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Abstract 

 

 

Protein-protein interactions (PPIs) are physical contacts between two or more 

protein molecules that control, virtually, all biological responses in a cell. 

Consequently, any interference, such as overexpression or under-expression of 

a protein, affects the natural progression of PPIs and can contribute to the 

development and continuation of disease. PPIs have emerged as therapeutic 

targets with significant potential in chemical biology, medicinal chemistry and 

therapeutics.  

PPIs were once considered impossible targets for small molecule modulation due 

to the large protein surfaces coming together and the complexity of the binding 

compared to the simple lock and key model observed in traditional drug targets 

e.g. enzymes. Recent efforts in medicinal chemistry accompanied with advances 

in computational analysis and fragment based screening show that development 

of PPI modulators is feasible, albeit still challenging.  

Structured-based design and synthesis of peptide-based inhibitors of both α-helix 

and β-strand mediated PPIs, through the combination of computational design 

and experimental validation, was attempted. Through biophysical studies 

(Fluorescence Anisotropy, Isothermal Titration Calorimetry), the elements driving 

the interaction of four clinically relevant PPI systems – GKAP/SHANK1 linked to 

neurodegenerative diseases; NOXA B/MCL-1 relevant in oncology; SIM/SUMO 

relevant in a number of response pathways including inflammation and oncology; 

HIF-1/p300 relevant in oncology – were determined and harnessed in the design 

of peptide-based inhibitors which were then further tested for their ability to inhibit 

the PPIs using biophysical and structural methods (Florescence Anisotropy, 

Isothermal Titration Calorimetry, Circular Dichroism, Nuclear Magnetic 

Resonance).  

Chapter 2 focused on the GKAP/SHANK1 PPI, mediated through an extended β-

strand conformation adopted by the hexapeptide GKAP (E1A2Q3T4R5L6-COOH) 

upon binding. The goals were to determine the GKAP residues important for 
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binding to SHANK1, probe this interaction further using selected peptide variants 

and finally use the knowledge gained through the first two experiments to develop 

a modulator for this interaction. Assay development aided the experimental 

alanine scan of the GKAP/SHANK1 system and confirmed the residues of the 

GKAP ligand important for binding (T4, L6 and carboxylate). Furthermore, the 

GKAP ligand sequence was altered to include point variations, rationally chosen 

either based on other SHANK1 binding sequences or to observe steric effects of 

bulky side chains, and determine if these variations have any effect on GKAP 

binding to SHANK1. Interestingly, variations at the A2 and R5 positions in the 

GKAP sequence showed no effect on binding to SHANK1, eliminating these two 

residue positions as facilitators to binding. Perhaps more remarkable was the 

variation of the L6 residue to Phe which showed similar binding affinity as the 

wild-type GKAP sequence. Where once binding was lost with the L6A variation 

during the  alanine scan, the L6F variation recovered the binding. The knowledge 

gained from these variations in the GKAP sequence along with the knowledge 

gained from the experimental alanine scan were harnessed in the design and 

synthesis of two, an acyclic and cyclic, peptide-based modulators for this β-strand 

mediated PPI. However, the difficulty encountered with the design and synthesis 

of a macrocyclic peptide-based inhibitor to target this β-strand interaction affirmed 

the need for continued, rigorous efforts to be placed  when targeting β-strand 

mediated PPIs.  

Chapter 3 was inspired by the design and testing of select GKAP sequences 

containing point variations. The goal of Chapter 3 was to validate computationally 

generated peptide interacting motifs (PIMs) of the α-helix mediated NOXA 

B/MCL-1 and β-strand mediated SIM/SUMO systems. Previously in the group Kat 

Horner and Som Dutt performed the experimental alanine scan for NOXA B/MCL-

1 and SIM/SUMO respectively, making these systems ideal model systems. As 

such, the these were subjected to a Predictive Saturation Variation Scan 

(PreSaVS) tool developed by the researchers at the University of Bristol, 

Amaurys A. Ibarra and Richard Sessions. The PreSaVS tool computationally 

varied the sequence of each ligand peptide, sequentially, to every other amino 

acid generating novel peptide sequence binders, PIMs. Experimental validation 

of the PIMs established this methodology as an effective and fast approach 
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towards generating PIMs with binding affinities comparable to the wild-type ligand 

sequences, applied on both an α-helix and a β-strand mediated PPI. Extending 

the application of computational approaches to develop tools such as the 

PreSaVS tool, ultimately aid in the fast and efficient development of PPI 

modulators.   

Chapter 4 shifted focus on dibromomaleimide peptide stapling used in targeting 

α-helix mediated PPIs. The goal was to expand the application of this stapling 

technique to a challenging PPI target, specifically through the design and 

synthesis of stapled helices of the to the HIF-1α ligand for targeting p300. 

Typically peptide stapling has been shown to improve binding affinity of peptide 

ligands to their target by conformationally restricting the peptide in its bioactive, 

helical conformation. Although the stapled helix of HIF-1α showed improved 

inhibitory potency against p300, contrary to expectations, the peptide displayed 

only a modest increase in helicity while in solution as a consequence of stapling; 

20% helicity when compared to the 11% helicity of the wild-type peptide. Further 

investigation using CD difference spectra and MD simulations suggested the 

interesting conclusion that the staple enhanced the helical content of the bound 

state peptide, hence improving the inhibitory potency. This finding suggests 

stringent analysis of peptides in the bound state to their target, rather than in 

isolation, could result in more catered and successful stapled peptide binders. 

The thesis highlights the importance of experimental studies still required when 

studying PPIs. Although the computational predictions done by researchers at 

the University of Bristol were harnessed and helped in the design of peptide-

based inhibitors as well as leading to the development a new tools for studying 

PPIs, these are a long way from being reliable without experimental validation.  
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Chapter 1: Protein-Protein Interactions 

1.1 Protein-Protein Interactions 

Protein-protein interactions (PPIs) regulate protein function and co-ordinate 

signalling pathways to control biological functions, with an estimated 650 000 

PPIs in existance1–3. PPIs are at the heart of virtually all biological mechanisms 

and mis-regulation in PPI pathways can lead to disease4. Accordingly, PPIs have 

emerged as targets for drug discovery campaigns and for understanding of 

biological systems. However, initially PPIs were considered undruggable5–7 and 

although success has now been achieved in bringing inhibitors to the clinic and 

understanding signalling pathways involving PPIs8 these still remain quite 

challenging to target. Conventional enzyme/substrate complexes were tractable 

targets for drug discovery because the substrate served as a template for design 

of the inhibitor (Figure 1a). However, the large surface area over which PPIs 

occur and the driving forces governing these interactions remain as hurdles when 

designing modulators (Figure 1b, c)2,9.  

 

Figure 1. Illustration of why PPIs can be challenging to target: a) A simple cartoon 
displaying the enzyme/substrate complex where the inhibitor design followed the 
substrate closely; b) Protein-protein interaction which occurs over a larger surface area; 
c) MCL-1/NOXA B interaction (PDB: 2JM610) displayed as surfaces; followed by MCL-1 
shown as surface and NOXA a cartoon with all the amino acid side chains projecting 
outwards to display the number of possible interactions that could be responsible for 
driving the binding interaction. Finally, the interface surface on MCL-1 shown as mesh 
to display the large area over which this PPI occurs. 
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Furthermore, PPIs generally bind rapidly and reversibly and range in binding 

affinities between low nanomolar to high micromolar11, making the recapitulation 

of the necessary intermolecular interactions into a specific and relatively potent 

inhibitor difficult12,13. Ultimately, inhibitors must be designed such that they bind 

their target selectively, and binding affinity is one key challenge that directs the 

pharmacological effect of the drug along with potency, cellular permeability, 

plasma stability, clearance and side effects14. The degree of plasticity, flexibility 

and dynamics of binding of PPIs are factors which affect the mechanisms of 

interactions and could help in the type of modulator to design but that are yet to 

be understood fully15,16.  

 

1.2 Key Features of PPI Affinity: Computational Analysis 

 

Usually, the relatively large surface area of PPIs (1500 to 3000 Å) poses 

significant challenges in the design of inhibitors. The experimental technique 

known as alanine-scanning mutagenesis was developed to identify key residues 

important for binding, hot-spots17, through the sequential variation of each 

residue to alanine at the PPI interface18. When a loss in binding was observed 

due to the variation to alanine, that native residue would be identified as a hot-

spot, a residue which contributed significantly towards binding affinity. This 

technique allowed for the drug discovery efforts to focus on a particular area 

within a PPI interface. Alongside experimental methods, advances in 

computational tools have also made the analysis of PPIs more accessible by 

finding smaller, more localised regions within the binding interface as important 

for binding. Computational alanine-scanning (CAS) is an in silico approach which 

identifies such regions made up of hotspot residues17 (Figure 2b). Each amino 

acid in a peptide sequence is varied to alanine (Ala) and the binding free energy 

difference (∆∆G) between binding of the native and variant peptides to the target 

protein is determined17,19–21. A ‘hot-spot’ is a residue which contributes 

significantly to binding within a PPI evidenced after its computational variation to 

alanine shows a subsequent loss in binding19,20. Thus, a loss in binding energy 

by ∆∆G ≥ 2.5 kJ/mol would be interpreted as a hotspot residue19. Often, Short 

Linear Interacting Motifs or interface peptides are sufficient to recapitulate a 
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binding site22. However, both small molecules and peptidomimetics have been 

designed to target hotspot residue clusters19,23–25. For example the well-known 

three hotspot residues of p53, from the p53/hDM2 interaction, (Phe19, Trp23 and 

Leu26) were used to inform the design of small molecule inhibitors25–28 (further 

discussed in section 1.5.4).  

 

Complementary to CAS, but not as widely used, computational hydrophile-

scanning was developed to explore the systematic mutation of residues in the 

BIM peptide sequence to charged residues and the effect on its binding with Bcl-

xL and MCL-129 (Figure 2c). This technique differs from CAS as each residue in 

a sequence is swapped for charged residues, as opposed to alanine, offering 

insight to potential charged interactions which may reinforce or disadvantage the 

binding.  

 

Figure 2. Computational techniques used in deciphering PPIs: a) Native binding 
interface; b) Alanine scanning where each residue is varied for alanine in order to identify 
hotspot residues; c) Hydrophile scanning where each residues is varied for charged 
residues.  

 

Combining the results of the hydrophile scan with the information gathered from 

CAS, it was possible to design variant BIM peptides with minimal sequence 

variations that achieved selectivity towards either BCL-xL or MCL-129. Thus, 

integrated computational methods, such as CAS or hydrophile scanning, and 

experimental characterization can be successfully used in the design of protein 

interacting motifs (PIMs) with enhanced properties. 
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1.3 Structural Features of PPI Interfaces  

 

A PPI can involve two globular proteins, a protein domain and a linear peptide 

motif or between two peptides9. More importantly, the physical features at the 

interface of these interactions range from structured to non-regular, devoid of a 

secondary structure9,30. The more prevalent structural motifs mediating PPIs are 

the α-helix and β-strand followed by loops which can also be further classified31, 

and unstructured or extended chain peptide motifs where no secondary 

structured arrangement is adopted at the PPI binding interface32,33 (Figure 3).  

 

 

Figure 3. Typical structural features found at the interface of PPIs (PDBs left to right: 
HIF-1α/p300 (1L8C34), GKAP/SHANK1 (1Q3P35), Ib1 dimer (2FPF36), HIF-1α/p300 
(1L8C34). 

 

The identification and structural classification of PPI interfaces revealed new 

terrain for targeting PPIs37. Identifying and dissecting PPIs based on the 

structural motifs present at the interface helps aid in the rational design of 

inhibitors. For example stapled peptides targeting α-helix mediated PPIs and 

peptide based macrocycles targeting β-strand and loop mediated interactions 
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were developed based on the native structural motifs found at PPI interfaces and 

will be discussed in depth section 1.5.1 and 1.5.2 respectively. Both peptide-

based and non-peptidic based inhibitors were designed to mimic secondary 

structures and recapitulate key hotspots of binding and shown to inhibit 

PPIs1,8,27,38–40. 

1.3.1 α-Helix Mediated PPIs 

The α-helix is a common motif in protein secondary, however, this secondary 

structural motif also mediates PPIs. With a turn at every 3.6 residues, the α-helix 

forms through hydrogen bonding between the carbonyl oxygen and the amide 

proton of every third residue in the turn38,41,42 (Figure 4a). As such, the side chains 

of the α-helix project outward and those located every 3-4 residues are  spatially 

adjacent to  one another (Figure 3b). Overall, the α-helix presents up to three 

faces, each endowed with side chain residues, available for molecular recognition 

(Figure 4b). Generally the PPI takes place when the helical motif of one protein 

docks into the interface of its binding partner (Figure 3c).  

 

Figure 4. α-Helix structural elements: a) the α-helix shown in stick mode with the 
backbone hydrogen bonding that stabilises the structure shown as dotted yellow lines; 
b) top-view of the helical conformation showing three main faces where residues stack 
on top of each other and interactions with the side chains can occur; c) Crystal structure 
of NOXA B peptide in cyan, bound to the surface of MCL-1 in green (PDB 2JM610) 
showing residues at i, i+4 and i+7, positioned at the recognition surface of the continuous 
grove of MCL-1.  
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1.3.1.1 PPIs Mediated by a Single Helix  

Protein complexes in the Protein Data Bank (PDB) that feature one helix at the 

interaction interface have previously been identified computationally43. The goal 

of the study was to aid elegant, systematic design of helix mimetics by bridging 

the gap between the irregular types of helix mimetics used and the interfaces that 

have been or could be targeted. Firstly, examination of all PDB entries showed 

that 15% of the databank contained multiprotein complexes of which 62% 

featured a helix at the PPI interface43. Through CAS the interactions where the 

helix was significant to binding were identified if the helix contained hotspot 

residues. Overall, 480 helix mediating PPIs were identified, of which 60% 

featured hotspot residues on a single face of the helix, 30% featured hotspots on 

two faces of the helix and 10% required all three faces of the helix for 

recognition43. Since the study was done in 2009, it is reasonable to assume the 

number of PPIs deposited since has increased and so have the PPIs mediated 

through α-helices. More recently, as well as screening for single helix mediated 

PPIs in the PDB, non-helical mediated PPIs were also virtually screened and 

assessed as potentially suitable for accommodating helical constructs at the 

interface23. Targeting PPIs which are not helix-mediated could become more 

accessible if these can accommodate modulators or small molecule scaffolds 

designed based on the α-helix motif. In this study, 17 PPIs from the whole PDB 

database were identified and predicted as being amenable to helix based ligands 

even though the PPIs were not mediated through this secondary structure motif23.  

Among the single helix mediated PPIs, the B-cell Lymphoma 2 (BCL-2) protein 

MCL-1, pro-survival signalling protein, interacts with the pro-apoptotic member 

NOXA B44. Intrinsically unstructured in solution, upon binding, NOXA B adopts a 

helical conformation which docks into a groove/cleft on MCL-1 occupying a site 

of about 1000 Å45. The binding affinity of NOXA B68-87, 0.70 µM46, arises 

predominantly from the side chain residues of one face of the NOXA B helix at i 

i+4 and i+7 (Figure 5a).  

In contrast to the NOXA B/MCL-1 PPI where a single helical face is responsible 

for containing the side chains which drive the binding, complexity of interaction 

could be observed when two or three faces of the single helix are involved in 



 
 

7 

 

molecular recognition43. For example, 4 hotspot residues for the LBD/RXR PPI 

were identified through CAS study as L690, H691, L693 and L694 which span 

over two faces of the interacting helix at i, i+1, i+3 and i+4 respectively (Figure 

5b). All three helical faces are involved in molecular recognition for the 

Escherichia coli ECF/RseA as CAS predicted 5 hotspot residues of one of the 

helical regions of Escherichia coli ECF at i, i+4, i+5, i+6 and i+10 as W33, H37, 

L38, I39 and M43 respectively (Figure 5c). A functionalised molecular scaffold, 

would have to reproduce or mimic the composition and orientation of the side 

chains in order to exploit the interactions necessary for binding affinity and 

specificity. However, small molecule scaffolds that project side chains to target 

such complex PPIs have yet to be developed. 

 

Figure 5. Helix mediated PPIs where residues on different faces of the helices contribute 
towards binding with a – c as examples of protein complexes with hotspot residues on 
one, two and three faces (PDBs from left to right 2JM610, 1XIU47, 1OR748s of NOXA 
B/MCL-1, LBD/RXR, Escherichia coli ECF/RseA respectively)  

 

1.3.1.2 PPIs Mediated by Multiple Helices 

Although PPIs mediated through a single helix can show increasing complexity, 

depending on how many faces of the helix are contributing to binding, arguably 

an even more challenging PPI can be that mediated through multiple helices. In 

the HIF-1α/p300 interaction, HIF-1α wraps around the CH1 domain of p300 

forming three helical regions (Figure 6). Despite HIF-1α being a single 

polypeptide chain, the three helical regions mixed with unstructured segments 

result in a very large surface area devoid of a particular region for targeting when 

compared to a single helix mediated PPI. This PPI, within the hypoxic response 

pathway, is very attractive for potential developments in cancer therapeutics49–52. 

Significant efforts to understand this PPI53–55 have been undertaken. 
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Figure 6. NMR structure of p300 (green) and HIF-1α (cyan) (PDB: 1L8C): a) Cartoon 
representation of the NMR structure with zinc ions in grey. b) HIF-1α cartoon 
representation wrapped around the surface of p300. 

 

Saturation mutagenesis studies as well as CAS studies have provided little 

understanding of which residues on which helices are important for binding53,56,57 

(discussed in Chapter 4, section 4.1.1). However, HIF-1α truncation studies have 

identified regions of the protein, which are necessary for interaction with p300. 

Truncation of the shortest helical segment, helix 1, resulted in a moderate effect 

on activity58. However, truncation of the largest helical segment, helix 3, resulted 

in complete loss of HIF-1α activity59. Although several approaches have been 

applied to discover or design inhibitors for this PPI (discussed in Chapter 4), the 

current knowledge has been insufficient in aiding discovery and development of 

successful clinical modulators. 

1.3.2 β-Strand Mediated PPIs 

The β-strand also has a fundamental role in many PPIs1. The secondary structure 

can provide structural support or can act as a recognition motif at PPI interfaces60. 

For example the β-stand structural motif is often recognized by proteolytic 

enzymes61 and by scaffold proteins such as the SHANK proteins35.  

In a β-strand conformation the side chains of each residue project on alternating 

sides of the backbone, with maximum distances from each other minimizing steric 

clashes and exposing the backbone atoms to hydrogen bond with the receptor 

(Figure 6a). Analysis of the structures of PPIs in the PDB mediated though β-
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strands revealed that this structural motif interacts with partner proteins, either in 

a strand or through multiple strands coming together in a sheet (Figure 1b), via 

side chain recognition, with or without hydrogen bonding from its backbone62. 

Furthermore, antiparallel β-sheet orientation was observed to be three times 

more prevalent across the PDB in the formation of the interaction between protein 

partners62. This could be due to the fact that antiparallel orientation of sheets is 

thought to provide better orientation for the formation of backbone hydrogen 

bonds63.  

 

Figure 7. β-Strand structural information: a) Idealised β-Strand conformation of a poly-
alanine sequence in its extended conformation; b) cartoon representation of two 
antiparallel oriented β-strands interacting.  

 

1.3.2.1 β-Strand: Side-Chain Driven Interactions  

The linear arrangement of amino-acids in the β-strand projects side chains of 

residues above and below the plane of the peptide backbone. Thus, one of the 

faces can exclusively bind to the interface of its ligand: only the side chains are 

in involved in the affinity (Figure 8a). This is the case for the p65 dimer where the 

interaction is entirely driven by hydrophobic side-chains from one monomer 

interacting with the other and a glutamate-arginine charged interaction64 (Figure 

8a light blue residues).  
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Figure 8. β-Strand interactions showing: a) the p65 dimer PPI (PDB: 1OY364) where only 
side chains are involved in binding; b) The GKAP/SHANK1 PPI (PDB: 1Q3P35) where 
both side-chains and backbone interactions drive the binding interaction with polar 
contacts shown by yellow dotted lines. 

 

1.3.2.2 β-Strand: Side-Chain and Backbone Interactions  

Both faces of the β-strand and the backbone can contribute significantly towards 

recognition and binding events in PPIs (Figure 8b). In this case, the design of 

inhibitors becomes more difficult since targeting such a dispersed arrangement 

of polar contacts, an average of 10 hydrogen bond acceptors and donors, with a 

small molecule would pose considerable challenges. In particular, small 

molecules would need to be designed to recreate some of the hydrogen bond 

acceptors and donors displayed by the ligand62 as well as any other interactions 

from side chain contributions. 

The guanylate-kinase-associated proteins (GKAP) are postsynaptic proteins, 

shown to be crucial for the recruitment and build-up of the SHANK scaffold 

proteins at the synapse excitation site65,66.The GKAP/SHANK interaction is a 

prime example of a β-strand mediated PPI where GKAP adopts an extended 

conformation driving the binding through both side chains and backbone 
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hydrogen bonding to the SHANK receptor (Figure 8b)35. The GKAP hexapeptide 

GKAP ligand forms seven backbone hydrogen bond contacts, 3 stemming from 

the carboxylate, oriented towards one face of the binding interface while the side 

chain hydrogen bond from Thr extends to the opposing side of the interface35,67. 

Lastly, it is known that the Leu side chain is accommodated within a hydrophobic 

pocket of the SHANK1 PDZ domain35,67. Although the Gln and Arg residues form 

salt bridges, there is little evidence to suggest these are imperative for bindning19. 

1.4 PPIs and Disease 

PPI do not work in isolation but rather in networks, where protein complexes are 

formed in a cascade with a myriad of other partner proteins in order to elicit a 

biological response. Modulation of a PPI network, such as a mutation, over or 

under expression of a protein, can initiate or perpetuate disease states. For 

example, in specific cases overexpression of α-helix mediated proteins, involved 

in PPIs that regulate cell apoptosis, contributes to cancer proliferation and 

progression4,68–70. Specifically, the p53/hDM2 PPI has been studied extensively 

leading to several potent inhibitors71. A large number of PPIs targeted in anti-

cancer research are related to cell apoptosis, however a number of other PPIs 

are also relevant to cancer such as the previously mentioned HIF-1α/p300 PPI. 

Furthermore, aggregation of β-sheet structures in some proteins was thought to 

be responsible for a number of neurological disorders39. The study of beta 

amyloid aggregation found in Alzheimer’s disease is one example72. In addition, 

neurological synapses depend upon PPIs for amplification and localisation of 

neural transmissions. The SHANK family of proteins mediate such interactions 

through recognition of the β-strand structural motif. Malfunction of these PPIs are 

thought to result in a number of neurological diseases73–76. 
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1.5 Strategies for Targeting PPIs 

Three main strategies have been pursued which have enabled the discovery of 

modulators of PPIs: i. phenotypic drug discovery, ii. target-based screening and 

iii. structure-based design (SBD). Phenotypic drug discovery involves screening 

of drug-like compound libraries, with the identity of the target protein elucidated 

only after the desired biological effect is observed1,77. For example, lenalidomide 

was discovered through a phenotypic screen where its ability to downregulate 

tumour necrosis factor (TNF) was observed78. The target protein, E3 ubiquitin 

ligase cereblon, was elucidated after the FDA approval of lenalidomide in the 

treatment for multiple myeloma79.  

In contrast, the role of the target protein is known in target-based screening where 

high-throughput screen (HTS) or fragment-based discovery can be applied, with 

a high-resolution X-ray/NMR/cryo-EM structure favourable but not essential1,80. 

HTS allows screening of compounds effectively and economically and has been 

adopted by both academia and industry. The HTS campaign success rate is 

dependent on the quality of compound in the library being screened to offer ideal 

hits with drug-like properties, low toxicity and high target specificity81. Nutlin 

compounds, inhibitors of the p53/hDM2 PPI were discovered using HTS 25,38 

(section 1.6). However, as well as relying heavily on the quality of compound 

library, HTS also suffers from low hit rate and  high numbers of false-positives 

and false-negatives. These disadvantages warrant the development of peptide-

based inhibitors where the number of false positives or false negatives can be 

kept low, inhibitor design can recapitulate key hotspots to maintain superior target 

specificity. Similar to HTS, fragment-based drug discovery relies on screening 

libraries, however these contain fragments with much lower molecular mass. The 

idea is to discover several core motifs which can then be elaborated further as 

was the case with the ABT-737, a potent inhibitor against the BCL-xL synthesised 

through linking of two fragment hits82 (section 1.6). Due to their smaller size, low 

heavy atom count, fragments tend to bind with low affinity and require the 

combination of sensitive biophysical techniques such as NMR, SPR, X-Ray or 

ITC to validate the hits83.  
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Although the first two mentioned strategies for targeting PPIs are valuable, the 

main focus will be given to SBD where high-resolution X-ray or NMR structures 

of the target are required, and inhibitors are designed based on key structural 

elements found at PPI interfaces1 (Figure 9). A number of approaches can be 

applied when intimate knowledge of the target protein is available: 

peptide/peptidomimetic design, small molecule discovery, in silico structure 

based design84, virtual library screening85 and fragment-based discovery83 to 

name a few. Following the selection of a target, steps are then taken to identify 

the driving forces of binding through computational methods applied to the crystal 

structure or NMR ensemble1 (Figure 9i). Although the interface of the selected PPI 

can be large, computational assessment can uncover binding regions critical for 

the interaction. First the topology at the PPI interface is identified (helical, sheet 

etc.). These regions can be further studied through the previously mentioned CAS 

strategy where hotspot residues are identified (Figure 9i). Experimental methods 

are then used to validate the computational predictions and inhibitor design that 

can engage with the target surface through mimicry of the important residues of 

binding can begin (Figure 9ii). Design approaches can be categorised into four 

classes: A) peptide mimetics with small modifications made in order to optimise 

properties i.e. stabilised/stapled helices; B) modifications to backbone and side 

chains are introduced in this class (α/β peptides86, peptoids87,88, or insertion of a 

small molecule-like building blocks89,90) that also extends to foldamers, oligomeric 

structures capable of adopting a desired conformation in solution; C) structural 

mimics which consist of a non-peptidic backbone, a small molecule scaffold that 

projects key residue side chains; D) molecules with no link to the original binding 

peptide structure 14,91,92. Although there are examples of foldamers93–95 and other 

topographical mimics14,91,96,97, often the simplest of strategy in targeting a difficult 

PPI is to begin with a peptide based inhibitor.  

