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Summary 

Among the proteins involved in the control of protein homeostasis, E3 ubiquitin 

ligases are emerging as interesting targets for the development of chemical probes and 

drugs. Small-molecule modulation of E3 ligases can provide several advantages over 

other members of the ubiquitin-proteasome system (UPS), as E3 ligases are responsible 

for specifically recognising substrates for ubiquitylation. Another strategy of increasing 

interest consists of developing bivalent molecules capable of bringing an E3 ligase in 

close proximity to a desired protein, inducing the ubiquitylation and subsequent 

degradation of an unnatural substrate of the E3 ligase. 

In this work, interactions of components of the von Hippel-Lindau (VHL) E3 

ligase were investigated using small-molecules. By applying an integrated set of 

biophysical and structural biology techniques, the main goals of this project were to 

provide chemical tools and novel assays to probe interactions at known sites of the VHL 

E3 ligase, as well as discovering novel binders and pockets by fragment screening. A 

competition assay for probing interactions in the substrate recognition domain of the VHL 

E3 ligase was developed by fluorine nuclear magnetic resonance. Thorough 

characterisation of the fluorinated reporter molecules revealed features that are important 

for enhancing assay sensitivity. This assay has a wide detection range and was applied to 

both fragment screening and studying high-affinity interactions, and the main advantages 

and limitations were explored. Additionally, after extensive characterisation, several 

fragment hits were identified in a binding site in the elongin C protein (eloC), and adaptor 

subunit part of the VHL E3 ligase. Preliminary fragment merging approaches revealed 

promising vectors for the design of eloC ligands. Altogether, this study highlights 

multiple possibilities for investigating interactions on the surface of the VHL E3 ligase, 

with applications to the identification of novel biological functions of members of this 

complex and in the design of inhibitors and chemical degraders. 
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1.1 Ubiquitin proteasome system 

Among the several components of living cells, proteins are key elements that carry 

out multiple processes. Their functions range from regulation of the cell cycle, signalling 

pathways, controlling transport of molecules within and outside the cells, catalysis of 

essential transformations, control of gene expression, cell protection and many other 

functions according to their localisation, three-dimensional structures and post-

translational modifications. Due to their critical roles in all these processes, many 

mechanisms have evolved to control protein homeostasis (proteostasis).1 These processes 

mainly focus on preventing protein misfolding and aggregation (by which chaperones 

play a major role)2, 3 or targeting unwanted proteins for degradation. Protein degradation 

(proteolysis) can be performed either by the ubiquitin-proteasome system (UPS)4, 5 or 

driven by lysosomal internalisation (autophagy).6 

Central to the UPS is the process by which proteins are covalently modified with 

single or multiple chains of ubiquitin, a small protein containing 76 amino acids.7, 8 

Ubiquitylation can affect many aspects of protein localisation, cell cycle and proteolysis, 

all of which depend on the amount and the arrangement of the ubiquitin chains attached 

to the substrate protein.9-11 Generally, polyubiquitin chains sequentially linked on lysine 

residues 11 and 48 on the ubiquitin protein (K11 and K48, respectively) are known signals 

to trigger protein degradation by the proteasome.12 The proteasome is a large multi-

protein complex capable of recognising and removing ubiquitin chains, and also digesting 

proteins into small peptides and amino acids by several proteolytic enzyme subunits.13 

Degradation by the UPS is mainly governed by three protein classes: the E1-

activating enzymes (E1), E2-conjugating enzymes (E2) and the E3 ubiquitin ligases (E3) 

(Figure 1)14. Initially, the E1 enzymes sequester free ubiquitin in an ATP dependent 

process, by which a thioester bond is formed between the two proteins. The ubiquitin 

protein is then transferred to a cysteine residue in the E2 enzymes by a 
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transthioesterification reaction. The E3 ligase, which can be a multiprotein complex itself, 

is responsible for specifically recognising both the ubiquitin-charged E2 and the substrate 

protein. By bringing these species in close proximity, ubiquitin is then transferred to the 

substrate or to ubiquitin chains previously linked. There are three known classes of E3 

ligases: RING (Really interesting new gene), HECT (homologous to the E6AP carboxyl 

terminus) and RBR (RING-Between-RING).15 In the case of RING E3 ligases, ubiquitin 

is directly transferred from the E2 to the substrate, while for HECT and RBR E3 ligases 

the ubiquitin protein is first transferred to a cysteine residue on the surface of the E3 

before being loaded onto the substrate. The ubiquitylation of the substrate generally 

happens on solvent exposed lysine residues or on the N-terminus, although attachments 

to cysteine, serine and threonine residues have also been reported.16 

 

Figure 1. Simplified representation of the UPS-driven protein degradation pathway. The E1 enzymes (E1, cyan) 

transfer ubiquitin (Ub, violet) to E2 enzymes (E2, green) via a transthioesterification reaction. The E3 ligase (E3, 

yellow) recognise both the E2 enzyme and the substrate protein (blue), catalysing the successive transfer of ubiquitin 

to the latter. Depending on the polyubiquitylation profile, the substrate can then be targeted for proteasomal 

degradation.  
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Finally, specific receptors can recognise distinct ubiquitin chains, determining the 

fate of the substrate protein, such as peptidic digestion by the proteasome. Additionally, 

other proteins involved in protein ubiquitylation are deubiquitinases (DUBs) and, in some 

cases, the so-called E4 enzymes. Prior to entering into the proteolytic core of the 

proteasome, the ubiquitin chains are removed from the substrate by DUBs, allowing the 

target to be unfolded and digested.17 The E4 enzymes are factors that can recognise 

previously ubiquitylated targets, promoting further elongation of the chain together with 

E1, E2 and E3 members.18 

Disorders in the UPS have been associated with several conditions, such as 

inflammation, diabetes, cancer and neurodegenerative diseases.19, 20 Therefore, many 

members of this system have been extensively studied and considered as drug targets for 

different pathologies.21 

 

1.2 Targeting the UPS with small molecules 

The components of the UPS possess different degrees of selectivity. An analysis 

of the human proteome revealed that there are in total two E1 enzymes, approximately 

forty E2 enzymes and more than six hundred E3 ligases.22 Consequently, the specificity 

for substrate ubiquitylation relies majorly in the E3 ligases, as a single E1 enzyme can 

potentially react with multiple E2 enzymes, which can subsequently interact with more 

than one E3 ligase. Therefore, modulating the activity of E3 ligases might provide a lower 

rate of drug off-target effects when compared to E1 and E2 modulators or proteasome 

inhibitors, which can globally affect the degradation of multiple proteins downstream of 

protein ubiquitylation.23 

However, E3 ligases are considered challenging targets due to their low 

druggability, as drugs need to interact with their predominantly large and flat protein-
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protein interaction (PPI) surfaces. Nevertheless, many examples of ligand development 

targeting different proteins of the UPS have been reported, in some cases leading to 

clinically approved drugs or compounds currently under clinical trials.21, 23 

 

1.2.1 Proteasome inhibitors 

The inhibition of the proteasome is perhaps the most general approach to target 

the UPS, affecting the degradation of multiple proteins simultaneously. Although such 

feature would result in high toxicity profiles, three marketed drugs specifically inhibit the 

proteolytic activity of the proteasome. Carfilzomib24 covalently inhibits the b5 protease 

component of the core subunit of the proteasome, while Bortezomib25 and Ixazomib 

(orally available analogue of Bortezomib)26 reversibly inhibit the same subunit. Cancer 

cells generally rely on the UPS to readily remove aggregated or misfolded proteins to a 

higher degree than healthy cells.27 Therefore, these compounds have been successfully 

used for the treatment of tumorigenic conditions like multiple myeloma and 

myelodysplastic syndromes.21 

 

Figure 2. Proteasome inhibitors approved as drugs for the treatment of multiple myeloma and myelodysplastic 

syndromes. 

 

1.2.2 Modulators of E1 and E2 enzymes 

As the catalytic activity of both E1 and E2 enzymes relies on reactive cysteine 

residues, they have been generally addressed by covalent inhibition. The first cell-active 
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E1 inhibitor, PYR-41, was identified in assays searching stabilisers of tumour suppressor 

p53.28 This compound was shown to effectively inhibit E1 enzymes by covalently binding 

to their catalytic cysteines, preventing the ubiquitination of short lived proteins like p53. 

Two regulators of E1 enzymes are currently in clinical development: Pevonedistat (Phase 

1/2 clinical trials for several pathologies)29 and MLN7243 (completed phase 1 clinical 

trials for the growth of solid tumours)30. Both compounds mimic adenosine 

monophosphate (AMP) and were carefully optimised to target different aspects of E1 

activity. Compound MLN7243 forms a stable adduct with ubiquitin, inhibiting the 

covalent attachment between ubiquitin and the E1, targeting tumours reliant on fast 

protein turnover, such as in multiple myeloma. On the other hand, Pevonedistat 

specifically inhibits the NEDD8 (neural precursor cell expressed, developmentally down-

regulated 8) E1 activating enzyme (also inhibited by MLN7243), blocking several 

pathways related to tumour growth (Figure 3). 

 

Figure 3. Examples of inhibitors of different E1 enzymes. 

In the case of E2 enzymes, very few cell active inhibitors have been reported, and 

no compounds so far have progressed to clinical trials (Figure 4). Compounds BAY 11-

7085 31, NSC697923 32 and UbcH5c-6d 33 can covalently inhibit a variety of E2 enzymes 

while CC0651 34 allosterically and selectively inhibits Ube2R1 (ubiquitin-conjugating 

enzyme E2 R1). Compounds BAY 11-7085 and NSC697923 are generally employed as 

tools for investigating E2 biology due to their lack of selectivity, while UbcH5c-6d 
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specifically inactivated the UbcH5c E2 enzyme, a potential target for rheumatoid 

arthritis.33 Fragment screens have also identified weak affinity but promising early-stage 

compounds that target allosteric pockets in the E2 enzymes Ube2T35 and Ubc936. 

 

Figure 4. Examples of inhibitors of different E2 enzymes. 

 

1.2.3 Modulators of E3 ligases 

Regarding the E3 ligases, extensive work has led to the discovery of several 

chemical probes, eight compounds currently in clinical trials and three marketed drugs 

(Figure 5).21 So far, all the commercially available drugs target the cereblon E3 ligase 

(CRBN), belonging to the class of immunomodulatory imide drugs (IMiDs).37 

Thalidomide was originally launched in 1957, being prescribed as sedative and antiemetic 

drug, especially for pregnant women. However, due to its teratogenic effects it was later 

removed from the market. Nearly 40 years later, thalidomide was reinserted in the market 

due to its activity for the treatment of multiple myeloma, prompting the generation of 

other IMiD drugs.38-41 

Interestingly, the IMiDs act as molecular glues 42, binding to the CRBN and 

promoting PPIs with proteins the E3 ligase would not normally interact with (in the 

absence of the compound). This mechanism was structurally elucidated more than 50 

years after the original release of thalidomide, showing that these compounds were able 
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to reprogram the activity of the CRBN E3 ligase, promoting the ubiquitylation of 

neosubstrates.38, 41 

 

Figure 5. Examples E3 ligase modulators currently in clinical trials or approved as drugs. 

Among some of the E3 ligases in clinical trials, distinct modes of action can be 

observed. Another example of compound with potentially a similar “molecular glue” 

profile as IMiDs is indisulam (currently in phase 2 clinical trials for leukaemia). 

Indisulam was shown to reprogram the DCAF15 E3 ligase to ubiquitylate an unnatural 

substrate, the RNA splicing factor RBM39.43, 44 Compound APG-115 acts as a PPI 

inhibitor, blocking the interaction between the MDM2 E3 ligase and its substrate p53, 

and is a candidate for the treatment of solid tumours.45 Bardoxolone covalently binds to 

a cysteine residue of Keap1 E3 ligase, promoting the stabilisation of Nrf2 and increasing 

cellular defences against oxidative stress.46 This compound is currently in multiple 

clinical trials for different dysfunctions.21 These compounds exemplify different 
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possibilities by which E3 ligases can be investigated, all with promising therapeutic 

potential. 

Despite the successful development of a number chemical probes and drugs, less 

than 2% of the E3 ligases have been successfully modulated by potent cell active 

ligands.21 The development of drugs for this protein family can have several benefits 

when compared to other members of the UPS pathway, leading to therapeutic strategies 

for diseases where affecting the ubiquitylation of specific targets is of great interest. 

