 [M-H+, 100%]. Retention time (system D): tR = 

6.29 min. Retention time (system A): tR = 2.12 min. Purity: > 95%. Melting point: > 

250 °C (decomposes). Mass of crude product: 0.2371 g. Pure peptide obtained from 

100 mg of crude: 15.3 mg.  
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Compound 47: Ac-Asn-Pro-Glu-Thr-Gly-Gln-Leu-NH2 

 

Rink amide resin (500 mg, 0.59 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.00-1.10 (3H, d, J 6.30, H11), 

1.40-1.50 (2H, m, H3), 1.50-1.60 (1H, m, H2), 1.80 (3H, s, H21), 1.70-2.10 (10H, m, 

H6,7,13,14,20), 2.20-2.70 (4H, m, H16,17), 3.60-4.30 (10H, m, 

H4,5,8,9,12,15,18,19), 4.80 (1H, m, H10), 6.80-7.50 (6H, m, H22,24,25,26,27,29), 

7.60-8.30 (6H, m, H23,28,30). 13C NMR (100 MHz, DMSO): δ 19.5, 21.4, 22.2, 22.9, 

24.1, 27.8, 29.1, 31.4, 37.2, 42.4, 46.9, 47.6, 50.9, 52.4, 58.4, 60.0, 66.4, 168.9, 

169.0, 170.7, 171.0, 171.7, 171.8, 172.1, 174.0, 174.1. HRMS (ESI): calculated for 

C33H54H10O13 [M+H+] 799.3950, found 799.3947. MS (ESI): m/z = 799.05 [M+H+, 

100%], m/z = 797.00 [M-H+, 100%]. Retention time (system D): tR 4.09 min. 

Retention time (system A): tR 2.00 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude product: 0.1816 g. Pure peptide obtained from 100 

mg of crude: 16.8 mg.  
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Compound 48: Ac-Asn-Pro-Glu-Thr-Gly-Glu-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.00-1.10 (3H, d, J 6.25, H11), 

1.40-1.50 (2H, m, H3), 1.60-1.70 (1H, m, H2), 1.80 (3H, s, H19), 1.70-2.25 (10H, m, 

H6,6’,7,7’18), 2.25-2.70 (4H, m, H14,15), 3.60-4.30 (10H, m, H4,5,8,9,12,13,16,17), 

4.80 (1H, m, H10), 7.80-8.20 (8H, m, H20,21,22,23,24,25,26). 13C NMR (100 MHz, 

DMSO): δ 19.3, 21.3, 22.1, 22.8, 24.1, 24.2, 26.1, 27.6, 29.1, 30.1, 30.3, 37.2, 42.1, 

45.9, 47.5, 50.5, 51.6, 52.5, 58.3, 60.0, 66.0, 166.6, 168.9, 170.4, 170.6, 171.0, 

171.4, 171.5, 172.1, 174.0. HRMS (ESI): calculated for C33H52N8O15Na [M+Na+] 

822.6310, found 822.3618. MS (ESI): m/z = 801.28 [M+H+, 100%], m/z = 799.25 [M-

H-, 100%]. Retention time (system D): tR 4.64 min. Retention time (system A): tR 

2.18 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

product: 0.2414 g. Pure peptide obtained from 100 mg of crude: 31.1 mg.  

Compound 49: Ac-Asn-Pro-Glu-Thr-Gly-Glu-Leu-NH2 

 

Rink amide resin (500 mg, 0.59 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system G) and lyophilisation to give a white 

powder. 
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1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.00-1.10 (3H, d, J 6.25, H11), 

1.40-1.50 (2H, m, H3), 1.60-1.70 (1H, m, H2), 1.80 (3H, s, H19), 1.70-2.10 (10H, m, 

H6,6’,7,7’,18), 2.20-2.70 (4H, m, H14,15), 3.60-4.30 (10H, m, H4,5,8,9,12,13,16,17), 

4.70-4.80 (1H, m, H10), 4.80-5.10 (1H, s, OH), 6.90-8.20 (10H, m, 

H20,21,22,23,24,25,26,27). 13C NMR (100 MHz, DMSO): δ 19.4, 21.5, 22.1, 22.9, 

24.2, 26.0, 27.2, 29.1, 30.1, 30.3, 37.2, 40.6, 42.3, 46.9, 47.5, 50.9, 52.0, 52.6, 58.4, 

60.0, 66.4, 168.9, 168.9, 170.5, 170.6, 170.8, 171.4, 171.6, 172.1, 173.9. HRMS 

(ESI): calculated for C33H53N9O14Na [M+Na+] 822.6310, found 822.3618. MS (ESI): 

m/z = 801.39 [M+H+, 40%], m/z = 798.32 [M-H-, 100%]. Retention time (system D): 

tR 6.04 min. Retention time (system A): tR 2.07 min. Purity: > 95%. Melting point: > 

250 °C (decomposes). Mass of crude product: 0.1819 g. Pure peptide obtained from 

100 mg of crude: 29.5 mg. 

Compound 50: St-Asp-Pro-Glu-Thr-Gly-Glu-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

was used to prepare this compound according to the general method (section 10.2). 

The crude material was subjected to preparative HPLC separation (system H) and 

lyophilisation to give a white powder. 
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1H NMR (400 MHz, DMSO): δ 0.80-0.90 (9H, m, H1,34), 1.04 (3H, d, J 6.34, H11), 

1.25 (28H, s, H20,21,22,23,24,25,26,27,28,29,30,31,32,33), 1.40-1.50 (3H, m, 

H2,3), 1.50-1.60 (2H, m, H19), 1.60-1.80 (2H, m, H18), 1.80-2.10 (6H, m, H6,6’,17), 

2.20-2.40 (4H, m, H7,7’), 2.60-2.80 (1H, m, H10), 3.60-4.90 (14H, m, 

H4,5,5’,8,9,12,13,14,15,16), 7.50-8.20 (6H, m, H35,36,37,38,39,40). 13C NMR (100 

MHz, DMSO): δ 13.9, 19.3, 21.2, 22.0, 22.8, 24.2, 25.0, 26.3, 27.5, 28.5, 28.6, 28.7, 

28.8, 28.9, 29.0, 29.9, 30.2, 31.2, 34.7, 46.6, 47.3, 50.2, 51.6, 53.7, 168.4, 171.1, 

171.5, 171.8, 173.7, 173.8, 174.0. HRMS (ESI): calculated for C49H83N7O16Na 

[M+Na+] 1048.5793, found 1048.5767. MS (ESI): m/z = 1026.42 [M+H+, 100%], m/z 

= 1024.42 [M-H+, 100%]. Retention time (system E): tR 19.84 min. Retention time 

(system B): tR 8.10 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass 

of crude peptide: 0.2326 g. Pure peptide obtained from 100 mg crude: 21.5 mg. 

Compound 51: St-Asn-Pro-Glu-Thr-Gly-Glu-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system H) 

and lyophilisation to give a white powder. 

HRMS (ESI): calculated for C49H84N8O15 [M+H+] 1025.6135, found 1025.6180. MS 

(ESI): m/z = 1025.45 [M+H+, 100%], m/z = 1023.53 [M-H-, 100%]. Retention time 

(system E): tR 19.41 min. Retention time (system B): tR 8.02 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude product: 0.2861 g. Pure 

peptide obtained from 100 mg of crude: 26.0 mg.  
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Compound 52: St-Asn-Pro-Glu-Thr-Gly-Glu-Leu-NH2 

 

Rink amide resin (500 mg, 0.59 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system H) and lyophilisation to give a white 

powder. 

HRMS (ESI):  calculated for C49H85N9O14 [M+H+] 1024.6294, found 1024.6311. MS 

(ESI): m/z = 1024.49 [M+H+, 10%], m/z = 1023.46 [M-H+, 30%]. Retention time 

(system E): tR 19.39 min. Retention time (system B): tR 8.00 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude product: 0.1101 g. Pure 

peptide obtained from 100 mg of crude: 16.5 mg. 

Compound 53: St-Asp-Glu-Glu-Thr-Gly-Glu-Phe-OH 

 

Fmoc-Phe-wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system H) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (3H, m, H36), 1.04 (3H, s, H14), 1.65-2.00 

(6H, m, H9,9’,9’’), 1.25 (28H, s, H21,22,23,24,25,26,27,28,29,30,31,32,33,34,35), 

1.50-1.60 (2H, m, H20), 1.60-1.80 (2H, m, H19), 1.85-2.15 (6H, m, H10,10’,10’’), 

2.20-2.40 (2H, m, H18), 3.50-3.65 (2H, m, H6), 3.65-4.80 (9H, m, 

H7,8,11,12,13,15,16,17), 7.20-7.32 (5H, m, H1,2,3,4,5), 7.65-8.30 (7H, m, 

H37,38,39,40,41,42,43). 13C NMR (100 MHz, DMSO): δ 14.3, 18.7, 22.5, 24.8, 26.3, 

28.5, 28.8, 29.1, 29.4, 29.9, 31.3, 35.6, 36.2, 42.8, 53.7, 56.4, 56.5, 58.9, 61.8, 67.9, 
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126.3, 127.5, 128.9, 135.9, 170.1, 170.3, 171.1, 173.5, 173.9, 174.8, 178.6. HRMS 

(ESI): calculated for C52H81N7O18Na [M+Na+] 1114.5638, found 1114.5679. MS 

(ESI): m/z = 1092.19 [M+H+, 100%], m/z = 1090.12 [M-H+, 100%]. Retention time 

(system E): tR 18.31 min. Retention time (system B): tR 7.85 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.2165 g. Pure 

peptide obtained from 100 mg crude: 18.3 mg. 