As well, high-throughput in silico docking can be used to identify potential ligands 

that target the same binding site using the apo-structure for docking. Following 

experimental binding studies of these compounds the best compounds are 

selected and further undergo several rounds of optimisation. Explicit examples of 

this methodology applied for the design of both peptide-based inhibitors and small 

molecules are further focused and expanded on in future subsections (1.5.1 – 
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1.5.2) and mention of screening based methods showcasing as complimentary 

tools to SBD also mentioned (1.5.3).  

 

 

Figure 9. Structure based PPI inhibitor design: i) The target PPI is studied using 
computational methods where topology at the interface and hotspot residues can be 
ascertained; ii) Constrained peptides or structural mimetics can now be designed based 
on the information gained from the computational studies. Small molecules can also be 
identified through in silico docking and structure similarity search; iii) The designed or 
discovered ligands are then tested in biophysical assays and the best binders are taken 
further through rounds of optimisation.   
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1.5.1 α-Helix Mimetics: Stapled Peptides  

Computational filtering of multi-protein complexes available in the PDB showed 

that roughly 60% were mediated via an α-helix, and often with hotspot residues 

lying on a single face of the helix43. Thus, inhibitor design based on the conserved 

helix structure, has made targeting this type of mediated PPI a success 

story38,92,98.  

Peptides are attractive starting points in targeting PPIs as they already retain 

surface recognition properties and as they are derived from native proteins, less 

likely to cause unwanted side effects. However, in solution, peptides typically do 

no adopt a stable folded conformation and suffer from poor cell permeability. In 

particular, constrained helices have been developed as versatile peptidomimetics 

for targeting PPIs99,100. Constraining a peptide in a helical conformation increases 

peptide proteolytic stability101,102, improves cellular uptake102,103 and can pre-

organise the peptide into a bioactive conformation resulting in less unfavourable 

change in binding entropy and thus enhanced target affinity104,105. As well, 

depending on the helix stabilisation technique used, the mimetic could be 

endowed to target its partner through one, two or all three faces of the helix106,107.  

 

Figure 10. Initial peptide constraint approaches: a) The arrangement of atoms in an α-
helix compared to that of a helix stapled at the residues using a hydrocarbon constraint 
and head to tail backbone nitrogen hydrogen bond surrogate (HBS); b) Crystal structure 
of the p53 hydrocarbon stapled peptide, where the staple drapes over the hDM2 protein 
partner (PDB: 3V3B108); c) Crystal structure of the co-activator peptide bound to ERα 
where the hydrocarbon staple drapes over the protein partner (PDB: 2YJD109). 
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The first reported stapled peptides were obtained through the introduction of non-

natural α,α’-disubstituted amino acids with olefin tethers, which afforded cross-

linked hydrocarbon stapled peptides accessed via ring-closing metathesis 

(Figure 10). Considerable efforts were placed in understanding the optimal 

positioning of the staple, the stereochemistry and length of the linker. These 

studies generated a breakthrough with ligands based on the BID BH3 sequence 

which showed the stapled sequence upheld helical attributes, increased binding 

affinity as well as improved cell-permeability and proteolytic stability104. The 

enhanced helical conformational of stapled peptides conceals the peptide bonds 

preventing them from recognition by proteolytic enzymes which hydrolyse 

extended conformations in vivo and in vitro while maintaining biological affinity 

and reducing tumors in leukaemia xenografts12,110.  

Hydrocarbon stapling has been extensively expanded with stapled peptides of 

Bcl-2 family members and stapled peptides designed against HIV-1/gp41 studied 

and potent inhibitors for these PPIs identified100,101. Furthermore, crystal 

structures of the p53/hDM2111 and ERα/co-activators109 both showed the 

hydrocarbon staple as an active participant in the binding, draping over the 

protein partners and forming additional hydrophobic interactions (Figure 10b,c). 

This discovery highlighted the importance of staple placement and the need for 

careful analysis to avoid clashes or to enhance potency through staple 

interactions depending on the PPI. 

Hydrogen bond surrogates (HBS Figure 10a) designed by the Arora group have 

also been successful, studied and applied in both in vitro and in vivo set-ups. The 

HBS helices based on HIF-1α showed improved helicities by CD and modest 

potencies to p300 by ITC and are discussed in depth in Chapter 4. Mouse 

xenographs models, treated with one of the designed HBS, exhibited 53% tumour 

reductions when compared to mice in control groups. In depth discussion of the 

HIF-1α/p300 PPI will be captured in Chapter 4.  
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Figure 11. Helix enforcing techniques: a) Stapling techniques through side chain 
residues: i) Hydrocarbon staple achieved through the insertion of a non-natural amino 
acid and ring closing metathesis; ii) Lactam bridge obtained from using natural residues 
with special protecting groups on both the acid and the amine side-chain residues; iii) 
Disulfide constraint formed by the oxidation of cysteine residues; iv) Cu(I) catalysed 
azide-alkyne cycloaddition; b) Dibromomaleimide stapling design with reversibility 
accessed via TCEP reducing agent. 

 

Similar success has been achieved with many types of peptide constraints. The 

toolbox for constraining peptides includes, but is not limited to: hydrocarbon 

constraint112,113, lactam bridges114, disulfide bridges115, thiol crosslinked 

systems116,117, Cu(I) catalysed azide-alkyne cycloaddition118 and hydrogen-bond 

surrogates99,113,119 (Figure 11a). Adding to this toolbox, the use of simple disulfide 

bridges, crosslinking of (homo)cysteine residues and other modification of thiols 

have been described100,117,120–123. As an original example, the disulfide bridge 

was used to constrain a short peptide sequence which, due to containing the 

LXXLL motif, was shown to bind the estrogen receptor α120.The i and i+3 

disulfide-constrained peptide showed better binding activity towards the receptor 

compared with a i and i+4 amide stapled analogue, establishing this technique 

as a viable avenue for constrained peptides120. Recently, within the Wilson group, 

a staple protocol that exploits the reaction of dibromomaleimide with two 

(homo)cysteine residues judiciously placed at i and i+4 in the sequence of 

peptides for BID and RNase S has been reported117. The approach was shown 

to be accessible, proceeding in buffer on unprotected peptides, reversible, and 

did not require the insertion of non-natural amino acids in the peptide sequences 

(Figure 11b). However, the technique should continue to undergo further 
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investigation to extend its application to other PPIs and achieve success; to 

become established among the hydrocarbon and HBS structures in the stapled 

peptides toolbox.  

 

1.5.2 β-Strand Mimetics: Macrocycles  

Despite its important role at the interfaces of PPIs, applications of β-strand mimics 

as modulators are limited when compared to the α-helix 1. β-Strand based design 

is challenging because it needs to account not only for the role of side chains in 

protein recognition, but also the hydrogen-bond interactions from the peptide 

backbone. Often strand mimetics can form insoluble aggregates because they 

are inherently designed to form hydrogen bonds with other strands they 

encounter1,62.  

Macrocycles are frequently encountered as bioactive molecules in nature such 

as mycobacillin, a cyclic peptide with antifungal activity124. Furthermore, 

macrocycles have been identified as structures that can target β-sheets or β-

strand mediated PPIs8. HIV-1 protease accommodates the β-sheet structural 

motif of the substrate in its binding cavity and has been successfully targeted with 

macrocyclic compounds39,90,125. The macrocycle compound targeting HIV-1 

protease contains a para-substituted aromatic ring within the macrocyclic portion, 

which replaces two of the side chain residues responsible for binding within the 

PPI interface126,127 (Figure 12a,b). Although this is not a PPI inhibitor, proteases 

recognise their substrates in an extended conformation and the learnings from 

protease inhibitor design could be built upon and applied towards targeting PPIs 

similarly mediated. This type of macrocycle is devoid of intramolecular hydrogen 

bonding. In contrast, macrocycles such as 2 designed by the Nowick group, to 

disrupt amyloid formation, relied on stabilisation of the β-strand through the 

insertion of the non-natural building block Hao (hydrazine, 5-amino-2-

methoxybenzoic acid, oxalic acid) and formation of intramolecular hydrogen 

bonding89 (Figure 12c).  
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Figure 12. Macrocycles designed to target β-strand interactions: a) HIV-1 protease 1 
inhibitor; b) Visual overlay and comparison of the binding conformation of the HIV-1 
protease natural peptidic substrate (cyan, PDB: 1MT7127) and the macrocyclic inhibitor 
(orange, PDB: 1D4L); c) Nowick designed macrocycle 2 with the Hao (hydrazine, 5-
amino-2-methoxybenzoic acid, oxalic acid) aromatic building block incorporated, which 
fosters hydrogen bonding (blue bonds) between the strands. The rigidity of the aromatic 
ring ensures that the molecule forms and intermolecular hydrogen bond which also aids 
the molecule in adapting a conformation that maximises the hydrogen bonds between 
strands.  

 

The macrocycle confers a degree of conformational pre-organisation permitting 

side chains to interact with partner proteins in an extended conformation and form 

important interactions. Equally, the macrocycle is not completely rigid, preserving 

sufficient flexibility in order to mould in the appropriate conformation. Thus, the 

macrocyclization restricts peptide freedom and affords similar optimisation results 

as helix-constrained mimetics, with increased proteolytic stability by fending 

amide bonds, lower entropic cost upon binding while still potent39,128. The Hao 

building block was used as a platform for successful rationally designed 

macrocyclic inhibitors of seven amyloidogenic peptide sequences, among which 

Aβ and Tau were used, to control amyloid aggregation89. The ability of the Hao 

building block to template the seven different peptide sequences into β-strands 

was proven using X-Ray crystallography and 1H NMR studies, while the ability of 

the macrocycle to slow down aggregation was monitored using Thioflavin T 

fluorescence and electron microscopy experiments89. Although the Hao building 
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block has been studied extensively for its ability to template β-sheets in order to 

prevent aggregation pathways, it has not been applied in the design and study 

as a β-strand mediated PPI inhibitor.  

Protein epitope mimetics (PEM) constitute another successful approach in 

targeting secondary structure mediated PPIs (Figure 13a). The biologically 

relevant amino acid sequence involved in binding is transferred onto a synthetic 

scaffold, for example a semi-rigid hairpin stabilised template to afford a β-hairpin 

macrocyclic PEM129. Initially, loops of varying sizes were cyclised through the D-

Pro-L-Pro template, which adopts a β-turn, in the design of cationic antimicrobial 

peptides based on protegrin I130. Moreover, as opposed to using the native 

peptide sequences phage display technology has been exploited to afford PEMs. 

The discovery of peptide sequence (DCAWHLGELVWCT) that binds the human 

IgG antibody which displayed a beta-hairpin structure in crystallography 

studies131 is a prime example where the introduction of the D-Pro-L-Pro template 

to this sequence produced a macrocyclic PEM inhibitor with higher affinity to IgG 

than the native sequence132. However, it can be envisioned that phage display 

could be harnessed in the design of novel ligands for any target protein even 

without any knowledge of the native ligand sequence. Lastly, PEM technology is 

very versatile since it was shown to be able to mimic a helix and disrupt a helix 

mediated PPI. An PEM inhibitor based on p53 was designed in a octapeptide 

beta-hairpin containing the three hotspot residues (Phe19, Trp23 and Leu26) 

further optimised to contain a chlorotryptophan and showed a Kd of 25 nM to 

hDM2133 (Figure 13b). 
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Figure 13. Protein epitope mimetics based on constrained beta-hairpin: a) Cartoon 
representation of how a loop interaction can help influence the design of the PEM 
structure which consists of three main variables: loop, building blocks and template 
regions; b) beta-hairpin mimic of the p53 peptide bound to hDM2 (PDB: 2AXI ) showing 
in red (middle frame) the three hotspot residues mimicked and in an overlap with the p53 
peptide (PDB: 1YCR).  

 

Due to their fairly large molecular mass, macrocycles do not abide by the ‘rule of 

5’ applied to small molecule inhibitor discovery and have been under-explored in 

the past128,134. However, macrocycles have undergone a resurgence. It has 

become evident that the macrocyclic structure could be designed based on any 

linear peptide sequence of interest that binds based on an extended conformation 

resulting in a potent and selective inhibitor, as seen with macrocycles developed 

to target proteases90. Synthetically, a number of approaches can afford 

macrocycles: head to tail, side chain to tail, side chain to side chain cyclisation 

with or without incorporation of non-natural building blocks135. 
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1.5.3 Peptide Phage Display Libraries: Complementary Tool for Ligand 

Discovery  

Although not a structure-based approach, phage display technology has become 

a powerful combinatorial tool in PPI ligand discovery that is worth mentioning 

when discussing approaches towards targeting PPIs, as we have seen in the 

discussion of PEM design. Exploiting the phage particles ability to display 

numerous peptide structures on their coat proteins, large and diverse peptide 

libraries can be expressed using molecular biology methods136–138. In a phage 

screening campaign, the target protein is immobilised, incubated with the phage 

library, and any non-binding phage is washed away. Following several rounds of 

panning (screen, wash, elute, amplify), the binding phage is eluted and amplified 

in order to be sequenced and analysed to offer insight into driving forces of 

binding to the target protein138,139. 

Binders with high affinity and specificity are identified through this technology139–

141. Notably, the peptide sequences can be novel, and as such can be taken 

forward in rational design as a new starting point when designing mimetics. This 

technique can be used as a complementary tool alongside other structure-based 

approaches mentioned thus far. For example, the application of phage display 

based on affimer template, uncovered selective ligands for several members of 

the same family of proteins, BCL-2140. The binding ligands, discovered for MCL-

1, BCL-xL, BCL-2, BAK and BAX, were analysed using several biophysical 

characterisation methods to validate binding interactions and found to inhibit 

these PPIs and elicit selective and potent binding to their respective target. 

Although a number of inhibitors were identified, 11 for MCL-1 and 11 for BCL-xL, 

only 3 were found by X-Ray crystallography to bind within the BH3 cleft of BCL-

xL observed to be narrower than when bound to native BIM ligand140. This new 

binding mode accessed for BCL-xL is significant, and, along with the new binders 

could offer inspiration in future structure-based design approaches for this family 

of proteins. These types of investigations can help elaborate the understanding 

of molecular recognition elements, particular side chains, needed for binding for 

a family of proteins which usually bind some of the same partner proteins.  
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Phage display technology has proven to be very versatile, adapted to also 

generate cyclic peptides138 and bi-cyclic142 peptide binders. Generating novel 

binders of mimetic quality in one technology. However, the technique can be time 

consuming due to the several rounds of panning and tends to show bias towards 

hydrophobic residues11. Based on recent advancements in computational 

chemistry, a more rapid in silico alternative to phage displays could help shorten 

the time span and potentially generate peptide sequences similar to those 

obtained experimentally. 

Similarly to phage display technology, split-intein circular ligation of peptides and 

proteins (SICLOPPS) enables the generation of cyclic peptides for screening of 

PPIs143. The screening method takes place in vitro, with active peptides disrupting 

a PPI formed as a natural complex, however, the methodology is limited to 

screening peptides made of natural amino acids and prior information about the 

PPI complex is favourable.  

1.6 Small-Molecule Inhibitors of PPIs  

Irrespective of a particular strategy for targeting PPIs it is worth mentioning some 

examples of successful PPI modulation achieved with completely non-peptidic 

molecules. These small molecules inhibit PPIs without necessarily mimicking 

secondary structure motifs. The following examples stand as evidence that PPIs 

are tractable molecular targets.  

Perhaps the most renowned examples are the tetra-substituted imidazoline 

(Nutlin)25 and the ABT compounds82.  Identified by high-throughput screening 

(HTS), the Nutlin series of compounds target the p53/hDM2 PPI. Several rounds 

of synthetic optimization yielded Nutlin-3a with an IC50 of 90 nM, activity largely 

due to the ability of the molecule to recapitulate interactions of p53 similar to those 

exhibited by the hotspot residues Phe19, Trp23 and Leu2625 (Figure 14a). 

Further work by Roche yielded second generation compounds RG7112144 and 

RG7388145 (Idasanutlin) with 18 nM and 6 nM binding affinities, respectively, 

which also mimic the hot spot constellation (Figure 14b). Although RG7112 failed 

to pass Phase I clinical trials, Idasanutlin is currently in Phase III clinical 

trials145,146. 
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Figure 14. Small molecule inhibitors of the p53/hDM2 PPI: a) Crystal structure (PDB: 
4J3E) of Nutlin 3a bound to hDM2 discovered through HTS; b) Chemical structure of 
Nutlin 3a and the second generation compounds optimised by Roche. 

 

Abbot Laboratories used an NMR-based fragment screen and discovered two 

fragments in two adjacent sites which were then linked together and elaborated 

through several rounds to generate ABT-737, a potent inhibitor against the BCL-

xL with a Ki of 0.6 nM82. Although ABT-737 failed in clinical trials due to poor 

bioavailability, optimisation resulted in ABT-263 (Navitoclax),147 which was further 

optimised to the clinically successful ABT-199 (Venetoclax) with a Ki < 0.01 nM. 

Venetoclax has been successfully used against chronic lymphocyte 

leukaemia148. The size of these compounds is relatively large when held against 

Lipinski’s rules, and may be a consequence of the challenging PPI target.  
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Figure 15. Small molecule inhibitors of BCL-x: a) Crystal structure of ABT-737 molecule 
bound to the protein (PDB: 2YXJ); b) Chemical structure of ABT-based developed 
inhibitors. 

Although no common methodology has been achieved in identifying small 

molecule modulators of PPIs, more examples of inhibitors are emerging8,149,150. 

The large number and structural diversity of PPIs still make these challenging to 

design inhibitors for.  
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1.7 Project Aims 

1.7.1 Targeting α-Helix and β-Strand Mediated PPIs 

Designing suitable small molecules to modulate PPIs is desirable. However, 

targeting PPIs needs further scientific attention to explore some of the more 

challenging secondary structure mediated PPIs. Peptide based modulators of α-

helix and β-strand mediated PPIs are fundamental for understanding the driving 

forces and binding affinities of PPIs and could help inform the structure based 

design approach and make it more efficient. The goal of the project was to study 

both α-helix and β-strand mediated PPIs, to understand the driving forces for 

each interaction and harness structural information in the design of peptide-

based inhibitors.  

 

 

Figure 16. Summary of experimental systems investigated and chapters which cover 
each of these.  

 

• Chapter 2: Probe the driving forces of the β-strand mediated 

GKAP/SHANK 1 to aid the rational design of a β-strand mimetic to target 

this interaction. 

The relatively short GKAP sequence that binds SHANK1 could also be an ideal 

starting point towards studying and designing mimetics for a β-strand mediated 

PPI. Assay development will enable experimental alanine scanning and the 

results of the alanine scan will be compared with the anticipated GKAP key 

hotspot residues within the literature. The outcome would further be compared 

with the predicted hotspot residues generated by the University of Bristol 
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researchers in their endeavour to improve their alanine-scanning tool and 

comment on the necessity of experimental alanine scan. Furthermore, probing of 

the GKAP/SHANK1 binding would be tested using designed peptide variants, 

where point-variations to the GKAP ligand based on other PDZ domain binders, 

would be attempted. The ultimate goal was to use the results from the 

experimental alanine scan and the designed peptide variants to design a 

peptidomimetic inhibitor of this interaction.  

• Chapter 3: Synthesis of Peptide Motifs of α-helix mediated NOXA B/MCL-

1 and β-strand mediated SIM/SUMO, to validate a new computational tool 

that could predict new peptide motifs rapidly and efficiently 

NOXA B/MCL-1 and SIM/SUMO are relatively well studied PPIs and were chosen 

as model systems for the development of peptide interacting motifs (PIMs). In 

collaboration with the computational team in Bristol, the ligands of these model 

PPIs were subjected to a rapid computational mutagenesis scan and novel 

peptide binders akin to those generated through phage displays were to be tested 

for binding to their respective proteins. The hot-spot residues were previously 

studied for these two systems and with that information at hand the experimental 

validation of in silico generated PIMs was at the forefront of this branch of the 

project. Ideally, the computational PIMs would maintain binding affinity to the 

target proteins. These could then be used to further understand the driving forces 

of binding for these two PPI systems. Furthermore, the new PIMs could point 

towards the development of alternative templates for inhibitor design later down 

the line.  

• Chapter 4: Expand the application of the dibromomaleimide stapling to 

target the HIF-1/p300 PPI. 

HIF-1α/p300 remains an attractive target for cancer therapeutics. Previously, the 

Wilson group investigated the driving force of the HIF-1α/p300 interaction by 

analysing each helical region separately and later combined to understand the 

affinity to p300. Helix 3 was identified as the region with the highest affinity for 

p300. A constrained helix was to be designed and synthesized to mimic the 

largest helical region of the HIF-1α, Helix 3 using the dibromomaleimide stapling 
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technology. Ultimately the goal was to expand the application of the 

dibromomaleimide staple and further understand advantages or disadvantages 

of this approach. Ideally more insight as to whether this region could be amenable 

to small molecule modulation would also ensue from this line of inquiry. 
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Chapter 2: Targeting a β-strand mediated PPI: GKAP/SHANK1 

2.1 PDZ Domains  

PDZ domains have been the focus of intense research as they facilitate a large 

number of PPIs and could be potential drug targets in neurological diseases and 

cancers151. Canonical PDZ domains consist of approximately 90 amino acids and 

are composed of six β-strands forming an antiparallel barrel and two α-helices. 

The binding groove, located between one of the α-helix (αB) and β-strand (βB) 

structural elements of the PDZ domain, recognises the C-terminus consensus 

sequence X-(Ser/Thr)-X-ɸ-COOH where X can be any amino acid and the ɸ 

hydrophobic residue151–154 (Figure 17). However, it is worth noting some PDZ 

domains also recognise internal peptide motifs of some target proteins152,155. 

 

Figure 17. Cartoon representation of a canonical PDZ domain structure (forest green) 
made up of 2 α-helical regions and 6 β-strands, with a typical C-terminus ligand (cyan) 
binding between the αB and the βB structural elements. The terminal ɸ hydrophobic 
residue is accommodated within a GLGF pocket in the PDZ domain. 

These domains are found in hundreds of signalling proteins. In particular, the 

PDZ domain is one of many domains found in scaffold proteins - large 

multidomain structures that facilitate the formation of large complex structures 

through protein-protein interactions156. The formation of such complexes facilitate 

multiple functions among which is the localization and enhanced efficiency of 

signalling75,157–159. The PDZ domain, thus, plays a crucial role in the formation 
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and stability of protein complexes with many biological functions among which 

signal transduction is one of the chief roles152. 

 

Figure 18. Cartoon representation of the scaffold SHANK1 protein and its many PPIs in 
the post-synaptic density. GKAP is represented in green, interacting with SHANK1 
through the PDZ domain while other protein interactions are mediated through other 
SHANK1 domains. GKAP is observed to form a further interaction with PSD95 which in 
turn interacts with the receptor. 

Among the PDZ domain containing scaffold proteins are SHANK proteins. These 

are found at the post-synaptic synapse and link neurotransmitter proteins to 

intracellular signalling pathways160. They are known as ‘master’ scaffolding 

proteins – large multidomain structures that facilitate the formation of large 

complex structures through protein-protein interactions161. Crucially, the SHANK 

proteins are enriched at the postsynaptic density (PSD), where they aid proper 

synaptic development and function through organizing postsynaptic 

complexes158,162,163. The PDZ domain of SHANK proteins interact with partner 

proteins such as guanylate-kinase-associated postsynaptic-density protein 

(GKAP)35,164,165 and G-protein coupled receptors158 (Figure 18). However, precise 

understanding of driving forces and specificity of binding between PDZ domains 

and their ligands is lacking154,166,167. There are three known family members: 

SHANK1-3. In mice, SHANK1 gene mutations presented impaired dendritic spine 

development and weaker synaptic transmissions74. These mutations were 

associated with increased anxiety related behaviours, impaired long-term 

memory and fear learning reaffirming the relevance of SHANK1 in cognitive 

processes74. The importance of the SHANK family of proteins is further 

underscored by research which shows mutations in SHANK3 are associated with 
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autism spectrum disorders76,163. Further understanding of the SHANK1 family 

member, is pivotal in understanding neurological mechanisms and the 

implications of their malfunction in disease75. 

2.1.1 GKAP/SHANK1 PPI 

One PPI between the PDZ domains of SHANK proteins is with the GKAP family. 