 

1.2.4 Hijacking E3 ligases for targeted protein degradation 

Recently, the development of ligands of E3 ligases have gained attention from 

both academic and industrial groups due to an emerging approach: chemically inducing 

the ubiquitylation of unnatural substrates of E3 ligases.47-49 Similarly to the marketed 

IMiDs, this strategy relies on compounds capable of bridging interactions between two 

proteins, potentially forming de novo protein-protein interactions. One of the main 

advantages of applying such class of compounds over classic protein inhibitors are the 

low active concentrations.50 Classic occupancy driven pharmacology relies not only on 

the optimisation of the binding affinity of a compound to its respective target, but also 

other physicochemical properties like solubility and cell permeability. Such care is taken 

to guarantee high concentrations of the drug inside the cells, saturating most of the target 

protein and resulting in the desired phenotypic effects. Instead of directly regulating the 

target, hijackers of the E3 ligase activity can promote the ubiquitylation and degradation 

of the target protein. After a protein molecule is degraded, the same compound can once 

again engage both the E3 ligase and a new target protein, continuing the degradation 

cycle. Consequently, these compounds can work catalytically51, resulting in good 

biological effects even at low concentrations.48, 50 
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However, designing molecular glues to act as chemical degraders is considered a 

challenging task. There are multiple ways two different proteins can mutually interact, 

requiring the design of compounds able to bind to the cavities formed between them. In 

fact, most known molecular glues are either natural products or were serendipitously 

discovered like thalidomide and indisulam.42 Therefore, the development of novel 

chemical degraders relies mostly on linking a ligand of an E3 ligase to a ligand of the 

target protein. A considerable number of these bivalent molecules, commonly known as 

proteolysis targeted chimeras (PROTACs), have been developed in recent years.52 

 

Figure 6. Small-molecule mediated protein complexes and applications in the development of chemical 

degraders. (a) Representation of molecular glues, small molecules capable of modifying a protein surface upon 

binding, inducing protein-protein interactions with other proteins. (b) By linking two ligands of two different proteins 

with a flexible linker, a bivalent ligand is generated. This molecule is capable of bringing the two proteins in close 

proximity. Protein-protein interactions can potentially occur depending on the surface of each protein, derivatization 

of the original ligands and linker composition. (c) Schematic representation of the catalytic mode of action of 

PROTACs. The bivalent PROTAC molecule brings a target protein in close proximity to an E3 ligase, promoting its 

ubiquitylation and degradation. The same PROTAC can then engage a new target protein, promoting the degradation 

of multiple proteins. 
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In spite of possessing drug properties that go beyond the conventional Lipinski’s 

Rule-of-five (e.g. multiple H-bond donors and acceptors, high molecular weights, etc), 

due to their catalytic mechanism many successful examples of PROTACs active in cells 

or in vivo have been reported, including compounds that are orally bioavailable.52 In a 

therapeutic context, Arvinas© compounds ARV-110 (androgen receptor degrader) and 

ARV-471 (estrogen receptor degrader) are currently progressing towards phase I clinical 

trials for the treatment of prostate and breast cancer, respectively. These compounds 

(structures not disclosed yet) showcase the promising aspect of the chemical degradation 

strategy, being the first disclosed PROTAC molecules to advance to such drug 

development stages. Therefore, the investigation of novel E3 binders can greatly 

contribute to advances in this field, expanding the selection of ligases to be hijacked. 

 

1.3 The VHL E3 ligase 

Among the multiple E3 ligases available in humans, a very interesting target for 

small molecule regulation is the von Hippel-Lindau (VHL) E3 ligase.53, 54 This complex 

belongs to a specific class of members of the RING group, the cullin-RING E3 ligases 

(CRL).55 The CRLs are multi-subunit complexes with a similar architecture, where cullin 

scaffold proteins (Cul) assemble RING-box proteins (Rbx), adaptor proteins and substrate 

binding proteins (SBP).56 This complex is capable of interacting with the ubiquitin-

charged E2 enzymes on one end, and the substrate proteins on the other end, promoting a 

direct ubiquitin transfer (Figure 7). Several CRLs have been characterised in humans, 

with many of their components simultaneously being part of multiple E3 ligases.55 

The VHL E3 ligase complex is formed of five proteins, with cullin-2 (Cul2) acting 

as the CRL scaffold, Rbx1 being responsible for E2 recognition, elongin B (eloB) and 

elongin C (eloC) as adaptor proteins, and the von Hippel-Lindau protein (pVHL) as  
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substrate recognition subunit.53, 57-59 The pVHL-eloB-eloC-Cul2-Rbx1 complex, also 

referred as CRL2VHL, plays an important role in oxygen sensing. One of its most well 

characterised substrates is the α subunit of the hypoxia inducible factor 1 (HIF1α), a 

transcription factor able to induce the expression of proteins involved in cell proliferation 

and angiogenesis, and regulators of energy uptake and anaerobic metabolism.60, 61 

 

Figure 7. General representation of a Cullin-RING E3 ligase. The CRL complex is formed by a cullin scaffold 

protein (Cul, yellow), which interacts with a RING-box protein (Rbx, orange) through its C-terminal domain, while 

recruiting adaptor proteins (cyan) and substrate binding proteins (SBP, green) by its N-terminal domain. The SBP can 

recruit a substrate protein (brown) for ubiquitylation while the Rbx protein interacts with the E2 enzyme (E2, pink) 

carrying ubiquitin (Ub, violet). 

At normal levels of oxygen (normoxia), two proline residues of HIF1α are 

hydroxylated by PHD (prolyl hydroxylase domain-containing protein) enzymes.62 Upon 

hydroxylation HIF1α can be recognised by pVHL, which triggers its ubiquitylation and 

subsequent degradation. However, at low oxygen levels (hypoxia), non-hydroxylated 

HIF1α accumulates inside cells and is able to promote the transcription of its target genes 

by dimerising with the β subunit of the transcription factor (HIF1β) within the nucleous.63 
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As the transcriptional activity of HIF1α leads to cell proliferation and 

angiogenesis, pVHL is also classified as a tumour suppression protein, guaranteeing that 

the expression of these genes just happens under hypoxic stress.63 In fact, a number of 

mutations in the VHL gene that affect recognition of HIF1α for degradation can lead to a 

condition known as VHL syndrome, where benign tumours and cysts are formed in 

different parts of the body.64 These tumours can develop into life-threatening conditions 

such as hemangioblastomas in the brain or spinal cord, kidney cancer (clear cell renal cell 

carcinoma, CCRCC) and pancreatic cancer (pancreatic neuroendocrine tumour). 

 

Figure 8. The VHL E3 ligase and its role in the hypoxic response. (a) Representation of the components of the VHL 

E3 ligase and structure of the Hyp group. VHL protein (pVHL, green), elongin B (eloB, blue), elongin C (eloC, cyan), 

cullin-2 (Cul2, yellow) and RINB-box protein 1 (Rbx1).  (b) Crystal structure of the CRL2VHL complex (PDB: 

5N4W)59. (c) In normoxia, proline residues in HIF1α (brown) are hydroxylated, leading to its recognition by the 

CRL2VHL complex, ubiquitylation and degradation. In a hypoxic environment, non-hydroxylated HIF1α gets 

accumulated, dimerizes with HIF1β and promotes the transcription of hypoxia responsive genes. 
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1.3.1 VHL inhibitors 

In spite of the negative effects of promoting HIF1α stabilisation in a normoxic 

environment, the upregulation of hypoxia responsive genes was found to be beneficial for 

certain conditions, such as assisting wound healing, treatment of ischemic injuries and 

chronic anaemia associated with chronic kidney disease (CKD).65-67 A known strategy for 

HIF1α stabilisation consists of inhibiting its hydroxylation by the PHD enzymes. The 

PHD inhibitor roxadustat is currently in phase 3 clinical trials for the treatment of anaemia 

associated with CKD (Figure 9).68 Another approach for blocking HIF1α degradation 

consists of creating inhibitors of its interaction with pVHL. As the activities of different 

isoforms of the PHD enzymes can be affected by PHD inhibitors, the disruption of the 

VHL-HIF1α PPI could lead to lower off-target toxicities for the treatment of the 

aforementioned conditions.69 

 

Figure 9. Structures of cell active HIF1α stabilisers. (a) Roxadustat and VH298, respectively a PHD inhibitor and 

an inhibitor of the pVHL-HIF1α protein-protein interaction. Crystal structures of VH298 (b) and HIF1α peptide (c) 

bound to VHL. PDB accession codes are respectively 5LLI and 1LQB. 

The starting point for the development of VHL inhibitors was the (2S,4R)-4-

hydroxyproline (Hyp) amino acid in order to mimic the recognition of hydroxylated 
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HIF1α.69, 70 Hyp itself was shown to have no measurable binding affinity for pVHL and 

only very weak affinity (KD > 5.0 mM) when capped with N-methyl and acetyl groups at 

the C- and N-terminus regions, respectively.69, 71 Despite the weak affinity, it provided a 

high-ligand efficient start point. From this, the Ciulli group initially in collaboration with 

the Crews group began a ligand optimisation campaign using fragment-based approaches 

and structural information guided by the interaction between VHL and HIF1α peptide, 

which led to single-digit micromolar compounds.72-74 Later on the Ciulli group further 

optimized the compounds and successfully developed the first VHL ligands with 

nanomolar affinities,75 leading to the development of VH298, a potent, non-toxic and cell-

active VHL inhibitor qualified as a chemical probe (Figure 9) 76, 77. This compound is able 

to induce a hypoxic response in different cell lines, selectively affecting pathways related 

to pVHL activity. 

 

1.3.2 VHL-recruiting PROTACs 

In addition to the VHL: HIF1α inhibitors, several chemical degraders recruiting 

the CRL2VHL have been developed.52 Remarkably, the majority of the cell-active 

PROTACs developed in recent years contained either a VHL or CRBN ligand in their 

structures, mainly due to their high binding affinity and specificity, crystallographically 

determined binding mode, better physicochemical properties and ease of synthesis, when 

compared to ligands for other E3 ligases, e.g. cIAP or MDM2. This has resulted in CRBN 

and VHL based PROTACs exhibiting higher degrees of ubiquitylation and target protein 

degradation.52 Some notable examples of cell-active VHL-based PROTACs are 

highlighted in Figure 10, capable of inducing the degradation of a wide range of proteins 

such as epigenetic readers78, nuclear receptors51, kinases51 and even VHL itself79. 
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Figure 10. Examples of VHL-based PROTACS and their respective targets. Target recruitment region of each 

PROTAC highlighted in blue. 

In particular, thorough biophysical and structural characterisation of MZ1, a BET 

bromodomain inhibitor developed by the Ciulli group, has revealed interesting aspects of 

PROTAC activity and selectivity.80 Despite being designed with a pan-selective BET 

inhibitor, at certain concentrations MZ1 was able to induce the selective degradation of 

BRD4 over other members of the BET family.78 Measurements of the binding affinities 

of MZ1 to pVHL in the absence or in the presence of different bromodomains had 

interesting correlations with the degradation profile inside cells. The PROTAC possessed 

a binding affinity nearly 20 times higher to VHL when the second bromodomain of BRD4 

(BRD4-BD2) was present. By solving the crystal structure of the BRD4-BD2 : MZ1 : 

pVHL-eloB-eloC complex (PDB: 5T35), multiple contacts between the bromodomain 

and pVHL were observed. Surprisingly, many of the residues involved in these 

interactions were not fully conserved amongst other members of the BET family.80 
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Figure 11. First crystal structure of a PROTAC induced protein complex. (a) Crystal structure of the BRD4-BD2 

(red), MZ1 (yellow), pVHL (green), eloB (blue) and eloC (cyan) complex (PDB: 5T35).80 In (b) and (c) the interactions 

between pVHL (blue surface), BRD4-BD2 (red surface) and the linker of MZ1 (yellow sticks) are displayed. Adapted 

from Gadd et al, Nat. Chem. Biol. 2017. 

 

Therefore, the formation of a cooperative ternary complex between the three 

species was the main factor responsible for the selective BRD4 degradation. Based on 

this data, AT1 was designed, a BET degrader with even higher selectivity for BRD4 

degradation. Such result highlights that not only the binary affinities of each “warhead” 

of PROTAC molecules can be optimised, but also their ability to promote de novo PPI 

between the E3 ligase and the target protein, in a similar fashion as molecular glues.80   

 

1.3.3 Non-Hyp based CRL2VHL binders 

Along with the Hyp recognition site of pVHL (Hyp site), other sites of the 

CRL2VHL have also been targeted. Based on the crystal structure of the full-length 

complex of the E3 ligase59, peptidic disruptors of the interaction between eloC and Cul2 
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were developed by our group as tools to investigate complex assembly and modulation. 

Although no crystal structures of the most potent peptides developed in this work were 

obtained in complex with the eloC protein, several biophysical experiments characterised 

peptide J as an intermediate eloC binder, disrupting the PPI between Cul2 and the pVHL-

eloB-eloC (VBC) complex in competition experiments (Figure 12a).81 

Additionally, structural characterisation of hits from fragment screenings on the 

VBC complex have also led to the discovery of two novel binding sites (Figure 12b). 