Compound 54: Bz-Asp-Pro-Glu-Thr-Gly-Glu-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.70-0.90 (6H, m, H1), 1.05 (3H, d, J 6.35, H11), 

1.45-1.55 (1H, m, H2), 1.55-1.80 (2H, m, H3), 1.82-2.35 (8H, m, H6,6’,7,7’), 2.72 

(2H, m, H17), 3.60-3.80 (6H, m, H13,14,15), 3.80-5.10 (9H, m, 

H4,5,5’,8,9,10,12,16), 7.40-7.85 (5H, m, H18,19,20,21,22), 7.65-8.70 (6H, m, 

H23,24,25,26,27,28), 12.00 (4H, s, OH). 13C NMR (100 MHz, DMSO): δ 19.4, 21.3, 

22.8, 24.1, 24.2, 26.2, 27.4, 29.2, 30.4, 42.4, 48.4, 50.5, 51.7, 58.9, 60.0, 66.8, 

127.2, 128.1, 131.3, 133.7, 166.0, 168.5, 170.6, 171.1, 171.6, 174.0. HRMS (ESI): 

calculated for C33H45N7O16 [M+H+] 864.3627, found 864.3640. MS (ESI): m/z = 

864.35 [M+H+, 100%], m/z = 862.30 [M-H+, 100%]. Retention time (system D): tR 

8.69 min. Retention time (system A): tR 2.58 min. Purity: > 95%. Melting point: > 250 

°C (decomposes). Mass of crude peptide: 0.2373 g. Pure peptide obtained from 100 

mg crude: 26.1 mg. 
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Compound 55: St-Asp-Pro-Gly-Glu-Glu-Thr-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system H) 

and lyophilisation to give a white powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (9H, m, H1,35), 1.04 (3H, d, J 6.31, H7), 

1.25 (28H, s, H21,22,23,24,25,26,27,28,29,30,31,32,33,34), 1.40-1.55 (3H, m, 

H2,3), 1.60-1.70 (2H, m, H20), 1.70-1.80 (2H, m, H19), 1.80-2.10 (8H, m, 

H9,9’,10,10’), 2.20-2.40 (2H, m, H18), 2.65-2.75 (1H, m, H6), 3.60-3.90 (6H, m, 

H14,15,16), 3.90-4.90 (8H, m, H4,5,8,11,12,13,17), 7.70-8.20 (6H, m, 

H36,37,38,39,40,41). 13C NMR (100 MHz, DMSO): δ 12.0, 13.9, 17.8, 19.6, 21.3, 

22.0, 22.8, 24.1, 25.1, 27.1, 27.3, 28.5, 28.6, 29.0, 31.2, 34.8, 45.7, 47.2, 47.7, 50.3, 

52.0, 58.2, 59.9, 66.5, 70.6, 74.2, 168.7, 169.7, 170.9, 171.8, 172.3, 173.8, 173.9, 

174.0. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 1026.5974, found 

1026.6011. MS (ESI): m/z = 1026.42 [M+H+, 100%], m/z = 1024.42 [M-H+, 100%]. 

Retention time (system E): tR 17.45 min. Retention time (system B): tR 7.60 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 

0.2736 g. Pure peptide obtained from 100 mg crude: 22.6 mg. 
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Compound 56: St-Asp-Glu-Gly-Glu-Glu-Thr-Phe-OH 

 

Fmoc-Phe-wang resin (500 mg, 0.65 mmol/g) was used to prepare this compound 

according to the general method (section 10.2). The crude material was subjected 

to preparative HPLC separation (system H) and lyophilisation to give a white 

powder. 

1H NMR (400 MHz, DMSO): δ 0.80-0.90 (3H, m, H36), 1.02 (3H, s, H10), 1.65-2.20 

(6H, m, H12,12’,12’’), 1.25 (28H, m, H21-35), 1.53-1.64 (2H, m, H20), 1.80-2.30 

(8H, m, H13,13’,13’’,19), 2.30-2.50 (2H, m, H18), 3.45-3.65 (2H, m, H6), 3.65-4.85 

(9H, m, H7,8,9,11,14,15,16,17), 7.20-7.35 (5H, m, H1,2,3,4,5), 7.60-8.35 (7H, m, 

H37,38,39,40,41,42,43). 13C NMR (100 MHz, DMSO): δ 14.1, 18.5, 22.3, 25.4, 26.7, 

28.9, 29.0, 29.2, 29.5, 30.1, 31.5, 35.8, 36.4, 41.9, 53.6, 56.5, 56.6, 59.1, 61.4, 67.3, 

125.9, 127.6, 128.7, 135.7, 170.0, 170.3, 171.4, 173.7, 174.2, 174.6, 178.9. HRMS 

(ESI): calculated for C52H81N7O18Na [M+Na+] 1114.5619, found 1114.5693. MS 

(ESI): m/z = 1093.64 [M+H+, 100%], m/z = 1091.53 [M-H+, 100%]. Retention time 

(system E): tR 18.34 min. Retention time (system B): tR 7.87 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.1937 g. Pure 

peptide obtained from 100 mg crude: 15.1 mg. 

Compound 57: Ac-Asp-Pro-Gly-Glu-Glu-Thr-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 
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1H NMR (400 MHz, DMSO): δ 0.80-0.90 (6H, m, H1), 1.05 (3H, d, J 6.31, H6), 1.40-

1.60 (2H, m, H3), 1.60-1.70 (1H, m, H2), 1.70-2.10 (6H, m, H8,8’,17), 1.80 (3H, s, 

H18), 2.15-2.35 (4H, m, H9,9’), 3.60-3.80 (6H, m, H13,14,15), 3.90-4.90 (8H, m, 

H4,5,7,10,11,12,16), 7.70-8.20 (6H, m, H19,20,21,22,23,24). 13C NMR (100 MHz, 

DMSO): δ 19.6, 21.4, 22.2, 22.8, 24.1, 27.1, 27.3, 29.1, 30.1, 36.6, 42.1, 46.8, 47.3, 

50.3, 51.7, 52.0, 58.1, 60.0, 66.5, 168.7, 168.8, 169.7, 170.0, 170.9, 171.8, 172.4, 

173.8, 173.9, 174.0. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 802.3470, 

found 802.3485. MS (ESI): m/z = 802.11 [M+H+, 70%], m/z = 800.09 [M-H+, 100%]. 

Retention time (system D): tR Retention time (system A): tR 2.15 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.2571 g. Pure 

peptide obtained from 100 mg crude: 37.0 mg. 

Compound 59: St-Lys(RITC)-Asn-Pro-Glu-Thr-Gly-Glu-Leu-OH 

 

Wang resin (500 mg, 0.9 mmol/g) and the symmetrical anhydride of Fmoc-Leu-OH 

were used to prepare this compound according to the general method (section 

10.2). The crude material was subjected to preparative HPLC separation (system H) 

and lyophilisation to give a pink powder. 

HRMS (ESI): calculated for C84H126N13O19S [M+H+]2 826.9546, found 826.9565. MS 

(ESI): m/z = 827.3 [M-826.7, 100%], m/z = 1653.3 [M-H+, 10%], m/z = 825.45 [M-

825.55, 100%]. Retention time (system E): tR 18.51 min. Retention time (system B): 

tR 7.83 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude 

product: 0.4578 g. Pure peptide obtained from 100 mg of crude: 12.3 mg.  
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Compound 60: St-Lys(RITC)-Asn-Pro-Glu-Thr-Gly-Glu-Leu-NH2 

 

Rink amide resin (500 mg, 0.59 mmol/g) was used to prepare this compound 

according to the general method. The crude material was subjected to preparative 

HPLC separation (system H) and lyophilisation to give a pink powder. 

HRMS (ESI): calculated for C84H127N14O18S [M+H+] 1651.9174, found 1651.9098. 

MS (ESI): m/z = 817.97 [M-835.13, 100%], m/z = 1652.70 [M-H+, 10%], m/z = 

824.41 [M-828.69, 100%]. Retention time (system E): tR 18.74 min. Retention time 

(system B): tR 7.92 min. Purity: > 95%. Melting point: > 250 °C (decomposes). Mass 

of crude product: 0.1827 g. Pure peptide obtained from 100 mg of crude: 12.8 mg. 

Compound 61: (cyclic) Ala-Glu-Thr-Gly-Glu-Asp  

 

The crude material was subjected to preparative HPLC separation (system G) and 

lyophilisation to give a white powder. 

1H NMR (500 MHz, DMSO): δ 1.02 (3H, d, J 6.51, H10), 1.20 (3H, d, J 6.98, H4), 

1.58-1.97 (4H, m, H6,13), 1.98-2.31 (4H, m, H7,14), 2.42-2.70 (2H, m, H1), 3.98-

4.56 (8H, m, H2,3,5,8,9,11,12), 7.80-8.28 (6H, m, H15,16,17,18,19,20). 13C NMR 

(100 MHz, DMSO): δ 17.8, 19.5, 26.8, 28.1, 30.2, 31.3, 48.2, 49.5, 51.8, 53.7, 58.4, 

66.3, 170.3, 170.6, 171.1, 171.2, 172.6, 173.9. HRMS (ESI): calculated for 

Fmoc-Asp(wang resin)-OAll (1 g, 0.68 

mmol/g) was used to prepare this compound 

according to the general method (section 

10.2). Allyl deprotection was performed using 

the allyl deprotection method (section 

10.2.11). Cyclisation was performed using 

cyclisation method D.  
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C23H34N6O13 [M+H+] 603.2254, found 603.2282. MS (ESI): m/z = 603.11 [M+H+, 

100%], m/z = 601.59 [M-H+, 100%]. Retention time (system D): tR 4.98 min. 

Retention time (system A): tR 2.02 min. Purity: > 95%. Melting point: > 250 °C 

(decomposes). Mass of crude peptide: 0.1533 g. Pure peptide obtained from 100 

mg crude: 15.8 mg.  

Compound 62: (cyclic) Ala-Glu-Thr-Gly-Glu-Phe-Asp  

 

The crude material was subjected to preparative HPLC separation (system G) and 

lyophilisation to give a white powder. 

1H NMR (500 MHz, DMSO): δ 1.03 (3H, d, J 6.31, H6), 1.21 (3H, d, J 7.09, H21), 

1.60-1.98 (4H, m, H2,9), 2.00-2.35 (4H, m, H1,10), 2.40-2.68 (2H, m, H19), 2.85-

3.06 (2H, m, H12), 3.70-4.55 (9H, m, H3,4,5,7,8,11,18,20), 7.16-7.29 (5H, m, 

H13,14,15,16,17), 7.65-8.28 (7H, m, H22,23,24,25,26,27,28). 13C NMR (100 MHz, 

DMSO): δ 17.8, 19.5, 22.4, 26.7, 28.1, 30.1, 31.2, 34.3, 49.4, 52.0, 53.4, 58.3, 66.5, 

77.3, 126.4, 128.1, 129.1, 137.4, 168.5, 169.4, 170.3, 170.7, 171.1, 171.3, 172.2, 

172.7, 173.9. HRMS (ESI): calculated for C32H43N7O14 [M+H+] 749.2916, found 

749.2944. MS (ESI): m/z = 749.89 [M+H+, 100%], m/z = 747.82 [M-H+, 100%]. 

Retention time (system D): tR 5.06 min. Retention time (system A): tR 2.18 min. 