The PDZ domain of SHANK recognizes the sequence X-Thr-X-Leu-COOH found 

at the C-terminus of GKAP162. The 6 residues of the GKAP C-terminal sequence 

adopt an extended β-strand conformation upon binding, using back-bone 

hydrogen bonding and side chain groups for recognition observed in the crystal 

structure35 (Figure 19). A total of 7 backbone hydrogen bond interactions on one 

face, a hydrogen bond through the Thr side chain on the opposing side of the 

binding interaction and the Leu residue packed within a hydrophobic pocket in 

the PDZ surface can be observed (Figure 19). Crystal structures of the SHANK1 

PDZ domain with and without the GKAP binding ligand were solved in 200335. 

Once the GKAP/SHANK connection is made, GKAP in turn interacts with another 

guanylate kinase domain protein PSD-95168 (Figure 18). It is thought that these 

interactions are organizational and are involved in synaptic targeting of receptor 

membrane proteins, working as linkers in the synaptic pathway.162 Of the four 

GKAP family members known thus far, all are recognised except splice variants 

of GKAP1 which terminate in GQSK and does not interact with PDZ162.  

 

Figure 19. Crystal structure of the GKAP (cyan) and SHANK1 (green) PPI (PDB: 1Q3P): 
a) GKAP/SHANK1 with GKAP in an extended β-strand conformation showing the binding 
interactions from both side-chains and backbone; b) An enlarged image of the Thr 
residue forming a hydrogen bond on the opposing side of the PDZ binding interface when 
compared to the backbone hydrogen bonds. Leucine shown magnified, packed in a 
hydrophobic pocket.  
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2.1.2 Inhibitors of the PDZ domain of SHANK Proteins  

Although targeting the PDZ domains of all types of proteins has been 

experiencing intense research, using both peptidomimetic and small-molecule 

inhibitors, very few inhibitors of the PDZ domain of the SHANK proteins are 

reported151,169,170.  

The peptide inhibitor 3 was designed based on another SHANK PDZ domain 

binder βPIX (p21-activated kinase interacting exchange factor) (Figure 20)171,172. 

The βPIX actually displays 3 PDZ binding sites clustered by a parallel coiled-coil 

and yet the interaction takes place in a 1:1 stoichiometry172.  

 

Figure 20. Peptide-based SHANK3 and SHANK1 inhibitor based on the PIX sequence 
3 and SHANK3 inhibitors based on the tetrahydroquinoline carboxylate 4-7. 

A high-throughput screen identified tetrahydroquinoline carboxylate as an 

inhibitor of the PDZ domain of SHANK3 with an IC50 below 250 µM155 (Figure 20). 

Subsequent SAR studies resulted in the tetrahydroquinoline carboxylate-based 

molecules 4-7. Using 1H,15N HSQC-NMR binding studies the compounds 

displayed modest activity with a range of 10-70 µM affinity, displacing a 

hexapeptide derived from GKAP, a known binding partner of as well 

SHANK3151,173.  
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2.2 Objectives 

The main goal of this work was the rational design of a peptide-based β–strand 

mimetic. The β-sheet structural motif is a crucial recognition element in many 

PPIs however inhibitor design is relatively unexplored in comparison to α–helix 

mimetics39. This is due to the extended strand conformation which allows for 

binding interactions to take place both from side chains and backbone, making 

inhibitor design difficult. 

To rationally design an appropriate peptide-based inhibitor, three main 

milestones were identified: 

• Assay development Fluorescence Anisotropy (FA) for the GKAP/SHANK1 

PPI followed by synthesis of alanine variants of the GKAP ligand for testing 

and identification of hotspot residues  

• Comparison of experimental alanine scan with computational predictions  

• Design and testing of select peptide sequences based on other known 

PDZ binders as well as variation of certain residues to bulkier side chain 

residues to probe the space around the binding interface 

The GKAP ligand is small, 6 residues long, and the known binding motif for the 

PDZ domain X-S/T-X-ɸ-COOH, makes the GKAP/SHANK1 PPI a good model 

system for assay development. Experimental validation of the hotspot residues 

would help understand the forces driving the binding. Hot spot residues are 

deemed as important for binding and would thus need to be either kept or 

mimicked closely in the effective design of a GKAP based mimetic. Furthermore, 

the results of the experimental alanine scan would be compared with in silico 

predictions, done by Amaurys A. Ibarra and Richard Sessions (University of 

Bristol) using their in-house designed BUDE alanine scanning tool, to help 

comment on the effectiveness of their computational tool in predicting hotspots 

as well as gage the necessity of experimental alanine scanning. Next, the 

GKAP/SHANK1 PPI would undergo further probing through rational, point-

variations of the GKAP sequence to other amino acid residues selected based 

on other PDZ domain binding ligands in order to further understand the PPI.  
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2.3 Assay Development and Experimental Alanine Scan 

2.3.1 Peptide Synthesis 

All peptides were synthesized on preloaded Wang resin as solid support to obtain 

C-terminal carboxylate peptides or Rink Amide MBHA resin in order to obtain C-

terminal amidated peptides. All amino acids were N‐Fmoc protected and side 

chains protected with Boc (Lys); OtBu (Asp, Ser, Thr); Trt (Asn, Gln); Pbf (Arg). 

Peptide elongation was done via solid phase peptide synthesis (SPPS)  with 

repetitive coupling cycles of Fmoc deprotection in 20% piperidine in DMF, 

followed by amide coupling under standard conditions using HCTU as activating 

reagent and DIPEA as base (Scheme 1). Once automated peptide elongation 

was complete, the C-terminal was manually acetylated or reacted with 6-(Fmoc-

amino)hexanoic acid linker (Ahx) followed by fluorophore, fluorescein 

isothiocyanate (FITC), coupling. Peptide cleavage from resin, and simultaneous 

side chain deprotection, was done using a standard cleavage cocktail of 

TFA/TIPS/H2O (95:2.5:2.5). Due to the short peptide lengths and relatively simple 

sequences no issues were encountered and all peptides were obtained in good 

yield.  

 

Scheme 1. Solid phase peptide synthesis cycles and manual couplings that followed. 
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2.3.2 Fluorescence Anisotropy  

FA was selected as the biophysical tool to determine binding affinity between 

target protein and fluorescently labelled ligand peptide, in this case FITC labelled 

peptide. During FA polarised light is used to excite the FITC on the fluorescently 

labelled peptide. The fluorophore has the ability to emit light in the plane of 

polarised light however this depends on the rotational diffusion of the molecule; 

the fluorescently labelled peptide is tumbling quickly in solution resulting in 

unpolarised light being emitted thus low anisotropy detected. When the relatively 

small fluorescently labelled peptide binds the larger target protein, it’s rotational 

diffusion slows and higher anisotropy can be detected (Figure 21 left hand side). 

 

 

Figure 21. Cartoon depicting FA in a direct titration (left hand side) or under competition 
conditions (rights hand side). 

Thus a fluorescently labelled ligand can be utilised to identify inhibitors of a PPI 

in competition mode to obtain an IC50 value, half maximal inhibitory potency, as 

opposed to a direct binding Kd. Designed inhibitors can be titrated in a solution 

containing the protein of interest and the FITC labelled peptide. If the inhibitor 

displaces the labelled peptide a decrease in anisotropy would be observed 

(Figure 21 right hand side). Although direct binding is not obtained, IC50 values 

can be used to compare inhibitors to each other and in relationship to the native 

peptide. 
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2.3.3 Assay Development for GKAP/SHANK1 

Fluorescently-labelled GKAP (FITC-Ahx-GKAP) was prepared using microwave 

assisted Fmoc solid phase synthesis on Rink Amide MBHA resin for the peptide 

sequence, followed by manual coupling of Ahx linker and FITC to afford the tracer 

molecule for FA testing. Tracer preparation followed routine procedures and no 

challenges were encountered. GST tagged SHANK1 PDZ domain (656-762) 

production was done by Zsofia Hegedus and provided in a 50 mM Tris, 150 mM 

NaCl buffer at pH 7.5. 

To establish optimal assay conditions, the starting protein concentration was 

varied (50 to 100 µM) whilst the tracer concentration was kept constant (100 nM) 

in order to obtain a Kd value for binding of the tracer to SHANK1. A total of four 

buffer systems was trialled. The first buffer condition to be tested was the same 

as the buffer in which the SHANK1 protein is purified and stored in. This buffer 

gave a good result, with a curve which passed through the data points smoothly 

when fitted to a 1:1 model (Figure 22a). The following buffers had additions to the 

standard (50 mM Tris, 150 mM NaCl). First, Triton X (0.01%) was added to the 

standard conditions, a detergent that helps prevent non-specific binding 

interactions (Figure 22b). Bovine Serum Albumin (BSA) protein, prevents 

adhesion of other proteins to vessels such as pipette tips, and was the next 

addition to the standard conditions (Figure 22c). Finally, a buffer system 

containing all the components was screened (Figure 22d). Overall, all buffers 

gave good results (Kd values ranging from 1.1-1.9 µM); however the standard 

conditions (50 mM Tris, 150 mM NaCl) were taken forward as this matched the 

buffer of the protein and could be kept consistent in further analysis. Overall the 

tracer molecule was observed to have a Kd of 1.5 ± 0.4 µM in the direct titration 

assay (Figure 23a). 
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Figure 22. Buffer screen for the assay development for the GKAP/SHANK1 PPI all 
between pH 7.4-7.5 using 100 nM tracer read after a 45 minute incubation period: a) 
Buffer conditions of 50 mM Tris, 150 mM NaCl; b) Triton 0.01% was added to the initial 
50 mM Tris, 150 mM NaCl buffer; c) Buffer system contained 50mM Tris, 150 mM NaCl 
and 0.02 mg/mL BSA; d) Buffer contained all 4 components: 50 mM Tris, 150 mM NaCl, 
0.01% Triton, 0.02 m/mL BSA.  

 

2.3.4 Experimental Alanine Scan of GKAP Ligand  

Alanine variants were prepared using microwave assisted Fmoc solid phase 

synthesis on Rink Amide MBHA resin as described above. These were all tested 

in competition mode (Figure 23b) and the resulting IC50s are shown in Table 1. 

The experimental results for the GKAP1-6R5A variant gave an IC50 = 11 ± 0.2 µM 

in the competition assay, similar to that of the wt-GKAP1-6, IC50 = 10 ± 1 µM. Some 

loss in binding was observed for GKAP1-6E1A, however more importantly, GKAP1-

6T4A, GKAP1-6L6A and the carboxylate to amide variant were unable to inhibit 

the tracer/protein interaction. Thus, this data supported T4, L6 and carboxylate 

to amide as critical requirements for binding, hotspots, following the X-(Ser/Thr)-

X-ɸ-COOH consensus from literature.  
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Figure 23. FA data for the GKAP/SHANK1 PPI; a) Direct titration assay (50 mM Tris, 
150 mM NaCl, using 100 nM FITC-Ahx-GKA); b) Competition assays for the GKAP 
alanine variants and the C-terminal amide variant (50 mM Tris, 150 mM NaCl, 50 nM 
tracer, 1 µM SHANK1). 

 

Table 1. IC50 values for alanine and C-terminal amide variants. 

GKAP Wt E1A A2G Q3A T4A R5A L6A amide 

IC50 (µM) 10 ± 1 < 300 15 ± 1 1.7 ± 1 n.d. 11 ± 0 n.d. n.d. 

The experimental alanine scan was successfully completed and the results 

aligned with literature35. The GKAP/SHANK1 PPI proved to be an ideal model 

system, well behaved in the assay with the GKAP ligand amenable to the 

systematic alanine variation. The PPI was taken through a computational alanine 

scan by Amaurys Ibarra (Bristol University) for hotspot predictions in order to 

compare the competence of their tool against experimental data.  

 

2.4 Computational Alanine Scan of GKAP Ligand  

In silico alanine predictions of the GKAP sequence were undertaken by Amaurys 

Ibarra (University of Bristol), using the Bristol Universal Docking Engine (BUDE) 

package19,174. The BUDE computational tool was previously developed for rapid 

small-molecule protein docking and was modified by the researchers at the 

University of Bristol for computational alanine scanning175. The tool is an 

empirical free energy approach that uses standard force fields; where energy 
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parameters are used to calculate the energy potential of a system of atoms176. 

Subsequently the web interface BudeAlaScan was developed to make the 

capability user-friendly174.  

The GKAP hexapeptide was subjected to BUDE analysis. Since the GKAP 

sequence contains an alanine residue, A2, this was computationally modified to 

a glycine. A threshold of ΔΔG 4.5 kJ/mol was selected and any residue varied to 

Ala that gave a value at or above this threshold was considered a hot spot.  

BUDE computational alanine scan predicted R5 marginally (ΔΔG < 4.2 kJ/mol) , 

and L6 (ΔΔG < 20 kJ/mol) and carboxylate (ΔΔG < 19 kJ/mol) as important for 

binding, however, failed to pick the T4 residue as a hotspot (Figure 24a). The 

Bristol team ran MD simulations, a technique that could offer insight into the 

dynamic behaviour of the peptide. This result was then combined with the BUDE 

predictions to correct the T4 prediction with little success (Figure 24b). Overall, 

the experimental FA results mirrored the BUDE computational prediction for the 

L6 and carboxylate variants and for the residues not predicted as hotspots, bar 

R5, as well.  

 

Figure 24. Alanine scanning data for GKAP/SHANK1 (PDB: 1Q3P); a) The 
computational BUDE AlaScan results denoted by red dots compared with the 
experimental data represented as grey bars; b) BUDE AlaScan ΔΔG data shown by the 
red dots and BUDE predictions incorporating a 1 ms MD data for the mutants depicted 
by the blue dots with a dotted line depicting the hot-spot cut-off.  

 

BUDE failed to predict T4 as a hot spot residue and showed a slight tendency to 

overestimate charged residues such as R5 as important for binding. As such, the 

Bristol team endeavoured to use 5 CAS methods on 3 diverse PPIs, among which 

GKAP/SHANK1 was investigated, as a comparative analysis between the tools 
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but also compared with experimental analyses in order to discern best practices 

when predicting hotspots. The Bristol group found that averaging the predictions 

of multiple in silico methods led to better prediction rather than using a single 

computational tool19. Overall experimental alanine scanning is still necessary and 

computational methods cannot be solely relied on for identifying hotspot residues.  

2.5 Design, Synthesis and Evaluation of Selected Peptide 

Variants 

Following the alanine scan, variations in the GKAP sequence to other amino acid 

residues were undertaken. Although the alanine scan helped identify GKAP 

hotspots, the extent of involvement of all other residues was not clear, ie. are any 

of the non-hotspot residues involved in specificity or could they be varied to 

further probe the binding interface of SHANK1. Selected peptide variants were 

designed based on other known PDZ domain binding ligands or simply to probe 

the interaction for any steric effects when variations to bulkier side-chains were 

selected. All peptide variants were prepared using microwave assisted Fmoc 

solid phase synthesis on Rink Amide MBHA resin. 

The A2, T4, R5 and L6 positions were probed further (Table 2) in order to 

understand how residues other than alanine could affect the binding, would these 

be tolerated and would any improvement in binding be observed. The A2 and R5 

position were picked in order to further verify that these residues do not contribute 

in any way to the binding interaction towards SHANK1. Based on a different 

known SHANK1 PDZ binder β-PIX, mentioned earlier with the sequence 

WDETNL-COOH177, GKAP1-6A2D was synthesised to check if this variation could 

potentially enhance binding. In addition GKAP1-6A2F was also synthesised to 

probe scan and assess for any steric clashed that could ensue due to such a 

bulky side chain. The recognition consensus suggests Ser at position 4 ought to 

be tolerated in the GKAP sequence. Thus, the GKAP1-6T4S variant was 

synthesised to test this hypothesis. Next, the R5 position was also probed with 

GKAP1-6R5W; W located at position 5 in the sequence of a different PDZ domain 

binding ligand was shown to expel a water molecule from a cavity on SHANK1 

and potentially aid in binding affinity178. Finally, GKAP1-6L6F was designed since 
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it is a preferred residue for internal peptide motifs recognised by PDZ 

domains22,139. 

Table 2. Further investigation of the binding interaction with different GKAP variants. 

Sequence Rationale 

EAQTRL-COOH native sequence 

EDQTRL-COOH inspired by β-PIX sequence which also binds PDZ 

EFQTRL-COOH would the bulkier side chain cause steric clashes?  

EAQSRL-COOH test if S at the 4 position tolerated as mentioned in literature179  

EAQTWL-COOH steric probing + would W expel a water molecule179  

EAQTRF-COOH Inspired by internal peptide motif binders of the PDZ domain  

 

Figure 25. Competition assay data of specific residues of the GKAP sequence all done 
in 50 mM Tris, 150 mM NaCl using 50 nM tracer and 1µM SHANK1; a) Competition 
assay curves for GKAP1-6A2D and GKAP1-6A2F compared to wt-GKAP1-6; b) Competition 



 
 

43 

 

assay for GKAP1-6R2W compared to GKAP1-6; c) Competition assay for GKAP1-6T4S 
compared to GKAP1-6; d) Competition assay for GKAP1-6L2F compared to wt-GKAP1-6. 

 

Table 3. IC50 values for peptide variants designed to probe the binding interaction of 
GKAP to SHANK1.  

GKAP Wt A2D A2F R5W T4S L6F 

IC50 (µM) 7.1 ± 2.3 5.0 ± 0.6 5.1 ± 0.7 4.0 ± 0.3 40 ± 7 16 ± 8 

Based on the competition assays the variations at the A2 and R5 positions 

seemed to suggest that these two residues have little impact on the binding 

affinity to the SHANK1 PDZ domain, corelating well with the computational and 

experimental alanine scanning were these were not found to be hotspots (Figure 

25a, b). All of the aforementioned variations showed similar IC50 values to the wt-

GKAP1-6 peptide (Table 3). However GKAP1-6T4S showed slight loss in ability to 

compete the wt-GKAP tracer, IC50 of 40 ± 7 µM, lower than that of the wt-GKAP1-

6. This would suggest that the T4 position holds a potential role for specificity in 

binding through the conformational restriction of the branched side chain. Lastly, 

L6 was confirmed as a hot-spot residue during the alanine scan. The ability to 

recover binding to SHANK1 using the considerably larger F residue was 

successful (Figure 25d). The GKAP1-6L6F variant showed similar binding to 

SHANK1 as the wild-type peptide. To gain confidence in this result the variant 

was further investigated using ITC. Furthermore, a co-crystal with the PDZ 

domain of SHANK1 was obtained by Zsofia Hegedus (Figure 26). As can be 

observed in the crystal structures the binding of GKAP1-6L6F resembled the 

binding of the native sequence, with the F residue very well accommodated in 

the binding pocket. An overlay of the two peptide ligands, wt-GKAP1-6 with 

GKAP1-6L6F shows the variant peptide is almost perfectly aligned.  
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Figure 26. ITC and crystal data for GKAP1-6L6F variant compared to wt-GKAP1-6; a) 
ITC data for wt-GKAP1-6; in 50 mM Tris, 150 mM NaCl, pH 7.5, at 25 ֯C; b) ITC data for 
GKAP1-6L6F; in 50 mM Tris, 150 mM NaCl, pH 7.5, at 25 ֯C; c) GKAP/SHANK1 (PDB: 
1Q3P) crystal structure displaying the binding of the GKAP sequence; d) for GKAP1-
6L6F/SHANK1 crystal structure; e) Overlay of wt-GKAP1-6 (cyan) with GKAP1-6L6F 

(orange).  

 

Overall the selected peptide variants helped satisfy us that the A2 and R5 

residues have no influence on binding affinity to SHANK1, a conclusion which 

matched well with the alanine study. Additionally, variation of these two residues 

to bulkier amino acids did not elicit any steric clash or subsequent detriment to 
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binding. Furthermore, the T4 variation to Ser seemed to implicate this position as 

a potential driver for specificity. In future, the study of a known ligand of the PDZ 

domain containing a Ser at the 4 position could help elucidate this theory. Lastly, 

the analysis of the selected peptide variants confirmed Phe can easily replace 

the L6 residue, as is observed in the extended binding motifs of PDZ domains. In 

combination with the alanine study it is evident that the A2 or R5 positions would 

be the ideal locations for any changes in the design of a peptide-based inhibitor 

of this PPI.  

 

2.6 Design, Synthesis and Testing of a Peptide-Based Inhibitor 

Based on the knowledge acquired from the alanine study and the selected 

peptide variants, development of a peptidomimetic structure was pursued. The 

short wt-GKAP1-6 peptide ligand, only 6 residues long, had 3 elements important 

for binding to SHANK1; the threonine at the 4 position (T4), the terminal leucine 

(L6) and the carboxylate. The decision was made to build the peptidomimetic 

around the full length of the GKAP ligand in order to maintain the 3 important 

elements of recognition intact with a residue change at the R5 position. Inspiration 

was gained from the work conducted by the Nowick group. It was envisioned that 

the motif in red (Hao), previously shown by Nowick and co-workers60 to stabilise 

β-sheet fold without increasing aggregation, would form hydrogen bonds with the 

peptide backbone and the entropic cost upon binding would be lowered by pre-

organizing the GKAP peptide into an extended β-strand conformation in solution 

(Figure 27). Specifically, the Hao building block would hydrogen bond with the 

peptide backbone of the opposing SHANK1 recognition surface, pre-organising 

the peptidomimetic for recognition.  
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Figure 27. Peptidomimetic design based on the GKAP peptide sequence and 
incorporating the Hao molecular building block. 

 

Two peptide-based mimetics were designed. The effect of the Hao molecule on 

peptide structure was to be analysed in both an acyclic and a cyclic format. Ideally 

the incorporation of the Hao molecule in the acyclic version would provide an 

opportunity for the peptide to form intermolecular hydrogen bonds and thus pre-

organise the peptide in a strand conformation. However, in an aqueous 

environment the strength of these hydrogen bonds formed between peptide and 

Hao could be difficult to maintain. As such, a macrocyclic 2nd generation mimetic 

was designed. The cyclisation of the peptide could potentially force the necessary 

interactions to occur in order to pre-organise the GKAP peptide. 

 

2.6.1.1 Synthesis of First Generation Peptidomimetic 

The 1st generation peptidomimetic required an acetylated N-terminus. The acid 

10 (2g scale) was treated with oxalyl chloride in THF, and the resulting acid 

chloride was concentrated in vacuo, dissolved in DCM and subsequently reacted 

with Fmoc-hydrazine in the presence of pyridine to afford intermediate 11. The 

Fmoc protected intermediate 11 was subjected to hydrogenation with palladium 

on carbon to afford 12 in quantitative yield. The resulting amine 12 was reacted 

with ethyl oxalyl chloride in DCM with DIPEA for 10 minute, after which it was 

concentrated in vacuo and taken further without purification. Saponification of 13 

was done in 3:1 ratio of THF/H2O and a 2M solution of NaOH was added slowly 

until a pale yellow colour was observed. The crude mixture was then eluted 

through and acidic ion exchange resin to yield 14 in 80% yield following a 

previously described synthetic method180 (Scheme 2).  
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Scheme 2. Synthetic route towards obtaining Fmoc protected Hao. 

 

The GKAP peptide sequence was prepared using the SPPS elongation protocol 

described previously, and building block 14 was added on resin to the peptide to 

afford 15 (Scheme 3). Although Hao was coupled successfully to the GKAP 

peptide chain, the manual Fmoc deprotection and subsequent acetylation at the 

hydrazine of 15 would not work, as indicated by LCMS analysis (Scheme 3). 

Several small trials of the Fmoc deprotection and acetylation with varying times 

seemed to make no difference leading to the conclusion that a new approach was 

necessary to obtain the 1st generation peptidomimetic. As such, the above 

synthetic route was modified to include acetyl-Hao to form an acetylated Hao 

building block (Scheme 4).  
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Scheme 3. Failed Fmoc deprotection and acetylation of Hao building block after its 
manual coupling to the GKAP peptide. 

 

 

Scheme 4. Synthetic route to obtain the acetylated Hao building block.  

 

The synthetic route followed the original steps and similar results were obtained 

when starting with 2 g of starting material 10. Molecule 19 was obtained in high 

yield and was manually coupled to the GKAP peptide which was still attached to 

the resin following SPPS elongation to obtain 20 (Scheme 5). In future the Hao 

building block could be added to the peptide synthesiser and added to the GKPA 

peptide through SPPS elongation methods. The successful coupling was verified 

by LCMS and following cleavage and HPLC purification, the 1st Generation 

peptidomimetic was acquired (Scheme 5).  
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Scheme 5. Final step, standard peptide cleavage off resin, to obtain the 1st Generation 
Peptidomimetic. 

 

2.6.1.2 Synthesis of Second Generation Peptidomimetic  

In order to obtain a macrocyclic version of the peptidomimetic, it was necessary 

to use the Fmoc protected Hao building block, 14, again (Scheme 2). The target 

molecule had been previously synthesised and in hand. The GKAP peptide 

sequence was synthesised using SPPS however with the arginine position R5 

substituted for aspartic acid with a 2-phenylisopropyl (2-PhiPr) protecting group, 

compound 21 (Scheme 6a). This R5 variation was possible since it was evident 

from the alanine and selected peptide variants that this position was not involved 

in binding interactions with SHANK1. The use of Asp with the 2-PhiPr protecting 

group at the R5 position in the sequence, ensured selective deprotection for 

subsequent cyclisation with the hydrazide of the Hao building block, specifically 

through amide coupling of the Asp residue to the hydrazine. The cyclisation 

reaction would take place on resin before cleavage.  