Compound MB756 was found to interact with a second pocket in the VHL protein (hereon 

referred as VHL-2 site), while compounds MB235 and MB1200 were found in the same 

site in eloC which peptide J and its analogues were designed to target (hereon referred as 

eloC site). Computational experiments performed in this work were able to score the Hyp, 

VHL-2 and eloC site as potentially druggable sites, alongside with three other pockets 

where so far no binders have been discovered.82 

Altogether, these findings highlight the potential of targeting multiple sites in 

members of the CRL2VHL complex. The development of strong ligands for these novel 

regions could offer novel strategies for modulating the activity of this E3 ligase, as well 

as providing novel points of attachment for PROTACs. As the chemical degradation 

technology relies upon bringing proteins in close proximity to the E3 ligase, alternative 

options for promoting the formation of the ternary complex could lead to distinct 

interactions between the proteins assembled by the PROTACs, resulting in new outcomes 

in their degradation efficiency and selectivity. As all the binders of these novel pockets 

possess relatively weak affinities, further studies are needed to enable the development 

of potent ligands. 
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Figure 12. Targeting different binding sites in the CRL2VHL using peptide- and fragment-based approaches. (a) 

Development of peptide J, a disruptor of the eloC-Cul2 protein-protein interaction, based on the crystal structure of the 

CRL2VHL complex (PDB: 5N4W). (b) Interaction sites in the VBC complex where small molecules have been 

previously characterised. 81,82 

 

1.4 Fragment-based drug discovery 

One of the most popular approaches for selecting starting points in the 

development of protein binders is fragment-based ligand discovery (FBLD). This target-

based method focuses in screening libraries of small organic molecules (fragments) that 

are generally not heavily functionalized and possess low molecular weight. These features 
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allow fragment-like compounds to bind to small sites where molecules of higher 

complexity might not fit optimally.83-87 

 

Figure 13. Workflow of fragment-based ligand discovery projects. (a) A screening of a fragment library is 

performed with a protein of interest using, in general, multiple assays in parallel. The binding modes of the hits from 

the biophysical and/or biochemical assays are elucidated using structural and computational biology approaches. The 

fragment hits (e.g. A, B and C) can potentially bind to different sites of the target protein or fill different regions of the 

same site. (b) Hit potency is commonly increased by three strategies: 1) Fragment growing, where chemical 

modifications are made to establish more interactions with the target; 2) Fragment linking, where fragments binding to 

two different regions are chemically linked; 3) Fragment merging, where novel ligands are designed based on  features 

of two or more fragments binding to similar regions of the pocket. These collective approaches can then lead to the 

design of a high affinity ligand based on the structural information of the weak affinity hits. 

 

By collectively obtaining hits from fragment screenings and understanding how 

they interact with a determined site, multiple strategies (Figure 13) can be used to generate 

potent ligands from these starting points.88 FBLD is emerging as an efficient methodology 
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for the development of PPI disruptors, as this class of compounds can best probe key 

interactions into the shallow flat surfaces where ligands need to interact.89 

Due to their small size, hits from FBLD campaigns are expected to be weak 

binders (KD ≈ 0.1 – 10 mM), requiring relatively high concentrations in order to partially 

or completely saturate the protein sites in the selected assays. Consequently, special 

attention is given to utilising high quality fragment libraries and sensitive techniques for 

hit detection to minimise the occurrence of false positives / negatives in the screenings.90 

 

1.4.1 Compound libraries for fragment screening 

Over the past couple of decades fragment screening has been implemented in drug 

discovery campaigns, many lessons have been learned regarding the design of good 

compound libraries.90 Nowadays, before compounds are purchased or prepared, several 

filters are generally applied to select compounds with desirable properties, such as: 

molecular weight (MW), octanol-water partition coefficient (ClogPo/w), topological polar 

surface area (TPSA), heavy atom count (HAC), number of hydrogen bond acceptors and 

donor (HBA and HBD, respectively), number of rings and rotatable bonds (NRotB), etc.91, 

92 One of the most well-known guidelines is the rule of three (Ro3), where compounds 

should possess MW < 300 Da, ClogPo/w < 3, HBA < 3, HBD < 3 and NRotB < 3 to be 

accepted.93 However, these are just recommendations, with certain filters being more/less 

stringent according to the screening strategy and the tractability of the target.91 Further 

selection is also made to remove compounds containing reactive functional groups or 

recurrent false positives reported in different screenings, also known as PAINS (Pan-

Assay INterference compoundS).94 

Many computational tools and databases are available for aiding this process due 

to the large number of commercially available compounds in multiple chemical 



52 

 

databases. These computational approaches are also needed to sort compounds into 

representative groups, guaranteeing that the library does not possess a large number of 

compounds with very similar structures. At this stage, the number of candidates is reduced 

to ranges where experienced computational and medicinal chemists can individually 

select the final set of compounds to compose the library. This laborious process is 

important to remove flagged compounds missed in the filtering process and prioritising 

synthetically accessible compounds with vectors for chemical derivatization.91, 95   

After this initial triage the fragment library is then physically assembled. Before 

being screened against the desired biomolecular target, compounds are subjected to a 

quality control (QC) to assess properties like compound identity, solubility, stability and 

aggregation in the assay conditions. The thresholds for the QC analysis vary depending 

on the specific requirements of different assays, i.e. presence of hydrogen/fluorine atoms 

in compounds intended for 1H/19F nuclear magnetic resonance (NMR) screenings, 

removal of compounds that can interfere with the fluorescence measurements of some 

biochemical assays, etc.86, 90, 91 

Typically, NMR (detailed in the following sections) experiments are used for QC, 

as multiple compound properties can be evaluated by preparing a single sample per 

compound. The NMR QC failure rates are normally around 15%, with solubility being 

the main factor for removing compounds from the fragment libraries prior to screening.91, 

96 Other quality control procedures also include verifying unspecific interactions of the 

compound libraries to reference surfaces commonly used for example in surface plasmon 

resonance (SPR, detailed in the following sections).97 Compounds approved in the QC 

analysis are then used in the desired screenings, guaranteeing the lower probability of 

time-consuming investigations of false positive or problematic hits. 



53 

 

1.5 Fragment screening using biophysical techniques 

To detect the expected weak interactions in fragment screenings, numerous 

approaches have been developed or repurposed for hit identification and validation.98, 99 

Additionally, as fragment libraries are generally composed of hundreds to thousands of 

compounds, high throughput methods are also preferred, especially in the initial stages of 

a project.100 When a functional biochemical assay is not available, fragments are mainly 

tested using biophysical and structural biology methods. Some commonly used 

approaches include measuring protein stabilization by thermal shift101, biolayer 

interferometry102, computational screenings103, mass spectrometry104, isothermal titration 

calorimetry105, amongst others. In the context of this work, particular attention will be 

given to three techniques in the following sections: NMR, SPR and X-ray crystallography. 

These techniques are well regarded as robust methods for identifying, quantifying and 

structurally characterising weak interactions in FBLD.98, 106 

 

1.5.1 Nuclear magnetic resonance 

One of the most powerful biophysical techniques for studying interactions 

between small molecules and macromolecules (e.g. proteins) in solution is nuclear 

magnetic resonance spectroscopy (NMR).107 In this technique, an external strong 

magnetic field is applied to a sample, creating energy gaps (in the radiofrequency range) 

between the different possible nuclear spin states of a nuclei. When a nuclei, previously 

excited to a higher energy spin state, returns to a lower energy state, radiation is emitted 

at the frequency correspondent to the gap between the two levels. By monitoring and 

processing the signals emitted by a sample at different frequencies, an NMR spectrum is 

obtained, providing useful information regarding compound structures and their chemical 

environment.108 
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As magnetically induced energy gaps can only be generated in nuclei possessing 

nuclear spin different than zero, only certain atoms can be monitored by NMR. In the 

context of FBLD, proton (1H), fluorine (19F), carbon (13C) and nitrogen (15N) atoms are 

the most commonly observed nuclei. The study of protein-ligand interactions by NMR is 

normally divided in two classes: protein-observed and ligand-observed.109 

In the case of protein-observed NMR, the signals corresponding to protein 

residues are monitored in the absence and in presence of the potential ligand. If a 

compound specifically interacts with a protein site, differences can be detected in NMR 

observables, because these are dependent on both the concentration and affinity of the 

ligand. If the frequencies corresponding to the protein residues are known, consequently 

the binding site of the ligand can also be mapped. However, this class of NMR 

experiments generally requires the use of isotopically labelled proteins at relatively high 

concentrations and long two-dimensional experiments, a costly and time consuming 

process. Additionally, full assignment of protein residues becomes challenging for 

proteins with molecular weight above 30-40 kDa due to the high complexity of the 

spectra. Many advances have been made in the field of protein-observed NMR to 

overcome some of the limitations described above.110-113 

In the context of this work, a higher focus will be given to ligand-observed NMR 

methods, where small-molecule resonances are monitored upon binding instead of protein 

signals. These experiments are particularly suitable for detecting fragment binding, as 

their interactions fall into the fast-exchange regime. The lifetime of the fragment-protein 

complex is extremely short (less than a second), therefore during the timescale of the 

NMR experiment multiple association and dissociation cycles of fragment molecules are 

expected to happen. Most ligand-observed NMR methods rely on guaranteeing that a 

considerable percentage of the small-molecule population carry a “memory” from their 

interaction with the protein. Such molecules will then present differences in certain NMR 
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observable parameters when compared to the population that did not interact with the 

protein during the data acquisition time. By comparing samples in the absence or in the 

presence of protein, differences can be tracked to indicate that an interaction happened 

with the protein.109, 112 

Molecules with slow exchange rates generally cannot be detected by conventional 

ligand-observed NMR methods, relying on high protein concentrations or indirect 

methods via competition experiments. Due to their long residence times in the binding 

site, just a small percentage of the ligand population carries the NMR “memory” by the 

end of the NMR experimental timescale. In this way, the spectrum of such binders will 

strongly resemble the spectrum acquired in absence of protein, classifying such 

compound as a false negative. Slow exchange is generally expected for low micromolar 

and nanomolar binders, affinity ranges very rare in FBLD, especially when probing 

protein-protein interaction sites. Therefore, ligand-observed NMR can robustly be used 

for finding novel binders of a complex such as the VBC complex.109, 112, 114 

 

1.5.1.1 Ligand-observed proton NMR 

Considering the chemical motifs usually present in fragment libraries, 

theoretically any compound possess at least one non-exchangeable proton that can be 

monitored by ligand-observed 1H NMR.91 Several techniques have been developed to 

observe changes in NMR-observable parameters upon binding. In particular, three 

techniques were used in this work: saturation transfer difference (STD), water-ligand 

observed via gradient spectroscopy (WaterLOGSY) and Carr-Purcell-Meiboom-Gill 

(CPMG) spin echo experiments.114 

In the STD experiment, two 1H NMR spectra of a sample are recorded. In one 

case a region of the spectrum is irradiated, typically around 0 and -1 ppm, obtaining an 
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“on-resonance spectrum” with signal intensities ISAT. As fragments rarely possess 

resonances in this chemical shift range, just the protein is selectively saturated through its 

highly shielded and buried protons of hydrophobic residues. A second spectrum is then 

recorded without any protein saturation, obtaining an “off-resonance spectrum” with 

signal intensities I0. The difference between the signals of the two experiments results in 

a spectrum with intensity ISTD (ISTD = I0 – ISAT). If a fragment is interacting with the 

protein, saturation from the protein will be transferred to the compound via spin diffusion 

as a result of the nuclear Overhauser effect (NOE) in the “on resonance” experiment. 

Consequently, the intensity of the proton signals (ISAT) of the compound will decrease, 

resulting in a difference spectrum with positive signals (ISTD > 0). If a fragment is not 

binding to the protein, no saturation will be transferred from the protein to the compound, 

resulting in an "on resonance" spectrum with the same intensities as the “off resonance” 

spectrum. Then, after subtraction no signals of a non-binder are observed.115-117 

STD NMR experiments can provide valuable information in addition to merely 

determining if a fragment is binding to the target protein. As NOEs are dependent on the 

internuclear distances, the saturation transfer to each proton in the fragment is dependent 

on their proximities to the protein. Upon binding the ISTD intensities will vary between 

protein-buried and solvent-exposed protons.118, 119 In this way, STD experiments can be 

used to map the binding epitope of protein binders, with multiple experimental setups 

available for studying binding epitopes in solution. Additionally, direct measurements of 

dissociation constants can also be performed by STD120, showcasing the large 

applicability of these experiments. 