Purity: > 95%. Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.241 

g. Pure peptide obtained from 100 mg crude: 10.0 mg. 

 

 

 

 

Fmoc-Asp(wang resin)-OAll (1 g, 0.68 

mmol/g) was used to prepare this 

compound according to the general 

method (section 10.2). Allyl 

deprotection was performed using the 

allyl deprotection method (section 

10.2.11). Cyclisation was performed 

using cyclisation method D.  
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Compound 63: (cyclic) Ala-Glu-Thr-Gly-Glu-Phe-Leu-Asp  

 

The crude material was subjected to preparative HPLC separation (system G) and 

lyophilisation to give a white powder. 

1H NMR (500 MHz, DMSO): δ 0.69-0.85 (6H, m, H21), 1.07 (3H, d, J 6.42, H6), 

1.14-1.19 (1H, m, H20), 1.28 (3H, d, J 7.35, H25), 1.53-1.94 (6H, m, H2,9,19), 1.98-

2.34 (4H, m, H1,10), 2.62-2.90 (2H, m, H23), 3.07-3.18 (2H, m, H12), 3.91-4.62 

(10H, m, H3,4,5,7,8,11,18,22,24), 7.14-7.24 (5H, m, H13,14,15,16,17), 7.65-8.72 

(8H, m, H26,27,28,29,30,31,32,33). 13C NMR (100 MHz, DMSO): δ 17.9, 19.0, 22.3, 

24.1, 26.8, 30.2, 35.4, 37.3, 41.3, 42.5, 53.3, 54.3, 56.2, 57.6, 58.1, 58.4, 63.1, 67.5, 

125.8, 127.5, 128.4, 136.8, 168.7, 170.3, 171.0, 171.4, 171.6, 171.9, 173.1, 178.3. 

HRMS (ESI): calculated for C38H54N8O15 [M+H+] 863.3751, found 863.3779. MS 

(ESI): m/z = 863.62 [M+H+, 100%], m/z = 861.60 [M-H+, 100%]. Retention time 

(system D): tR 8.39 min. Retention time (system A): tR 2.72 min. Purity: > 95%. 

Melting point: > 250 °C (decomposes). Mass of crude peptide: 0.2165 g. Pure 

peptide obtained from 100 mg crude: 11.7 mg. 

5-azidopentanoic acid 

 

General procedure: To a solution of 5-bromovaleric acid (10 mmol) in DMF (20 mL) 

was added sodium azide (0.98 g, 15 mmol). The mixture was allowed to stir at 21 

°C overnight. The progress of the reaction was monitored using LCMS. DMF was 

removed under reduced pressure and the resulting residue was re-suspended in 

Fmoc-Asp(wang resin)-OAll (1 g, 0.68 

mmol/g) was used to prepare this 

compound according to the general 

method (section 10.2). Allyl deprotection 

was performed using the allyl deprotection 

method (section 10.2.11). Cyclisation was 

performed using cyclisation method D.  
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HCl (25 mL, 1N) and subsequently extracted with ethyl acetate (4 x 25 ml). The 

combined organic layers were dried over magnesium sulphate and evaporated to 

dryness under reduced pressure to afford the azido-alkanoic acid as a pale yellow 

oil, yield 45%. MS (ESI): m/z = 144.20 [M+H+, 100%], m/z = 142.56 [M-H+, 100%]. 

IR (ʋmax/cm-1): 668.73, 737.65, 930.21, 1099.52, 1231.63, 1350.53, 1412.68, 

1702.56, 2089.75, 2358.22, 2936.96.    

6-azidohexanoic acid 

 

General procedure: To a solution of 6-bromohexanoic acid (10 mmol) in DMF (20 

ml) was added sodium azide (0.98 g, 15 mmol). The mixture was allowed to stir at 

21°C overnight. The progress of the reaction was monitored using LCMS. DMF was 

removed under reduced pressure and the resulting residue was re-suspended in 

HCl (25 ml, 1N) and subsequently extracted with ethyl acetate (4 x 25 ml). The 

combined organic layers were dried over magnesium sulphate and evaporated to 

dryness under reduced pressure to afford the azido-alkanoic acid as a pale yellow 

oil, yield 50%. MS (ESI): m/z = 158.49 [M+H+, 100%], m/z = 156.75 [M-H+, 100%].  

IR (ʋmax/cm-1): 668.37, 737.33, 934.06, 1099.54, 1252.66, 1412.72, 1703.26, 

2090.11, 2938.23.    

Side chain deprotection of Fmoc-Lys(Boc)-OH 

 

TFA (0.287 ml) was added at 0 °C to a solution of N-Boc protected lysine in DCM (2 

ml). The mixture was left to stir at 50 °C for 18 h. The solution was then left to cool 

at room temperature and Amberlyst A-21 (8.0 eq) was added. The heterogeneous 

mixture was stirred at room temperature for 1 h. Amberlyst was filtered off and the 

filtrate concentrated at 40 mmHg, 40 °C. The crude product was a colourless oil, 

73% yield. MS (ESI): m/z = 369.51 [M+H+, 100%], m/z = 367.39 [M-H+, 100%]. IR 

(ʋmax/cm-1): 778.31, 837.22, 940.53, 1063.45, 1367.55, 1390.12, 1474.39, 1610.33, 

2894.15, 3289.51. 
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Fmoc-Lys(azide)-OH 

 

Triflic anhydride (Tf2O) 3.00 mL, 17.8 mmol was added dropwise to a vigorously 

stirred mixture of NaN3 (5.76 g, 88.6 mmol) in H2O (15 mL) and DCM (30 mL) at 0 

°C. The resulting mixture was allowed to warm to room temperature and was stirred 

for 2 h. The water layer was extracted with DCM (2 x 15 mL) and the combined 

organic layers were washed with saturated aqueous Na2CO3 (25 mL). The resulting 

solution of TfN3 in DCM was used in the next stage. 

Fmoc-Lys-OH (1.112 g, 3 mmol) dissolved in 80% aqueous acetic acid (9 ml) and 

CuSO4.5H2O (15 mg, 0.06 mmol, 0.02 eq.) in water (1 mL) was added. The pH was 

adjusted to 9-10 with K2CO3. Water (15 mL), MeOH (32 mL) and 

trifluoromethanesulfonyl azide (6 mmol) in DCM (25 mL) was added and the pH was 

readjusted to 9-10 with K2CO3. The two-phase system was stirred vigorously for 20 

h. The layers were separated by addition of DCM and the organic phase was 

washed with water (2 x 40 mL) and then the combined aqueous phases were 

acidified with 3M HCl (aq.) to pH 2. The aqueous phase was extracted with DCM (4 

x 50 mL) and the combined organic phases were dried over magnesium sulphate, 

filtered and concentrated in vacuo to give a colourless oil with a 55% yield. MS 

(ESI): m/z = 395.11 [M+H+, 100%], m/z = 393.59 [M-H+, 100%]. IR (ʋmax/cm-1): 

648.11, 721.34, 935.64, 1097.24, 1251.63, 1472.59, 1651.47, 2920.11. 

Azidoacetic acid 

 

General procedure: to a solution of bromoacetic acid (10 mmol) in DMF (20 mL) 

was added sodium azide (0.98 g, 15 mmol). The mixture was allowed to stir at 21 

°C overnight. The progress of the reaction was monitored using LCMS. DMF was 

removed under reduced pressure and the resulting white residue was re-suspended 

in HCl (25 mL, 1N) and subsequently extracted with ethyl acetate (4 x 25 mL). The 

TfN3, CuSO4 

pH 9-10 
H2O, MeOH, DCM 
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combined organic layers were dried over magnesium sulphate and evaporated to 

dryness under reduced pressure to afford the azido acetic acid as a pale yellow oil 

with an 88% yield. MS (ESI): m/z = 102.59 [M+H+, 100%], m/z = 100.74 [M-H+, 

100%]. IR (ʋmax/cm-1): 665.13, 738.25, 932.79, 1097.89, 1235.72, 1415.37, 1706.55, 

2093.76, 2940.10. 

Azidopropionic acid 

 

General procedure: to a solution of 3-bromopropionic acid (10 mmol) in DMF (20 

mL) was added sodium azide (0.98 g, 15 mmol). The mixture was allowed to stir at 

21 °C overnight. The progress of the reaction was monitored using LCMS. DMF was 

removed under reduced pressure and the resulting residue was re-suspended in 

HCl (25 mL, 1N) and subsequently extracted with ethyl acetate (4 x 25 mL). The 

combined organic layers were dried over magnesium sulphate, and evaporated to 

dryness under reduced pressure to afford the azido alkanoic acid as a pale yellow 

oil with a 90% yield. MS(ESI): m/z = 116.53 [M+H+, 100%], m/z = 114.36 [M-H+, 

100%]. IR (ʋmax/cm-1): 668.59, 737.48, 932.65, 1099.31, 1233.56, 1413.02, 1704.36, 

2091.21, 2938.79. 

Fmoc protection of 4-aminobenzoic acid 

 

A solution of 1.038 g of 4-aminobenzoic acid in 20.2 mL of 10% Na2CO3 and 10 mL 

of dioxane was stirred and cooled in an ice bath. A solution of 1.96 g Fmoc-Cl in 15 

mL dioxane was added to the flask. The mixture was stirred at room temperature for 

2 h, poured into 400 mL of H2O and extracted twice with ether. The aqueous layer 

was cooled in an ice bath and acidified with conc. HCl. The white precipitate was 

extracted with ethyl acetate, the extracts were washed with water and dried with 

MgSO4 and evaporated. The white residue was recrystallised from ethanol and 

water to give a white solid with a 68% yield. 
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1H NMR (400 MHz, DMSO): δ 4.33 (1H, t, J 12.88, 6.38, H4), 4.55 (2H, d, J 6.50, 

H3,3’), 7.30-8.00 (12H, m, H1,1’,2,2’,5,5’,6,6’,7,7’,8,8’), 10.05 (1H, s, H9), 12.65 

(1H, s, OH). IR (ʋmax/cm-1): 638.97, 1051.88, 1221.99, 1524.81, 1673.09. MS (ESI):  

m/z = 358.07 [M-H+, 100%]. Retention time (system A): tR 3.68 min. Melting point: 

256-258 °C.  