The subsequent coupling of 14 on resin to the GKAP peptide sequence was 

successful, as indicated by LCMS. The next step was to deprotect at the Asp at 

the 4 position where the 2-PhiPr would be removed using a 3%TFA in DCM 

solution. This was followed by Fmoc deprotection of the N-terminus. However, 

the deprotection and cyclization reactions did not afford the expected macrocycle 

9 as indicated by LCMS following peptide cleavage off resin (Scheme 6b). To 

address the synthetic issues, compound 22 was subjected to Fmoc deprotection 

treated with 20% piperidine in DMF and subsequent acetylation (Scheme 6c). 

This standard acetyl capping method was also unsuccessful, which hinted 
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towards the possibility that cyclisation through the hydrazine was the problem. 

The result was not completely unexpected since the synthesis of the 1st 

Generation peptidomimetic gave similar results when the Hao Fmoc deprotection 

and subsequent acetylation failed.  

 

Scheme 6. Synthetic efforts to deprotect and cyclize 15 to obtain the 2nd Generation 
peptidomimetic 2: a) Linear peptide design with the Asp replacing Arg at the 5 position 
in the GKAP peptide sequence; b) Initial deprotection and cyclisation of 15 which was 
unsuccessful; c) Attempted Fmoc deprotection and acetylation to test is this was the 
location of the synthetic issues encountered. 

Due to the difficulty in obtaining a macrocyclic peptidomimetic, the Hao building 

block 14 was redesigned to contain an ornithine linker as highlighted in red in 

compound 24. This way the cyclization reaction would be done through the amine 

of the linker and would hopefully avoid the issues faced earlier in the synthesis 

(Scheme 7a). A new synthetic route was developed based on newly designed 27 

(Scheme 7b).  
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Scheme 7. New design for the 2nd Generation peptidomimetic: a) the GKAP peptide with 
the insertion of a Hao building block with a ornithine linker attached; b) Synthetic route 
for ornithine containing Hao building block. 

 

Similar to previous routes, starting material 10 was converted into an acid chloride 

and this was subsequently coupled to either Fmoc hydrazine (reagents 2a 

Scheme 7) or Boc hydrazine (reagents 2b Scheme 7) to give two different 

protected versions of compound 26. The subsequent Boc and Fmoc 

deprotections and immediate coupling with ornithine gave none of the desired 

product 27 and a mixture of starting material and impurities due to potential 

decomposition was recovered. This was consistent with the previous failed 

results to couple at this position when acetylation at the hydrazine did not afford 

the 1st generation peptide-based inhibitor and synthesis of the building block was 

redesigned. As such, the synthesis was once again re-designed to contain the 
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ornithine liker within the Hao molecule and attempt cyclisation through the linker 

as opposed to the Hao hydrazine.  

 

 

Scheme 8. Synthetic route for building block 26. 

 

The ornithine linker, 29, was coupled to hydrazine monohydrate to give 

compound 30 (Scheme 8). Interestingly, the reaction would not proceed unless 

the carboxylic acid was first activated with HCTU, DIPEA in acetonitrile and then 

added to a pot of hydrazine monohydrate stirring on ice in acetonitrile. Compound 

28 was then reacted with 30 to obtain compound 31 which was further subjected 
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to a reduction with palladium on carbon to afford amine 32. The subsequent 

coupling of 32 with ethyl oxalyl chloride failed. This reaction had previously 

worked in both Scheme 2 and 4, albeit with a slightly different material to 32, 

within 10 minutes of stirring. The order of adding materials was trialled both with 

the addition of 32 into a stirring solution of ethyl oxalyl chloride on ice and 

reversed. This seemed to have no effect on the reaction going forward with 

compound 32 recovered. Unfortunately, at this point in the work the decision to 

abandon the macrocyclic design was made. As such, testing of the acyclic 

peptidomimetic 8, and comparison to wt-GKAP1-6 was undertaken before 

anymore synthetic efforts were to be made.  

 

2.6.1.3 Testing and Comparison of the First Generation Peptidomimetic 

to wt-GKAP1-6 

Molecule 8 was tested in a competition FA assay and ITC, and compared to the 

native peptide, wt-GKAP1-6. No significant difference was observed for the 

peptidomimetic structure 8, IC50 of 11 ± 2 µM compared to the 10 ± 1 µM IC50 for 

wt-GKAP1-6 in the FA competition assay. Similarly, ITC analysis gave a Kd = 3.5 

± 1.2 µM for 8, comparable with that of the wt-GKAP1-6 Kd = 8.8 ± 1.0 µM. The FA 

and ITC data showed no improved binding. It was hypothesised that the aqueous 

media in which the assay was performed in was potentially interrupting the key 

hydrogen bonding between the Hao building block and the peptide backbone.  

NMR analysis was subsequently undertaken to investigate if compound 8 

showed signs of pre-organisation through expected NOESY interactions (Figure 

29). It was believed that NMR analysis could help elucidate the molecular 

behaviour of the peptide-based inhibitor in water, and as such the experiment 

was run in 10% D2O in H2O.   
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Figure 28. Analysis of compound 1 against wt-GKAP1-6; a) Competition assay in 50 mM 
Tris, 150 mM NaCl using 50 nM tracer and 1µM SHANK1; b) ITC data in 50 mM Tris, 
150 mM NaCl, pH 7.5, at 25 ֯C. 

 

 

Figure 29. Structure of 8 with red arrows displaying the potential key interactions to look 
for in NMR as signs of pre-organisation.  
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Figure 30. NOESY NMR analysis of 8. 

 

The NMR experiments were run in 10% D2O in water. Following the assignment 

of the aromatic peaks of the Hao building block, it was easy to see there were no 

correlations in this region in the phase sensitive NOESY. No correlation between 

the alanine CH3 and the aromatic a peak suggested no pre-organisation in an 

extended strand conformation. Most likely the hydrogen bonding between the 

GKAP peptide strand and the Hao building block was not strong enough to hold 

the peptidomimetic in the desired conformation. This was most likely due to the 

aqueous environment hindering the ability of the molecule to form hydrogen 

bonding interactions. Analysis of 8 in other, organic, solvents was sought, simply 

to verify that the molecule was indeed capable of forming the desired hydrogen 

bonds with the Hao building block. Unfortunately, 8 was not soluble in chloroform 

or acetonitrile. Dimethyl sulfoxide was also trialled however a gel-like substance 

formed. Naturally, in this design case, to force the hydrogen bonds to take place 

despite the aqueous media would require the cyclised version of 8. However, 

synthesis of a macrocyclic structure was unsuccessful even after multiple 

synthetic routes for Hao were attempted were attempted.  
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2.7 Conclusions 

The residues of the extended β-strand project on alternating sides of the 

backbone, with maximum distances from each-other minimizing steric clashes 

exposing the backbone atoms to hydrogen bond with the receptor. As well, hot-

spot residues are residues which contribute more towards binding with the 

receptor. The experimental alanine scan was a good starting point in order to 

design and run the FA assay and identify hotspot residues. Computational tools 

were used by researchers at the University of Bristol to see if in silico predicted 

hotspots mirrored experimental results using BUDE. When BUDE failed to predict 

one of the three GKAP ligand hotspots the team endeavoured to use multiple 

computational tools, showing that the use of multiple tools . Ultimately, the need 

for experimental validation of hot spot residues remains pertinent.  

The short GKAP peptide sequence allowed for the experimental testing of peptide 

variants quite easily. Subsequent design, synthesis and testing of GKAP peptide 

variants established residues A2 and R5 as completely uninvolved in the binding 

interaction while the T4S variant seemed to suggest this residue could be 

involved is specificity. Lastly, the L6F variation showed similar binding to 

SHANK1 as the native GKAP sequence with the crystal structure showing Phe 

well accommodated within the hydrophobic pocket of SHANK1.  

The requirement list for the design of a β-strand mimetic to target the 

GKAP/SHANK1 PPI seemed to be agreeable. Two peptidomimetic structures, 

molecules 1 and 2, were rationally designed to incorporate the Hao building block 

capable, in theory, to pre-organise of the GKAP β-strand. However, significant 

difficulty was encountered with the synthesis of the macrocycle which was not 

obtained. However, successful synthesis of peptidomimetic 1 was achieved. 

Although no improvement in binding was observed in FA or ITC against the 

SHANK1 protein target no detrimental effect on binding was observed either. 

Further efforts into obtaining a Hao-containing molecule amenable to cyclisation 

could provide a mimetic to target this PPI. However, time constraints diminished 

the possibility of success.  
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Chapter 3: Design of Novel Peptide Interacting Motifs Using 

Predictive Saturation Variation Scanning (PreSaVS) 

3.1 Introduction  

Decoding, characterizing and understanding PPIs is pivotal for the development 

and application of selective and successful therapeutics. Progress has been 

achieved in targeting PPIs8,181 yet these are still fairly difficult to target due to the 

large, flat surface area over which they occur1,6,182,183. However, not all PPI 

interfaces are flat. PPIs have been characterised based on the secondary or 

tertiary structure at the interfaces,43,184. Using these secondary structured motifs 

as templates offers a strategy for the development of peptide-based 

therapeutics185,186. Peptides generally provide a good starting point for probing, 

understanding and development of PPI inhibitors. Peptides can target the large 

surface area of a PPI and can be endowed with selectivity, specificity and low 

toxicity185,187. However, peptides suffer from low bioavailability and low cellular 

permeability188–190. Screening and identifying novel peptide sequences, that can 

bind to the target ligand, can also be used as a launching point for discovery of 

PPI inhibitors. Through peptide phage displays106,136,139,185 or non-antibody 

affirmer technology140,141,191 and split-intein circular ligation of peptides and 

proteins (SICLOPPS)143 such sequences have been discovered. These 

technologies enable vast sequence space to be explored and functional peptides 

to be identified. Specifically a wide range of peptide sequences, are screened 

against protein targets to help with the analysis of the binding interaction and 

identification of bioactive target-specific peptides136,192. Although these 

techniques provide excellent experimental sequence optimization, there is an 

opportunity for positive change by enhancing methods to explore sequence 

space using computation.  

Alongside combinatorial biology efforts, the use of computational methods can 

facilitate design of peptide- and protein-based ligands. For example 

computational tools paired with experimental characterization have been 

successfully implemented to accelerate the rational design of functional 

biomolecules such as helix bundles193 and coiled-coils194. The helix bundle was 

grafted with important side chains from known binders of different BCL2 proteins 



 
 

59 

 

yielding protein inhibitors for all 6 pro-survival BCL2 homologs193. Similarly, a 

designed coiled-coil with hot-spot residues of NOXA-B was shown to interrupt the 

BID/MCL-1 interaction195. However, these examples rely on the initial design of 

structurally functional and stable mini protein-like assemblies. Much less 

encountered are integrated computational and experimental strategies to design 

peptide interacting motifs (PIMs). Performing a Computational Alanine Scan 

(CAS) has become a standard procedure in identifying potential ‘hot-

spots’.19,20,196,197 As mentioned in the introduction, a ‘hot-spot’ is a residue which 

contributes significantly to binding within a PPI evidenced after its computational 

variation to alanine shows a subsequent loss in binding19,20. Furthermore, 

Gellman and co-workers discussed a complementary hydrophile scan, where 

systematic variation to charged residues of the BIM peptide sequence, offered 

insights into the driving forces and specificity of binding to both its targets; BCL-

xL and MCL-129. Combining the results of their hydrophile scan with the 

information gathered from CAS, the group was able to design variant BIM 

peptides with minimal sequence variations that achieved selectivity towards 

either BCL-xL or MCL-1. Thus, integrated computational methods, such as CAS 

or hydrophile scanning, and experimental characterization can be successfully 

used in the design of upgraded PIMs. Lastly, Arora and co-workers developed 

and applied AlphaSpace198, a strategy to identify unoccupied space around key 

amino acid residues. This enabled the design of peptides with non-natural 

residues that can better explore this unoccupied space. They applied this tool to 

the of the KIX/MLL PPI. Following truncation of a KIX binding MLL sequence 

insertion of natural and non-natural amino acid variants, allowed identification of 

optimized binding sequences that maximized binding pocket coverage199.  
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3.2 Objectives 

The objective of this work was to develop a methodology where PIMs could be 

rapidly and efficiently generated. The design and development of successful 

peptidomimetics comes from the marriage of experimental and computational 

tools. Gathering knowledge of the PPI is imperative; the secondary structure 

topology at the interface, the ‘hot-spots’ and the chemistries applied previously to 

target similar PPIs. This work looked to expand upon the essential data required 

to target PPIs – develop a relatively simple computational and experimental 

workflow to alter the peptide sequence offering more insight into the flexibility of 

the binding interface.  

Drawing inspiration from the work done in Chapter 2, where selected peptide 

variants of the GKAP ligand were shown to still bind SHANK1 with comparable 

affinities to the wild-type sequence, a more methodical approach was proposed. 

Thus, the design of the in silico PREdictive Saturation Variation Scanning 

(PreSaVS), that would computationally substitutes each amino acid in a peptide 

sequence of interest to all 20 other available residues in an expedient manner, 

was proposed (Figure 31). The PreSaVS approach would generate PIMs for two 

PPI target systems, driven by the previously described BUDE tool, ensuring 

smooth progression of computational labors.   

To establish the PreSaVS workflow, the project aimed to achieve two goals: 

• Apply the computational PreSaVS on at least two diverse PPIs 

• Experimentally validate the PreSaVS approach 

 

Figure 31. PreSaVS workflow: following target selection the native ligand peptide 
sequence is computationally placed through the PreSaVS software and new peptide 
sequences with point variations suggested that require experimental validation.  
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3.3 Targets of Interest 

To establish the PreSaVS workflow, the method was applied to both an α-helix 

and a β-strand mediated PPI. The NOXA/MCL-1 PPI was selected as a model α-

helix mediated PPI, and the SIM/SUMO PPI chosen as the β-strand mediated 

PPI – both had been investigated previously by other Wilson and Woolfson group 

members in their development of an experimentally validated approach to CAS19. 

NOXA and MCL-1 are proteins of the B-cell Lymphoma 2 (BCL-2) family of 

apoptotic proteins that are mis-regulated in cancer and have been the focus of 

significant drug-discovery efforts.69,200. Similarly, Small ubiquitin-like modifiers 

(SUMO) regulate many cellular processes, however the mechanisms of 

regulation need further investigation201,202. The driving forces for these PPIs were 

readily available in the literature because they had been previously studied195,203 

and hot-spot residues identified19 

3.3.1 α-Helix Mediated PPI: NOXA/MCL-1 

NOXA and MCL-1 are proteins from the B-cell Lymphoma 2 (BCL-2) family of 

proteins which control apoptosis (programmed cell death) a healthy process that 

is mis-regulated in cancer. NOXA is an apoptosis inducing BH3-only protein45,204 

which binds selectively to MCL-1 over other BCL-2 family members205. NOXA 

adopts a helical conformation upon binding to MCL-1 and tips the balance of pro- 

and anti-apoptotic signals toward apoptosis206.  Considerable efforts have been 

placed in targeting MCL-1, as this anti-apoptotic protein is overexpressed in 

cancers and provides drug resistance during cancer therapy69,200,207. The NOXA 

B sequence (AAQLRRIGDKVNLRQKLLN) was measured to bind with an affinity 

of Kd = 80 nm in fluorescence anisotropy assay19. The hydrophobic and 

electrostatic driving forces that determine this PPI were previously studied195 and 

the hot-spot residues identified (L78, R79, I81, D83 and V85), and recently 

compared through different software tools19 (Figure 32).   
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Figure 32. Structural, computational and experimental data for NOXA/MCL-1; a) NMR 
structure of NOXA/MCL-1 (PDB 2JM610) showing NOXA in its α-helical conformation 
upon binding, with the hot-spot residues highlighted in red; b) The computational BUDE 
AlaScan results compared with experimental data19.  

Although a number of resides were identified as hot-spots using BUDE Alanine 

Scanning in the NOXA sequence195 focus was placed on studying: L78, I81, D83 

and V85. Among the hot-spots, L78 is a highly conserved residue among the pro-

apoptosis BH3-only members44,45. The CAS results were confirmed though 

experimental testing previously by Katherine Horner.  

3.3.2 β-Strand Mediated PPI: SIM/SUMO 

Small ubiquitin-like modifier (SUMO) regulates many cellular processes 

including: cell cycle development, DNA repair and transcription208–210. 

Malfunction within the SUMO PPI network results in cancer progression211. 

However the mechanisms of regulation are complex and need further 

investigation202. SUMO-interacting motifs (SIMs) bind to SUMO through an 

extended β-strand. Recently a systematic computational and experimental 

analysis of the SIM peptide sequence and the driving force for binding to SUMO 

was decsribed19.  
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Figure 33. SIM/SUMO; a) NMR structure of SIM/SUMO (PDB 2LAS203) showing SIM in 
an extended β-strand conformation upon binding, with the hot-spot residues highlighted 
in red; b) The computational BUDE AlaScan results compared with the experimental 
data. 

Three hot-spot residues were identified within the SIM sequence using 

BudeAlaScan: V2710, I2712 and W2714. Experimental testing showed that 

BudeAlaScan, tended to overestimate the importance of charged residues and 

thus E2709A, which was on the border, was dismissed as a hot-spot particularly 

after the NMR ensemble was used (blue dots Figure 33). These were all 

confirmed following synthesis of the alanine variant peptides through testing in 

biophysical techniques.  

3.4 Results and Discussion  

The structural and binding information established the NOXA/MCL-1 and 

SIM/SUMO PPIs as ideal model systems to test and develop our PreSaVS 

workflow which substitutes each amino acid in a peptide sequence of interest, to 

all 20 other available residues computationally, in an expedient manner. The 

computational PreSaVS was conducted by Richard Sessions and Amaurys A. 

Ibarra at Bristol University for both PPIs. Like CAS, PreSaVS is based on the 

difference in binding free energy (∆∆G) values where the approach calculates the 

potential energy based on force fields. The ∆∆G values can be used to determine 

whether an amino acid substitution would be tolerated or detrimental for binding 

or enhance binding to its target ligand. In PreSaVS the ∆∆G values are obtained 

by subtracting the binding energy for the variant peptide from that of the wild-type 

peptide; ∆∆G = ∆Gwt - ∆Gvariant. Thus, the ∆∆G values of residues are predicted 

to be tolerated or have enhanced affinity to the target protein are assumed to be 

those with ∆∆G values higher than 0 kJ/mol. The scan also assumes that the 
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change in binding energy arises from the side chain only. The innate challenge 

in improving rather than knocking-out affinity coupled with the absence of a 

defined ∆∆G threshold value rendered benchmarking of the method challenging, 

hence experimental validation was essential. The complete results of the scan 

can be observed in the Experimental section (5.1).  

 

3.4.1 Computational PreSaVS Scan and Design of Novel Peptide 

Binders 

The two target PPIs were subjected to the PreSaVS computational scan and the 

outcome was visually inspected (Data for key residues Figure 34a,c with full scan 

data in Experimental). A ∆∆G value > 0 would be predicted to be a tolerated and, 

potentially beneficial, variation to make in the peptide sequence, while ∆∆G value 

< 0 would represent a variation predicted to have a disruptive effect on the PPI. 

By analogy to the criterion for hotspot residues (ΔΔG ≥ -4.5 kJ/mol), we reasoned 

that a threshold of ΔΔG ≥ 4.5 kJ/mol would represent a reasonable value for a 

favourable amino acid side chain. Based on the predictions it was reasoned that 

the NOXA sequence could be modified at the L78 and V85 positions with 

predicted favourable variations (both hot-residues, Figure 34a). The positive ∆∆G 

values for L78 varied to F and W were encouraging and selected for experimental 

assessment. Furthermore, the L78 to Y variation predicted a very large and 

negative ∆∆G value and was therefore also selected as a negative control. 

Finally, the V85 position also gave encouraging predictions and the F variation 

was chosen for synthesis to test the limitations of the predicted ∆∆G values; the 

value was slightly below 0 and we were interested to use this to further define the 

window of accuracy. A total of four NOXA peptide variants was thus selected for 

synthesis and evaluation (Figure 34b).  
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Figure 34. Design of variant peptides from the computational PreSaVS; a) Excerpt of 
the computational PreSaVS results of the NOXA peptide; b) NOXA variant peptide 
sequences selected for synthesis and further testing; c) Excerpt of the computational 
PreSaVS results of the SIM peptide; d) SIM variant peptide sequences selected for 
synthesis and further testing.  

The SIM peptide sequence gave interesting computational results with favorable 

variations identified for both hotspots and non-hotspots as worthy for 

investigation (Figure 34c). Whereas the NOXA results were consistent in the type 

of amino acid variation, ie from L to F and W all hydrophobic residues, the 

PreSaVS outcome for the SIM peptide suggested changes from hydrophobic to 

charged amino acids. As such the predictions fed into the design of I2708D, 

V2710I (hot-spot residue), I2711E and V2713E peptide variants for experimental 

investigation (Figure 34d).  

Using this approach could have potential to optimize known hotspot residues or 

to theoretically increase binding affinity through the introduction of favourable 

interactions for non-hotspot residues. Albeit, the variation of hotspot residues in 

such a way to improve binding was foreseen to be more difficult because of 

potential of steric clashes due to bulkier side chain variations within the binding 

pockets of the target proteins. Thus potential tolerance in variation was perceived 

as a positive outcome with respect to hotspot residues. However, variation in non-

hotspot residues could potentially pick-up untapped interactions with residues 

form neighboring side chains in the binding interface.   
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3.4.2 Experimental Validation of the Novel Peptide Sequences  

The peptide variants were prepared using microwave assisted Fmoc solid phase 

synthesis on Rink Amide MBHA resin. Acetyl capped C-terminus NOXA-B and 

SIM variant peptide sequences were prepared. Fluorescently labelled BIM and 

SIM peptides were used as tracers which were previously prepared by Katherine 

Horner and Som Dutt respectively. The direct titration Fluorescence Anisotropy 

(FA) assay for each target was performed, affording a Kd = 204 ± 16 nM for the 

fluorescently labelled wt-BID control peptide against MCL-1 and Kd = 1.5 ± 0.2 

µM for the fluorescently labelled wt-SIM against SUMO (Figure 35). Following the 

direct titration assays, competition FA assays for both targets were set-up and 

validated to test the effect of peptide sequence variation.  

 

Figure 35. FA direct titration curves; a) Direct titration assay for NOXA/MCL-1 in 50 mM 
Tris, 150 mM NaCl buffer using 25 nM tracer concentration; b) Direct titration assay for 
SIM/SUMO in 50 mM Tris, 150 mM NaCl buffer using 50 nM tracer concentration. 
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3.4.3 NOXA/MCL-1  

The peptide variants were prepared using SPPS, described earlier (2.3.1). These 

were titrated and a constant concentration of protein, followed by a constant 

concentration of tracer were added. The variant peptides would thus be tested 

for their ability to displace the tracer molecule from MCL-1. The competition FA 

studies revealed that NOXA75-93L78F and NOXA75-93L78W variations were 

tolerated well with IC50 values of 2.69 ± 0.05 µM and 2.17 ± 0.03 µM respectively, 

comparable to 1.17 ± 0.04 µM for wt-NOXA75-93. In contrast the NOXA75-93V85F 

variant displayed weaker inhibitory activity against FAM-BID tracer to MCL-1 ( 

Figure 36a) with an IC50 >20 µM. To validate these results the peptide variants 

were also tested in Isothermal Calorimetry (ITC), and showed comparable Kd 

values to wt-NOXA75-93 which supported the computational predictions for these 

variations to bind to MCL-1 and not be disruptive to binding (Table 1). All binding 

peptides exhibited lower entropic values when compared to the wild-type peptide 

upon binding based on ITC ( 

Figure 36 and Table 4). The less unfavourable entropy of binding was possibly 

due to the more rigid structure of the F and W side chains compared to the original 

L and V residues. The ∆G values for NOXA75-93L78F and NOXA75-93L78W were 

slightly lower than that of the wild-type peptide, however enthalpy/entropy 

compensation was also observed. Lastly, as expected, the NOXA75-93L78Y 

exhibited loss in binding to MCL-1; an IC50 could not be determined from the 

starting concertation of 15 µM, providing further confidence in the computational 

workflow. The NOXA peptide binds to MCL-1 selectively over all other BCL-2 

family members. As such, the peptide variants were all tested in FA against 

another BCL-2 family member protein; BCL-xL. It was reasoned that a change in 

sequence could also result in a change in specificity. The FA results showed no 

binding to BCL-xL ( 

Figure 36c). Given the objective to identify tolerated changes in the NOXA 

peptide, the observation that binding specificity remained unaltered was an 

encouraging outcome. 
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Figure 36. Data set for wt-NOXA75-93 and the variant sequences presented in Table 4; 
a) Competition FA data for all NOXA peptides in 50 mM Tris, 150 mM NaCl buffer using 
25 nM tracer concentration and 150 nM MCL-1; b) ITC data for the peptide variants in 
50 mM Tris, 150 mM NaCl buffer using 500 µM peptide concentration and 20 µM MCL-
1 followed by plotted thermodynamic profiles from the ITC data for the NOXA peptide 
variants and wild type NOXA; c) Competition assays of the NOXA variant peptides and 
wt-NOXA peptide against the BCL-xL protein in in 50 mM Tris, 150 mM NaCl buffer using 
25 nM tracer concentration and 150 nM BCL-xL protein 
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Table 4. Summary of data of wt-NOXA and variants. 