In the WaterLOGSY experiment, magnetization is transferred from bulk water to 

the molecules in solution via NOE. In this experiment, large molecules with slow 

tumbling in solution will present positively phased signals, while negative signals are 

expected for small molecules with fast tumbling rates. Upon binding, water magnetization 
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can be transferred to the fragment via the protein or bound water molecules, resulting in 

a more positive WaterLOGSY spectrum when compared to the one recorded in absence 

of protein.121, 122 This experiment is useful not only for identifying screening hits, but also 

as a quality control procedure. Soluble compound aggregates will behave as 

macromolecules, possessing slow tumbling rates. Therefore, compounds with very weak 

negative signals or positive signals in the absence of protein are classified as aggregators, 

being removed in the QC analysis.91 

 

Figure 14. Detection of ligand binding by different ligand-observed NMR techniques. Main features observed to 

select hits in STD, WaterLOGSY and CPMG experiments in absence (blue) or in presence (red) of protein. 

 

Finally, in the CPMG123, 124 experiments, differences in the transverse relaxation 

rate constant are monitored in the presence of protein by inserting a relaxation delay 

before data acquisition. Small molecules relax slowly in solution, resulting in sharp peaks 

in the NMR spectra, while proteins present broad peaks as a result of their quick 

relaxation times. Upon binding, the relaxation rate constant of the fragment is enhanced, 

affecting several molecules during the experiment time due to their fast exchange rates. 

Hits will then present lower intensity signals in the CPMG experiments when compared 

to the samples in absence of protein.114, 125 
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1.5.1.2 Ligand-observed fluorine NMR 

The detection of fluorinated compounds by ligand-observed NMR presents 

several advantages: 100% 19F isotope abundance, high sensitivity to changes in the 

chemical surroundings and absence of noise from signals of protein, solvent and buffer 

components when compared to proton based methods. The large spectral width of the 

fluorine spectra also enables the analysis of multiple fragments in mixtures, allowing the 

execution of screenings in a short time. Due to the large contribution of chemical shift 

anisotropy (CSA) to the relaxation rates of fluorine nuclei, 19F CPMG are amongst the 

most popular methods for assessing binding of fluorinated binders. 126-128 

A disadvantage of these experiments is the requirement of at least one fluorine 

atom in each compound of the screening library. Thanks to the advances in the synthetic 

methods for the preparation of fluorinated compounds, many groups in industry and 

academia today develop or purchase large sets of fluorinated compounds specifically 

aimed for the 19F NMR screenings.129 

 

1.5.2 Surface plasmon resonance 

In SPR, polarised light is directed towards a thin gold layer surface placed in the 

interface of environments with different refractive index. The angle of the reflected light 

is dependent on both the angle of the incident light and the refractive index in the interface 

of the gold film. Since the refractive index is linearly correlated with the number of 

molecules bound to the surface, interactions can be detected by monitoring the changes 

in the angle of reflected light over time. To ease data display and interpretation, most SPR 

machines convert these angular changes into an arbitrary value known as response (R), 

expressed in response units (RU).97, 98, 102 



59 

 

In a typical SPR experimental setup, different concentrations of an analyte (e.g. a 

fragment) are injected over two surfaces: a blank surface without any modification 

(reference surface) and a surface where protein has been covalently or transiently 

immobilised (active surface). After subtracting the active surface responses by those 

measured in the reference surface, the residual response corresponds to the specific 

interaction between the fragment and the protein. By plotting the responses measured at 

steady state, i.e. equilibrium, against the respective analyte concentrations, dissociation 

constants can be obtained.130 The SPR technique is extremely sensitive, enabling the 

detection of strong and weak binders. The theoretical maximal response (RMAX) for a 

determined fragment is described in the equation below: 

𝑅𝑀𝐴𝑋 = 𝑅𝑃𝑟𝑜𝑡𝑒𝑖𝑛 ×
𝑀𝑊𝐴𝑛𝑎𝑙𝑦𝑡𝑒

𝑀𝑊𝑃𝑟𝑜𝑡𝑒𝑖𝑛
× 𝑛 

Where RProtein is the total difference (in response units) between the active and 

reference surfaces, reflecting the total amount of protein immobilised on the surface, 

MWAnalyte and MWProtein are the molecular weights of the analyte and protein, respectively, 

and n is the stoichiometry of the analyte-protein interaction (expected to be 1 for most 

protein-ligand interactions). As the molecular weight ratio between a fragment and a 

protein is large, high protein immobilisation levels (high RProtein) are used in fragment 

screenings in order to maximise the measured signals and enhance signal to background. 

The calculation of the theoretical RMAX is an important parameter to distinguish true 

binders from problematic compounds. When the measured responses surpass RMAX, the 

respective analytes are generally classified as promiscuous binders, unspecifically 

accumulating on the active surface (n > 1). Furthermore, negative responses also indicate 

that the analyte may be binding to the reference surface, or artificially affecting the matrix 

(e.g. swelling). Compounds with concentration dependent responses within their 



60 

 

theoretical RMAX values can then be ranked according to their respective affinities. 

Subsequently, the most interesting hits are prioritised for further characterisation.98, 130 

 

1.5.3 X-ray crystallography  

Structural information of a fragment upon binding is fundamental for progressing 

weak affinity hits into potent binders. By observing the interactions established with 

protein residues, many of the fragment optimisation approaches previously discussed can 

be used (Figure 13). The most widely used method for obtaining such structures is X-ray 

crystallography.131 Initially, crystallisation of the target protein is required prior to 

obtaining the fragment-bound structures. The conditions for growing protein crystals 

generally employ high concentrations of the macromolecule, alongside mild precipitating 

agents (polymers and salts) and fine tuning of parameters such as ionic strength, pH and 

temperature. Finding crystallisation conditions for a protein is a laborious process, 

involving combinatorial addition of several reagents and extensive optimisation. Often 

different protein constructs are required, removing flexible regions that can inhibit crystal 

packing. Due to the high solvent content of crystals grown in such setups, the protein 

structure is expected to retain conformational states similar to those observed in solution, 

being relevant for studying ligand binding.132, 133 

After a successful crystallisation condition has been found, crystals are exposed 

to X-ray radiation. The reflections obtained from the diffraction of the beam can then be 

used to build a protein model. To solve the crystallographic structure, both the amplitude 

and the phase of the diffracted beam need to be known. The amplitudes can be obtained 

by the intensity of the measured reflections, however the phase information needs to be 

derived from other sources, such as using the phases of a structurally similar protein or 

detecting the phases of heavy atoms added to the protein structure. Once the initial phases 
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are given, an electron density map can be generated. The most commonly assessed maps 

for model building are the Fo and Fc maps (structure factor amplitudes calculated from 

the experimental data and the model, respectively). Several rounds of model refinement 

are performed in order to obtain a satisfactory model agreeing with the diffraction data, 

using several model quality control statistics to assess the quality of the model.134 

Once good diffracting crystals and a protein model are available, experiments to 

obtain the fragment bound structures can be executed. As generally several hits need to 

be characterised, the most commonly used approach to obtain structural data in a short 

times is crystallographic soaking. In this method, crystals are transferred to solutions 

containing high concentrations of the fragment hit. It is expected that true binders diffuse 

through the solvent channels of the crystal, binding to their respective sites. The 

diffraction data of crystals saturated with a fragment hit are collected, using the previously 

built protein model to solve the initial phases. The electron density map is then inspected 

(usually the 2Fo – Fc map), looking for additional unexplained electron densities 

corresponding to the structure of the soaked fragment. In the case of a successful soak 

with sufficient occupancy of a hit in the crystal, then a new model is built adding the best 

fit for the fragment. Several rounds of structural refinement are performed in order to 

obtain the most satisfactory binding pose for the ligand that can satisfy the observed 

electron density map. This valuable structural information can then be translated into the 

synthesis or purchase of novel compounds aimed towards enhancing the interactions 

currently present and reaching other residues in the surroundings of the binding site.134 

It should be noted that many considerations and limitations can also exist even 

when good diffracting crystals are employed in soaking experiments. Due to the crystal 

packing, certain regions of the protein may be blocked by interactions with other protein 

copies within the unit cell or across different unit cells. Certain sites can also be occupied 

by components of the crystallisation solution such as salt ions or additives. If a fragment 
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hit binds to any of these sites, it is highly unlikely that a fragment bound structure can be 

solved due to these pockets being blocked.135 To solve the issue of additives and salts 

binding to and so blocking the binding site, crystals are usually “washed” with solutions 

containing alternative additives (e.g. replacing a sulphate salt with the chloride 

equivalent).99 However in the case of crystal contacts, novel crystallisation conditions 

need to be developed.135  

Another common issue with soaking experiments is guaranteeing that protein 

crystals can tolerate the soaking conditions. Generally high fragment concentrations are 

used (>10 mM) alongside with high concentrations of DMSO and cryoprotectants, 

potentially damaging the crystals and severely decreasing their resolution. Due to the high 

concentrations of precipitants, also fragment precipitation is a common problem.135 

Troubleshooting methods include optimising the soaking and cryoprotection steps by 

cross-linking crystals with glutaraldehyde136, changing DMSO and/or fragment 

concentrations and performing soaking experiments in the presence of allosteric 

inhibitors, giving a further stabilisation for the protein structure.137 Alternatively, closely 

related analogues of a fragment can be purchased/ prepared, possessing higher solubility 

to avoid precipitation.138 To avoid time-consuming optimisation for each case, it is 

paramount to select well validated hits prior to starting soaking experiments.135 

 

1.6 Motivation of the project and goals 

Given the exciting new discoveries and applications of ligands of E3 ubiquitin 

ligases, the development of novel ligands for this class of proteins is a subject of great 

interest in both chemical biology and therapeutic contexts. In particular, studies with the 

VHL E3 ligase have disclosed potential new sites for the design of potent binders for 



63 

 

investigating biological aspects of the complex and potentially the design of PROTACs 

targeting sites not related to the substrate recognition site of an E3 ligase. 

Interested in expanding the current knowledge and methodologies for targeting 

interactions in this E3 ligase, the main goal of my project was to develop and apply novel 

biophysical assays and tools to probe the surface of the VBC using weak-affinity 

fragments. Specific objectives included: 

 Development of 19F NMR competition assay to probe interactions at the Hyp site 

of pVHL, understanding the main parameters that drive sensitive assays. 

 Apply the aforementioned competition assay for assessing the assembly of ternary 

complexes formed by VHL-based PROTACs and selecting Hyp site hits from 

fragment screenings with the VBC complex. 

 Develop and execute ligand-observed NMR and SPR assays for fragment 

screenings using compound libraries designed to probe protein-protein 

interactions. 

 Characterise hits using X-ray crystallography, looking for novel binders of known 

sites and potentially novel binding sites in the VBC complex. 

 Development of the fragment hits into more potent ligands guided by the 

biophysical and structural information gathered. 

Therefore, this project aimed to contribute not only towards a better understanding 

of ligand-binding in the VBC complex, but also explore novel approaches that could 

provide valuable information for both academic and industrial members of the FBDD 

community. 
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Chapter 2. Development of a sensitive 19F 

NMR competition assay to probe the 

Hyp recognition site of the VHL protein 
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2.1 Introduction 

Although much progress has been made in recent years to develop potent and 

selective inhibitors of the VHL-HIF interaction, so far all compounds possess a Hyp ring 

in their structures. Most of the gain in potency of these ligands was achieved by exploring 

different groups attached to the Hyp core. Alternatives approaches exploring direct 

modifications of the Hyp group itself include enantioselective fluorination139 and 

replacement of the amide bonds around the Hyp ring with the respective thioamides.140 

Yet, all of these examples consist of direct analogues of Hyp, and to date no substitutes 

of this group with other distinct chemical structures has been reported. 

The search for bioisosteric replacements of biologically relevant chemical groups 

is a subject of great interest in medicinal chemistry, offering alternatives that can retain 

similar target potency and selectivity while possessing better physicochemical properties 

such as enhanced solubility or stability.141 So far, no bioisosteric replacement as potent 

and selective as Hyp has been identified in the context of VHL inhibitors. Finding such a 

group could greatly benefit the development of chemical probes and drugs that rely on an 

interaction at the Hyp site on VHL, such as VHL inhibitors and VHL-based PROTACs. 

Motivated by finding such replacements, our group over the years performed 

multiple fragment screenings on the VBC complex, characterizing hits with positive 

binding response from different biophysical techniques using X-ray crystallography. This 

approach has shown to be time consuming and yielded only fragments binding to regions 

adjacent to the Hyp interaction region71, 114, 142 or to other two binding sites present in the 

complex.82 In order to streamline this process, alternative assays that can readily indicate 

if a compound is binding to the Hyp site would be very beneficial, as they would help to 

prioritise compounds for crystallographic soaking efforts. 

In this context, an attractive approach consists in performing competitive ligand-

observed 19F NMR experiments. In these experiments, the binding response of a 
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fluorinated ligand (referred as ‘spy’ or reporter molecule) of a target protein is monitored 

in the presence of protein and different competitors. By knowing the differences in the 

19F NMR spectra between the spy molecule free in solution and in presence of protein, 

upon addition of a competing ligand, the relative increase in the population of free spy 

molecule can be detected. The extent of this increase is proportional to the binding affinity 

of the competitor, allowing the ranking of compounds based on their relative potencies. 