 

Fmoc protection of 3-aminobenzoic acid 

 

A solution of 1.038 g of 3-aminobenzoic acid in 20.2 ml of 10% Na2CO3 and 10 mL 

of dioxane was stirred and cooled in an ice bath. A solution of 1.96 g Fmoc-Cl in 15 

mL dioxane was added to the flask. The mixture was stirred at room temperature for 

2 h, poured into 400 mL of H2O and extracted twice with ether. The aqueous layer 

was cooled in an ice bath and acidified with conc. HCl. The white precipitate was 

extracted with ethyl acetate, the extracts were washed with water and dried with 

MgSO4 and evaporated. The white residue was recrystallised from ethanol and 

water to give a white solid with a 61% yield. 

1H NMR (400 MHz, DMSO): δ 4.33 (1H, t, J 13.25, 6.58, H6), 4.51 (2H, d, J 6.70, 

H5,5’), 7.30-8.00 (11H, m, H1,2,3,7,7’,8,8’,9,9’,10,10’), 8.15 (1H, s, H4) 9.90 (1H, s, 

H11), 12.95 (1H, s, OH). IR (ʋmax/cm-1): 737.31, 1455.33, 1596.38, 1750.02, 

2161.30. MS (ESI): m/z = 357.90 [M-H+, 100%]. Retention time (system A): tR 3.68 

min. Melting point: 236-238 °C. 
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Fmoc protection of 4-aminophenylacetic acid 

 

A solution of 1.14 g of 4-aminophenylacetic acid in 20.2 mL of Na2CO3 (10%) and 

10 mL dioxane was stirred and cooled in an ice bath. A solution of 1.96 g of Fmoc-

Cl in 15 mL dioxane was added to the flask with stirring and cooling. The mixture 

was stirred at room temperature for 2 h, poured into 400 mL of water and extracted 

twice with ether. The aqueous layer was cooled in an ice bath and acidified with 

conc. HCl. The white precipitate was extracted with ethyl acetate and the extracts 

were washed with water, dried using MgSO4 and evaporated. The white residue 

was recrystallised from ethanol and water to give a white solid with a 63% yield. 

1H NMR (400 MHz, DMSO): δ 3.38 (2H, s, H1,1’) 4.30 (1H, t, J 13.57, 6.57, H5), 

4.47 (2H, d, J 6.62, H4,4’), 7.10-8.00 (12H, m, H2,2’,3,3’,6,6’,7,7’,8,8’,9,9’), 9.50 

(1H, s, H10). IR (ʋmax/cm-1): 620.25, 771.96, 1053.28, 1087.66, 1103.23, 1239.28, 

1406.04, 1450.08, 1593.96, 1697.57, 2043.37. MS (ESI): m/z = 373.90 [M+H+, 

40%], m/z = 371.93 [M-H+, 100%]. Retention time (system A): tR 3.61 min. Melting 

point: 245-247 °C. 

Compound 64 

 

1H NMR (400 MHz, DMSO): δ 1.80-2.00 (4H, m, H2,2’), 1.87 (3H, s, H6), 2.25-2.40 

(4H, m, H1,1’), 4.35-4.45 (2H, m, H3,3’), 7.65-7.90 (4H, m, H4,4’,5,5’), 8.18 (1H, d, J 

7.67, H7), 8.48 (1H, d, J 7.72, H9), 10.25 (1H, s, H8), 12.25 (3H, s, OH). 13C NMR 

(100 MHz, DMSO): 22.8, 26.1, 26.5, 30.1, 30.5, 56.3, 56.5, 117.9, 121.5, 129.4, 

141.3, 167.8, 170.8, 172.1, 174.9, 178.5. IR (ʋmax/cm-1): 766.49, 851.45, 1406.05, 

1502.41, 1527.06, 1627.81, 3284.00. HRMS (ESI): calculated for C19H23N3O9Na 

Fmoc-Glu(OtBu)-wang resin (500 mg, 

0.57 mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC separation 

(sytem G) and lyophilisation to give a 

white powder.  
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[M+Na+] 460.1332, found 460.1354. MS (ESI): m/z = 438.13 [M+H+, 80%], m/z = 

436.18 [M-H+, 100%]. Retention time (system D): tR 4.96 min. Retention time 

(system A): tR 1.52 min. Purity: > 95%. Melting point: 140-147 °C. Mass of crude 

peptide: 0.1171 g. Pure peptide obtained from 100 mg crude: 21.4 mg. 

Compound 65 

 

1H NMR (400 MHz, DMSO): δ 1.75-2.10 (4H, m, H2,2’), 1.87 (3H, s, H8), 2.25-2.40 

(4H, m, H1,1’), 4.35-4.45 (2H, m, H3,3’), 7.40 (1H, t, J 7.95, 15.84, H5), 7.55 (1H, d, 

J 7.85, H4), 7.80 (1H, d, J 8.16, H6), 8.00 (1H, s, H7), 8.19 (1H, d, J 7.73, H9), 8.62 

(1H, d, J 7.68, H11), 10.20 (1H, s, H10), 12.30 (3H, s, OH). 13C NMR (100 MHz, 

DMSO): δ 22.6, 26.4, 27.6, 31.0, 52.5, 53.2, 119.1, 122.6, 129.0, 135.4, 139.1, 

167.1, 169.6, 171.2, 173.7, 174.3. IR (ʋmax/cm-1): 766.12, 851.54, 1308.89, 1406.16, 

1504.79, 1526.16, 1629.11, 1707.89, 3284.29. HRMS (ESI): calculated for 

C19H23N3O9Na [M+Na+] 460.1332, found 460.1321. MS (ESI): m/z = 438.17 [M+H+, 

100%], m/z = 436.17 [M-H+, 100%]. Retention time (system D): tR 5.11 min. 

Retention time (system A): tR 1.80 min. Purity: > 95%. Melting point: 143-148 °C. 

Mass of crude peptide: 0.1861 g. Pure peptide obtained from 100 mg crude: 35.6 

mg. 

Compound 66 

 

1H NMR (400 MHz, DMSO): δ 1.75-2.00 (4H, m, H2,2’), 1.87 (3H, s, H7), 2.20-2.30 

(4H, m, H1,1’), 2.55 (2H, s, H4), 4.20-4.40 (2H, m, H3,3’), 7.20 (2H, d, J 8.63, 

H5,5’), 7.50 (2H, d, J 8.53, H6,6’), 8.17 (1H, d, J 7.84, H8), 8.34 (1H, d, J 7.79, 

H10), 10.00 (1H, s, H9), 12.25 (3H, s, OH). 13C NMR (100 MHz, DMSO): δ 22.7, 

26.7, 27.9, 30.7, 40.9, 41.8, 51.6, 53.2, 119.0, 119.4, 129.9, 130.2, 131.8, 137.6, 

Fmoc-Glu(OtBu)-wang resin (500 mg, 

0.57 mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was subjected 

to preparative HPLC separation (system 

G) and lyophilisation to give a white 

powder. 

 

Fmoc-Glu(OtBu)-wang resin (500 mg, 

0.57 mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC 

separation (system G) and lyophilisation 

to give a white powder. 
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169.9, 170.6, 173.7, 173.9. IR (ʋmax/cm-1): 766.22, 851.35, 1309.52, 1406.17, 

1504.39, 1527.41, 1632.99, 1709.73, 3286.56. HRMS (ESI): calculated for 

C20H25N3O9 [M+H+] 452.1669, found 452.1671. MS (ESI): m/z = 452.22 [M+H+, 

80%], m/z = 450.23 [M-H+, 100%]. Retention time (system D): tR 5.07 min. Retention 

time (system A): tR 1.55 min. Purity: > 95%. Melting point: 146-152 °C. Mass of 

crude peptide: 0.2000 g. Pure peptide obtained from 100 mg crude: 27.0 mg. 

Compound 67 

 

1H NMR (400 MHz, DMSO): δ 1.70-2.10 (4H, m, H2,2’), 2.20-2.40 (6H, m, H3,3’,4), 

3.15-3.25 (2H, m, H5), 4.15-4.25 (1H, m, H1), 4.35-4.45 (1H, m, H6), 7.40-7.90 (5H, 

m, H7,8,9,10,11), 7.90-8.50 (3H, m, H12,13,14), 12.20 (3H, s, OH). 13C NMR (100 

MHz, DMSO): δ 26.3, 26.9, 30.1, 30.5, 34.9, 35.3, 51.2, 53.0, 127.5, 128.0, 131.5, 

134.0, 166.5, 170.5, 171.3, 173.4, 173.6, 174.0. IR (ʋmax/cm-1): 687.01, 808.27, 

895.59, 1174.22, 1433.30, 1485.19, 1632.55, 1705.97, 2202.08, 3297.41. HRMS 

(ESI): Calculated for C33H45N7O16 [M+H+], 452.1669, found 452.1659. MS (ESI): m/z 

= 451.54 [M+H+, 100%], m/z = 449.52 [M-H+, 100%]. Retention time (system D): tR 

6.22 min. Retention time (system A): tR 1.95 min. Purity: > 95%. Melting point: 118-

124 °C. Mass of crude peptide: 0.1685 g. Pure peptide obtained from 100 mg crude: 

37.0 mg.  

Compound 68 

 

Fmoc-D-Glu(OtBu)-wang resin (500 

mg, 0.69 mmol/g) was used to prepare 

this compound according to the 

general method. The crude material 

was subjected to preparative HPLC 

separation (system G) and 

lyophilisation to give a white powder.  

 

Fmoc-D-Glu(OtBu)-Wang resin (500 

mg, 0.69 mmol/g) was used to 

prepare this compound according to 

the general method. The crude 

material was subjected to 

preparative HPLC separation 

(system G) and lyophilisation to give 

a white powder.  
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1H NMR (400 MHz, DMSO): δ 1.90-2.15 (4H, m, H2,2’), 2.20-2.45 (4H, m, H1,1’), 

4.31 (1H, t, J 6.84, 12.90, H3), 4.56 (1H, t, J 7.58, 11.44, H6), 7.45-7.58 (3H, m, 

H8,9,10), 7.72 (2H, d, J 8.61, H4,4’), 7.82 (2H, d, J 8.79, H5,5’), 7.94 (2H, d, J 7.11, 

H7,11), 8.20 (1H, s, H13), 8.85 (2H, s, H12,14), 10.45 (1H, s, OH). 13C NMR (100 

MHz, DMSO): δ 21.2, 23.7, 27.1, 27.7, 56.7, 58.5, 118.0, 120.2, 127.9, 128.5, 

134.3, 136.2, 137.1, 142.3, 154.6, 161.5, 166.4, 168.5. IR (ʋmax/cm-1): 812.98, 

1183.54, 1256.27, 1414.32, 1635.11, 3279.04. HRMS (ESI): calculated for 

C24H25N3O9 [M+H+] 500.1669, found 500.1698. MS (ESI): m/z = 499.53 [M+H+, 

100%], m/z = 497.79 [M-H+, 100%]. Retention time (D): tR 7.12 min. Retention time 

(A): tR 2.40 min. Purity: > 95%. Melting point: 128-133 °C. Mass of crude peptide: 

0.0355 g. Pure peptide obtained from 30 mg crude: 4.2 mg. 