NOXA wt L78F L78W L78Y V85F 

Kd (µM) 0.4 ± 0.1 1.7 ± 0.1 2.4 ± 0.2 N/A 9.5 ± 0.8 

IC50 (µM) 1.2 ± 0.1 2.7 ± 0.1 2.2 ± 0.1 N/A > 20 

∆G 

(kJ/mol) 

-8.7 -7.9 -7.7 N/A -8.4 

∆H 

(kJ/mol) 

-19 ±1 -17 ±3  -13 ± 4 N/A -15 ± 3 

-T∆S 

(kJ/mol) 

12 9.5 5.5 N/A 6.9 

%helicity 15 8 12 - 9 

%helicity 

(30%TFE) 

60 27 37 - 16 

Lastly, structural effects of these variations, were investigated using Circular 

Dichroism (CD). The peptides exhibited CD spectra consistent with a random coil 

in 20 mM potassium phosphate buffer at 150 µM peptide concentration (Figure 

37a). CD spectra in 30% TFE in 20 mM potassium phosphate buffer (Figure 37b) 

were also acquired to provide an impression of the relative maximum helicity for 

each variant peptide (Table 4). All the variant peptides exhibited increased helicity 

(27% NOXA75-93L78F, 37% NOXA75-93L78W and 16% NOXA75-93V85F) in 30% 

TFE from the helicity observed for the peptides solely in buffer (8% NOXA75-

93L78F, 12% NOXA75-93L78W and 9% NOXA75-93V85F). The helicity for NOXA75-

93L78F and NOXA75-93L78W was surprising since the helix enforcing L residue212 

was substituted for aromatic residues, whereas the V85 residue exhibited a less 

significant increase in helicity when changed to F. The variation in sequence 

clearly had a significant effect on the propensity of the peptides to adopt a helical 

conformation. When compared to wt-NOXA75-93, which showed 15% helicity in 

buffer but a significantly higher propensity of 60% in the 30%TFE environment, 

the variant peptides did not experience such a significant helical propensity. 

Since, the effect of the side chain variation did not impact binding affinity of the 

peptides, this suggested that the change in helicity between variants does not 

significantly contribute towards binding affinity measured.  
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Figure 37. CD data for the wt-NOXA and binding peptide variants; a) CD in 20 mM 
potassium phosphate buffer, 150 µM peptide concentration; b) CD in 20 mM potassium 
phosphate buffer with 30% TFE, 150 µM peptide concentration.  

3.4.4 SIM/SUMO  

The SIM peptide variants were also evaluated using FA competition where a 

constant concentration of protein and tracer were added to each titrated peptide 

variant (Figure 38a). The ability of each variant to displace the tracer was thus 

acquired. Most striking was the FA result for SIM2705-2717I2708D, which showed 

slightly better inhibitory activity than the wt-SIM, IC50= 14 ± 0.7 µM and IC50 = 22 

± 0.3 µM respectively ( 

Table 5). Usually, hydrophobic residues pack in the surface of their ligand away 

from the aqueous environment, while hydrophilic residues, charged at neutral pH, 

can form salt bridges. Interestingly, the I2708 hydrophobic residue was swapped 

for a charged residue and binding was not affected. In the SIM/SUMO PPI, the 

SIM peptide binds in an extended β-strand conformation to the SUMO protein. 

This conformation allows for the side chains to alternate on either side of the 

backbone. The I2708 residue side chain points towards the SUMO protein (Figure 

38b), however upon further analysis of the SIM/SUMO NMR derived structural 

ensemble, it is evident that the side chain of I2708 is proximal to an LKKL 

sequence of SUMO (Figure 38c). As such, variation at this position for D, with a 

negatively charged sidechain at neutral pH, could potentially introduce a salt-

bridge with K46, a positively charged residue at neutral pH. Perhaps less 

surprising was the SIM2705-2717V2710I variant peptide, which also maintained 

binding to SUMO with an IC50 = 16 ± 2 µM. (Figure 38a). Finally, the SIM2705-



 
 

71 

 

2717I2711E and SIM2705-2717V2713E variant peptides experienced some loss in 

binding affinity based on the competition FA results. In the NMR ensemble I2711 

appears to be solvent exposed, however, flanking the SUMO protein (Figure 38c). 

I2711 residue sits between the hydrophobic Y21 and the charged K37 SUMO 

residues (Figure 38c). This offers insight into both the computational and 

experimental results. The proximity of I2711 to K37 would suggest the I2711E 

variation could allow for a potential salt bridge at this position. However, the 

hydrophobic aromatic ring Y21 residue could potentially repel this variation. 

Lastly, V2713E is also solvent exposed. In this case the residue does not flank 

the SUMO protein at all, (Figure 38c). The weaker binding affinity cannot thus be 

readily reconciled by considering potential interactions it may make with the 

SUMO interface. Earlier work established that the variation V2713A exhibited 

loss in binding affinity with a Kd = 100 ± 20 nM, a significant difference from the 

wild-type Kd of 3.7 ± 0.3 nM as measured under19. As well, it is well known that 

certain amino acids have the propensity to favour β-strand conformations, with 

valine and isoleucine among such amino acids. The effect of changing structurally 

imposing residues in the SIM sequence could affect the overall conformation of 

the peptide and thus the binding affinity.  

 

Figure 38. FA data for the SIM peptide variants; a) Competition assay data for the wt-
SIM27005-2717 and SIM peptide variants, 50 mM Tris, 150 mM NaCl buffer, 150 µM 
competitor concertation, 25 nM tracer, 100 nM SUMO; b) SIM/SUMO (PDB: 2LAS203) 
with I2708, V2710, I2711, V2713 residues in red c) I2708 proximity to SUMO K residues, 
I2711 proximity to SUMO residues Y21 and K37, V2713 pointing towards solvent. 

Table 5. IC50 values for the SIM peptides. 

SIM Wt I2708D V2710I I2711E V2713E 

IC50 (µM) 21.9 ± 0.29 14.8 ± 0.73 16.1 ± 1.60 > 200 > 200 
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3.5 Conclusions and Future Work 

The PreSaVS workflow was applied to both an α-helix and β-strand mediated 

PPI. Targeting α-helix mediated PPIs has become more accessible, however, 

PIMs were generated and tested for binding against the model system 

NOXA/MCL-1 in a quick and efficient manner. Although β-strand mediated PPIs 

are more difficult to target, we have also generated novel peptide sequences that 

still bind the SUMO target protein. The PreSaVS scan was successful in 

identifying sequence variations that were tolerated, that maintain binding 

potencies to target proteins, rather than favourable ones that result in an increase 

binding affinity. However, this tool is very useful in generating novel peptide 

sequences in a fast and efficient manner from which further properties could be 

tuned later on, such as proteolytic stability and cellular permeation. The FA data, 

and ITC data where applicable, demonstrate this is a reliable tool in the 

generation of novel peptide sequences that can still bind desired protein targets. 

Understanding the impact of sequence variation is not only important in 

explaining why the new variant peptides still bind but also in exploring the 

physiochemical changes experienced by each. Through the combination of 

different computational and experimental tools, we can strive to design and 

synthesise PIM sequences that could be used as starting points in understanding 

PPIs but also in the design of PPI inhibitors. The PreSaVS tool could be an easily 

accessible method for developing PIMs, incorporated alongside other 

computational tools such as CAS in the quest for more insight into the driving 

elements of binding.  
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Chapter 4: Design, Synthesis and Evaluation of Stapled peptide 

inhibitors of the HIF-1α/p300 PPI 

4.1 HIF1-α/p300 Introduction  

Hypoxia Inducible Factor-1α (HIF-1α) is an important member of the hypoxic 

sensing pathway. Continually expressed in cells, HIF-1α is degraded as fast as it 

is produced under normoxia via an oxygen-dependent mechanism56,213–215. 

Under hypoxic conditions, however, HIF-1α accumulates enabling it to form a 

dimer with HIF-1β that is termed HIF-1216. The HIF-1 translocates to the nucleus 

and recruits p300, a transcriptional co-factor, together binding to the hypoxic 

response elements (HRE) on DNA resulting in transcription of genes to relieve 

hypoxia49,51,217–219 (Figure 39).  

 

 

Figure 39. Condensed summary cartoon of the HIf-1α regulation pathway: with HIF-1 α 
degradation taking place under normal oxygen levels (left) and HIF-1α activity under 
hypoxia (right). 

 

The downstream effects of this PPI have consequences in the promotion of tumor 

growth. Rapidly dividing cancer cells deplete local oxygen supply resulting in 

hypoxia220. Consequently, overexpression of HIF-1α takes place and the 

downstream events associated with HIF-1α activity alleviate the hypoxic state by 

generating new vasculature (angiogenesis) to supply the tumour with 

oxygen220,221. The role of HIF-1α in cancer progression indicates it may be a 

viable target for therapeutic intervention51,52,222. Moreover, clinical data have 

linked overexpression of HIF-1α with increased resistance to cancer 

therapy220,223. Thus understanding and developing inhibitors of this PPI could 

bring high reward in cancer therapeutics. 
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4.1.1 HIF-1α/p300 Binding Interaction 

There are no crystal structures of the HIF-1α/p300 complex to date. However, 

structures of the HIF-1α C-terminal transactivation domain (CTAD) bound to the 

cysteine/histidine domain (CH1) of p300 were determined by two different groups 

using solution NMR studies (PDBs: 1L8C and 1L3E)34,224. In the NMR structures, 

p300 CH1 is observed to consist of 5 helices, quite compactly bound to 3 zinc 

atoms (Figure 40a). The interaction is observed when HIF-1α CTAD binds to 

p300 CH1 and forms three helical regions connected by unstructured 

segments224 (Figure 40b). Targeting this extensive interaction interface with a 

small molecule would be anticipated to be difficult (Figure 40c).  

 

 

Figure 40. Structural features of the HIF-1α/p300 interaction (HIF-1 in cyan and p300 in 
forest green); PPI determined through solution NMR experiments (PDB: 1L8C): a) p300 
in a very compact 4 helix bundle structurally supported through 3 zinc atoms; b) HIF-1α 
wrapped around p300; c) both proteins shown as surfaces to emphasize the large 
surface area which a small molecule would not be able to cover; d) Helix 2 with Cys800 
and Asn803 and e) Helix 3 with Leu818, Leu822 and Val825 residues which are believed 
to be important for binding p300.     

Cellular studies where HIF-1α was expressed under normoxic and hypoxic 

conditions pointed towards key residues for binding p300 as Cys800 and 

Asn803
56,57,119 on helix 2 while experimental alanine scanning mutagenesis 



 
 

76 

 

studies pointed towards Leu818, Leu822 and Val825 on helix 3, as potentially 

important for binding to p30053 (Figure 40d,e). In addition, Asp823 and Gln834 were 

two other residues on helix 3 flagged through Computational Alanine Scan (CAS) 

as potentially important for binding225. However, adding to the difficulty of 

deciphering the driving forces of binding for this PPI, some of the studies 

mentioned, and others, showed contradictory results regarding the importance of 

these residues on the HIF-1α sequence53,55,225,226. More recently in the Wilson 

group, a thorough investigation using computational alanine scanning (CAS) 

followed by experimental synthesis and testing of single, double and triple alanine 

peptide variants of HIF-1α showed no significant loss in binding due to these 

variations (Fruzina Hobor, 2019, personal communication). As such none of the 

aforementioned hotspot residues were validated and no new ones identified 

either. Although no hotspot residues have been identified, HIF-1α truncation 

studies have identified regions of the protein, which are necessary for interaction 

with p300. Truncation of the shortest helical segment, helix 1, resulted in a 

moderate effect on activity58. However, truncation of the largest helical segment, 

helix 3, resulted in significant of HIF-1α affinity59.  

 

4.1.2 Inhibitors of HIF-1α/p300 

Active compounds that indirectly modulate the downstream effects of the HIF-

1α/p300 PPI work through: targeting HIF-1α protein synthesis 227–229, inhibiting 

the HIF-1α/HIF-1β dimerization interface230,231 or promoting HIF-1α 

degradation232. Efforts to directly target the HIF-1α/p300 interaction have 

identified limited examples. Chetomin, a natural product, initially identified as a 

modulator of this PPI was, after further studies, shown to disrupt the p300 CH1 

domain through zinc ejection233,234 (Figure 41). Compounds which work via this 

mechanism, are problematic as they typically lack selectivity resulting in high 

toxicity. As well, p300 has multiple binding partners and is necessary in mediating 

a number of PPI pathways all of which would be affected if p300 was structurally 

compromised by the inhibitor. The other small molecule identified though HTS 

labelled KCN-1 was also reported to inhibit the HIF-1α/p300 interaction235 (Figure 

41). However, there is no direct evidence that this molecule binds either p300 or 
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HIF-1α236. Furthermore, the KCN-1 was synthesised and tested in a competition 

FA assay by George Burslem (University of Leeds) and although solubility issues 

were encountered, the compound failed to inhibit the HIF-1α/p300 PPI at a 

starting concentration of 25 µM237.   

 

 

Figure 41. Small molecules thought to target the HIF-1α/p300 PPI. 

 

Peptide-based approaches and peptidomimetics have also been employed to 

target the HIF-1α/p300 interaction. Hydrogen bond surrogate (HBS) helices were 

designed by the Arora group based on helix 2119 and helix 3225 segments of HIF-

1α (Figure 4). Both helix 2 and helix 3 based HBS structures showed improved 

helicity through CD analysis and modest p300 binding potencies as 

demonstrated by ITC and tryptophan fluorescence spectroscopy experiments 

respectively (Figure 42). Furthermore, the ability of the HBS helices to 

downregulate HIF-1α promoter activity in cellular assays was successful. The 

group further measured the effects of the HBS helix based on helix 3, on a mouse 

xenograft model to assess in vivo efficacy. The results showed that mice treated 

with the HBS exhibited 53% tumour reductions when compared with mice from 

the control group.  
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Figure 42. HBS structures derived from helix 2 and helix 3 of HIF-1α to target the HIF-
1/p300 for inhibition with Kd values determined using ITC. The best inhibitors from each 
helix were used to treat mice xenografts models and showed tumour reduction when 
compared to the control mice. 

 

In the Wilson group, the HIF-1α/p300 interaction was previously targeted using a 

proteomimetic approach with designed trimeric 3-O-alkylated aromatic 

oligoamides mimicking helix 3 of HIF-1α238. The scaffold replicated the i, i+4 and 

i+7 side chain projections of an α-helical peptide conformation, and had been 

decorated with groups mimicking presumed hotspot residues. Fluorescence 

anisotropy competition showed the best decorated compound to inhibit the HIF-

1α/p300 interaction with an IC50 = 9.2 µM however with a similar potency towards 

hDM2/p53 (IC50 = 16 µM) (Figure 43a). To circumvent encountered selectivity 

issues, the group inserted the proteomimetic compound in place of helix 3 into 

the HIF-1α peptide sequence creating a hybrid structure labelled a “bionic 

protein” 239 which showed a significantly improved selectivity towards HIF-

1α/p300 over hDM2/p53 (Figure 43b). The use of non peptidic, topographical 

helix mimics was also employed by the Arora group using oxopiperazine helix 

mimetic (OHM) scaffolds targeting the helix 3 binding site on p30097,226 (Figure 

43c). Through the use of molecular modelling the group managed to design and 

test several decorated scaffolds that validated the importance of the key residues 

Leu818, Leu822 and Gln824, through alanine OHM variants (Figure 43c). NMR data 

confirmed the binding of the mimetics to the helix 3 region on p300 and luciferase-

based reporter assay confirmed reduced HIF-1α promoter activity. Lastly, the 
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ability of the best binding OHM to reduce tumour growth in mouse xenograft 

models was assessed and deemed successful.  

 

 

Figure 43. Peptidomimetic approaches targeting the HIF-1/p300 PPI: a) The best 
oligoamide structure targeting the helix 3 interface on p300; b) Comparison of binding 
affinities for the full length HIF-1α776-826, HIF-1α794-826 and the bionic protein; c) The 
general structure of oxopiperazines designed from a linear peptide are displayed on the 
left panel, with blue squiggly lines denoting where the linkage is present; A list of the 
OHM structures designed and tested by the Arora group on the right hand side of the 
figure.  

 

4.2 Objectives  

Previously, the inhibitory potencies of different lengths of HIF-1α were tested to 

verify the whereabouts of the most productive region to target using small 

molecules58. The study confirmed that the HIF-1α helix 3 region had the highest 

affinity for p300.  
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The objective of this work was to expand the application of the dibromomaleimide 

stapling technique to the HIF-1α/p300 PPI. The aim was to be completed through 

the design, synthesis and testing of stapled peptide variants of the HIF-1α helix 

3 sequence (Figure 44).  

 

Figure 44. Project aim: design and test stapled peptides based on helix 3 of HIF-1α for 
binding to p300. 

 

Furthermore, targeting the helix 3 binding groove on p300 using constrained 

peptides derived from HIF-1α could additionally establish this location as 

amenable to inhibitor modulation. Stapled peptides, (see: introduction, section 

1.5.1), are advantageous for targeting PPIs. Through conformationally 

constraining the peptide, higher binding affinities are generally observed due to 

the lowered entropic cost needed for binding for a preorganized peptide in a 

supposedly bioactive conformation99,100,104. Dibromomaleimide stapling was 

developed as an effective technique for peptide stapling, having this technique in 

house allowed for further testing of its robustness and efficiency.  

 

4.3 Results and Discussion  

4.3.1 Design and Synthesis of HIF-1α Peptides 

As mentioned, truncation of helix 1 did not affect HIF-1α binding to p300 

significantly thus FITC-Ahx-HIF-1α786-826 was used as the tracer molecule; a 

molecule with fluorescein as the fluorophore attached to it (Figure 45a). Although 

the group previously worked with a segment of helix 3 (HIF-1α816-826) a slightly 

longer sequence HIF-1α812-826 was chosen for this work to accommodate the 

incorporation of staple features at two different locations (Figure 45a).  
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Figure 45. Peptide design and synthesis based on helix 3 of HIF-1α: a) The two main 
lengths of HIF-1α that were used in this work; b) Residues chosen to be replaced by 
cysteines and stapled following a methodology previously reported; c) Stapling reaction 
which was improved upon by lowering the overall reaction time from 16 hours to 30 
minutes; d) All variant peptides synthesised and tested for binding to p300. 
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The two stapling locations, at i, i+4 locations, were chosen to probe for best staple 

placement. Upon visual inspection of the NMR structure, E816 and R820 (blue 

residues) project out into the solvent while E817 and A821 (red residues) project 

nearer the binding cleft of the peptide (Figure 45b). The highlighted residues were 

replaced by cysteine during solid phase peptide synthesis (SPPS). The peptides 

were reduced, oxidised and stapled (Figure 45c). Interestingly, this stapling 

methodology showed a faster stapling time compared with the 16 hours 

previously reported6. Following the stapling reaction the peptides were purified 

for a final time. The other reservoirs were used to obtain fully oxidised and 

reduced variants for comparison in binding assays. A total of 6 cysteine 

containing peptides was synthesised: HIF-1α812-826sE817C-A821C (stapled), 

HIF-1α812-826oxE816C-R820C (oxidised – disulphide bridge formed) and HIF-

1α812-826redE816C-R820C (reduced – thiols not engaged in disulphide bond) as 

well as the other series HIF-1α812-826sE816C-R820C, HIF-1α812-826oxE816C-

R820C, HIF-1α812-826redE816C-R820C (Figure 45d). Lastly, the wild-type HIF-

1α812-826 acetylated and fluorescently labelled peptides were also synthesised. 

With all 8 peptides in hand, binding assays were undertaken. 

 

4.3.2 Binding Assays of HIF-1α Peptides 

The effect of stapling of HIF-1α812-826 and the ability to inhibit the HIF-1α/p300 

interaction was to be assessed using the previously described FA technique. A 

constant concentration of tracer (25 nM) was added to titrated p300. Following a 

direct titration assay a Kd = 10 ± 4 nM was measured for FITC-Ahx-HIF-1α786-826 

(Figure 46a). Next, the competition mode of the assay was established where 

non-labelled HIF-1α812-826 was titrated and used to displace the FITC-Ahx-HIF-

1α786-826 from p300. An inhibitory potency IC50 = 58 ± 3 nM was obtained for the 

non-labelled HIF-1α812-826 (Figure 46b).  
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Figure 46. FA data for HIF-1α786-826: a) Direct titration assay of 25 nM FITC-Ahx-HIF-
1α786-826 (tracer) in 20 mM Tris, 100 mM NaCl, 0.1 mM DTT, pH 7.46; b) Competition 
assay using the acetylated HIF-1α786-826 as competitor using 50 nM tracer, 100 nM 
p300 in 20 mM Tris, 100 mM NaCl, 0.1 mM DTT, pH 7.46. 

 

4.3.2.1 Competition Assays 

The HIF-1α812-826E817C-A821C peptide series was tested in competition mode. 

With a starting peptide concentration of 250 µM, the HIF-1α812-826sE817C-A821C, 

HIF-1α812-826oxE816C-R820C peptides were not observed to displace the HIF-

1α786-826 tracer in the competition assays (Figure 47a). Based on the NMR 

structure of the HIF-1α/p300, the stapling position has the potential to introduce 

a steric clash with p300. As such, it was unsurprising to see lack of inhibition from 

this series of peptides. Strangely, HIF-1α812-826 redE817C-A821C seemed to 

show the start of a steady displacement of the tracer at high competitor 

concentrations 
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Figure 47. FA competition data for the HIF-1α812-826 E817C-A821C peptide series: a) 
Competition assay for the peptide variants (25 nM) FITC-Ahx-HIF-1α776-826, (100 nM) 
p300 in 20 mM Tris, 100 mM NaCl, 0.1 mM DTT, pH 7.46; b) Peptide sequences.  

 

The HIF-1α812-826E816C-R820C peptide series generated more interesting 

results in the competition assays. Based on the NMR structure, this stapling 

location was oriented towards the solvent and thus no steric clashes between the 

staple and the binding interface were anticipated. At the maximal inhibitor 

concentration of 250 µM, the wt-HIF-1α812-826 (black curve) peptide started to 

display inhibitory activity (Figure 48a). The HIF-1α812-826oxE816C-R820C peptide 

showed similar inhibitory behaviour to the wt peptide with a weak inhibitory 

potency IC50 >> 500 µM. It became clear that in order to reach the bottom plateau 

of the binding curves for both peptides the maximal concentration would have to 

be significantly increased. In contrast, HIF-1α812-826sE816C-R820C peptide 

showed significant improvement in inhibitory potency with IC50 = 30.3 ± 4.9 µM. 

Unexpectedly HIF-1α812-826redE816C-R820C also displayed an inhibitory 

potency similar to the stapled peptide with an IC50 = 9.9 ± 0.6 µM (Figure 48 

orange trace). The shallow inhibitory curve for HIF-1α812-826redE816C-R820C 

may be due to a more complex or non-specific mode of interaction, one that will 

be discussed below. After the assays were read, aliquots were removed and 

analysed by HRMS. The analysis proved that both HIF-1α812-826redE816C-

R820C and HIF-1α812-826oxE816C-R820C were still in their reduced and oxidised 

states respectively, after the 45 minute assay window (Figure 49). As the redox 

state of the peptides was not an issue, structural information for the peptides in 
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solution was pursued in order to explain the behaviour of HIF-1α812-826redE816C-

R820C.  

 

Figure 48. FA data for the HIF-1α812-826E816C-R820C peptide series: a) Competition 
assay for the peptide variants using (25 nM) FITC-Ahx-HIF-1α776-826, (100 nM) p300, 
in 20 mM Tris, 100 mM NaCl, 0.1 mM DTT, pH 7.46; b) Peptide sequences. 

 

 

Figure 49. HRMS data of the assay wells following the 45 minute incubation period to 
ensure peptides are still in their oxidised and reduces states: top two panels show HIF-
1α812-826E817C-A821C series with the reduced peptide mass showing the two extra 
hydrogen atoms and oxidised peptide; similarly the bottom two panels show the HIF-
1α812-826E816C-R820C reduced and oxidised peptides maintaining their respective 
states. 
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4.3.3 Structural Analysis of HIF-1α Peptides: Investigation into 

Structure to Explain the Observed Binding Behaviours  

 

4.3.3.1 Circular Dichroism of HIF-1α Peptides 

Often the insertion of a judiciously placed constraint has been shown to enhance 

target binding affinity through pre-organisation, due to a reduced entropic cost of 

binding100. The increased inhibitory potency of HIF-1α812-826sE816C-R820C 

could be due to a higher degree of helicity arising due to pre-organisation. Thus, 

all the peptides were analysed by Circular Dichroism (CD) spectroscopy at room 

temperature to assess the extent to which the inhibitory potency correlated with 

helicity content of each peptide. Further insight into HIF-1α812-826redE816C-

R820C structural behaviour was also expected from this experiment. 