Because the 19F NMR peak of the spy is observed, only site-specific or allosteric 

displacers should be detected in the competition experiments.126, 128 

It was hypothesized that a 19F competitive assay could be beneficial for finding Hyp 

replacements, as experiment times are short and the absence of fluorine in common buffer 

components and biomolecules makes the data analysis fast and less prone to artefacts. 

Due to the large spectral width of fluorine, even if competitors possess a fluorine atom, 

the probability of signal overlap is much smaller than observing other nuclei, e.g. proton. 

Furthermore, as the displacement is site-specific, the application of this tool is 

useful to allow grouping hits into different categories, for example those binding to the 

Hyp site and those which, despite binding to VBC, interact at other sites in the protein 

complex. This could help not only finding Hyp replacements, but also provide starting 

points for projects looking for binders of other pockets present in the VHL E3 ligase.81 

Although literature regarding the use of fluorinated spy molecules is quite rich, 

many aspects of spy molecule design are not discussed in depth or not approached 

experimentally. The general guideline is to use molecules with intermediate affinities and 

very fast exchange rates, as their binding is more likely to be readily detected by ligand-

observed NMR. Typically, the spy molecule selection process involves either screening 

a library of fluorinated compounds, trying to find binders for further characterisation as 

suitable spies, or preparing fluorinated analogues of known ligands, with no regard of 
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where to place the fluorine modification or exploring different affinities of fast-exchange 

binders. 

Interested in developing a highly sensitive assay to detect binding on the Hyp site, 

we decided to explore a large set of fluorinated analogues of VHL ligands, with the goal 

to select the best spy molecule. By varying the fluorine position and the affinity of the 

compounds, the relationship between these parameters and how they influence assay 

sensitivity can help understand which features should be prioritised when selecting 

molecules for 19F NMR competitive assays, thus expanding the current knowledge of the 

field. 

A sensitive assay would allow the detection of very weak binders of the Hyp site, a 

very important feature as Hyp itself, despite being essential for binding, possesses very 

low affinity.71 This observation suggests that even very weak fragments could provide 

useful starting points to find Hyp bioisosteres. 

2.2 Aims 

In this section the main objective consisted of developing a sensitive 19F NMR 

competitive assay to probe the VHL:HIF interaction region on pVHL, focusing on: 

 Developing a large series of fluorinated analogues using divergent synthetic routes. 

 Understanding how the fluorine attachment, ligand affinity and binding kinetics can 

affect the sensitivity of the spy molecule to detect binding; 

 Explore conditions to develop competition assays for the detection and ranking of 

weak / strong binders of the Hyp site using the most suited spy molecule.  
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2.3 Results 

2.3.1 Design and synthesis of spy molecules 

For the design of this series of spy molecules, ligand VH032 (previously developed 

in the group) was used as a template, as it is a very potent binder (KD = 185 ± 6 nM by 

ITC) with a VBC bound structure available (PDB: 4W9H).75 By inspecting the co-crystal 

structure, many solvent exposed positions in the ligand were noted as potential points to 

attach a fluorine modification without creating steric clashes with the protein that could 

disrupt binding. 

 

 

Figure 15. VH032 as a template for designing a small library of fluorinated spy molecules. (a) Ligand bound 

structure of VH032 soaked into VBC crystals (PDB: 4W9H). (b) Solvent exposed regions of VH032 that could be 

potentially replaced with fluorine containing groups were highlighted in blue. 

 

Given that this assay will be used for fragment screening, the concentration of the 

spy molecule should be relatively low to allow the analysis of large compound libraries 

efficiently (low consumption of the spy molecule). For this reason, a trifluoromethyl 

(CF3) modification was chosen, as it would yield a signal three times more intense than, 

for example, fluoromethyl (CF). Although higher sensitivity is expected for compounds 

with a CF moiety (larger 19F CSA contribution than the fast-rotating CF3 group), the high 

availability of commercially available CF3 containing compounds furtherly supported the 

design of CF3-containing spy molecules, allowing the preparation of multiple compounds 
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from short synthetic routes. In total five different CF3 attachments were proposed (Figure 

16), being either in the positions 2 or 3 of the aromatic ring (series A and B, respectively) 

or in an aliphatic position in the left-hand side (series C, D and E). 

 

Figure 16. Structures of the spy molecules designed for this work. Compounds grouped according to the attachment 

of the CF3 group, being either to an aromatic (series A and B) or an aliphatic (series C, D and E) carbon. 

 

For each series, the substitution in the position 4 of the phenyl ring was either a 

bromine atom or the same 4-methylthiazole present in VH032, known to be a key group 

to significantly improve the binding affinity of VHL ligands.75 The choice of having 

bromine at this position was made for two main reasons: 1) increase the range of affinities 

of the set of spy molecules by introducing weaker analogues of the respective 4-

methylthiazole derivatives; 2) generate each series with a divergent synthetic route, as the 

starting material for the brominated compounds can be used to prepare the starting 

material of the 4-methylthiazole compounds. 

All the spy molecules were synthesised using the route shown in Figure 17, based 

on the preparation VH032 previously reported.75 Starting materials 23b, 23d and 25b 
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were prepared by palladium-catalysed coupling of 4-methylthiazole with the 

commercially available 4-bromobenzonitriles 23a, 23c and 25a, respectively. Then, all 

nitriles were reduced to the respective amines using LiAlH4, resulting in the desired 

products with moderate yields. An amide coupling with Boc protected Hyp, followed by 

Boc deprotection in acidic conditions resulted in the simplest spy molecules of the series 

(1, 5, 9 and 13) and intermediates 27a-b. For the remaining compounds of the aromatic 

series (A and B), the desired spy molecules were prepared by acetylation and/or amide 

couplings, similar to procedures described previously by our group.75, 77 

 

 

Figure 17. Synthetic route used to prepare the two series of spy molecules. (i) 4-methythiazole, KOAc, Pd(OAc)2, 

DMA, 150 °C, overnight, 61-65%; (ii) LiAlH4, THF, r.t., overnight, 31-41%; (iii)  Boc-Hyp, HATU, DIPEA, DMF, 

r.t, 1 h, after purification, deprotection for 1 h with HCl 4.0 M in THF/DCM, 78-92%; (iv) DIPEA, 1-acetylimidazole, 

DCM, r.t., overnight, 72-93%; (v) 3,3-dimethylbutanoic acid, HATU, DIPEA, DMF, r.t, 1 h, 76-86%; (vi) Boc-tert-

leucine, HATU, DIPEA, DMF, r.t, 1 h, after purification, deprotection for 1 h with HCl 4.0 M in THF/DCM, 

quantitative; (vii) TEA, ethyltrifluoroacetate, MeOH, 24-48h, 58-71%; (viii) 3,3,3-trifluoropropanoic acid, HATU, 

DIPEA, DMF, r.t, 1h, 75-83%. 
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To generate compounds 17, 18, 21 and 22, trifluoroacetic anhydride was initially 

used to perform reaction vii (Figure 17) with intermediates 27a-b. However, due to the 

high reactivity of this reagent, several by-products were generated. To overcome this 

issue, ethyltrifluoroacetate was used as a milder electrophile, and besides the long 

reaction times (24-48h), the desired products were obtained with moderate yields. For the 

synthesis of compounds 19 and 20, an amide coupling with 3,3,3-trifluoropropanoic acid 

(reaction viii) resulted in the desired products with high yields. All 22 spy molecules 

prepared were purified by HPLC and characterized by 1H NMR, 13C NMR, 19F NMR and 

HRMS. 

 

2.3.2 Binding detection of spy molecules using 19F NMR 

As a preliminary test to assess binding of the spy molecules to VBC, two solutions 

were prepared for each compound: 

a. Spy molecule at 100 µM in 20 mM K3PO4 pH 7.5, 150 mM NaCl, 1 mM TCEP, 

2% DMSO and 20% D2O; 

b. Spy molecule at 100 µM + VBC at 5 µM in the same buffer described above; 

The 19F 1D and 19F CPMG (fixed delay of 800 ms) spectra were recorded for each 

sample and the fluorine peak of each compound was compared between the two samples. 

Differences in chemical shift, peak width and peak intensity upon addition of protein were 

analysed, as first indication of binding (Figure 18).128 

In particular for the CPMG experiments, monitoring the peak intensity can be very 

advantageous, since upon binding with a macromolecule in solution the spin-spin 

relaxation time constant of the spy molecule decreases, resulting in a very clear difference 

when compared to the sample where no protein was present.128 
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Figure 18. Main spectral parameters monitored to assess binding of a fluorinated small molecule to a protein in 

solution. Binding response is confirmed by changes in chemical shift (δ), peak intensity (I) and linewidth at half peak 

height (w1/2) in the blue spectrum (fluorinated molecule free in solution) when compared to the red spectrum 

(fluorinated compound in presence of protein). 

 

From the different criteria, monitoring the peak intensity by 19F CPMG was found 

to be the best method to detect binding of the spy molecules, as the differences were much 

more pronounced than comparing chemical shifts or broadening of the peaks upon 

addition of protein. To quantify this effect, the contrast of the 19F CPMG peak intensity 

was calculated for each sample (Figure 19).143 
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Figure 19. Contrast of 19F CPMG peak intensity of each spy molecule upon addition of VBC. (a) 19F CPMG signal 

contrast was calculated using the fluorine peak integrals of each spy molecule in absence and in presence of VBC (I(-) 

and I(+), respectively). (b) Contrast of 19F CPMG peak intensity of each spy molecule at 100 µM upon addition of VBC 

at 5 µM. 

 

Under these conditions a binding response could be observed for the majority of the 

spy molecules, and in some cases the fluorine peak was almost completely relaxed 

(contrast close to 100%), indicating a very clear binding response. Preferably, a good spy 

molecule should possess a high contrast, as this would result in a wide assay window in 

the competition experiments, making it easier to distinguish the displacers by their 

affinities. 

It can be noticed that molecules predicted to be very strong binders, like 21 and 22, 

presented a contrast close to zero. This was expected, since very strong binders generally 

showcase slow kinetics of exchange between bound and free forms. With the spy 

molecule on a high excess compared to the protein, the spectra recorded consisted mostly 

of the free unbound molecule in solution, and just a relatively smaller portion of the 
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molecules had their relaxation time constant affected by the protein due to their slower 

on- and off-rates. 

On the other hand, weaker binders present much faster kinetics, resulting in a higher 

percentage of molecules with their fluorine nuclei relaxed during the NMR acquisition 

time. But even in this case, the spy molecule cannot be too weak, as this would result in 

a very low absolute concentration of the spy-protein complex, resulting in mostly a 

measurement of the fluorine signal of the compounds free in solution being observed as 

unaffected by the protein. This could be observed for molecules 1, 5, 9 and 13, expected 

to be the weakest binders of the series. In this way, an “ideal range” needed to be found 

where the spy molecule is weak enough to have very fast kinetics, but not too weak 

otherwise much higher concentration of protein would be needed for the screening to have 

a good assay window. 

 

2.3.3 Ranking spy molecules by spin-spin relaxation time contrast 

This initial evaluation of the spy molecules already highlighted some of the most 

sensitive molecules (7, 14, 17, 18 and 19); however, molecules with different molecular 

weights and possessing CF3 at different positions will naturally vary in relaxation times. 

In this way, comparing these molecules with a fixed CPMG delay was not enough to 

determine which compound should be taken forward. In some cases compounds could be 

already completely relaxed or the difference between the peaks upon addition of protein 

is not very large. 

For proper comparison and ranking of the spy molecules, the transverse relaxation 

rate constant (R2) was measured for each molecule at 100 µM, in absence and in presence 

of VBC 1 µM (Figure 20). The concentration of VBC was decreased in order to lower the 

contrast, so molecules with nearly 100% contrast could be properly ranked. The contrast 

between the R2 values, hereon referred as C2, was calculated using a similar equation 
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shown in Figure 19, now replacing the peak integral values with the relaxation rate 

constants in absence and in presence of protein (R2
Free and R2

Observed, respectively).143 

These experiments were performed as triplicates and the results are shown in Figure 21. 

 

Figure 20. Correlation between the spy molecule peak intensity (I) and the CPMG filter (t). The 19F NMR signal 

of the spy molecule decays exponentially according to the spin-spin relaxation time constant (T2), also represented as 

R2 (R2 = 1/T2), the transverse relaxation rate constant. Ideally, the R2 of the spy molecule (free in solution, blue curve) 

will increase in presence of protein (resulting in the red curve), indicating that there is an interaction. Subtraction of 

both curves (cyan) shows that if the CPMG filter chosen is too short (A) or too large (C), the resulting peak contrast 

will be lower than the maximum possible (B). 