Compound 69 

 

 

1H NMR (400 MHz, DMSO): δ 1.85-2.15 (4H, m, H2,2’), 2.20-2.40 (4H, m, H3,3’), 

4.25-4.35 (1H, m, H8), 4.55-4.65 (1H, m, H1), 7.35-7.60 (6H, m, H4,5,6,10,11,12), 

7.85-8.00 (3H, m, H7,9,13). 13C NMR (100 MHz, DMSO): δ 19.9, 20.8, 23.5, 24.1, 

53.8, 57.8, 116.0, 122.1, 127.2, 127.5, 127.9, 128.1, 128.6, 131.3, 133.7, 138.9, 

166.5, 170.5, 171.3, 179.5. IR (ʋmax/cm-1): 813.63, 1187.02, 1253.49, 1418.79, 

1636.68, 3281.51. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 500.1669, found 

500.1669. MS (ESI): m/z = 499.83 [M+H+, 60%], m/z = 497.75 [M-H+, 100%]. 

Retention time (D): tR Retention time (A): tR 2.40 min. Purity: > 95%. Melting point: 

127-131 °C. Mass of crude peptide: 0.0197 g. Pure peptide obtained from 19 mg 

crude: 6.2 mg. 

 

 

 

 

Fmoc-D-Glu(OtBu)-Wang resin (500 

mg, 0.69 mmol/g) was used to 

prepare this compound according to 

the general method. The crude 

material was subjected to 

preparative HPLC separation 

(system G) and lyophilisation to give 

a white powder.  
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Compound 70 

 

1H NMR (400 MHz, DMSO): δ 1.73-1.93 (2H, m, H2), 1.95-2.12 (2H, m, H2’), 2.20-

2.44 (4H, m, H3,3’), 4.15 (1H, q, J 7.75, 14.23, 21.93, H1), 4.55 (1H, q, J 8.56, 

14.10, 21.86, H7), 7.20 (2H, d, J 8.48, H5,5’), 7.40 (1H,s, H14), 7.45-7.55 (5H, m, 

H6,6’,9,10,11), 7.92 (2H, d, J 7.21, H 8,12), 8.12 (1H, d, J 7.12, H15), 8.65 (1H, d, J 

7.46, H13), 10.10 (1H, s, OH). 13C NMR (100 MHz, DMSO): δ 26.8, 26.9, 30.6, 30.7, 

41.4, 48.3, 51.6, 53.8, 118.4, 119.1, 127.3, 127.5, 128.1, 128.7, 128.8, 128.9, 129.2, 

131.4, 133.1, 133.2. IR (ʋmax/cm-1): 813.61, 1183.18, 1251.36, 1414.82, 1634.50, 

3278.12. HRMS (ESI): calculated for C33H45N7O16Na [M+Na+] 536.1645, found 

536.1632. MS (ESI): m/z = 513.70 [M+H+, 60%], m/z = 511.63 [M-H+, 100%]. 

Retention time (D): tR 6.06 min. Retention time (A): tR 2.37 min. Purity: > 95%. 

Melting point: 128-133 °C. Mass of crude peptide: 0.0458 g. Pure peptide obtained 

from 40 mg crude: 5.9 mg.  

Compound 71 

 

1H NMR (400 MHz, DMSO): δ 1.75-2.00 (2H, m, H5), 1.87 (3H, s, H7), 2.20-2.35 

(2H, m, H6), 3.88 (2H, d, J 5.79, H1), 4.40 (1H, q, J 8.15, 15.95. 21.65, H4), 7.68 

(2H, d, J 8.79, H2,2’), 7.83 (2H, d, J 8.76, H3,3’), 8.20 (1H, d, J 7.65, H8) 8.65 (1H, 

t, J 5.73, 11.60, H10) 10.25 (1H, s, H9). 13C NMR (100 MHz, DMSO): δ 22.5, 27.3, 

30.3, 41.5, 53.0, 118.5, 128.0, 128.5, 141.5, 165.8, 169.6, 170.8, 171.5, 173.7. IR 

(ʋmax/cm-1): 766.31, 851.81, 1185.77, 1307.41, 1407.58, 1631.98, 2363.96, 3290.02. 

HRMS (ESI): calculated for [M+Na+] 388.1121, found 388.1110. MS (ESI): m/z = 

365.57 [M+H+, 100%], m/z = 363.55 [M-H+, 100%]. Retention time (system D): tR 

2.73 min. Retention time (system A): tR 1.02 min. Purity: > 95%. Melting point: 122-

Fmoc-D-Glu(OtBu)-Wang resin 

(500 mg, 0.69 mmol/g) was used 

to prepare this compound 

according to the general method. 

The crude material was subjected 

to preparative HPLC separation 

(system G) and lyophilisation to 

give a white powder.  

 

Fmoc-Gly-wang resin (500 mg, 0.79 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC separation 

(system G) and lyophilisation to give a 

white powder.  
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129 °C. Mass of crude peptide: 0.0986 g. Pure peptide obtained from 90 mg crude: 

15.7 mg. 

Compound 72 

 

1H NMR (400 MHz, DMSO): δ 1.75-2.05 (2H, m, H7), 1.87 (3H, s, H9), 2.20-2.35 

(2H, m, H8), 3.85 (2H, d, J 6.64, H1), 4.30-4.50 (1H, m, H6), 7.40 (1H, t, J 7.93, 

15.77, H3), 7.53 (1H, d, J 7.74, H2), 7.77 (1H, d J 8.08, H4), 8.05 (1H, s, H5), 8.20 

(1H, d, J 7.66, H10), 8.65 (1H, t, J 5.48, 11.11, H12), 10.25 (1H, s, H11). 13C NMR 

(100 MHz, DMSO): δ 22.5, 27.3, 30.4, 41.6, 52.7, 118.7, 121.7, 122.3, 128.7, 134.6, 

138.9, 166.2, 169.5, 170.5, 171.3, 173.8. IR (ʋmax/cm-1): 764.49, 851.33, 1182.52, 

1303.77, 1406.24, 1602.58, 3270.28. HRMS (ESI): calculated for C16H19N3O7 

[M+H+] 366.1301, found 366.1312. MS (ESI): m/z = 365.57 [M+H+, 100%], m/z = 

363.55 [M-H+, 100%]. Retention time (D): tR 5.13 min. Retention time (A): tR 1.20 

min. Purity: > 95%. Melting point: 121-132 °C. Mass of crude peptide: 0.1081 g. 

Pure peptide obtained from 100 mg crude: 15.0 mg. 

Compound 73 

 

1H NMR (400 MHz, DMSO): δ 1.75-1.98 (2H, m, H6), 1.87 (3H, s, H8), 2.19-2.29 

(2H, m, H7), 3.41 (2H, s, H2), 3.62 (2H, d, J 5.40, H1), 4.38 (1H, m, H5), 7.19 (2H, 

d, J 8.49, H3,3’), 7.50 (2H, d, J 8.49, H4,4’), 7.94 (1H, s, H10), 8.19 (1H, d, J 7.77, 

H9), 10.05 (1H, s, OH). 13C NMR (100 MHz, DMSO): δ 22.4, 27.5, 30.6, 41.5, 41.9, 

52.8, 119.2, 129.3, 131.2, 137.1, 169.4, 170.1, 170.3. IR (ʋmax/cm-1): 764.11, 

853.76, 1184.59, 1301.72, 1408.56, 1605.31, 3272.98. HRMS (ESI): calculated for 

C17H21N3O7 [M+H+] 380.1458, found 380.1461. MS (ESI): m/z = 379.97 [M+H+, 

35%], m/z = 377.93 [M-H+, 100%]. Retention time (D): tR 3.24 min. Retention time 

Fmoc-Gly-wang resin (500 mg, 0.79 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC separation 

(system G) and lyophilisation to give a 

white powder. 

 

Fmoc-Gly-wang resin (500 mg, 0.79 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC 

separation (system G) and lyophilisation 

to give a white powder.  
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(A): tR 0.90 min. Purity: > 95%. Melting point: 124-129 °C. Mass of crude 

peptidomimetic: 0.1083 g. Pure compound obtained from 100 mg crude: 5.2 mg.  

Compound 74 

 

1H NMR (400 MHz, DMSO): δ 1.70-1.78 (2H, m, H2), 1.79-2.05 (2H, m, H7), 1.87 

(3H, s, H9), 2.20-2.40 (4H, m, H1,H8), 3.22-3.30 (2H, m, H3), 4.35-4.45 (1H, m, 

H6), 7.65 (2H, d, J 8.79, H4), 7.80 (2H, d, J 8.77, H5), 8.20 (1H, d, J 7.64, H10), 

8.35 (1H, t, J 5.53, 11.16, H12), 10.25 (1H, s, H11). 13C NMR (100 MHz, DMSO): δ 

22.5, 24.5, 27.3, 30.4, 31.3, 38.5, 53.0, 118.5, 128.0, 129.2, 141.5, 165.5, 169.5, 

170.8, 173.8, 174.3. IR (ʋmax/cm-1): 764.92, 850.94, 1182.84, 1250.79, 1306.44, 

1406.24, 1603.40, 3287.97. HRMS (ESI): calculated for C18H23N3O7 [M+H+] 

394.1614, found 394.1610. MS (ESI): m/z = 393.70 [M+H+, 100%], m/z = 391.68 [M-

H+, 100%]. Retention time (system D): tR 5.59 min. Retention time (system A): tR 

1.85 min. Purity: > 95%. Melting point: 126-134 °C. Mass of crude peptide: 0.1256 

g. Pure peptide obtained from 100 mg crude: 38.3 mg. 