Surprisingly, the CD spectra showed very little structural difference between 

peptide variants in solution with all adopting a predominantly random coil 

conformation and only HIF-1α812-826sE816C-R820C ([θ]MRE-222 -6658, 20% 

helicity) showing slightly higher helicity than the other variants (wt-HIF-1α812826; 

[θ]MRE-222 -3954, 12 % helicity, HIF-1α812-826oxE816C-R820C; [θ]MRE-222 -3766, 

11% helicity, HIF-1α812 826redE816C-R820C; [θ]MRE-222 -3375, 10 % helicity) 

(Figure 50, Table 6).). The difference in helicity between HIF-1α812-826sE816C-

R820C and the other variants was not a satisfactory explanation for the significant 

inhibitory potency observed. Furthermore, no correlation between structure and 

binding for HIF-1αredE816C-R820C was observed. Thus, thermal unfolding 

behaviour was observed next. 
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Figure 50. CD spectra for wt-HIF-1α812-826, HIF-1α812-826oxE816C-R820C, HIF-
1α812-826sE816C-R820C and HIF-1α812-826redE816C-R820C at 250 µM in 20 mM 
sodium phosphate, pH 7.55.  

 

Table 6. Summary of inhibitory potencies and helicity of peptide variants. 

Peptide IC50 Helicity % 

HIF-1α812-826 > 500 µM 12 

HIF-1α812-826 oxE816C-R820C > 500 µM 11 

HIF-1α812-826sE816C-R820C 30 ± 4.9 µM 20 

HIF-1α812-826redE816C-R820C 9.9 ± 0.6 µM 10 

 

4.3.3.2 Thermal CD Analysis of HIF-1αE816R820 Series of Peptides with 

and without p300  

Thermal unfolding CD experiments of the peptides at 250 µM concentrations in 

sodium phosphate buffer were run from 20°C to 90°C. The structural response in 

relation to the increasing temperature of the peptides in isolation and in complex 

with p300 were obtained.  

In isolation the wt-HIF-1α812-826 exhibited little variation in structure with varying 

temperature implying that the peptide is mainly unstructured to begin with (Figure 

51a). In contrast, a more significant response observed from the other peptides 
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with HIF-1α812-826sE816C-R820C displaying the greatest variation in structure 

with increasing temperature (Figure 51b-d).  

 

Figure 51. CD thermal melting experiments from 25 to 90°C data, labelled with a black 
arrow in the direction of unfolding with increasing temperature, of peptides at 250 M, in 
20 MM sodium phosphate, pH 7.55: a) Thermal unfolding for wt-HIF-1α812-826; b) 
Thermal unfolding for HIF-1α812-826oxE816C-R820C; c) Thermal unfolding for HIF-
1α812-826redE816C-R820C; d) Thermal unfolding HIF-1α812-826sE816C-R820C. 

 

In an attempt to explain the binding behaviour observed previously for HIF-1α812-

826sE816C-R820C and HIF-1α812-826redE816C-R820C, thermal analysis of HIF-

1α812-826sE816C-R820C and HIF-1α812-826redE816C-R820C was conducted in 

the presence of p300 recorded at a 1:1 ratio of peptide to protein from 20-90°C. 

For comparison, the p300 CD spectra by itself was also recorded. The thermal 

denaturation of p300 in isolation, shows gradual unfolding with increasing 

temperature as expected (Figure 52a). Interestingly, this gradual unfolding 

pattern exhibits a more significant signal change when p300 and HIF-1α812-

826sE816C-R820C are present in the sample (Figure 52b). In stark contrast, loss 
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in signal was observed for HIF-1α812-826redE816C-R820C with p300, indicating 

there was less structural signature to lose in the first place during denaturation 

(Figure 52c).  

 

Figure 52. Thermal denaturation experiments in 20 mM sodium phosphate, pH 7.55: a) 
Thermal CD of p300 at 20 µM concentration showing a smooth and consistent transition 
between folding and unfolding CD traces from 20-90°C; b) Thermal CD of p300/HIF-
1α812-826sE816C-R820C, 1:1 ratio at 20 µM concentration exhibiting a moderate increase 
in thermal stability; c) Thermal CD of p300/HIF-1α 812-826redE816C-R820C, 1:1 ratio at 
20 µM where a lack of structural folding is observed over the temperature range; d) CD 
thermal denaturation curve showing structural effects of HIF-1α812-826sE816C-R820C and 
HIF-1α812-826redE816C-R820C on p300: the hollow points show p300 denaturation curve, 
with defined folded and unfolded states; the orange trace of p300 in a 1:1 ratio with HIF-
1α812-826redE816C-R820C, showing severe loss of structure indicated by the lack of 
transition; lastly, the blue trace of p300 in a 1:1 ratio with HIF-1α812-826sE816C-R820C 
with a reduced Tm but with transition between folding and unfolding still evident.  

 

The spectral change with temperature observed above was quantified by plotting 

the spectral change for one wavelength against temperature. Thus thermal 

ramping data at 222 nm for p300, p300/HIF-1α812-826sE816CR820C and 

p300/HIF-1α812-826redE816C-R820C was plotted against the temperature (Figure 
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52d). The data showed a sigmoidal curve for p300 with a Tm = 47.3°. The HIF-

1α812-826sE816C-R820C/p300 complex had a larger mean residue ellipticity at 

222 nm, a broader unfolding profile, however a Tm = 37.3°C. The reduced Tm 

could be due to a change in p300 due to stapled peptide binding, or the effects 

of the stapled peptide unfolding. The effect of HIF-1α812-826redE816C-R820C was 

observed next. The markedly reduced MRE at 222 nm and lack of definition 

between folded and unfolded states was interpreted as a loss in structural 

integrity of p300 after its interaction with HIF-1α812-826redE816C-R820C. Based 

on the thermal denaturation data, it was hypothesised that the free thiols of HIF-

1α812-826redE816C-R820C were destabilising p300 in some way, possibly zinc 

ejection. The shallow inhibitory FA curve for this peptide, together with the 

thermal denaturation data was consistent with non-specific binding behaviour. 

Chetomin, a previously discovered inhibitor of the HIF-1α/p300 PPI was shown 

to act as a non-specific inhibitor though zinc ejection233. Since then, other 

reagents were shown to elicit similar zinc ejection behaviour234. As such the HIF-

1α812-826redE816C-R820C peptide was eliminated from our enquiries and not 

pursued in further studies.  

 

4.3.3.3 Molecular Dynamics Analysis of HIF-1α Peptides: Investigation of 

HIF-1αstapE816CR820C Enhanced Binding Affinity 

Molecular Dynamics (MD) simulations have been developed as a relatively fast 

method for obtaining structural information on proteins and their interaction with 

various ligands240–242. MD acquisition of protein folding patterns responsible for 

the three-dimensional (3D) structure aids the understanding of protein 

function/structure relationship, while MD simulations of protein/ligand complexes 

offers more than a static picture of the interaction for deeper understanding of 

binding mechanism240,243,244. Unsurprisingly, MD simulations have also been 

applied successfully to shorter constructs such as peptide-based chemical 

tools241,245,246. Typically, peptide conformation correlates with its function and 

accurate prediction of structural and conformational flexibility would help progress 

in peptide-based drug design240. For example, anticancer peptides that were 

entirely designed computationally, were tested and found to bind PPI targets245. 
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The computational design improved the chemical properties of the peptides, such 

as their computationally generated lipophilicity243,247,248. However, it is worth 

noting that the accuracy and reliability of MD simulations depend on several 

factors such as the treatment of water molecules, timescale and conformational 

sampling240,241.  

It was decided to complement the CD experiments with further analysis to 

understand the enhanced potency of HIF-1α812-826sE816C-R820C to p300. Thus, 

CD spectra as well as CD thermal denaturation spectra were acquired for both 

isolated peptides and their p300 complexes. The CD experiment showed the 

conformation of the peptides in isolation as largely unstructured. The thermal 

analysis of the HIF-1α812-826sE816CR820C/p300 complex confirmed a binding 

event was occurring because a change in Tm and overall shape of the unfolding 

curve was observed. Corroboration of a binding event, and thus insight on the 

consequences of introducing the constraint, was sought through MD simulations 

of the peptides in solution and in complex with p300 over a 100 ns timeframe.  

The MD simulations of the peptides were performed by our collaborator in Bristol, 

Dr Richard Sessions and percentage helicity of each peptide over the last 50 ns 

timeframe were generated (Table 7). These simulations indicated that the wt-HIF-

1α812-826 had a significant helical conformation of 43% with a moderate increase 

to 61% when in complex with p300 (Figure 53a). The MD simulation of wt-HIF-

1α812-826 in isolation was in disagreement with the largely unstructured behaviour 

observed in the CD. However, it should be noted that MD simulations provide 

qualitative data of peptide conformational changes. The HIF-1α812-826oxE816C-

R820C peptide MD simulations showed a helicity of 21% in solution and a 

moderate increase to 37% when in complex with p300 (Figure 53b). Finally, MD 

simulations of HIF-1α812-826sE816CR820C generated two different conformers of 

the peptide when in complex with p300. Over the course of the simulation the 

maleimide bridge was oriented in opposing directions with respect to the helix 

(Figure 53d). Both conformers showed low helicity of 24% for conformer 1 and 

29% for conformer 2 with the helical region mainly around the staple location 

(Figure 53c). This data was in agreement with the CD data for HIF-1α812-

826sE816C-R820C in solution. In complex with p300 a more dramatic shift in 

helicity was observed. The helical character for HIF-1α812-826sE816C-R820C was 
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propagated over a greater number of residues over a greater timeframe of the 

simulation when compared to the unbound state. As well, the simulations 

suggested that the binding affinity of the stapled peptide was not due to direct 

interactions of the staple with p300 – no additional non-covalent interactions 

between peptide staple and protein were observed during the simulation – which 

has been the case in other designed stapled peptide systems109,249,250. The MD 

simulations seemed to suggest that higher binding affinity of HIF-1α812-

826sE816C-R820C was achieved due to the ability of the staple to accommodate 

a conformation when bound to p300 as evidenced by the increased helicity of the 

peptide when bound. Validation of the MD observations through experimental 

investigation was sought.    

 

Figure 53. Conformational analyses of HIF-1α812-826E816C-R820C: a) 100 ns MD 
simulation of wt- HIF-1α812-826 peptide in the absence (top left panel) and presence 
(bottom left panel) of p300; b) 100 ns MD simulation of HIF-1α812-826oxE816C-R820C 
peptide in the absence (top right panel) and presence (bottom right panel) of p300; c) 
MD simulations of HIF-1α812-826sE816C-R820C peptide in isolation and in complex with 
p300 in the two dominant conformations adopted; d) MD snapshots of two stable p300 
bound conformations of HIF-1α812-826oxE816C-R820C. 
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Table 7. Percentage Helicity based on MD simulations over the first 50 ns timeframe for 
each peptide. 

Peptide Helicity % Isolation Helicity % + p300 

HIF-1α812-826 43 61 

HIF-1α812-826 oxE816C-R820C  21 37 

HIF-1α812-826sE816C-R820C conf.1 24 56 

HIF-1α812-826sE816C-R820C conf. 2 29 54 

 

4.3.3.4 Difference CD of Constrained HIF-1α Peptides 

To support the MD simulations, design of an alternative CD experiment was 

envisioned to obtain CD difference spectra (Figure 54a). It was envisioned that 

the CD difference data could help uncover the overall conformational effects of 

p300 on the peptides; by subtracting the additive CD traces from the CD of the 

mixture where the peptide and protein would experience physical interaction.  

This difference was plotted as mean residue ellipticity versus wavelength (Figure 

54b). The experiment was performed on wt-HIF-1α812-826, HIF-1α812-826oxE816C-

R820C and HIF-1α812-826sE816C-R820C at a concentration of 40 µM, close to the 

IC50 value for the stapled HIF-1α812-826sE816C-R820C peptide. Firstly, the 

outcome of the experiment confirms direct interaction between stapled peptide 

and protein target. Secondly, for HIF-1α812-826sE816C-R820C, the difference 

spectrum is consistent with an idealized α-helical conformation with minima at 

208 and 222 nm251. The MD simulations do not suggest the constraint makes 

significant non-covalent contacts with p300. As well, conformational changes in 

p300 that increase helicity in p300 (relative to the largely helical apo p300) are 

unlikely to lead to such a significant difference in mean residue ellipticity 

Therefore the significant increase in MRE in the difference spectra are consistent 

with a significant increase in helical stability of the peptide ligand in the bound 

state supporting the conclusions of the MD simulation. The difference spectrum 

for the wt-HIF-1α812-826 is weaker, consistent with the MD simulations that imply 

minimal change in helicity upon binding. Lastly, the difference spectrum for HIF-

1α812-826oxE816C-R820C, also indicated an increase in helicity, however the 

minima at ~ 204 nm present for the unbound peptide persisted, suggesting that 



 
 

94 

 

this peptide is unable to adopt an idealized and fully helical conformation in the 

bound state. Again, these data are consistent with the conclusions of the MD 

analyses.  

 

 

Figure 54. CD analysis: a) Cartoon representation of the method for acquiring difference 
CD data; b) CD data for the additive (grey), combined (black) and difference spectra 
(blue) for the HIF-1α812-826sE816C-R820C variant peptide in the presence of p300; c) 
Difference CD: spectra for binding ofwt-HIF-1α812-826, (black) stapled peptide HIF-1α812-

826sE816C-R820C (blue) and HIF-1α812-826oxE816C-R820C (green) to p300. 

 

4.4 Conclusions   

The HIF-1α/p300 PPI remains an attractive target in oncology with little progress 

of inhibitor design. Through peptides derived from HIF-1α, a maleimide stapled 

peptide inhibitor of this PPI was developed. The improved inhibitory potency of 

the peptide led to an investigation into the relationship between binding affinity 

and structural conformation. Although the stapled peptide showed little structural 

integrity in solution, MD simulations pointed towards a more stable helical 

conformation adopted when bound to p300. This behaviour was corroborated 

through, CD difference spectra where the impact of p300 on the peptide 

conformation supported the increase in helicity upon binding. This study may 

have implications for stapled peptide design in other systems as the effect of 
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stapling on peptide conformation both in solution and in the presence of the 

protein target may need to be assessed. Conformational pre-organisation should 

be considered a balancing act to maintain a degree of peptide plasticity; to avoid 

constraining the peptide in an unfavourable state or preventing key residues from 

forming important binding interactions. The results of this line of enquiry suggest 

that binding affinity could be enhanced by simply stabilizing the bound 

conformation of peptides as opposed to their unbound one. Further research 

should place more onus on understanding the relationship between thermal 

stability of the peptide/protein complex, binding affinity as well as more 

corroborating evidence for the importance of the bound conformational stability 

of stapled peptides. Ultimately, this approach and application should be refined 

and re-applied for the introduction of constraints in peptides. Finally, further 

efforts should be placed into targeting the HIF-1α/p300 PPI using peptidomimetic 

approaches.  
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Thesis Summary and Future Work 

This thesis began with the introduction of PPIs and the strategies used to target 

these for therapeutic intervention. Although inhibitor campaigns have resulted in 

successful PPI modulation, PPIs remain challenging targets due to the relatively 

large and flat surface area over which they occur. However, not all PPIs are 

equally as difficult to target. The motivation for this thesis was to target secondary 

structure mediated PPIs, specifically α-helix and β-strand mediated PPIs, using 

SBD peptide-based inhibitors. A total of four PPI systems were chosen and 

studied - GKAP/SHANK1 linked to neurodegenerative diseases; NOXA B/MCL-

1 relevant in oncology; SIM/SUMO relevant in a number of response pathways 

including inflammation and oncology; HIF-1/p300 relevant in oncology.      

Chapter 2 focused on the design and synthesis of a peptide-based inhibitor 

targeting the GKAP/SHANK1 β-strand mediated PPI. In order to design the 

inhibitor further study of the PPI was necessary. In summary, the successful 

experimental alanine scan of the GKAP ligand identified the hotspot residues (T4, 

L6 and carboxylate). Comparison of the experimental results with the BUDE 

computational predictions highlighted issues with the computational tool as this 

failed to predict T4 as a hotspot. However, the tool successfully predicted the 

remaining peptides in the GKAP sequence as either hotspots or non-hotspots. 

Ultimately, these types of comparisons should continue in order to aid the 

improvement of computational tools. Lastly, the design, synthesis and testing of 

select GKAP peptide sequences validated the virtually non-existent involvement 

of the A2 and R5 positions in binding. Additionally T4 involvement in target 

specificity was implied when loss of binding was observed for the T4S variant 

peptide. Based on the knowledge acquired following the alanine scan and testing 

of the select peptide sequences, two peptide-based inhibitor versions were 

designed using the Nowick Hao building block, acyclic and cyclic. The 

successfully synthesised acyclic inhibitor showed binding comparable to the wild-

type GKAP sequence while the cyclic inhibitor posed significant synthetic 

challenges and was not obtained. Future efforts should be placed in completing 

the synthesis of a peptide-based macrocycle utilising the Hao building block. The 

following experiments would be a natural progression for this work: 
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• Finish Hao synthesis (Scheme 8), and if obtained attach this building 

block  24 to the peptide chain still on resin to afford the peptide-based 

inhibitor 25 and attempt deprotection and cyclisation before cleaving the 

inhibitor chain off the resin.  

• If obtained, 25 should be tested in FA and ITC to study the macrocycle 

against the wild-type-GKAP peptide in the PPI system and obtain 

biophysical data and assess the binding affinity.   

• NMR studies to confirm the conformations of 25 should also be 

undertaken regardless if binding is improved to the SHABK1 PDZ 

domain target.  

• If successful this strategy should be applied to another β-strand 

mediated PPI  

• However, in the unfortunate event that the macrocycle is not obtained 

through the synthetic steps described in Scheme 8, the re-design of the 

Hao building block devoid of the hydrazine should be considered.  

 

Chapter 3, partly inspired by work done in Chapter 2, explored the successful 

development of a new methodology applied to both α-helix and β-strand mediated 

PPIs, NOXA B/MCL-1 and SIM/SUMO respectively. The generated PIM 

sequences, although did not bind with stronger affinity to their respective target 

proteins, were all successfully tolerated. In particular, hotspot residues of both 

NOXA B and SIM ligands were varied and binding was successfully preserved. 

Future work should look at the application of the PreSaVS workflow to other 

diverse PPIs to establish this methodology as a routine and potentially a key 

protocol in the design of peptide-based inhibitors. For this particular work the 

following experiments would push the project forward:   

• Test the PIMs of Noxa B and SIM peptides for their ability to permeate 

through a cell line potentially using a Caco-2 model test 

• Further advance the PIMs of NOXA B and SIM though N-methylation to 

endow the peptides with proteolytic stability and tested against enzymes 

such as Proteinase K and Trypsin. This would also show a natural 

progression towards peptidomimetic design from generated PIMs. 
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• The PreSaVS protocol should be launched, by the Bristol team, as an 

online tool for others to explore and make use. 

Chapter 4 focused on expanding the application of the dibromomaleimide 

stapling technique to generate constrained peptides targeting the HIF-1α/p300 

PPI. In summary, a dibromomaleimide stapled peptide of HIF-1/αp300 was 

designed, synthesised and tested based on the largest helical region of HIF-1, 

helix3. The stapled peptide HIF-1α812-826sE816R820, showed improved inhibitory 

potency ((HIF-1α812-826sE816R820 at IC50~ 30 μM), greater than one order of 

magnitude when compared to the unconstrained or disulfide variants. However, 

very little increase in helicity was observed by CD for the unbound form following 

constraint. Since the helicity of the peptide did not increase upon stapling the 

theory of constraining the peptide into a bioactive conformation was inadequate. 

Further studies, MD simulations, were able to show that p300 bound form of the 

peptide adopts a more stable helix as a consequence of introducing the staple. 

These MD simulations revealed that whilst stabilization of an unbound peptide in 

a helical conformation can readily be achieved, this could adversely affect binding 

affinity by favouring metastable conformations that incur a reorganizational 

penalty on target engagement, or preventing key side-chains from adopting the 

orientation required for binding. They also demonstrated that the combination of 

a constraint and judicious sequence modification promoted solution 

conformations that matched the ideal bound conformation. Thus, although HIF-

1α812-826sE816R820 showed improved inhibitory potency, future optimisation will 

be required to develop chemical probes. As well, future studies should look to 

incorporate the importance of the bound conformation of inhibitors to their target 

protein in future design strategies. To sum up the following experiments would 

help complete this work:  

• NMR studies on the bound complex HIF-1α812-826sE816R820/HIF-1α 

should be performed in an attempt to better understand the conformation 

of the stapled peptide when bound. This should also be compared and 

contrasted with the unconstrained, native peptide. A computational 

overlap of the two peptides for a visual comparison could help aid the 

understanding of the binding potency observed. As well, NMR studies 
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could help strengthen the argument for consideration of the the bound 

conformation of inhibitors to their target.  

• Lastly, a comparison between different staples could be applied to the HIF-

1α/p300 system. This could provide an in depth assessment of different 

staples and their effects on the bound vs. unbound states of the inhibitors.  

In summary, experimental alanine scanning remains necessary for the accurate 

study of PPI interfaces. The results of such studies should continue to be 

compared with computational tools in order to improve the accuracy of in silico 

predictions. Computational tools offer the advantage of rapid results when 

studying PPI interfaces, new methodologies such as PreSaVS should continue 

to flourish and test binding interface flexibility while generating PIMs which could 

be further used as starting points for inhibitor design. Lastly, the binding 

behaviour of the dibromomaleimide stapling peptide inhibitor of HIF-1/p300 was 

elucidated using MD simulations – re-enforcing the common theme observed 

throughout the thesis of using computational and experimental approaches in 

combination.     
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Chapter 5: Experimental 

5.1 General Experimental Remarks  

 

All commercial solvents and reagents were purchased from Sigma–Aldrich or Alfa 

Aesar and used without further purification unless stated otherwise. All non-

aqueous reactions were performed under an atmosphere of nitrogen. Water-

sensitive reactions were performed in oven-dried glassware, cooled under 

nitrogen before use, or flame dried and cooled, under vacuum if stated. Solvents 

were removed under reduced pressure using a Büchi rotary evaporator. Ether 

refers to diethyl ether and petrol refers to petroleum spirit (b.p. 40-60 °C). Flash 

column chromatography was carried out using silica (35-70 μm particles), with 

crude reaction mixtures loaded in dichloromethane or the initial solvent system.  

 

Chromatography. Thin Layer Chromatography (TLC) was performed on Merck 

Kieselgel 60 F24 0.25 mm precoated aluminium plates. Product spots were 

visualised under UV light (λmax = 254 nm) and/or staining with anisaldehyde. 

Purifications were performed with either silica gel 60 (0.043-0.063 mm VWR) 

using head bellows or by flash chromatography using an Isolera Four Biotage®. 

Ion-exchange purifications were performed using Supleco Discovery SPE DSC-

SAX columns. HPLC experiments were run on an Agilent 1290 Infinity 

Analytical Preparative system spectrometer.  

 

NMR Spectroscopy. 1H NMR spectra were recorded on Bruker Advance 500 

at a proton frequency of 400, 500 or 600 MHz at 25 °C or at a temperature and 

frequency stated in each experiment. 13C NMR spectra were carried out at 101 

MHz or 126 MHz. Chemical shifts (δ) are expressed as parts per million (ppm) 

with residual solvent signal used as a reference ((CD3)2SO at 2.50 ppm for 1H 

NMR and 39.52 ppm for 13C NMR, CD2Cl2 at 5.32 ppm for 1H NMR and 53.84 

ppm for 13C NMR, CDCl3 at 7.26 ppm for 1H NMR and 77.16 ppm for 13C 

NMR), and coupling constants are expressed in Hz. The following abbreviations 

are used: br = broad, s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet. 
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Preparative HPLC. Preparative HPLC was performed by Waters Fraction Lynx 

with ZQ MS detector on either a Waters Xbridge C18 OBD 5 μm column (19 × 

150 mm, flow rate 30 mL/min or 30 × 150 mm, flow rate 60 mL/min) using a 

gradient of 5–95% MeCN with 0.2% NH3 at pH 10 or a Waters SunFire C18 OBD 

5 μm column (19 × 150 mm, flow rate 30 mL/min or 30 × 150 mm, flow rate 60 

mL/min) using a gradient of 5–95% MeCN with 0.1 M formic acid or on a Gilson 

Preparative HPLC with a UV/VIS detector 155 on a Kromasil C8 10 μm column 

(20 × 250 mm, flow rate 19 mL/min, or 50 × 250 mm, flow rate 100 mL/min) using 

a varying gradient of MeCN with 0.1% formic acid (FA) in water or 0.2% 

trifluoroacetic acid (TFA) in water or 0.2% acetic acid (AcOH) in water or 0.2% 

ammonia (NH3) in water. Mass spectrometry (HR-ESI-MS) was conducted on a 

Shimadzu LCMS-2020 instrument (ESI+). 

 

5.2 PreSaVS Information and Full Scan Results 

Input for PreSaVS is simply a PDB file of the complex in question. We used the 

first models of the NMR structures of the NOXA/MCL-1 complex (2JM6) and the 

SIM/SUMO complex (2LAS). A program, saturation_mutagenesis.py, was written 

in Python3 by Dr. A. Avila Ibarra to perform PreSaVS, leveraging functions and 

methods from BudeAlaScan174,175. The data presented here were generated with 

the two commands: 

saturation_mutagenesis.py full -v -p 2jm6.pdb -l A > 2jm6_full.log 

saturation_mutagenesis.py full -v -p 2las.pdb -l B > 2las_full.log 

By default, the method requires a PDB file with two protein chains and identifies 

the interfacial residues between them. Each interfacial residue position is 

replaced by all naturally occurring 20 amino acids with the exception of Gly, Cys, 

Pro and scored with the BUDE forcefield with the rotamer correction previously 

described. Each substitution gives an interaction energy and subtracting this from 

the interaction energy of the native residue gives a value in kJ/mol such that a 

residue stabilising the interface with respect to the native residue will give a 

positive value 

The software is available on demand from Dr. Avila Ibarra, and will be made 

available on github in the future. 
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Computational output tables from the PreSaVS tool for the NOXA-B sequence 

followed by the table for the SIM peptide sequence. In Column 1 the native 

sequence of each peptide and in Row 1 all possible amino acid variations with 

the computationally generated ∆∆G values for each amino acid variation 

populating the table. 