 

Figure 21. Contrast of R2 (C2) of all the spy molecules. C2 measured using the relaxation rate constants obtained for 

each compound at 100 µM in absence (R2
Free) and in presence of VBC at 1 µM (R2

Observed). 
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2.3.4 Correlation between binding affinities, T2 contrast and fluorine attachment 

To understand how the results shown in Figure 21 correlate with the binding 

affinities of the compounds, SPR experiments were performed.  

Table 1. Binding affinities measured by SPR and T2 contrast values obtained for each spy molecule. 

Series Compound R1 R2 KD, SPR (μM) C2 (%) [a] 

A 

1   > 1500 4.1 ± 3.1 

2   657 ± 49 [b] 6.5 ± 2.2 

3   
407 ± 5 28.2 ± 2.3 

4  
 

4.39 ± 0.12 38.9 ± 2.5 

5 
  > 1500 2.2 ± 1.8 

6 
  878 ± 98 [b] 37.7 ± 2.6 

7 
  

67.1 ± 14.0 62.1 ± 3.0 

8 
  

2.99 ± 0.75 17.7 ± 2.2 

B 

9   > 1500 0.9 ± 2.7 

10   1352 ± 94 [b] 51.9 ± 2.1 

11   
110 ± 9 47.9 ± 4.1 

12  
 

1.14 ± 0.12 7.6 ± 2.4 

13 
  

[c] 3.2 ± 2.0 

14 
  

[c] 53.9 ± 2.5 

15 
  

35.2 ± 7.0 41.3 ± 2.7 

16 
  

0.268 ± 0.030 1.3 ± 2.4 

C 
17  - 645 ± 100 [b] 62.0 ± 2.6 

18 
 

- 24.8 ± 3.4 76.0 ± 3.2 

D 
19  - 145 ± 29 70.1 ± 4.5 

20 
 

- 12.4 ± 1.9 48.4 ± 5.6 

E 
21  - 0.447 ± 0.085 3.7 ± 8.8 

22 
 

- 0.0969 ± 0.0068 0.8 ± 8.6 

 

[a] Measured with spy molecule at 100 μM in absence or presence of protein at 1 μM. [b] Compounds where the highest concentration 

tested was lower or too close to the KD. Affinities were obtained by extrapolating the fitting to the maximum response (RMAX) expected, 

since it could not be determined experimentally. [c] Promiscuous binders, responses go above expected RMAX or data could not fit to 

a 1:1 binding model. 



78 

 

For these measurements, biotinylated VBC was immobilised on a streptavidin 

surface and responses were monitored upon addition of different concentrations of each 

compound (experimental section 7.9). Binding affinities were estimated according to a 1: 

1 binding model and summary of the KD and C2 values for each compound is shown in 

Table 1. When correlating the pKD and C2 values many trends could be observed (Figure 

22a). 

 

Figure 22. Correlation between the fluorine attachment, affinity and the sensitivity of the spy molecules. (a) Plot 

of C2 versus pKD of the spy molecules with measureable affinities by SPR. Highlighted regions where the sensitivity 

decreases considerably due to the pKD being too low (pKD < 5.5) or too high (pKD > 2.5). The dashed circle exhibits 

molecules with similar affinities, but different sensitivities due to the distinct fluorine attachments. By plotting the same 

data just for the aromatic series A (b) and B (c), bell-shaped curves were obtained, showing the ideal affinity regions 

for these series. 
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The spy molecules with the lowest C2 were both those with the highest affinities of 

the series (12, 16, 21 and 22, KD ≈ 100 – 1000 nM) and those too weak for proper affinities 

to be accurately measured (1, 5 and 9, KD >>> 1.5 mM). Consequently, the “ideal range” 

of affinity discussed previously was found to be pKD ≈ 3.0 – 5.5 for this protein-ligand 

system. 

The same data was re-plotted including just compounds from the aromatic series A 

(Figure 22b) and B (Figure 22c), resulting in bell-shaped curves with maximum C2 at 

different pKD. The ideal affinity range (pKD with the highest C2) for series A was found 

to be of pKD ≈ 4.4 (KD ≈ 40 μM), while for series B it was found to be pKD ≈ 3.4 (KD 400 

μM), showing that even small modifications on the position of the CF3 attachment can 

result in large differences in sensitivity. The importance of the chemical environment 

around the fluorine atom in sensitivity could also be seen in Figure 22a (dashed circle), 

where spy molecules 7, 11 and 19 presented considerable differences in C2 while still 

possessing similar binding affinities (pKD ≈ 3.8–4.2). 

 

2.3.5 Selection of the best spy molecule for competition experiments 

With the ultimate goal of finding a very sensitive spy molecule suitable for both 

fragment screening and ranking of strong binders, 19 was selected for evaluation as a 

reporter for these two types of competition experiments. This spy molecule possesses an 

excellent C2 (70.1 ± 4.5%) and in the weak-to-intermediate affinity range (KD = 144.8 ± 

29.0 µM), suggesting that it would be relatively easier to be displaced than, for example, 

18 (C2 = 76.0 ± 3.2% and KD = 20.32 ± 5.20 µM). 
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Figure 23. Measurement of the C2 of spy molecule 19. (a) Structure of spy molecule 19. (b) The R2 of 19 was 

measured in two conditions: solution of the spy molecule at 100 μM (blue curve) and a solution of the spy molecule at 

100 μM in presence of VBC 1 μM (red curve). The significant difference between the two curves highlights the large 

binding contrast of 19 in these conditions. Experiments performed as triplicates. 

 

Figure 24. Measurement of the binding affinity of 19 by SPR. (a) Sensorgrams obtained by flowing different 

concentrations of 19 on a surface containing immobilised VBC. (b) Responses were concentration dependent and a 

binding affinity of 144.8 ± 29.0 μM was obtained from the best fit. 

Furthermore, the affinity of 19 to VBC could be accurately determined by SPR 

without the need to extrapolate the fitting to the expected RMAX. This is an important 

feature, as it could be assured that the spy molecule interacts with the protein with a 

stoichiometry of 1 and thus is a bona-fide binding ligand. In this way, a more accurate 

ranking of the competitors can be made rather than using some weaker spy molecules 

with good contrast (C2 > 50%), like 10 and 17, as their affinities were estimated by 
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extrapolating the fitting to their respective theoretical RMAX (RMAX could not be reached 

with the experimental data due to their weak affinities). 

To assess the viability of 19 in a competition assay, the R2 of the spy molecule was 

measured when in the presence of VBC and different competitors (KD range from 100 

nM to 250 µM), each at a single concentration. The binding affinities (constant of 

inhibition, Ki) of the competitors were estimated by using the changes in R2 as 

proportional to changes in the spy-protein complex (Chapter 7, section 7.8.1), as shown 

previously for other NMR-based competition assays.126, 144 A plot correlating these pKi 

with the ones obtained by SPR was then generated (Figure 25). 

 

Figure 25. Correlation between the pKD values obtained by SPR for different Hyp site binders and the respective 

pKi values obtained monitoring the T2 of the spy molecule 19. 

The correlation between the techniques was remarkably high (R2 > 0.9), showing 

that this competition assay was able to distinguish strong from weak binders even from a 

single measurement at a fixed concentration of competitor. For a more accurate estimation 

of the binding affinities of these compounds, repeating the same experiment with multiple 

concentrations of each compound could yield even better agreement between the 

techniques. 
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2.3.6 Conditions for high-throughput fragment screening 

When considering the application of this assay for fragment screening, two main 

factors were considered: time to measure each sample and concentration of controls. 

Since a full measurement of R2 for each sample would be very time consuming (around 

45-60 min per sample to generate the data shown in Figure 25), especially when screening 

libraries of compounds, an alternative for these experiments consisted in a single 19F 

CPMG measurement at a fixed delay. 

 

 

Figure 26. Method for determining the ideal CPMG delay for competition experiments. By knowing the transverse 

relaxation rate constants of a spy molecule free in solution (R2
Free, blue curve) and in presence of protein (R2

Bound, red 

curve), the difference between the two plot was described by I(t)Diff (cyan curve). To determine dmax, the delay where 

difference between the curves is the highest possible, the first derivative of I(t)D was calculated, equalled to 0 and t 

(CPMG filter) was isolated. 
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The choice of best delay to use was made by observing at which CPMG filter the 

difference between the peak intensities of the two control conditions was the largest 

(delay ‘B’ shown previously in Figure 20). To obtain this delay (referred as dmax), the 

procedure shown in Figure 26 was developed. For example, when using 19 at 100 µM 

and VBC 1 µM, the dmax was found to be 338 ms (R2
Free = 1.526 ± 0.041 s-1, R2

Observed = 

5.096 ± 0.186 s-1). Measurement at dmax greatly streamlined the process of measuring 

multiple competitors, as each tube could be tested in around five minutes. 

Regarding the concentrations of the controls (spy molecule and protein) to be used 

in the screenings, the R2 of 19 was measured at various conditions (Figure 27), looking 

for those where the concentrations were as low as possible while keeping a reasonably 

high C2. Ideally the concentrations of spy molecule and protein need to be as low as 

possible to avoid using large amounts of material when screening large libraries. 

The C2 was affected by the concentration of protein much more than it is affected 

by the concentration of spy molecule. For concentrations of protein below 0.5 μM the C2 

was found to fall considerably, making the assay window smaller, although clear binding 

detection could still be observed at 0.125 μM. Based on this data, concentrations of VBC 

around 0.5 – 1.0 μM were chosen as the best range for using spy molecule 19. 

As the concentration of spy molecule lowers, the C2 slightly increased in a few 

cases, making the lowest concentrations the best ones for screening. On the other hand, 

more scans were needed to obtain a good signal-to-noise ratio in the NMR experiments, 

and even with these efforts the standard errors were much more pronounced. Therefore, 

concentrations of 5.0 μM and 10.0 μM of 19 should be used mostly for hit identification, 

but not for accurate measurement of the affinity of competitors. 
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Figure 27. Evaluation of different conditions for the competition experiments. (a) Measurement of the 19F CPMG 

peak (200 ms filter) of 19 in the absence (blue) and presence of protein (red). As the concentrations of spy molecule 

and protein decreased, the signal-to-noise ratio (S/N) and C2 values respectively decreased. (b) Measurement of the C2 

of 19 varying simultaneously the concentrations of protein and spy molecule. The error progressively increased as the 

concentration of spy molecule went down, due to the increase in noise of the NMR data. 

 

Lastly, the capability of 19 to distinguish binders of different affinities using single 

19F CPMG measurements (instead of the lengthy R2 measurements used in Figure 25) 

was tested. The competition experiments were performed titrating different 

concentrations of VHL binders of varied affinities (KD = 100 nM – 1.5 mM). In order to 

perform the experiments with short running time, good contrast and minimal noise, the 

chosen concentration of VBC was 1.0 μM and of 19 was 50 μM. The displacement of 19 

was concentration-dependent and the Ki values of each compound were determined 

(experimental section 7.8). A very high correlation was observed between the NMR-
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derived Ki and the respective KD obtained by SPR, showing that this assay can efficiently 

differentiate the binding affinity of competitors across 4-log units (Figure 28). 

 

 

Figure 28. Estimation of the binding affinities of different VHL binders using spy molecule 19. The displacement 

of 19 (50 µM of spy molecule, 1 µM of VBC and 293 ms CPMG filter) was measured in the presence of different 

concentrations of five VHL binders (molecules 3, 10, 12, 18 and 22), being concentration dependent. With the 

concentrations of spy molecule, protein and the KD between 19 and VBC, the IC50 obtained from the curve fitting were 

converted into the respective Ki, which had excellent correlation with the KD obtained for the same compounds by 

SPR.  

Displacement at these same conditions was attempted using other two spy 

molecules of similar affinity but lower C2 (6 and 11). In these cases the assay did not 

differentiate the affinity of the compounds as efficiently as molecule 19 due to the lower 

C2 of these spy molecules (Figure 29a). 

To assure that the displacement of 19 was site-specific, binders of the two other 

pockets present in the VBC complex82 were also tested as competitors and, as expected, 

no displacement of the spy molecule could be observed (Figure 29b). 
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Figure 29. Evaluation of other spy molecules as alternatives for 19 and the specificity of the assay. (a) By 

overlaying the 19F CPMG peak of 6, 11 and 19 at 50 µM free in solution (blue) with the respective peaks obtained in 

presence of VBC 1 µM (red), the higher sensitivity of molecule 19 could be clearly observed. The CPMG filters for 6, 

11 and 19 were, respectively, 634, 447 and 345 ms, according to the dmax calculations. (b) Binders of other pockets 

present in the VBC complex82 were not able to displace 19, showing that the assay is site-specific. The 19F CPMG 

NMR peaks shown correspond to spy molecule 19 at 10 µM: free in solution (blue), in solution with VBC at 1 µM 

(red) and in presence of both VBC at 1 µM and 2 mM of compounds MB756 (green), MB1200 (violet) or MB235 

(yellow). The experiments were executed with 120 scans and a CPMG filter of 258 ms. 
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2.4 Discussion 

Competition experiments using 19F NMR are among the most sensitive and reliable 

methods for hit identification, binding affinity estimation and determination of binding 

site of protein binders by NMR. The fast data acquisition and analysis makes this method 

extremely attractive for many groups in academia and industry screening compounds 

against their targets of interest. Although much progress has been achieved in the nearly 

twenty years that these experiments have been applied, still some aspects of the assay 

development remain either unexplored or discussed just theoretically. In this work, a 

special focus was given to the spy molecule design, to elucidate simultaneously how 

potency and position of the fluorine modification could affect the sensitivity of the assay. 