Compound 75 

 

 

1H NMR (400 MHz, DMSO): δ 1.70-1.78 (2H, m, H2), 1.79-2.00 (2H, m, H9), 1.87 

(3H, s, H11), 2.23-2.32 (4H, m, H1,H10), 3.20-3.30 (2H, m, H3), 4.35-4.45 (1H, m, 

H8), 7.37 (1H, t, J 7.93, 15.8, H5), 7.50 (1H, d, J 7.9, H4), 7.75 (1H, d, J 8.84, H6), 

8.00 (1H, s, H7), 8.17 (1H, d, J 7.69, H12), 8.50 (1H, m, H14), 10.20 (1H, s, H13). 

13C NMR (100 MHz, DMSO): δ 22.5, 24.5, 27.5, 30.5, 31.5, 38.9, 53.0, 118.6, 121.8, 

121.9, 128.5, 135.5, 138.9, 166.1, 169.5, 170.5, 174.0, 174.5. IR (ʋmax/cm-1): 

Wang resin (500 mg, 0.9 mmol/g) 

and the symmetrical anhydride of 

Fmoc-γ-Abu-OH were used to 

prepare this compound. The crude 

material was subjected to 

preparative HPLC separation 

(system G) and lyophilisation to give 

a white powder. 

 

Wang resin (500 mg, 0.9 mmol/g) 

and the symmetrical anhydride of 

Fmoc-γ-Abu-OH were used to 

prepare this compound. The crude 

material was subjected to 

preparative HPLC separation 

(system G) and lyophilisation to give 

a white powder.  
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686.82, 749.69, 808.11, 889.31, 1174.20, 1302.13, 1433.57, 1484.46, 1632.40, 

3278.30. HRMS (ESI): calculated for C18H23N3O7 [M+H+] 394.1614, found 394.1613. 

MS (ESI): m/z = 393.62 [M+H+, 100%], m/z = 391.62 [M-H+, 100%]. Retention time 

(D): tR 6.04 min. Retention time (A): tR 1.92 min. Purity: > 95%. Melting point: 114-

120 °C. Mass of crude peptidomimetic: 0.1358 g. Pure compound obtained from 

100 mg crude: 23.0 mg.  

Compound 76 

 

 

1H NMR (400 MHz, DMSO): δ 1.61 (2H, m, H2), 1.74-1.98 (2H, m, H8), 1.87 (3H, s, 

H10), 2.21 (4H, m, H1,9), 3.05 (2H, q, J 6.77, 12.65, 19.44, H3), 3.35 (2H, s, H4), 

4.37 (1H, q, J 8.01, 13.71, 21.69, H7), 7.17 (2H, d, J 8.52, H5,5’), 7.50 (2H, d, J 

8.51, H6,6’), 7.98 (1H, t, J 5.33, 11.10, H13), 8.17 (1H, d, J 7.76, H11), 10.00 (1H, s, 

OH). 13C NMR (100 MHz, DMSO): 22.7, 23.4, 26.8, 30.2, 35.4, 39.6, 43.2, 56.4, 

122.3, 129.7, 131.4, 137.5, 170.4, 171.5, 172.3, 178.2, 182.5. IR (ʋmax/cm-1): 

811.87, 1181.68, 1250.12, 1415.35, 1537.74, 1633.33, 3279.76. HRMS (ESI): 

calculated for C19H25N3O7 [M+H+] 408.1771, found 408.1775. MS (ESI): m/z = 

407.82 [M+H+, 70%], m/z = 405.79 [M-H+, 100%]. Retention time (D): tR 3.85 min. 

Retention time (A): tR 1.72 min. Purity > 95%. Melting point: 116-121 °C. Mass of 

crude peptidomimetic: 0.1253 g. Pure compound obtained from 100 mg crude: 12.8 

mg. 

Compound 77 

 

Wang resin (500 mg, 0.9 mmol/g) 

and the symmetrical anhydride of 

Fmoc-γ-Abu-OH were used to 

prepare this compound. The 

crude material was subjected to 

preparative HPLC separation 

(system G) and lyophilisation to 

give a white powder.  

 

H-Ala-2-ClTrt resin (500 mg, 0.31 mmol/g) 

was used to prepare this compound 

according to the general method. The 

crude material was subjected to 

preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 
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1H NMR (400 MHz, DMSO): δ 1.35 (3H, d, J 6.40, H1), 1.75-2.05 (2H, m, H6), 1.87 

(3H, s, H8), 2.20-2.35 (2H, m, H7), 4.25-4.40 (2H, m, H2,5), 7.70 (2H, m, H3,3’), 

7.85 (2H, m, H4,4’), 8.20-8.50 (3H, m, H9,10,11). 13C NMR (100 MHz, DMSO): δ 

18.1, 22.6, 27.6, 31.0, 49.2, 53.5, 118.8, 128.4, 129.3, 142.2, 165.4, 169.9, 171.5. 

IR (ʋmax/cm-1): 1302.45, 1433.67, 1484.75, 1632.30, 3269.72. HRMS (ESI): 

calculated for C33H45N7O16 [M+H+] 380.1458, found 380.1476. MS (ESI): m/z = 

379.60 [M+H+, 70%], m/z = 377.62 [M-H+, 100%]. Retention time (system D): tR 6.08 

min. Retention time (system A): tR 1.85 min. Purity: > 95%. Melting point: 122-132 

°C. Mass of crude peptide: 0.0930 g. Pure peptide obtained from 90 mg crude: 10.7 

mg. 

Compound 78 

 

1H NMR (400 MHz, DMSO): δ 1.35 (3H, d, J 6.50, H2), 1.75-2.00 (2H, m, H8), 1.87 

(3H, s, H10), 2.20-2.40 (2H, m, H9), 4.30-4.45 (2H, m, H1,7), 7.20-7.80 (4H, m, 

H3,4,5,6), 8.35-8.60 (3H, m, H11,12,13). 13C NMR (100 MHz, DMSO): δ 17.3, 22.8, 

26.4, 30.2, 54.5, 56.4, 117.4, 123.4, 125.2, 133.1, 134.6, 141.2, 167.3, 170.4, 172.1, 

174.3, 178.5. IR (ʋmax/cm-1): 819.33, 1305.68, 1435.79, 1484.91, 1637.02, 3271.55. 

HRMS (ESI): calculated for C33H45N7O16 [M+H+] 380.1458, found 380.1452. MS 

(ESI): m/z = 379.67 [M+H+, 70%], m/z = 377.65 [M-H+, 100%]. Retention time (D): tR 

5.38 min. Retention time (A): tR 1.88 min. Purity: > 95%. Melting point: 122-130 °C. 

Mass of crude peptide: 0.0341 g. Pure peptide obtained from 30 mg crude: 8.7 mg. 

Compound 79 

 

1H NMR (400 MHz, DMSO): δ 1.25 (3H, d, J 7.24, H2), 1.75-2.00 (2H, m, H7), 1.88 

(3H, s, H9), 2.20-2.35 (2H, m, H8), 3.40 (2H, s, H3), 4.15 (1H, m, H1), 4.40 (1H, m, 

H-Ala-2-ClTrt resin (500 mg, 0.31 mmol/g) 

was used to prepare this compound 

according to the general method. The 

crude material was subjected to 

preparative HPLC separation (system G) 

and lyophilisation to give a white powder. 

 

H-Ala-2-ClTrt resin (500 mg, 0.73 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC 

separation (system G) and 

lyophilisation to give a white powder.  
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H6), 7.20 (2H, d, J 8.52, H4,4’), 7.50 (2H, d, J 8.52, H5,5’), 8.20 (2H, m, H10,11), 

10.00 (1H, s, OH). 13C NMR (100 MHz, DMSO): 17.3, 22.8, 26.5, 30.3, 43.6, 51.4, 

56.7, 122.1, 129.6, 131.5, 137.3, 170.5, 171.4, 172.1, 174.5, 178.3. IR (ʋmax/cm-1): 

810.16, 1181.51, 1249.93, 1414.72, 1606.46, 3282.30. HRMS (ESI): calculated for 

C18H23N3O7 [M+H+] 394.1614, found 394.1597. MS (ESI): m/z = 393.67 [M+H+, 

60%], m/z = 391.66 [M-H+, 100%]. Retention time (D): tR 3.50 min. Retention time 

(A): tR 1.52 min. Purity > 95%. Melting point: 124-130 °C. Mass of crude 

peptidomimetic: 0.1372 g. Pure compound obtained from 100 mg crude: 11.5 mg.   

Compound 80 

 

1H NMR (400 MHz, DMSO): δ 1.70-2.00 (2H, m, H8), 1.87 (3H, s, H10), 2.20-2.35 

(2H, m, H9), 3.20-3.70 (7H, m, H1,2,3,4), 4.35-4.45 (1H, m, H7), 7.30-7.70 (4H, m, 

H5,6), 8.17 (1H, d, J 7.63, H11), 10.20 (1H, s, H12). 13C NMR (100 MHz, DMSO): δ 

22.5, 25.0, 27.1, 28.9, 30.2, 49.5, 53.0, 59.0, 118.5, 128.3, 130.8, 140.5, 167.7, 

169.5, 170.7, 173.3, 173.6. IR (ʋmax/cm-1): 765.08, 851.28, 1182.75, 1309.74, 

1407.32, 1600.58, 3270.75. HRMS (ESI): calculated for [M+H+] 406.1614, found 

406.1600. MS (ESI): m/z = 405.49 [M+H+, 100%], m/z = 403.47 [M-H+, 100%]. 

Retention time (system D): tR 5.33 min. Retention time (system A): tR 2.03 min. 

Purity: > 95%. Melting point: 123-131 °C. Mass of crude peptide: 0.1571 g. Pure 

peptide obtained from 100 mg crude: 34.5 mg. 

Compound 81 

 

1H NMR (400 MHz, DMSO): δ 1.80-2.00 (2H, m, H10), 1.87 (3H, s, H12), 2.20-2.35 

(2H, m, H11), 3.35-3.60 (7H, m, H1,2,3,4), 4.30-4.45 (1H, m, H9), 7.19 (1H, d, J 

H-Pro-2ClTrt resin (500 mg, 0.7 mmol/g) was 

used to prepare this compound according to 

the general method. The crude material was 

subjected to preparative HPLC separation 

(system G) and lyophilisation to give a white 

powder. 