6 A
A D E F H I K L M N Q R S T V W Y 

P68 2.97 3.61 1.87 0.88 1.96 
-
0.20 0.83 0.80 1.26 0.53 0.22 

-
0.07 1.10 1.31 0.50 3.56 

A69 1.87 6.18 1.10 0.10 0.38 
-
3.72 0.59 0.17 0.41 0.58 

-
1.93 0.12 0.23 0.28 0.27 1.40 

D70 0.00 0.96 
-
4.24 

-
4.13 

-
2.61 

-
5.89 

-
4.89 

-
5.40 

-
6.36 

-
3.52 

-
8.23 

-
4.94 

-
3.22 

-
3.18 

-
3.89 

-
3.28 

L71 5.07 7.70 4.57 3.64 0.85 
-
8.37 0.00 

-
1.64 

-
5.43 

-
1.26 

-
4.89 

-
4.13 

-
0.63 

-
2.23 9.98 4.62 

K72 6.23 5.68 2.60 1.35 2.33 0.00 2.29 2.00 2.35 1.82 1.73 1.64 1.88 1.92 3.72 2.80 

D73 0.00 0.81 
-
4.35 

-
5.35 

-
4.02 

-
8.12 

-
4.49 

-
5.59 

-
6.32 

-
4.11 

-
7.77 

-
5.99 

-
4.92 

-
5.15 

-
4.12 

-
4.34 

E74 
-
7.77 0.00 

-
35.6
2 

-
25.8
8 

-
16.0
1 

-
25.5
1 

-
14.1
8 

-
16.6
6 

-
13.9
8 

-
14.8
4 

-
20.6
7 

-
19.0
0 

-
21.7
4 

-
19.9
5 

-
60.6
0 

-
55.8
2 

C75 6.35 1.88 

-
22.5
0 5.85 4.22 

-
16.5
0 

-
18.2
0 

-
8.78 

-
2.60 3.12 

-
2.64 3.57 5.74 4.90 1.31 

11.5
2 

A76 
-
0.91 

-
0.04 

-
2.40 

-
1.10 0.41 

-
0.79 

-
2.02 0.09 

-
2.43 0.44 

-
0.13 

-
1.21 

-
0.46 0.52 0.54 

-
2.30 

Q77 
-
0.01 0.73 0.80 

-
0.18 1.00 

-
0.37 0.59 0.23 

-
1.68 0.00 0.88 

-
1.48 0.04 0.13 2.25 0.81 

L78 
-
8.19 

-
3.10 4.92 5.34 

-
1.45 

-
3.06 0.00 

-
4.25 

-
7.06 

-
2.97 

-
6.83 

-
11.6
0 

-
11.9
2 

-
7.21 4.79 

-
31.5
5 

R79 

-
22.0
0 

-
23.5
7 

-
20.7
1 

-
14.0
8 

-
8.68 6.25 

-
10.7
6 

-
12.1
2 

-
12.0
8 

-
8.42 0.00 

-
9.35 

-
12.0
0 

-
11.5
2 

-
19.1
0 

-
25.3
8 

R80 
-
0.12 0.40 

-
0.26 

-
0.87 0.55 0.37 0.47 0.37 0.40 0.41 0.00 

-
0.44 

-
0.28 0.53 

-
0.30 1.33 

I81 
-
0.75 

-
3.75 

-
8.85 

-
5.66 0.00 

-
10.1
2 

-
1.45 

-
6.70 

-
2.37 

-
2.75 

-
10.4
5 

-
6.78 

-
3.88 

-
2.87 

-
33.1
8 

-
12.5
2 

G82 

-
20.2
0 

-
2.76 

-
93.6
4 

-
41.3
0 

-
35.1
7 

-
21.8
8 

-
41.1
8 

-
27.7
2 

-
26.1
0 

-
0.48 

-
25.0
1 3.89 

-
3.67 

-
13.6
8 

-
47.5
0 

-
30.7
4 

D83 0.00 
-
4.89 

-
8.52 

-
13.0
6 

-
9.69 

-
9.15 

-
8.75 

-
9.92 

-
8.68 

-
9.32 

-
13.7
4 

-
8.69 

-
8.46 

-
10.6
8 

-
9.06 

-
8.71 

K84 
-
1.20 

-
1.24 

-
1.35 0.27 

-
6.92 0.00 

-
5.64 

-
4.99 

-
1.38 

-
2.00 

-
1.62 

-
5.90 

-
4.21 

-
4.57 2.50 

-
0.90 

V85 
-
5.44 

-
2.07 

-
1.71 

-
2.87 0.74 1.84 

-
2.01 

-
3.52 

-
4.05 

-
1.96 

-
0.81 

-
7.29 

-
4.25 0.00 1.83 

-
12.8
3 

N86 9.12 8.97 5.79 
-
0.63 

-
1.97 

-
4.13 1.25 2.11 0.00 1.70 

-
3.25 1.84 2.05 

-
1.83 2.64 7.54 

L87 0.05 
-
0.36 0.16 0.02 

-
0.63 

-
0.02 0.00 0.00 0.05 

-
0.26 0.32 

-
0.03 

-
0.03 

-
0.62 

-
0.45 0.15 

R88 

-
12.4
4 

-
12.6
1 

-
4.45 

-
2.90 

-
5.31 2.53 

-
6.83 

-
6.24 

-
6.69 

-
5.24 0.00 

-
7.57 

-
5.70 

-
5.51 0.43 

-
3.53 

Q89 
-
8.57 

-
6.87 

-
3.78 

-
7.85 

-
2.18 3.56 

-
4.96 

-
1.51 

-
4.87 0.00 1.00 

-
7.84 

-
6.17 

-
2.70 

-
1.11 

-
9.74 

K90 
-
0.16 

-
0.03 0.47 

-
0.06 

-
0.83 0.00 0.28 

-
0.09 

-
0.12 

-
0.02 

-
1.09 

-
0.59 

-
0.46 0.05 1.35 0.47 

L91 
-
1.44 

-
2.71 0.41 0.16 0.47 3.58 0.00 

-
0.09 

-
0.09 

-
0.09 0.66 

-
0.12 0.02 0.18 0.18 0.41 

L92 

-
12.6
5 

-
6.90 

-
1.80 3.38 1.76 

13.9
1 0.00 3.93 1.47 3.68 8.37 1.15 2.56 2.94 

-
5.85 

-
3.26 

N93 
-
6.92 

-
4.80 

-
1.72 5.16 

-
1.36 7.39 

-
0.41 

-
1.86 0.00 0.49 5.79 

-
2.23 

-
0.59 0.13 2.71 

-
11.1
8 

M94 
-
1.13 

-
0.11 1.21 1.86 0.20 2.08 0.65 0.00 

-
0.19 0.81 0.29 1.29 

-
0.36 

-
0.04 1.58 1.55 
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AA D E F H I K L M N Q R S T V W Y 

D27
05 0.00 

-
0.11 

-
0.83 

-
1.14 

-
1.04 

-
0.14 

-
0.91 

-
0.91 

-
1.73 

-
0.80 

-
0.71 

-
1.41 

-
1.48 

-
1.66 

-
0.77 

-
0.63 

N27
06 1.18 1.42 1.05 0.88 0.59 1.07 0.70 0.63 0.00 0.85 0.61 0.45 0.53 0.57 0.92 1.12 

E27
07 0.98 0.00 

-
0.04 

-
0.48 

-
0.14 

-
0.41 

-
0.31 

-
0.29 

-
0.38 

-
0.14 

-
0.77 

-
0.50 

-
0.39 

-
0.24 0.87 

-
0.04 

I270
8 3.65 2.87 0.65 0.03 0.00 1.97 0.05 

-
1.36 1.21 0.98 0.91 

-
1.08 0.30 

-
0.12 2.60 1.72 

E27
09 

-
0.03 0.00 

-
1.88 

-
2.38 

-
1.42 

-
1.53 

-
1.73 

-
1.92 

-
1.60 

-
0.42 

-
1.49 

-
2.07 

-
1.56 

-
1.63 

-
1.38 

-
1.62 

V27
10 

-
0.28 1.25 

-
20.4
7 

-
1.18 3.56 

-
0.84 

-
1.05 

-
2.12 1.70 2.17 

-
4.84 

-
2.41 

-
0.57 0.00 

-
32.5
6 

-
32.5
2 

I271
1 

-
0.64 0.85 0.90 

-
1.42 0.00 

-
2.59 

-
0.21 

-
0.20 

-
0.35 0.68 

-
1.92 

-
1.75 

-
1.10 

-
0.36 0.42 1.07 

I271
2 

-
6.49 

-
5.05 

-
3.93 

-
5.06 0.00 

-
4.48 

-
6.37 

-
7.20 

-
2.38 0.46 

-
5.77 

-
5.83 

-
3.16 

-
1.25 

-

45.7
8 

-

39.6
8 

V27
13 0.80 1.38 0.76 

-
0.37 0.53 

-
0.92 0.40 0.17 0.10 0.65 

-
0.78 

-
0.31 0.16 0.00 0.90 0.75 

W2
714 

-
5.19 

-
4.05 

-
0.49 

-
5.50 

-
2.53 

-
6.00 

-
10.7
3 

-
5.22 

-
7.02 

-
4.27 

-
4.98 

-
6.43 

-
9.82 

-
4.34 0.00 

-
0.06 

E27
15 

-
0.62 0.00 

-
0.64 

-
0.33 

-
0.65 

-
0.08 

-
0.86 

-
0.85 

-
0.91 

-
0.79 

-
0.57 

-
1.06 

-
1.04 

-
0.83 

-
0.69 

-
0.63 

K27
16 

-
0.22 

-
0.23 0.80 

-
0.27 

-
0.28 0.00 0.55 

-
0.17 

-
0.39 

-
0.05 

-
0.03 

-
0.51 0.04 

-
0.34 1.77 1.07 

K27
17 

-
1.74 

-
1.63 

-
1.06 

-
0.41 

-
1.20 0.00 

-
1.06 

-
1.51 

-
1.82 

-
1.22 0.08 

-
1.93 

-
1.32 

-
1.36 0.07 

-
0.81 

 

6.1 Peptide Synthesis Procedure  

 

All amino acids and resins were purchased from either Novabiochem (Merck) or 

Sigma-Aldrich. All amino acids were N-Fmoc protected and side chains protected 

with Boc (Lys); OtBu (Asp, Ser, Thr); Trt (Asn, Gln); Pbf (Arg). Synthesis of all 

peptides was performed using a microwave assisted automated peptide 

synthesiser (CEM, Liberty or Liberty Blue) on either Rink Amide MBHA resin or 

pre-loaded Wang resin. Coupling of 6-aminohexanoic acid, γ-aminobutyric acid 

and N-terminal labelling were performed manually. DMF used in peptide 

synthesis was of ACS grade and from Sigma Aldrich. Peptides were synthesised 

on an 0.1 mmol scale and split before acetylation and coupling fluorescent 

molecules. Lyophilisation was performed using a BenchTop Pro with 

OmnitronicsTM from VirTis SP Scientific  

 

Cycles for Automated Peptide Synthesis 

Peptides that were built on the microwave assisted Liberty CEM peptide 

synthesiser followed this cycle: 

Resin Loading 
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Clean reaction vessel; wash with DMF, wash with CH2Cl2; transfer resin to 

reaction vessel; wash with DMF, wash with CH2Cl2; vessel draining. 

Deprotection and Coupling 

Clean resin dip tube, wash with DMF (15 mL) add 20% piperidine in DMF (6 mL), 

microwave method (30 sec), wash with DMF (15 mL), clean resin dip tube, wash 

with DMF (15 mL), add amino acid (2.5 mL), add coupling reagent (1 mL), add 

activator base (0.5 mL), microwave method (5 min), wash with DMF (15 mL), 

drain. 

For methods that did not use microwave assistance, the reaction cycle was the 

same, expect the microwave method for deprotection and coupling was replaced 

by agitation of the resin at rt for 10 min and 90 min respectively. 

After the final residue, the resin was ejected from the reaction vessel and linker 

coupling, capping, cleavage and deprotection was performed manually.  

For the microwave methods used, the temperature and total time is shown below: 

Deprotection Microwave Methods 

 

Method Ramp Time Total Time Max Temp 

Standard 20-30 sec 1:05 90 ºC 

75 ºC 

deprotection* 

30 sec 0:30  ~50 ºC 

30-75 sec 3:00 75 ºC 

Standard N/A 5:00 rt 

N/A 10:00 rt 

 

Coupling Methods 

Method Ramp Time Total Time Max Temp 

Standard 20-30 sec 1:05 90 ºC 

50 ºC MW N/A 2:00 rt 

30-75 sec 4:00 50 ºC 

Arg* coupling N/A 25:00 rt 

30-75 sec 2:00 75 ºC 

75 ºC coupling 30 sec 0:30 ~50 ºC 

30-75 sec 5:00 75 ºC 
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Methods for Manual Solid Phase N-terminal Chain Elongation and Capping 

Method A: Coupling of Ahx  

Following ejection from the automated synthesiser, the resin was placed in a 

fritted empty SPE tube and the desired unnatural amino acid (5 equiv.), DIPEA 

(5 equiv.) and HCTU (5 equiv.) were dissolved in DMF (1 mL) and added to the 

resin, followed by agitation for 1h at room temperature. For double couplings, this 

step was repeated. After removal of the reagents by filtration, the resin was 

washed with DMF (3 × 2 mL × 2 min) and the success of the coupling determined 

by a negative colour test (Method C). Deprotection of the Fmoc-protected N-

terminus then followed (Method B). 

 

Method B: Deprotection of N-Fmoc protecting groups 

N-terminal Fmoc-protecting groups were removed by the addition of 20% 

piperidine: DMF (v/v) (5 × 2 mL × 2 min) at room temperature, followed by rinsing 

the resin with DMF (5 × 2 mL × 2 min). Successful deprotection was determined 

by a positive colour test (Method C). 

 

Method C: Kaiser Test252 

The Kaiser Test was used for the determination of the successful coupling or 

deprotection for any residue coupled manually. A small number of resin beads 

were rinsed with CH2Cl2 and placed in a vial, followed by the addition of two drops 

of each of the three solutions below: 

1) Ninhydrin (5% w/v) in ethanol 

2) Phenol (80% w/v) in ethanol 

3) 1 mM KCN (aq.) in pyridine (2% v/v) 

The solution was then heated to ca. 100 °C for five minutes. A successful coupling 

gave no change in the colour of the beads, whereas bright blue beads 

demonstrated a successful deprotection. 

Method D: N-terminal acetylation 

Acetic anhydride (10 equiv.) and DIPEA (10 equiv.) were dissolved in DMF (1 

mL) and the solution was transferred to the resin. After 2 h at room temperature, 

the resin was drained, washed with DMF (3 × 2 mL × 2 min) and successful 

capping determined by a negative colour test (Method C). 
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Method E: N-terminal FITC labelling46 

Fluorescein isothiocyanate (6 equiv.) was dissolved in 12:7:5 

pyridine:DMF:CH2Cl2 and the solution transferred to the resin in the dark. After 

16 h on the spinner at room temperature, the resin was washed with DMF (3 × 2 

mL × 2 min) ahead of cleavage and deprotection. The solvents were of anhydrous 

grade and distilled before use. 

 

Method F: Cleavage and deprotection of Rink amide MBHA resin 

After elongation and N-terminal capping was complete, the resin was washed 

with CH2Cl2 (5 × 2 mL × 2 min), Et2O (5 × 2 mL × 2 min) and dried under vacuum 

for ca. 2 h. Peptides were simultaneously cleaved and side-chain deprotected 

using ‘Reagent K’ TFA:EDT:Thioanisole:Phenol:H2O 82:3:5:5:5 (3 × 2 mL × 2 h) 

at room temperature. The solution was precipitated in ice-cold Et2O (25 mL) and 

placed in a centrifuge (3000 rpm × 10 min), the supernatant removed, and the 

precipitate resuspended in ice-cold Et2O and placed in a centrifuge again. This 

process was repeated 3-4 times and the precipitate was dried under a stream of 

nitrogen, before being dissolved in H2O and lyophilised. 

 

Peptide Purification 

The resulting crude product was dissolved in either, H2O, DMSO or methanol at 

an approximate concentration of 20 mg mL-1 and purified using reversed phase 

mass directed HPLC [Kinetex EVO C18 (250 x 21.2 mm) preparative column 

(reversed phase) preparative column; variable gradient of MeCN to water (plus 

0.1% formic acid v/v in both solvents) and flow rate of 20 mL min-1 during 8 min]. 

The resulting fractions were concentrated and lyophilized. Purity of peptides was 

assessed by analytical HPLC and HRMS. 
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6.2 Peptide Biophysical Binding Assays 

6.2.1 General Remarks  

Fluorescence Anisotropy 

Fluorescence anisotropy assays were performed in 384-well plates (Greiner Bio-

one). Each experiment was run in triplicate and the fluorescence anisotropy 

measured using a Perkin Elmer EnVisionTM 2103 MultiLabel plate reader, with 

excitation at 480 nm (30 nm bandwidth), polarised dichroic mirror at 505 nm and 

emission at 535 nm (40 nm bandwidth, S and P polarised). All assays were 

performed in triplicate unless otherwise stated and data analysed following 

previously published methods.   

The data from both the P (perpendicular intensity) and S (parallel intensity) 

channels, resulting from this measurement and corrected by subtracting the 

corresponding control wells, were used to calculate the intensity and anisotropy 

for each well following Equations 1 and 2:  

𝐼=(2𝑃𝐺)+𝑆     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

𝑟= (𝑆‒𝑃𝐺)     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

𝐿𝑏= (r‒rmin)/λ(rmax‒r)+r‒rmin     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

𝑦= {(𝑘+𝑥+[𝐹𝐿])‒√{k+x+[FL]2‒4x[FL]}}/2     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

 

Fluorescence anisotropy data was processed as described previously.46 

r = anisotropy, I = total intensity, P = perpendicular intensity, S = parallel intensity, 

G = instrument factor which was set to 1 for all experiments, Lb = fraction ligand 

bound, λ = Ibound/unbound = 1, [FL] = concentration of fluorescent ligand, k = Kd 

, y = Lb* Flu-trimer and x = [added titrant], G is an instrument gain factor.  

The average anisotropy (across three experimental replicates) and the standard 

deviation of these values were then calculated and fit to a sigmoidal logistic model 

(Equation 3) using OriginPro 9.0 which provided the IC50 and error values. y = 

rmax + (rmin-rmax)/(1+(x/xo) p) 

Direct binding assays:  

Fluorescence anisotropy direct titration assays were performed with protein 

concentration diluted over 16-24 points using ½ (half) dilutions. 20 µL of buffer 

was first added to each well. 20 µL of a solution of protein was added to the first 

column. The solution was well mixed and 20 µL was taken out and added to the 

next column and so on. This operation consists on serial dilution of the protein 
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across the plate. Finally, 20 µL of tracer was added to the wells. For control wells, 

the tracer peptide was replaced with an identical volume of assay buffer and 

plates were read after 45 minutes.  

 

Competition binding assays:  

FA competition assays were performed in 384 well plates with the concentration 

of variant peptide competitor, diluted over 16 points in ½ (half) dilutions with fixed 

protein and tracer concentrations. Tracer was added to each well to give a final 

concentration of 50 nM. For control wells, the tracer peptide was replaced with 

an identical volume of assay buffer. The total volume in each well was 60 μL. 

Plates were read after 45 minutes of incubation at room temperature.  

 

Assay buffers:  

All assays related to GKAP/SHANK1 were carried out in Tris buffer (50 

mN Tris, 150 mM NaCl, pH 7.4) 

All assays related to NOXA B/Mcl-1 were carried in Tris buffer (50 mM 

Tris, 150 mM NaCl, 0.01% Triton X-100, pH 7.4). 

All assays related to SIM/SUMO1 were carried in Tris buffer (20 mM Tris, 

150 mM NaCl, 0.01% Triton X-100, pH 7.4). 

All assays related to HIF-1α/p300 were carried in Tris buffer (20 mM Tris, 

100 mM NaCl, 0.1 mM DTT, pH 7.4). 

 

Circular Dichroism 

Circular Dichroism was performed on an Applied Photophysics ChiraScan 

Apparatus and Software. For each scan, the following parameters were used: 

180-260 nm range; point time 1 s; 1 nm per point; step = 1; bandwidth 2.5 nm; 

path length 1 mm; temperature 20 °C. Scans were done in duplicate. Samples 

were dissolved in 10 mM sodium phosphate buffer pH 7.45 at concentrations of 

100 μM. DMSO was not used in the samples for CD measurements due to its 

high absorbance below 230 nm. The solvent signal was subtracted to the raw 

circular dichroism data obtained for the peptides before conversion to the mean 

residue ellipticity: 
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[θ] =
θ

10 ×  c ×  l
 

 

[θ]MRE =
[θ]

(R − 1)
 

 

Where θ = circular dichroism at a given wavelength, c = molar concentration, l = 

path length in cm, R = number of residues in the peptide sequence.  

 

Isothermal Calorimetry 

ITC experiments were carried out using a Microcal ITC200i instrument (Malvern) 

at 25°C in 20 mM Tris, 150 mM NaCl, pH 7.5 buffer. Protein of interest was 

dialysed against the buffer prior to experiment, lyophilized peptides were 

dissolved in the same buffer. Protein was present in the cell and titrated with 

peptide solutions loaded into the syringe using 20, 2 uL injections with 120 s 

spacing between the injections for 20 injections. Heats of peptide dilution were 

subtracted from each measurement raw data. Data was analysed using Microcal 

Origin 8 and fitted to a one-binding site model 

 

 

6.2.2 Chapter 2 Assays: GKAP/SHANK1 PPI System 

6.2.2.1 Fluorescence Anisotropy Assays 

 

Direct titration assays were performed in 384 well plates. A total of 20 μL buffer 

was added followed by titration of 20 μL SHANK1 protein (total concentration in 

the first well of 15 µM after all components added) and a constant concentration 

of FITC-Ahx-GKAP1-6 tracer of 100 nM. The total volume in each well was 40 μL. 

Plates were read after 1 h of incubation at room temperature.  

FA competition assays were performed in 384 well plates with the concentration 

of variant peptide competitor starting from 150 µM, diluted over 16-24 points in 

1/2 regime with fixed protein and tracer concentrations. For the GKAP/SHANK1 

PDZ FA competition assay, 20 µL of variant GKAP and 20 µL of Shank1PDZ 

were added to each well to give a final concentration of 50 nM and 1µM, 

respectively. For control wells, the tracer peptide was replaced with an identical 
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volume of assay buffer. The total volume in each well was 60 μL. Plates were 

read after 1 h of incubation at room temperature.  

 

6.2.2.2 Isothermal Calorimetry  

ITC experiments were carried out using Microcal ITC200i instrument (Malvern) 

at 25°C in 20 mM Tris, 150 mM NaCl, pH 7.5 buffer. ShankPDZ was dialysed 

against the buffer prior to experiment, lyophilized peptides were dissolved in the 

same buffer. 150 M shankPDZ was present in the cell and titrated with 1.4-2 

mM peptide solutions loaded into the syringe using 20, 2 uL injections with 120 

s spacing between the injections for 20 injection. Heats of peptide dilution was 

subtracted from each measurement raw data. Data was analysed using 

Microcal Origin 8 and fitted to a one-binding site model.  

 

6.2.3 Chapter 3 Assays: NOXA B/MCL-1 and SIM/SUMO PPI Systems 

6.2.3.1 Circular Dichroism  

CD experiments were run as per the general procedure described in 5.4.1 using 

150 µM peptide concentrations. CD experiments of the NOXA B variant peptides 

were also run in standard buffer with 30% TFE at 150 µM peptide concentrations. 

 

6.2.3.2 Fluorescence Anisotropy Assays  

Direct titration assays were performed in 384 well plates. A total of 20 μL buffer 

was added followed by titration of 20 μL MCL-1 or SUMO protein (total 

concentration in the first well of 10 µM and 100 µM respectively, after all 

components added) and finally 20 μL of tracer at 50 nM concentrations of either 

FAM-Ahx-BID (FAM-Ahx-EDIIRNIARHLAQVGDSMDRSIW) for the MCL-1 

system or FAM-Ahx-SIM  (FAM-Ahx-DNEIEVIIVWEKK) for the SUMO system 

were added. The total volume in each well was 40 μL. Plates were read after 1 h 

of incubation at room temperature.  

FA competition assays were performed in 384 well plates with the concentration 

of variant peptide competitor typically starting from 10-1500 µM, diluted over 16-

24 points in 1/2 regime with fixed protein and tracer concentrations. For the NOXA 

B/MCL-1 FA competition assay, FAM-BID was added to each well to give a final 

concentration of 25 nM using 150 nM MCL-1. For the SIM/SUMO1 FA 

competition assay, 20 µL FAM-SIM and 20 µL of SUMO1 were added to each 
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well to give a final concentration of 25 nM and 3 μM respectively. For control 

wells, the tracer peptide was replaced with an identical volume of assay buffer. 