To be able to prepare a diverse set of compounds with varied affinities and fluorine 

attachments, spy molecules containing a CF3 group were designed, and were prepared 

from divergent synthetic routes and moderate to high yields. Aside from the synthetic 

point of view, working with just one fluorinated group was chosen to draw a better 

comparison of compound sensitivity in terms of position of the fluorine attachment. Other 

fluorine containing groups, such as CF, CF2 and SF5, can present significant differences 

in size, electrostatic potential around the fluorine atoms, NMR peak intensity and 

relaxation, therefore differences in spy molecule sensitivity could arise from these effects 

instead of the position of these groups in the context of the bound ligand. To generate 

VHL ligands, these groups were also not considered due to the longer synthetic steps 

and/or expensive starting materials needed to prepare a diverse set of analogues. 

Nevertheless, these were factors considered for this specific protein-ligand pair. 

Other fluorinated groups should not be discarded from early stages of spy molecule design 

as they can also present certain advantages over CF3. Although CF compounds possess 

lower absolute sensitivity (signal is three times less intense), their small size allows the 

derivatization of ligands at virtually any position, even those facing the protein surface. 
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Moreover and importantly, the contribution of the 19F chemical shift anisotropy (CSA) to 

the relaxation of CF compounds is higher than the fast rotating CF3 groups, resulting in 

large differences between the bound and free states.128 This feature would allow other 

parameters such as peak broadening or chemical shift to be used to monitor binding. 

The initial evaluation of the spy molecules using single CPMG experiments already 

revealed the large differences in sensitivity of the series. The ligand design included on 

purpose few compounds expected to be too potent to act as efficient reporters. 

Interestingly, among the intermediate and weak binders the contrasts were found to vary 

significantly. By correlating the actual R2 contrast of each spy molecule at a fixed 

condition and their respective VBC affinities, many trends and confirmation of theoretical 

aspects of spy molecule selection could be observed. 

Regarding affinity solely, compounds with KD above 1.5 mM and below 1 μM were 

among the spy molecules with the lowest C2, revealing the affinity range that Hyp site 

spy molecules should have to present a good assay window. However, many examples of 

molecules with similar affinities and different C2 or more than 50-fold differences in KD 

but similar C2 could be observed (Figure 30). 

 

 

Figure 30. Examples of spy molecules with similar affinities but different C2 and vice-versa. 
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These results show the importance of not focusing solely on affinity for spy 

molecule selection. Most guidelines in the literature merely appear to suggest working 

with any fluorinated ligand with fast binding kinetics and intermediate-weak affinity. The 

exchange rates of all the compounds prepared in this work could not be determined 

accurately by SPR as the binding kinetics were too fast. Consequently, the results 

highlighted in Figure 30 were mostly due to the difference in the position of the CF3 group 

in the compounds. 

The plots of C2 versus pKD of just compounds of series A and B (Figure 22b-c) 

further support this observation. In both cases the data fitted into a bell-shaped curve, 

agreeing with theoretical predictions performed by Dalvit et al varying spy molecule 

residence time.145 By keeping the fluorine attachment constant within a given sub-series, 

the differences in sensitivity of the compounds became mainly dependent on the binding 

affinities, but for each series the KD where the C2 was the maximum varied around 10-

fold (KD ≈ 40 μM for series A and KD ≈ 400 μM for series B). This difference could be 

due to two effects: 

1) Fluorine chemical environment upon binding: Equivalent compounds (isomers 

just differing in the position of the CF3 group) present similar association rates (kon), but 

spy molecules of series B present larger differences of fluorine isotropic chemical shift 

(δF)145 between the bound and free forms than those in series A. Therefore compounds of 

series B, being more sensitive to the protein environment, will relax faster at shorter 

residence times (higher KD) than compounds of series A. 

2) Differences in binding kinetics: Assuming that the ΔδF between bound and free 

states is similar between the series, then the C2 will be mainly dependent on the residence 

time (τ) of the compounds, with the maximum of the bell shaped curves being reached at 

the same τ. As the highest C2 for series B was achieved at a higher KD, then compounds 



90 

 

of series B might possess smaller kon than those of series A, according to the equation 

below: 

𝜏 =
1

𝐾𝐷 × 𝑘𝑜𝑛
 

As the kon values could not be determined by SPR, the effect that played a major 

role in the differences in sensitivity according to the fluorine position could not be 

specifically attributed. Nevertheless, simultaneously varying the fluorine local 

environment and affinity proved to be beneficial to select a sensitive spy molecule, and 

should be always pursued in order to obtain a reliable assay. In projects where high 

affinity ligands are known such series of compounds can be readily prepared and in cases 

where just few weak binders have been characterized, we encourage the generation / 

purchase of analogues varying at least the fluorine position; even if in this case all 

potential spy molecules are very weak binders, the differences in sensitivity can be 

remarkable. 

Finally, for the competition assays spy molecule 19 was selected due to its high 

C2 while still possessing a relatively weak affinity. Given the large set of techniques 

available to accurately measure the affinity of strong binders to the VHL protein, but the 

lack of such wide range of approaches for the detection of weak binders, this assay was 

developed mostly for the detection of fragments or intermediate affinity binders. 

Therefore, 19 was selected over, for example, 18 (higher C2, but seven times more potent) 

as the best reporter for setting up the assay, as much higher concentrations of a weak 

competitor would be expected to achieve the same degree of displacement using a spy 

molecule of higher affinity 

Weaker binders than molecule 19 with relatively high C2 were also not preferred 

as their binding affinities were determined by extrapolating the fitting of the SPR data to 

the theoretical maximum response (RMAX). For the assay to be used not only to identify 
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but quantify the binding of the competitors, the spy molecule needs to be very well 

characterized to maximize the reliability of the assay. 

With compound 19, multiple assay conditions were evaluated and tested, showing 

that it can be used at very low concentrations of both protein and spy molecule for NMR 

experiments. Even in conditions with significantly lower signal-to-noise ratio (spy 

molecule at 5 and 10 μM), by increasing the concentration of protein, high C2 can be 

achieved, allowing the screening of large compound libraries with low amounts of 

material. 

By increasing the concentration of spy molecule, reliable measurement of Ki of a 

wide range of competitors was achieved, properly ranking them, and with great 

correlation with the respective SPR data. By being also a site-specific assay (no 

displacement caused by binders of other sites), this tool can now be fully implemented to 

measure the binding affinities of VHL ligands and the detection of weak affinity binders 

of the Hyp site, facilitating the search for bioisosteric replacements of Hyp and 

applications in future focused fragment screens. 
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Chapter 3. Investigation of PROTAC-

induced ternary complexes by 19F NMR 
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3.1 Introduction 

Our group has shown in previous work that in some cases, the potency and 

selectivity of PROTACs inside cells is not solely dependent on the binary interaction of 

the compound with each protein (E3 ligase and the target protein), as the formation of the 

ternary complex between the three species adds an extra dimension to the process. A 

notable example of this phenomenon is MZ1, a VHL-based PROTAC targeting the 

bromodomain of BET proteins. Although this PROTAC contained a pan-selective BET 

bromodomain inhibitor in its structure, a selective degradation profile among the protein 

family was observed.78 Further biophysical investigation showed that the binding affinity 

of VHL for MZ1 was enhanced to varying degrees in the presence of different 

bromodomains. When the second bromodomain of BRD4 (BRD4-BD2) was present, a 

~20-fold increase in binding affinity of MZ1 to VHL was observed. Interestingly, the 

degradation of BRD4 was selectively more pronounced than other members of the family, 

of which the increase in binding affinity was not as large.80 

By solving the crystal structure of the complex BRD4-2:MZ1:VBC, multiple 

interactions between the bromodomain and pVHL induced by the PROTAC could be 

observed.80 Some residues involved in these interactions were not fully conserved among 

other members of the BET family, explaining the differential degradation profile 

observed. These findings show that assessing the binding affinity of an E3 ligase and a 

PROTAC in the absence and presence of its target protein(s) can provide useful 

information in the discovery of potent and selective degraders, especially in cases where 

multiple PROTACs need to be tested or pan-selective ligands/inhibitors of the target of 

interest are incorporated in the PROTAC design. 

The good correlation between the affinities measured by SPR and those using the 

assay developed in chapter 2 revealed that a large range of binding affinities of VHL:HIF 

site binders could be detected using 19F NMR spy molecule competition experiments. 
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Therefore, another useful application for this experiment could be the measurement of 

the binding affinities of VHL-based PROTACs to VHL in the absence and in the presence 

of the second target protein, observing if there are any changes by estimating the 

cooperativity (α) of the ternary complex (Figure 31). By determining α of an specific “E3 

ligase : PROTAC : Target protein” interaction, the complex formed can be then classified 

as positively cooperative (α > 1), negatively cooperative (α < 1) or possessing no 

cooperativity (α = 1). 

 

 

Figure 31. Typical strategy to determine the cooperativity of PROTAC induced ternary complexes. (a) Initially 

the affinity of the PROTAC to the E3 ligase is measured (KD
BINARY). (b) The same measurement is performed with 

excess of the target protein in solution, obtaining the dissociation constant of the ternary complex (KD
TERNARY). (c) To 

evaluate the cooperativity of the complex formed, α is determined as the ratio between the two dissociation constants. 

 

Multiple factors can affect the activity of a PROTAC in cells, such as the 

physicochemical properties of the compounds (permeability, toxicity, stability, etc),48 
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availability of the E3 ligase or the target protein in the cell lines / tissues of interest or 

favourable orientation of the target protein for ubiquitination.146  However, previous 

studies have shown that for a given PROTAC compound able to engage more than one 

target protein, the α values can also correlate well with the degradation profile of the 

protein targets,79, 80, 139, 147 prompting the elaboration of new methods to measure the 

dissociation constants of the binary and ternary complexes formed by PROTACs. The 

successful application of this approach could then be used to assess the cooperativity of 

multiple PROTACs with their target proteins in a higher throughput compared to other 

methods currently used like ITC or SPR148. 

3.2 Aims 

To apply the 19F NMR competition assay developed in chapter 2 as a method to 

measure the cooperativity of ternary complexes formed by VHL-based ternary 

complexes. Specific goals include: 

 Assess PROTACs that form complexes with positive and negative cooperativity; 

 Assess the cooperativity of VHL dimerizers (Homo-PROTACs); 

 Compare the results with other biophysical techniques, understanding the main 

advantages and limitations of the assay. 

3.3 Results 

Although several VHL based PROTACs have been developed in recent years, full 

biophysical characterisation of binary and ternary complexes are available in just a few 

cases. To evaluate the application of the 19F NMR competition assay developed in chapter 

2 to measure such physicochemical parameters, a panel of VHL-based PROTACs was 

selected. All of these compounds had α values determined using ITC binding affinities 

measured previously in the Ciulli group. The compounds were divided into three groups: 

 PROTACs with α > 1 (positive cooperativity); 

 PROTACs with α < 1 (negative cooperativity); 
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 VHL Homo-PROTACs, where the same warhead is used at either end of the 

PROTAC, which targets the VHL E3 ligase. 