 

H-Pro-2ClTrt resin (500 mg, 0.7 mmol/g) was 

used to prepare this compound according to 

the general method. The crude material was 

subjected to preparative HPLC separation 

(system G) and lyophilisation to give a white 

powder. 
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7.64, H5), 7.38 (1H, t, J 7.84, 15.76, H6), 7.65 (1H, d, J 9.09, H7) 7.83 (1H, s, H8) 

8.15 (1H, d, J 7.59, H13), 10.20 (1H, s, H14). 13C NMR (100 MHz, DMSO): δ 21.5, 

25.0, 27.9, 29.7, 30.5, 49.5, 53.0, 59.2, 118.1, 121.9, 122.1, 128.5, 137.4, 139.1, 

168.0, 169.5, 170.3, 173.5, 174.1. IR (ʋmax/cm-1): 686.35, 749.52, 809.23, 895.86, 

1173.87, 1301.62, 1433.44, 1484.93, 1632.50, 2201.83, 3300.03. HRMS (ESI): 

calculated for C19H23N3O7 [M+H+] 406.1614, found 406.1613. MS (ESI): m/z = 

405.63 [M+H+, 100%], m/z = 403.62 [M-H+, 100%]. Retention time (D): tR 6.15 min. 

Retention time (A): tR 2.07 min. Purity: > 95%. Melting point: 120-133 °C. Mass of 

crude peptide: 0.1334 g. Pure peptide obtained from 100 mg crude: 21.5 mg. 

Compound 82 

 

1H NMR (400 MHz, DMSO): δ 1.70-2.35 (8H, m, H2,3,9,10), 1.87 (3H, s, H11), 3.30-

3.50 (2H, m, H1), 3.60 (2H, s, H5), 4.20-4.30 (1H, m, H4), 4.35-4.50 (1H, m, H8), 

7.17 (2H, d, J 8.50, H6,6’), 7.51 (2H, d, J 8.47, H7,7’), 7.48 (1H, s, H13), 8.15 (1H, 

d, J 7.81, H12), 10.00 (1H, s, OH). 13C NMR (100 MHz, DMSO): δ 22.4, 24.3, 27.4, 

28.8, 30.3, 46.1, 46.8, 52.7, 58.5, 119.2, 129.3, 130.2, 137.1, 168.7, 169.4, 170.2, 

173.5, 173.7. IR (ʋmax/cm-1): 1187.98, 1413.05, 1538.93, 3311.79. HRMS (ESI): 

calculated for C20H25N3O7 [M+H+] 420.1771, found 420.1791. MS (ESI): m/z = 

419.82 [M+H+, 90%], m/z = 417.80 [M-H+, 100%]. Retention time (D): tR 6.59 min. 

Retention time (A): tR 2.12 min. Purity > 95%. Melting point: 121-133 °C Mass of 

crude peptidomimetic: 0.1837 g. Pure compound obtained from 100 mg crude: 35.2 

mg. 

 

 

 

 

 

H-Pro-2ClTrt resin (500 mg, 0.7 mmol/g) 

was used to prepare this compound 

according to the general method. The 

crude material was subjected to 

preparative HPLC separation (system G) 

and lyophilisation to give a white powder.  
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Compound 83 

 

1H NMR (400 MHz, DMSO): δ 1.36 (3H, d, J 7.21, H2), 2.08 (2H, m, H6), 2.37 (2H, 

m, H7), 4.27 (1H, t, J 7.04, 14.09, H5), 4.53 (1H, q, J 8.54, 14.53, 21.48, H1), 7.25 

(1H, s, H14), 7.47 (2H, t, J 7.76, 15.11 H9,11), 7.55 (1H, t, J 7.24, 14.62, H10), 7.73 

(2H, d, J 8.71, H3,3’), 7.83 (2H, d, J 8.70, H4,4’), 7.93 (2H, d, J 7.35, H8,12), 8.30 

(1H, s, H15), 9.00 (1H, s, H13), 10.50 (2H, s, OH). 13C NMR (100 MHz, DMSO): δ 

17.6, 26.7, 31.1, 48.7, 54.3, 118.4, 127.5, 128.0, 128.1, 128.7, 128.7, 128.9, 131.3, 

133.1, 133.2. IR (ʋmax/cm-1): 810.09, 1181.77, 1249.36, 1414.40, 1633.61, 3272.13. 

HRMS (ESI): calculated for C33H45N7O16 [M+H+] 442.1614, found 442.1634. MS 

(ESI): m/z = 441.76 [M+H+, 80%], m/z = 439.74 [M-H+, 100%]. Retention time 

(system D): tR 7.17 min. Retention time (system A): tR 2.47 min. Purity > 95%. 

Melting point: 130-135 °C. Mass of crude peptide: 0.1478 g. Pure peptide obtained 

from 100 mg crude: 15.8 mg.  

Compound 84 

 

1H NMR (400 MHz, DMSO): δ 2.00-2.20 (2H, m, H10), 2.20-2.40 (2H, m, H11), 

3.40-3.60 (6H, m, H1,2,3), 4.35-4.45 (1H,m, H4), 4.50-4.60 (1H, m, H9), 7.15-7.70 

(6H, m, H5,6,7,13,14,15), 7.80-8.00 (3H, m, H8,12,16), 8.65 (1H, s, H18), 8.78 (1H, 

d, J 6.87, H17). 13C NMR (100 MHz, DMSO): δ 24.8, 26.8, 29.0, 31.0, 48.8, 49.5, 

54.0, 117.7, 120.5, 121.7, 127.5, 128.0, 131.2, 133.9, 136.5, 138.6, 142.8, 164.7, 

166.2, 166.5, 167.8, 170.7. IR (ʋmax/cm-1): 809.62, 897.14, 1182.05, 1485.01, 

1634.62, 3286.79. HRMS (ESI): calculated for C33H45N7O16 [M+H+] 468.1771, found 

468.1758. MS (ESI): m/z = 467.59 [M+H+, 40%], m/z = 465.51 [M-H+, 100%]. 

Fmoc-D-Ala-Wang resin (500 mg, 

0.6 mmol/g) was used to prepare 

this compound according to the 

general method. The crude material 

was subjected to preparative HPLC 

separation (system G) and 

lyophilisation to give a white powder.  

 

Wang resin (500 mg, 0.9 mmol/g) and 

the symmetrical anhydride of Fmoc-D-

Pro-OH were used to prepare this 

compound. The crude material was 

subjected to preparative HPLC 

separation (system G) and lyophilisation 

to give a white powder. 
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Retention time (system D): tR 8.80 min. Retention time (system A): tR 2.57 min. 

Purity > 95%. Melting point: 120-128 °C. Mass of crude peptide: 0.1168 g. Pure 

peptide obtained from 100 mg crude: 19.3 mg. 

Compound 85 

 

1H NMR (400 MHz, DMSO): δ 1.75-2.20 (2H, m, H10), 2.20-2.45 (2H, m, H11), 

3.20-4.50 (7H, m, H1,2,3,4), 4.55 (1H, m, H9), 7.00-8.80 (9H, m, 

H5,6,7,8,12,13,14,15,16), 7.93 (1H, d, J 7.30, H17), 10.20 (1H, s, H18), 10.28 (1H, 

s, OH). 13C NMR (100 MHz, DMSO): δ 22.2, 24.8, 26.7, 29.0, 30.7, 31.0, 46.1, 49.5, 

54.0, 59.0, 127.5, 128.0, 128.4, 128.7, 131.5, 134.0, 137.0, 138.0, 139.0, 166.5, 

168.0, 170.5, 173.5, 174.0. IR (ʋmax/cm-1): 687.47, 750.47, 808.53, 895.52, 1174.15, 

1433.46, 1484.94, 1632.13, 3286.98. HRMS (ESI): calculated for C33H45N7O16 

[M+H+] 468.1771, found 468.1768. MS (ESI): m/z = 467.81 [M+H+, 50%], m/z = 

465.79 [M-H+, 100%]. Retention time (system D): tR 9.15 min. Retention time 

(system A): tR 2.58 min. Purity: > 95%. Melting point: 121-130 °C. Mass of crude 

peptide: 0.0267 g. Pure peptide obtained from 25 mg crude: 20.9 mg.  

 

 

 

 

 

 

 

 

 

H-Pro-2ClTrt resin (500 mg, 0.7 mmol/g) 

was used to prepare this compound 

according to the general method. The 

crude material was subjected to 

preparative HPLC separation (system 

G) and lyophilisation to give a white 

powder.  
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Compound 86 

 

1H NMR (400 MHz, DMSO): δ 1.35 (3H, d, J 7.12, H2), 2.07 (2H, m, H6), 2.34 (2H, 

m, H7), 4.21 (1H, t, J 6.91, 13.86, H5), 4.55 (1H, q, J 7.10, 14.50, 21.00, H1), 7.45 

(2H, t, J 7.67, 14.73, H9,9’), 7.53 (1H, t, J 6.06, 13.35, H10), 7.73 (2H, d, J 8.78, 

H3,3’), 7.80 (2H, d, J 8.77, H4,4’), 7.98 (2H, d, J 8.55, H8,8’), 8.19 (1H, d, J 6.18, 

H11), 9.19 (1H, s, H12), 10.55 (1H, s, OH). 13C NMR (100 MHz, DMSO): 17.2, 26.8, 

30.2, 54.9, 57.4, 117.8, 121.5, 127.3, 128.9, 129.7, 132.0, 134.3, 141.9, 167.4, 

172.2, 174.5, 178.8. IR (ʋmax/cm-1): 812.73, 1250.16, 1414.29, 1634.57, 3277.88. 

HRMS (ESI): calculated for 422.1614 [M+H+], found 422.1625. MS (ESI): m/z = 

441.61 [M+H+, 70%], m/z = 439.59 [M-H+, 100%]. Retention time (system D): tR 8.07 

min. Retention time (system A): tR 2.45 min. Purity > 95%. Melting point: 130-135 

°C. Mass of crude peptide: 0.1259 g. Pure peptide obtained from 100 mg crude: 

20.3 mg.  

Compound 87 

 

1H NMR (400 MHz, DMSO): δ 1.75-2.45 (8H, m, H2,3,8,9), 3.46-3.58 (2H, m, H1), 

4.32-4.40 (1H, m, H4), 4.50-4.60 (1H, m, H7), 7.37 (1H, s, H16), 7.45-7.55 (4H, m, 

H5,5’,6,6’), 7.60-7.70 (3H, m, H11,12,13), 7.92 (2H, d, J 7.29, H10,14), 8.83 (1H, d, 

J 6.56, H15), 10.40 (1H, s, OH). 13C NMR (100 MHz, DMSO): δ 22.2, 25.0, 26.7, 

28.9, 30.9, 31.2, 46.3, 49.5, 54.2, 59.3, 61.9, 118.3, 118.5, 127.5, 128.2, 131.4. IR 

(ʋmax/cm-1): 1249.26, 1414.90, 1635.06, 2359.11, 3278.31. HRMS (ESI): calculated 

for C33H45N7O16 [M+H+] 468.1771, found 468.1796. MS (ESI): m/z = 467.96 [M+H+, 

70%], m/z = 465.89 [M-H+, 100%]. Retention time (system D): tR 8.89 min. Retention 

Fmoc-Ala-Wang resin (500 mg, 0.6 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC 

separation (system G) and 

lyophilisation to give a white 

powder.  