The total volume in each well was 60 μL. Plates were read after 1 h of incubation 

at room temperature.  

   

6.2.4 Chapter 4 Assays and Molecular Dynamics  

6.2.4.1 Circular Dichroism 

Circular Dichroism: protein/peptide complexes  

Spectra were recorded on a chirascan circular dichroism spectropolarimeter 

(Applied Photophysics), from 20-90 °C, using 1 mm cells and a scan speed of 5 

nm/min. The spectra were averaged over 3 repeats with a buffer baseline 

subtracted. Protein concentrations of approximately 0.2 mg/mL were used. 

Peptide concentrations were also of approximately 0.2 mg/mL, in a 1:1 ratio with 

the protein. The helical content of protein/peptide complex was determined from 

the mean residue ellipticity at 222 nm, [θ] (deg cm2 dmol-1) and compared to that 

of the protein on its own.  

 

Circular Dichroism: Difference CD  

Spectra were recorded on a chirascan circular dichroism spectropolarimeter 

(Applied Photophysics), at 20 °C, using 10 mm tandem cells and a scan speed 

of 5 nm/min. The protein and peptide were each dissolved in buffer and added to 

a sample cell, separated by a partition. This prevented the two solutions from 

mixing while the CD would acquire a data set which showed an additive signal of 

the protein and peptide without these two interacting. Following the CD 

acquisition of the two separated solutions, the cuvette was given a shake and the 

two solutions mixed. CD spectra was acquired for the mixture. The spectra were 

averaged over 3 repeats with a buffer baseline subtracted. Each peptide would 

have three CD traces, one for the signal in the cuvette where the peptide and 

protein solution were separated (no mix), one of the mixed solutions (mix) and 

the CD trace of the difference between these two which was calculated by 

subtracting the raw data. This CD signals was plotted as mean residue ellipticity 

[θ] (deg cm2 dmol-1) versus wavelength.   
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6.2.4.2 Fluorescence Anisotropy Assays 

Direct titration assays were performed in 384 well plates. A total of 20 μL buffer 

was added followed by titration of 20 μL p300 protein (total concentration in the 

first well of 10 µM after all components added) and a constant concentration of 

FITC-Ahx-HIF-1α786-826 tracer of 25 nM. The total volume in each well was 40 μL. 

Plates were read after 1 h of incubation at room temperature. 

FA competition assays were performed in 384 well plates with the concentration 

of variant peptide competitor starting from 850 µM, diluted over 16-24 points in ½ 

(half) series dilution with fixed protein and tracer concentrations. Total of 20 µL 

p300 and 20 µL FITC-Ahx-HIF-1α786-826 tracer were added to each well to give a 

final concentration of 100 nM and 25 nM respectively. For control wells, the tracer 

peptide was replaced with an identical volume of assay buffer. The total volume 

in each well was 60 μL. Plates were read after 1 h of incubation at room 

temperature. 

 

6.3 Synthesis of Hao Building Block   

 

N'-[(9H-fluoren-9-ylmethoxy)carbonyl]-2-methoxy-5-nitrobenzohydrazide 

(Hydrazide 11) 

 

Compound 10 (2.0 g, 10 mmol) was added to a solution of dimethylformamide (2 

µL) in anhydrous THF (30 mL), with oxalyl chloride (1.9 g, 16 mmol) and stirred 

for 1 h. The reaction mixture was then concentrated and re-dissolved in DCM (30 

mL). The resulting solution of acid chloride was then added over ca. 2 min to an 

ice-cold, stirred solution of Fmoc-hydrazine (1.6 g, 6.3 mmol) and pyridine (4.12 

mg, 5.22 mmol) in DCM (50 mL). The ice bath was removed and the reaction 

solution was allowed to stir for 30 min. The reaction mixture was filtered due to 

precipitation of product, the filtrate washed with H2O (125 mL), sat. solution of 

NaHCO3 (125 mL), and sat. solution of NaCl (125 mL), dried over MgSO4, filtered 

and concentrated in vacuo to yield crude product. Precipitate and concentrated 
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filtrate was combined and purified by column chromatography, eluting with 1:19 - 

1:9 DCM:MeOH, to yield compound 11 (1.6 g, 3.8 mmol, 80% yield). 1H NMR 

(501 MHz, CDCl3) δ 9.38 (s, 2H, Dihydrazide-H), 9.10 (d, J = 2.7 Hz, 1H, Ar 6-

H), 8.40 (dd, J = 9.2, 2.7 Hz, 1H, Ar 4-H), 7.75 (app.br.s, 2H, 4- and 5-fluorenyl-

H), 7.61 (d, J = 6.7 Hz, 2H, 1- and 8-fluorenyl-H), 7.39 (app. br. s, 2H, 3- and 6-

fluorenyl-H), 7.31 (app. br. s, 2H, 2- and 7-fluorenyl-H), 7.13 (d, J = 9.2 Hz, 1H, 

Ar 3-H), 4.52 (d, J = 6.2 Hz, 2H, Methylene-H), 4.28 (t, J = 6.7 Hz, 1H, Fluorenyl 

9-H), 4.12 (s, 3H, Methoxy-H); HRMS (ES) m/z for C23H19N3O6 [M+H]+ calcd 

434.1352, found 434.1346 

 

N'-[(9H-fluoren-9-ylmethoxy)carbonyl]-2-methoxy-5-aminobenzohydrazide 

(Amine 12) 

 

A 500 mL, three-necked round bottom flask equipped with a septum, a stopper, 

and a stopcock, and was charged with 150 mg Pd/C followed by evacuation and 

re-filling with N2 three times. A solution of compound 11 (1.6 g, 3.7 mmol) in THF 

(175 mL) and MeOH (90 mL) was added carefully via the septum, followed by a 

balloon of H2 attached to the stopcock. Flask was evacuated and refilled with H2 

three times, followed by vigorous stirring for 2 h. The reaction mixture was then 

opened to the air and carefully filtered through Celite, with the Celite bed being 

thoroughly rinsed with EtOAc (150 mL). Reaction mixture was concentrated in 

vacuo, dry loaded for purification by column chromatography in 9:1 

EtOAc:Hexane, to yield compound 12 (1.4 g, 3.6 mmol, 95% yield) as a white, 

fluffy solid. 1H NMR (501 MHz, CDCl3) δ 9.70 (s, 1H, Ar-local hydrazide-H), 7.75 

(d, J = 7.3 Hz, 2H, 4- and 5-fluorenyl-H), 7.61 (app. br. s, 2H, 1- and 8-fluorenyl-

H), 7.55 (d, J = 9.0 Hz, 1H, Ar 6-H), 7.39 (d, J = 7.3 Hz, 2H, 3- and 6-fluorenyl-

H), 7.29 (app. br.s, 2H, 2- and 7-fluorenyl-H), 7.05 (br. s, 1H, Fmoc-local 

hydrazideH), 6.86 (d, J = 9.0 Hz, 2H, Ar-3 and -4-H), 4.47 (d, J = 6.6 Hz, 2H, 

Methylene-H), 4.28 (t, J= 6.6 Hz, 1H, Fluorenyl-9-H), 3.93 (s, 3H, Methoxy-H), 

3.58 (s, 2H, 5-Amino-H); HRMS (ES) m/z for C23H21N3O4 [M+H]+ calcd 404.1610, 

found 404.1602. 
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Ethyl[(3-{N'-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazinecarbonyl}-4- 

methylphenyl)carbamoyl]formate (13) 

 

Compound 12 (1.4 g, 3.6 mmol) was added to a solution of ice-cooled DCM (150 

mL) and pyridine (0.3 g, 4.3 mmol), and ethyl oxalyl chloride (0.5 mg, 3.9 mmol) 

added dropwise over 2 min. Following 10 minutes of stirring, the solution was 

transferred to a separating funnel along with an additional 100 mL DCM and 

washed with H2O (100 mL × 2) and sat. NaCl solution (100 mL × 2), followed by 

drying with MgSO4, filtered, and concentration in vacuo. Purification was 

performed by dry loading of crude product for column chromatography, eluting in 

DCM:MeOH (1:0 - 25:1), and requiring a second column eluting with EtOAc, to 

yield compound 13 (1.5 g, 2.9 mmol, 82% yield). 1H NMR (400 MHz, CDCl3) δ 

9.63 (br. s, 1H), 9.06 (s, 1H), 8.31 (d, J = 9.0 Hz, 1H, Ar 6-H), 8.11 (d, J = 2.8 Hz, 

1H, Ar 2-H), 7.75 (d, J = 7.3 Hz, 2H, 4- and 5-fluorenyl-H), 7.60 (d, J = 2,8 Hz, 

2H, 1- and 8-fluorenyl-H), 7.39 (t, J = 7.3 Hz, 2H, 3- and 6-fluorenyl-H), 7.29 (app. 

br. s, 2H, 2- and 7-fluorenyl-H), 7.06 (d, J = 9.0 Hz, 1H, Ar 3-H), 4.49 (d, J = 7.1 

Hz, 2H, Methylene-H), 4.46 – 4.38 (m, 6H, Ethyl-H and Methoxy-H), 4.27 (s, 1H, 

Fluorenyl-9-H), 1.43 (app br. s, 2H,Ethyl-methylene-H); HRMS (ES) m/zfor 

C27H25N3O7 [M+Na]+ calcd 526.1590, found 526.1579. 

 

[(3-{N'-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazinecarbonyl}-4- 

methylphenyl)carbamoyl]formic acid (Fmoc-Hao 14) 
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Compound 13 (1.4 g, 2.8 mmol) was added to THF:H2O (160 mL, 4:1) with 2 M 

NaOH solution (1.4 mL, 2.8 mmol) added in a single portion. Following 30 min of 

stirring, the solution was passed through a column of Amberlyst 15 ion exchange 

resin (4 cm d × 2 cm h, 25mL, 1.7 mmol/mL) and concentrated in vacuo to yield 

compound 14 (1.2 g, 2.6 mmol, 90% yield) as a light brown solid. 1H NMR (501 

MHz, CDCl3) δ 9.65 (s, 2H), 8.43 (d, J = 2.2 Hz, 1H, Ar 6-H), 8.21 (d, J = 8.7 Hz, 

1H), 7.74 (br. s, 2H), 7.61 (br s, 2H), 7.38 (br s, 2H), 7.27 (br s, 1H), 7.06 (d, J = 

8.7 Hz, 1H), 4.47 (d, J = 7.1 Hz, 2H, Methylene-H), 4.26 (s, 1H, Fluorenyl-9-H), 

4.03 (s, 3H, Methoxy), 1.57 (v. br.s, 3H, Carboxy-H); HRMS (ES) m/zfor 

C25H21N3O7 [M+H]+ calcd 476.1458, found 476.1472. 

 

N’-acetyl-2-methoxy-5-nitrobenzohydrazide (16) 

 

Compound 10 (2.4 g, 12 mmol) was added to a solution of oxalyl chloride (4.5 

mL, 3.9 mmol) in THF (50 mL) and DMF (cat.). The reaction was left stirring for 

30 minutes, concentrated in vacuo and added to a solution of acethydrazide (3.2 

g, 12 mmol), pyridine (0.9 mL) in DCM (50 mL). The reaction was stirred for 2 

hours, and a heavy white precipitate formed. The precipitate was filtered, washed 

with DCM and purified by column chromatography eluting with 100% ethyl 

acetate. 1H NMR (400 MHz, MeOD) δ 8.68 (d, J = 9.0 Hz, 1H), 8.33 (d, J = 9.0 

Hz, 1H), 8.34 – 8.31 (m, 1H), 4.00 (s, 3H), 1.97 (s, 3H). LCMS found 254.08, 

C10H11N3O5 requires [M+H]+254.07. 

 

N’-acetyl-5-amino-2-methoxybenzohydrazide (17) 

 

Compound 16 (2.6 g, 12 mmol) was added to a solution of palladium on carbon 

(4.5 mL) in THF (50 mL) under a constant flow of nitrogen. The reaction was left 

stirring for 2 hours under hydrogen conditions. The mixture was poured over wet 



 
 

117 

 

Celite, the filtrate was concentrated in vacuo and the product was used in the 

next step without further purification. 1H NMR (400 MHz, MeOD) δ 6.79 (m, 1H), 

6.30 – 6.39 (m, 2H), 2.71 (s, 3H), 1.46 (s, 3H). LCMS found 224.10, C10H13N3O3 

requires [M+H]+224.09. 

 

Ethyl [3-(N’-acetylhydrazinecarbonyl)-4-methoxyphenyl)] formate (18) 

 

Compound 17 (1.4 g, 4.3 mmol) was added to a solution of ethyl oxalyl chloride 

1.0 g, 8.6 mmol) and DIPEA (4.5 mL) in DCM (50 mL). The reaction was left 

stirring for 30 minutes concentrated in vacuo and the product was used in the 

next step without further purification. 1H NMR (400 MHz, CDCl3) δ 8.09 (dd, J = 

9.0, 2.5 Hz, 1H), 8.00 (dt, J = 9.0, 2.5 Hz, 1H), 7.03 (d, J = 9.0 Hz, 1H), 4.34 (q, 

J = 7.1 Hz, 2H), 3.96 (s, 3H), 2.03 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H). LCMS found 

324.10, C14H17N3O6 requires [M+H]+324.11. 

 

{[3-(N'-acetylhydrazinecarbonyl)-4-methoxyphenyl]carbamoyl}formic acid  

(Acetyl Hao 19) 

 

Compound 18 (1.2 g, 3.7 mmol) was stirred in a 1:1 mixture of THF/H2O and 2M 

NaOH was added dropwise until a colour change was observed. The reaction 

was left stirring for 30 minutes after which 1M HCl was added to pH 3. The product 

(1.0 g) crashed out of solution, was placed on the freeze drier and used without 

further purification. 1H NMR (300 MHz, MeOD) δ 8.45 (s, 1H), 8.14 (dd, J = 8.9, 

2.8 Hz, 1H), 7.81 (dd, J = 8.9, 2.8 Hz, 1H), 3.89 (s, 3H), 1.98 (s, 3H). LCMS found 

296.10, C12H13N3O6 requires [M+H]+296.08. 
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Tertbutyl-N-(4({[(9Fluorenyl)methoxy]carbonyl}amino)1(hydrazinecar 

bonyl)butyl]carbamate (29) 

 

 

The ornithine linker (2 g, 4.4 mmol) was first activated with HCTU (3.6 g, 8.8 

mmol), DIPEA (1.1 g, 8.8 mmol) in acetonitrile and then added to a pot of 

hydrazine monohydrate (0.2 g, 4.4 mmol) stirring on ice in acetonitrile. The 

product (1.9 g) crashed out of solution, was concentrated in vacuo, further placed 

on the freeze drier and used in the next synthetic step without purification. 1H 

NMR (501 MHz, MeOD) δ 7.69 (d, J = 7.5 Hz, Ar-2H), 7.54 (d, J = 7.5 Hz, Ar-2H), 

7.33 – 7.25 (t, J = 7.4 Hz, Ar-2H), 7.21 (t, J = 7.4 Hz, Ar-2H), 4.25 (d, J = 6.8 Hz, 

2H), 4.10 (t, J = 6.8 Hz, 1H), 3.87 (dd, J = 25.0, 18.7 Hz, 1H), 3.11 – 2.92 (m, 

2H), 1.70 – 1.53 (m, 1H), 1.45 (ddd, J = 25.0, 18.7, 5.1 Hz, 2H), 1.33 (s, 9H). 

LCMS found 469.25, C25H32N4O5 requires [M+H]+469.24. 

 

Tertbutyl-N-[5(Fluorenyl)methoxy]carbonyl}amino-1-[2methoxy-5nitrophenyl 

formohydrazido-1-oxopentan-2-carbamate (30) 

  
 

Compounds 27 (1.7 g, 8.2 mmol) and 29 (1.9 g, 4.1 mmol) were added and stirred 

in DCM at room temperature followed by slow addition of DIPEA (0.2 mL). The 

reaction mixture was allowed to stir for 1 hour before being concentrated in vacuo. 

The product was purified by column chromatography eluting with 100% ethyl 

acetate (2.1 g, 77% yield). 1H NMR (501 MHz, MeOD) δ 8.72 (s, Ar-1H), 8.39 (dd, 

J =9.0, 2.2 Hz, Ar-1H), 7.75 (d, J = 9.0, 2.2 Hz, Ar-1H), δ 7.63 (d, J = 7.5 Hz, Ar-

2H), 7.32 (m, Ar-5H), 4.35 (m, 1H), 4.21 (m, 2H), 4.07 (s, 3H), 3.11 – 2.92 (m, 

2H), 1.70 – 1.53 (m, 1H), 1.45 (m, 3H), 1.33 (s, 9H). LCMS found 675.26, 

C33H37N5O9requires [M+H]+675.25. 
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Tertbutyl-N-[(5-amino-2-methoxyphenyl)formohydrazido]-5-(fluorenyl)methoxy-

carbonyl-amino-1-oxopental-2-carbamate (31) 

 

 

A 500 mL, three-necked round bottom flask equipped with a septum, a stopper, 

and a stopcock, and was charged with 150 mg Pd/C followed by evacuation and 

re-filling with N2 three times. A solution of compound 30 (1.8 g, 2.6 mmol) in THF 

(100 mL) was added carefully via the septum, followed by a balloon of H2 attached 

to the stopcock. Flask was evacuated and refilled with H2 three times, followed 

by vigorous stirring for 2 h. The reaction mixture was then opened to the air and 

carefully filtered through Celite, with the Celite bed being previously rinsed with 

EtOAc (100 mL). Reaction mixture was concentrated in vacuo, dry loaded for 

purification by column chromatography in 9:1 EtOAc:Hexane, to yield compound 

30 (1.2 g, 75% yield).1H NMR (501 MHz, MeOD) δ 8.54 (s, Ar-1H), 8.40 (dd, J = 

9.0, 2.2 Hz, Ar-1H), 7.75 (d, J = 9.0, 2.2 Hz, Ar-2H), δ 7.63 (d, J = 7.5 Hz, Ar-2H), 

7.32 (m, Ar-5H), 4.35 (m, 2H), 4.21 (m, 2H), 4.07 (s, 3H), 3.11 – 2.92 (m, 2H), 

1.70 – 1.53 (m, 1H), 1.45 (m, 3H), 1.33 (s, 9H). ). LCMS found 618.75, 

C33H39N5O7 requires [M+H]+618.70. 
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Appendix  

 

A.1 Chapter 2 Peptide Analytical Data 

Tabulated HRMS data of synthesised peptides are shown in the table below. 

Peptide identity was confirmed by the inspection of multiple charge states and 

are quoted as the monoisotopic peak for the Expected (Expd) and Observed 

(Obsd) masses. 

 

Peptide  Sequence [M+1H]1+ 

Expd 

[M+1H]4+ 

Obsd 

Purity  

(%) 

Wt-GKAP Ac-EAQTRL-OH 759.39 759.40 96 

E1A Ac-AAQTRL-OH 701.38 701.39 94 

A2G Ac-EGQTRL-OH 745.37 744.37 100 

Q3A Ac-EAATRL-OH 702.37 702.37 95 

T4A Ac-EAQARL-OH 729.38 729.38 95 

R5A Ac-EAQTAL-OH 674.32 674.33 96 

L6A Ac-EAQTRA-OH 717.34 717.35 100 

CONH2 Ac-EAQTRL-NH2 758.40 757.40 94 

A2F Ac-EDQTRL-OH 802.38 803.38 96 

A2D Ac-EFQTRL-OH 834.42 835.42 98 

R5W Ac-EAQTWL-OH 788.37 789.37 100 

L6F Ac-EAQTAF-OH 792.37 792.35 97 

Hao-GKAP Ac-Hao-EAQTRL-

COOH 

1108.53 1108.59 98 
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A.2 Chapter 3 Peptide Analytical Data  

Tabulated HRMS data of synthesised peptides are shown below. Peptide identity 

was confirmed by the inspection of multiple charge states and are quoted as the 

monoisotopic peak for the Expected (Expd) and Observed (Obsd) masses. 

 

Peptide  Sequence [M+4H]4+ 

Expd 

[M+4H]4+ 

Obsd 

Purity  

(%) 

Wt-NOXA74-

93 

AAQLRRIGDKVNLRQKLLN  562.50 562.91 90 

NOXA74-

93L78F 

AAQFRRIGDKVNLRQKLLN  571.60 571.65 94 

NOXA74-

93L78W 

AAQWRRIGDKVNLRQKLLN  580.17 581.09 94 

NOXA74-

93L78Y 

AAQYRRIGDKVNLRQKLLN  575.12 575.34 95 

NOXA74-

93V85F 

AAQLRRIGDKFNLRQKLLN  574.58 574.84 95 

 

Peptide  Sequence [M+2H]2+ 

Expd 

[M+2H]2+ 

Obsd 

Purity  

(%) 

Wt-SIM2705-2717 DNEIEVIIVWEKK 828.45 828.40 100 

SIM2705-

2717I2708D 

DNEDEVIIVWEKK 829.42 829.43 96 

SIM2705-

2717V2710I 

DNEIEIIIVWEKK 835.46 835.52 97 

SIM2705-

2717I2711E 

DNEIEVEIVWEKK 836.43 836.44 98 

SIM2705-

2717V2713E 

DNEIEVIIEWEKK 843.44 843.44 91 
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NOXA peptides 
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SIM peptides 

Wt-SIM 

   

 

I2708D 

   

 

V2710I 

   

 

 

0.0 1.3 2.5 3.8 5.0 6.3 7.5 8.8 10.0 11.9

-20

0

25

50

75

100

140
SD2017 #12 SD-1-SIM-01 DAD_Signal_C
mAU

min

1 - 4.146

570.6120

828.4584
2+

SD11_AcSIM_hp3_254239_BC3_01_51470.d: +MS, 4.8-5.0min #1119-1164

0

1

2

3

4

5

4x10

Intens.

250 500 750 1000 1250 m/z

0.0 1.3 2.5 3.8 5.0 6.3 7.5 8.8 10.0 12.0

-200

0

200

400

600

800

1,000

1,200
SD2019 #8 [modified by chmhplc] SD118-I08D SIM EXT220NM
mAU

min

1 - 5.800

2 - 6.073

WVL:220 nm

553.2865
3+

829.4277
2+

SD94_I2708D-SIM_2hp_2_247422_GB7_01_49817.d: +MS, 1.0-1.1min #62-68

0.0

0.2

0.4

0.6

0.8

6x10

Intens.

250 500 750 1000 1250 m/z

0.0 1.3 2.5 3.8 5.0 6.3 7.5 8.8 10.0 12.0

-50

100

200

300

400
SD2018 #35 [modified by chmhplc] SD-93_V2710I-SIM EXT220NM
mAU

min

1 - 7.296

2 - 8.235

WVL:220 nm 835.4654
2+

V2710I_292513_GB8_01_66243.d: +MS, 2.0-2.1min #480-508

0

1

2

3

4

5

6

5x10

Intens.

250 500 750 1000 1250 m/z



 
 

143 

 

 

 

I2711E 

   

 

V2713E 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

836.4357
2+

1115.2426
3+

I2711E_292514_GC1_01_66244.d: +MS, 1.9-2.0min #453-477

0

1

2

3

4

5

6

5x10

Intens.

250 500 750 1000 1250 m/z

0.0 1.3 2.5 3.8 5.0 6.3 7.5 8.8 10.0 11.9

-500

0

500

1,000

1,500

2,000

2,500
SD2018 #45 [modified by chmhplc] DAD_Signal_B
mAU

min

1 - 7.010

2 - 7.137

562.6303
3+

843.4431
2+

SD-94_V2713_2hp20_hr_245100_GB2_01_49585.d: +MS, 1.1-1.3min #68-76

0.0

0.5

1.0

1.5

6x10

Intens.

250 500 750 1000 1250 m/z



 
 

144 

 

A.3 Chapter 4 Peptide Analytical Data  

Tabulated HRMS data of synthesised peptides are shown below. Peptide identity 

was confirmed by the inspection of multiple charge states and are quoted as the 

monoisotopic peak for the Expected (Expd) and Observed (Obsd) masses. Purity 

of peptides higher than 90% by analytical HPLC. 

 

Peptide Sequence [M+2H]

2+ Expd 

[M+2H]2+ 

Obsd 

wt-HIF-1α812-826 Ac-LQGEELLRALDQVN-NH2 820.39 820.41 

HIF-1α812-826 sE816C-

R820C  

Ac-LQGCELLCALDQVN-NH2 

 

 

 

 

826.80 826.84 

HIF-1α812-826 oxE816C-

R820C 

Ac-LQGCELLCALDQVN-NH2 

 

 

779.40 779.37 

HIF-1α812-826 redE816C-

R820C 

Ac-LQGCELLCALDQVN-NH2 

 

 

780.37 780.36 

HIF-1α812-826 sE817C-

A821C 

Ac-LQGECLLRCLDQVN-NH2 

 

 

 

 

869.47 869.40 

HIF-1α812-826 oxE817C-

A821C 

Ac-LQGECLLRCLDQVN-NH2 821.89 821.90 

  822.94 822.89 

HIF-1α812-826 redE817C-

A821C  

Ac-LQGECLLRCLDQVN-NH2   
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wt- HIF-1α812-826 

 

 

HIF-1α812-826SE816R820 

 

 

HIF-1α812-826rE816R820  
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HIF-1α812-826oxE816R820 

 

 

HIF-1αSE817A821 

 

 

HIF-1αRedE817A821   
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HIF-1αOxE817A821 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