 

H-Pro-2ClTrt resin (500 mg, 0.7 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC 

separation (system G) and 

lyophilisation to give a white powder.  
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time (system A): tR 2.55 min. Purity > 95%. Melting point: 126-132 °C. Mass of 

crude peptide: 0.1489 g. Pure peptide obtained from 100 mg crude: 19.6 mg.  

Compound 88 

 

1H NMR (400 MHz, DMSO): δ 1.36 (3H, d, J 6.55, H2), 2.00-2.15 (2H, m, H8), 2.30-

2.45 (2H, m, H9), 4.20-4.35 (1H, m, H1), 4.50-4.60 (1H, m, H7), 7.35-7.85 (6H, m, 

H3,4,5,11,12,13), 7.40 (1H, s, H16), 7.95 (2H, m, H10,14), 8.05 (1H, s, H6), 8.35 

(1H, d, J 7.03, H17), 8.80 (1H, d, J 7.21, H15). 13C NMR (100 MHz, DMSO): δ 18.2, 

27.4, 31.7, 54.7, 60.5, 72.6, 119.1, 122.3, 127.7, 128.7, 129.0, 131.8, 134.6, 135.8, 

139.5, 166.0, 167.1, 171.2, 174.8. IR (ʋmax/cm-1): 686.98, 1300.57, 1433.19, 

1484.44, 1632.47, 2364.01, 3291.97. HRMS (ESI): calculated for C33H45N7O16 

[M+H+] 442.1614, found 442.1609. MS (ESI): m/z = 441.54 [M+H+, 60%], m/z = 

439.51 [M-H+, 100%]. Retention time (system D): tR 8.28 min. Retention time 

(system A): tR 2.48 min. Purity: > 95%. Melting point: 120-129 °C. Mass of crude 

peptide: 0.1572 g. Pure peptide obtained from 100 mg crude: 9.1 mg. 

 

 

 

 

 

 

 

 

 

 

 

 

H-Ala-2-ClTrt resin (500 mg, 0.73 

mmol/g) was used to prepare this 

compound according to the general 

method. The crude material was 

subjected to preparative HPLC 

separation (system G) and 

lyophilisation to give a white powder.  
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10.6 Biology methods 

Protein expression and purification 

Human Kelch protein was heterologously expressed in Escherichia coli from 

pET15bnKelch as a His-tagged polypeptide and purified in three steps: first, by 

nickel-chelation chromatography on a HiTrap Chelating HP column (GE Healthcare 

Life Sciences); second by anion-exchange FPLC on a Mono Q column (GE 

Healthcare Life Sciences); and third, by gel-filtration liquid chromatography on a 

Superdex 75 pg column.  

Binding assays 

Binding experiments were performed using a PerkinElmer EnVision™ Multilabel 

Plate Reader (Massachusetts, USA). Unless otherwise stated in the text and figure 

legends, the buffer conditions were 10 mmol/L PBS buffer, pH 7.4, 137 mmol/L 

NaCl, 2.7 mmol/L KCl. Fluorescein and rhodamine labelled peptides were used at a 

1 nmol/L final concentration (from a stock solution in DMSO). Assays were 

performed in untreated black 96-well microtiter plates (Corning), at a final volume of 

100 µL and 1% or 11% v/v DMSO concentration. All of the measurements were 

recorded in triplicate. Plates were read 1 h after mixing of all assay components 

unless otherwise stated. Binding curves were fitted using the nonlinear regression 

functions in SigmaPlot (SPSS Science Software GmbH, Germany).  

Competitive binding assays 

Competitive binding experiments were performed using a PerkinElmer EnVision™ 

Multilabel Plate Reader (Massachusetts, USA). The buffer conditions were 10 mM 

PBS buffer, pH 7.4. The concentration of fluorescein-labelled probe and Keap1 

protein were chosen so that the polarisation signal was approximately 80% of the 

maximal response (1 nmol/L fluorescent probe and 200 nmol/L human Keap1 Kelch 

domain protein). The assays were performed in untreated black 96-well microtiter 

plates (Corning), using increasing concentrations of peptide inhibitor (0-100 µmol/L), 

at a final volume of 100 µL and an 11% v/v DMSO concentration. All of the 

measurements were recorded in triplicate. Plates were read 1 h after mixing of all 

assay components. The normalised data were plotted and inhibition curves fitted to 

a standard four-parameter logistic function in SigmaPlot (equation 10.1) from which 

the IC50 values were determined: 
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Equation 10.1: Where y = Fraction of peptide bound, min = 0 (normalised FP signal of the fluorescent 

peptide), max = 1 (normalised FP signal of the fluorescent peptide + Kelch domain protein), x = 

concentration of inhibitor, IC50 = concentration of inhibitor causing 50% inhibition of the fluorescence 

polarisation signal, Hillslope = Hill coefficient for the fitted curve. 

 The Ki values of the ligands were calculated from the IC50 values determined in the 

experiment using the method described by Kenakin.128 

NQO1 assay 

Upregulation of NQO1 enzyme production was detected in compound treated 

Hepa1c1c7 cells. Cells were seeded in tissue-culture treated 96-well plates with a 

density of 2 x 104 cells/200 μL/well and incubated at 37°C overnight. 

Compound (10 μM to 1 mM at a final DMSO concentration of 0.1%) or vehicle (0.1% 

DMSO) was applied to the cells and incubated for a further 24 h. 

The culture medium was aspirated and cells lysed using 50 μL/well lysis buffer 

(0.1% Tween20 in 2 mM EDTA (pH7.5)) and the plate shaken at room temperature 

for 15 min. 200 μL of the following enzyme reaction mixture was added to each well. 

Enzyme reaction mixture (Dissolve in 20 mL with 25 mM Tris (pH 7.5) (prepare 

stock of 1M Tris pH 7.5)13.34 mg of BSA, 200 µL of 1% Tween20 in 25 mM Tris (pH 

7.5) (final conc. 0.01%), 20 µL of 5mM FAD in 25 mM Tris (pH 7.5) (final conc. 5 

µM), 100 µL of 200 mM G6P in 25 mM Tris (pH 7.5) (final conc. 1 mM), 20 µL of 30 

mM NADP in 25 mM Tris (pH 7.5) (final conc. 30 µM), 100 µL of 400 units/mL G6P 

dehydrogenase in 25 mM Tris (pH 7.5) (final conc. 40 units), 1 ml (6 mg) of MTT 

(Thiazolyl Blue Tetrazolium) (dissolved  6mg/ml in 25 mM Tris pH 7.5), 20 µL of 50 

mM menadione to 20 mL of reaction mixture. 

After 5 min at room temperature, 40 μL of stop solution (10% SDS, final 

concentration 1.5% SDS) was added to each well and the plate shaken for 5 sec. 

The absorbance at 595 nm was measured. 

Cells treated with vehicle (0.1% DMSO) were prepared as a control. The 

background optical density was measured using wells containing lysis, enzyme and 

stop solutions without Hep1c1c7 cells. Optical density values at 595 nm (OD 595) 

were averaged and converted to fold change in OD 595 relative to the vehicle using 

the following equation: 
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Fold   OD 595 = 
[OD 595]compound – [OD 595]background

 OD 595 vehicle –  OD 595 background
 

Where [OD 595]vehicle and [OD 595]background are the OD 595 values from vehicle 

treated wells and cell free wells respectively.   

A CD value was designated as the concentration of the compound required to 

double NQO1 expression compared to the background expression of NQO1. CD 

values were calculated using a four parameter nonlinear regression function in 

GraphPad Prism version 5.04.  

10.7 Molecular modelling methods 

Molecular dynamics simulations 

The crystal structures for the human Keap1 Kelch domain in its unbound (PDB ref: 

1ZGF) and Nrf2 ETGE motif bound (PDB ref: 2FLU) forms were obtained from the 

Protein Data Bank. The crystal structures of the mouse Kelch domain bound to the 

Nrf2 DLG motif (2DYH), sequestosome-1 motif (3ADE) and prothymosin α motif 

(2Z32) were obtained and overlaid on the 1ZGF crystal structure (lower RMSD than 

overlaying with the 2FLU structure) in order to obtain complexes with the human 

Kelch domain. The pdb files were edited so that the Kelch domain consisted of 

residues 325 to 609 of the Keap1 protein and the bound peptide contained either 5, 

7, or 9 amino acids capped at the N-terminus with an acetyl group. The complexes 

were prepared for MD simulation using the xleap program from the Amber 10 suite 

of programmes and the ff03 forcefield. The structures were neutralised by the 

addition of Na+ ions and surrounded by a box of TIP3P water molecules. The 

solvent, ions and protein complex were minimised and equilibrated using 

established protocols using Sander. Subsequently, MD trajectories were acquired 

on the ARC1 supercomputer (University of Leeds). Trajectories were analysed 

using ptraj distance measurements module of the AmberTools package. 

Autodock and Dock calculations 

Native peptide sequences from the corresponding crystal structures were edited as 

above. Modified peptide structures were prepared by editing the relevant sequence 

using a text editor then rebuilding the pdb file using xleap. Cyclic peptides were 

constructed in xleap using the wild-type Nrf2 ETGE structure as a template. 

Peptidomimetic structures were built using ChemDraw then energy minimised using 

the MMFF94 protocol in Chem3D. The pdb files were parameterised for Autodock 

calculations using Autodock Tools. For the peptides, two types of calculations were 
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carried out: with all atoms fixed and with the backbone of the peptide fixed in the 

wild-type bound conformation and the side chains flexible. Calculations were 

performed using Autodock 4.2 software164 and the following parameters: 

ga_num_evals = 25,000,000, ga_pop_size = 200, ga_run = 50, 

ga_num_generations = 1,000, rmstol = 2.0. The best binding conformations for each 

ligand were ranked and stored in a mol2 file then visualised with the Chimera 

molecular viewing software.165  
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