3.3.1 PROTACs with positive cooperativity 

Regarding PROTACs with positive cooperativity, a very well characterized 

example available in the literature is MZ1, a VHL-based PROTAC targeting the BET 

family of bromodomains (Figure 32a). The α values of the complexes formed between 

VBC, MZ1 and several bromodomains have been fully characterized previously by our 

group using ITC and SPR, with values ranging between 2.3-17.6 and 0.9-32.0, 

respectively  (Figure 32b).80, 148 

 

 

Figure 32. MZ1, a potent and selective degrader of BET bromodomains. (a) Structure of PROTAC MZ1 with each 

warhead highlighted. (b) Binding affinities between MZ1 and VBC in absence and in presence of different 

bromodomains determined by ITC and SPR. BRD2-BD1: first bromodomain of the bromodomain-containing protein 

2 (BRD2); BRD2-BD2: second bromodomain of BRD2; BRD3-BD1: first bromodomain of the bromodomain-

containing protein 3 (BRD3); BRD3-BD2: second bromodomain of BRD3; BRD4-BD1: first bromodomain of the 

bromodomain-containing protein 4 (BRD4); BRD4-BD2: second bromodomain of BRD4. 
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For the 19F NMR competition experiments, concentrations of spy molecule 19 and 

VBC were, respectively, 50.0 and 1.0 μM. This condition was selected due to the large 

assay window and high signal-to-noise ratio (S/N), achieving good quality spectra in short 

experiment times (3 to 4 min per sample). To evaluate the binary binding affinity of MZ1 

to VHL, the PROTAC was added at different concentrations (2-fold dilutions starting at 

5.0 μM) and the intensity of the 19F CPMG peak of spy molecule 19 was monitored. By 

plotting the displacement of the spy molecule as a function of the concentration of MZ1, 

IC50 values were obtained and converted to the respective Ki. In order to determine α, the 

same experiment was repeated in the presence of different bromodomains at 10 μM 

(Figure 33), chosen to ensure stoichiometric saturation of the PROTAC in the binary 

PROTAC:bromodomain complex. Any increase in the binding of affinity of MZ1 due to 

the presence of the bromodomain could be detected by a decrease in IC50. 
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Figure 33. Cooperativity of the complex formed between VBC, MZ1 and different bromodomains measured by 

19F NMR. Displacement of spy molecule 19 was measured in presence of increasing concentrations of MZ1 (same 

blue curve in each graph). The same experiment was repeated in presence of different bromodomains at 10 µM (green 

curves), as indicated in the each graph legend. The Ki derived from the curves were used to calculate the α of each 

complex. Experiments were repeated in triplicates, with spy molecule at 50 µM and VBC at 1 µM. 

For all six complexes α was found to be above 1 (Table 2), indicating that the 

addition of all bromodomains resulted in a complex with positive cooperativity. However, 

in most cases the α values were significantly different than those determined by ITC. 

Particularly for BRD4-2, even if the results agreed with the observation that this 

bromodomain formed the ternary complex with the highest cooperativity (α = 3.11), the 

gain in binding affinity was much lower than expected (α ITC = 17.6). 
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Table 2. Binding affinities and cooperativity values obtained by 19F NMR for the interaction between MZ1 in 

absence and in presence of different bromodomains. Respective values previously obtained by ITC80 were added 

for comparison. 

Competitor pIC50 
R2 

Fitting 

IC50 

(µM) 

Ki (nM) 

19F NMR 

α 

19F NMR 

KD (nM) 

ITC 

α 

ITC 

MZ1 6.055 ± 0.025 0.969 0.882 282 - 66 ± 6 - 

MZ1+BRD2-BD1 6.098 ± 0.014 0.987 0.798 220 1.3 24 ± 8 2.9 

MZ1+BRD2-BD2 6.195 ± 0.023 0.961 0.639 102 2.8 28 ± 3 2.3 

MZ1+BRD3-BD1 6.181 ± 0.021 0.978 0.660 118 2.4 19 ± 4 3.5 

MZ1+BRD3-BD2 6.150 ± 0.021 0.967 0.708 153 1.8 7 ± 2 10.7 

MZ1+BRD4-BD1 6.141 ± 0.018 0.979 0.722 164 1.7 28 ± 6 2.3 

MZ1+BRD4-BD2 6.205 ± 0.024 0.971 0.623 91 3.1 3.7 ± 0.7 17.6 

 

As these affinities were determined from a competition assay, certain 

considerations needed to be taken into account regarding tight-binding competitors. One 

of the main limiting factors to be able to measure true IC50 values of strong binders is the 

concentration of protein. When the concentration of protein is much higher than the KD 

of the competitor, all measured IC50 values will converge to half of the total protein 

concentration, as that is the minimum concentration required in any case to physically 

saturate half of the total protein sites, irrespective of how tightly the ligand binds.149 Any 

IC50 values that are too close to half of the total protein concentration should consequently 

be evaluated carefully, as they might not be accurate and the true binding affinity of the 

compound may be underestimated. 

Upon addition of bromodomain, all the IC50 values varied around 0.6 – 0.8 μM 

(pIC50 ≈ 6.1 – 6.2). The concentration of VBC used in these experiments was of 1.0 μM, 

therefore IC50 values close to 0.5 μM (pIC50 ≈ 6.301) cannot be reliably used to accurately 

determine the respective Ki. To overcome this issue, the concentration of VBC was 

progressively lowered, hoping to decrease the tight binding limit of the assay. As these 

new conditions presented a narrower assay window (less protein), the displacement 

experiments were also performed with spy molecule 19 at 100 μM, resulting in a signal 
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with higher intensity (higher S/N). These new experimental conditions were tested only 

with BRD4-BD2, as the shift in IC50 is expected to be highest in this case. 

 

 

Figure 34. Displacement experiments using low protein concentrations. Displacement of spy molecule 19 was 

performed using increasing concentrations of MZ1 in four conditions: (a) 19 at 50 µM and VBC at 0.50 µM; (b) 19 at 

50 µM and VBC at 0.25 µM; (c) 19 at 100 µM and VBC at 0.50 µM; (d) 19 at 100 µM and VBC at 0.25 µM. For each 

condition, the displacement was performed in absence (blue curves) or in presence (green curves) of BRD4-BD2 at 20 

µM. 

Unfortunately at these conditions α still could not be determined accurately 

(Figure 34). When the concentration of VBC was of 0.5 µM, the IC50 values were still too 

close to half of the protein concentration, while for the lower concentrations of protein 

the data fitting presented large errors due to the small assay window (Table 3). 
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Table 3. Results of the measurement of the PROTAC cooperativity using low concentrations of protein.  

[Spy] 

(µM) 

[VBC] 

(µM) 

[BRD4-BD2] 

(µM) 
pIC50 

R2 

Fitting 
IC50 (µM) Ki (nM) α 

50 0.25 - 6.220 ± 0.122 0.929 0.602 355 - 

50 0.25 20 6.505 ± 0.163 0.885 0.313 140 2.5 

100 0.25 - 6.881 ± 0.110 0.950 0.131 4 - 

100 0.25 20 6.806 ± 0.079 0.966 0.156 18 0.2 

50 0.50 - 6.236 ± 0.073 0.972 0.580 245 - 

50 0.50 20 6.477 ± 0.093 0.947 0.333 62 4.0 

100 0.50 - 6.437 ± 0.128 0.929 0.366 69 - 

100 0.50 20 6.602 ± 0.054 0.975 0.250 [a] [a] 

[a] Ki could not be determined, IC50 ≤ [VBC] / 2. 

 

Considering that the measurement of very low constants of inhibition was the 

main limiting factor to determine α in the examples shown so far, displacement 

experiments using a PROTAC with lower binding affinity to VBC were attempted. By 

testing compounds with weaker binding affinity, the IC50 values should consequently be 

much higher than half of the total protein concentration, resulting in more accurate Ki.  

For these experiments, PROTAC F-MZ1 was used as displacer (Figure 35). This 

compound is otherwise identical to MZ1 but presents a fluorine atom enantioselectively 

added to the Hyp ring, resulting in a 9-fold loss in binding affinity to the VHL protein 

(KD
ITC = 603 ± 74 nM). Displacement experiments were performed by titrating the 

PROTAC over a wide range of ~4 log units of concentration, with spy molecule 19 at 50 

µM and VBC at 0.5 or 1.0 µM, in the absence or presence of 20 µM BRD4-BD2, which 

was once again chosen as the parent BET bromodomain due to the formation of a highly 

cooperative complex with VBC and F-MZ1 (KD
TERNARY = 42 ± 6 nM, α = 14.5).139 

In this case, a noticeable shift in the IC50 could be clearly observed and all the 

values obtained were even above the total concentration of VBC (Table 4). The α values 

could be determined from the respective Ki, being closer to the value previously obtained 

by ITC. This closer agreement with the previously reported data compared to the results 
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obtained with MZ1 (at these same conditions MZ1 should present a similar range of α) 

showcased the higher suitability of the 19F NMR competitive assay to assess cooperativity 

of PROTACs with weak binding to the VHL protein. 

 

Figure 35. Displacement experiments using a weaker VHL-binding PROTAC. (a) Structure of F-MZ1, an analogue 

of MZ1 containing a fluorine atom (highlighted in blue) at position 3 of the Hyp ring. F-MZ1 exhibits reduced binding 

affinity to VHL compared to MZ1. (b) Displacement experiments performed with 50 µM of spy molecule 19, 1.0 M 

of VBC and increasing concentrations of F-MZ1. Experiments performed in absence (blue curve) or in presence (green 

curve) of BRD4-BD2 at 20 µM, chosen to saturate the PROTAC even at the highest concentration used (10 µM). 

Table 4. Determination of the cooperativity of the complex formed between VBC, F-MZ1 and BRD4-2 using 19F 

NMR competition assay. 

[VBC] (µM) 
[BRD4-BD2] 

(µM) 
pIC50 R2 Fitting IC50 (µM) Ki (nM) α 

0.50 - 5.426 ± 0.037 0.993 3.747 2596 - 

0.50 20 6.116 ± 0.064 0.980 0.765 382 6.8 

1.00 - 5.118 ± 0.032 0.987 7.617 5275 - 

1.00 20 5.872 ± 0.041 0.990 1.343 624 8.5 
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3.3.2 Negative cooperativity PROTACs 

In the case of PROTACs with negative cooperativity, compounds MZP-54, MZP-

55 and MZP-61 were evaluated. These compounds present a different bromodomain 

ligand and linker composition than MZ1, resulting in negatively cooperative PROTACs, 

i.e. showing decreased affinity to VBC when in presence of the bromodomain partner.147  

 

 

Figure 36. Displacement experiments using PROTACs with negative cooperativity. (a) Structures MZP-54, MZP-

55 and MZP-61, PROTACs with negative cooperativity. The displacement of spy molecule 19 was performed using 

increasing concentrations of (b) MZP-54, (c) MZP-55, and (d) MZP-61, spy molecule 19 at 50 µM and VBC at 1.0 

µM. For each condition, the displacement was performed in absence (blue curves) or in presence (green curves) of 

BRD4-2 at 10 µM, both in triplicates. 

The displacement of spy molecule 19 was performed in the same conditions as 

the first trial with MZ1 (Figure 33), and the cooperativity was evaluated solely in presence 

of BRD4-BD2. In this case, the NMR results were consistent with the negative 

cooperativity and had a better agreement with the ITC and SPR-derived α values (Figure 

36). By possessing negative cooperativity, a shift to higher IC50 values was expected for 

all these compounds. Therefore, issues regarding tight binding could only happen if the 
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PROTACs individually presented IC50 values already very close to the tight binding limit, 

which was not the case (all IC50 were above the total protein concentration). The same 

trend of cooperativity was obtained, with α MZP-55 > α MZP-54 > α MZP-61, showing great 

correlation between the two techniques. 

 

Table 5. Determination of the cooperativity of the complex formed between VBC, BRD4-2 and three PROTACs 

with negative cooperativity using the 19F NMR competition assay. Experiments were performed with spy molecule 

19 at 50 µM and VBC at 1 µM. Respective values previously obtained by ITC147 were added for comparison. 

Competitor pIC50 
R2 

Fitting 

IC50 

(µM) 

Ki (nM) 
19F NMR 

α 
19F NMR 

KD (nM) 

ITC 

α 

ITC 

MZP-54 5.985 ± 0.037 0.936 1.036 397 - 105 ± 24 - 

+BRD4-BD2 5.888 ± 0.021 0.977 1.293 587 0.7 228 ± 33 0.5 

MZP-55 5.944 ± 0.028 0.962 1.136 471 - 109 ± 8 - 

+BRD4-BD2 5.884 ± 0.024 0.970 1.306 597 0.8 183 ± 29 0.6 

MZP-61 5.916 ± 0.035 0.945 1.214 529 - 116 ± 24 - 

+BRD4-BD2 5.676 ± 0.024 0.969 2.108 1191 0.4 781 ± 60 0.2 

 

 

3.3.3 VHL Homo-PROTACs 

Lastly, the cooperativity of a VHL-based homo-PROTAC was evaluated. Homo-

PROTAC is a general term for PROTACs triggering the E3 ligase to ubiquitylate and 

degrade itself, possessing the same ligand in both ends of their structure. In this case, 

compound CM11 was evaluated as a displacer, as its full biophysical characterisation was 

previously performed, alongside with control compounds CMP98 and CMP99.79 These 

two compounds present a similar structure to CM11, with the main differences being the 

configuration of the carbon linked to the hydroxyl group in the Hyp ring (carbon 4). In 

the case of CMP99, the configuration of carbon 4 of one of the pyrrolidine rings was 

inverted; therefore just one of the ends of the molecule was able to interact with VHL. 

For compound CMP98 the configuration of carbon 4 was inverted in both pyrrolidine 

rings, resulting in a doubly-negative control unable to bind to VHL (Figure 37). 
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Figure 37. Structures of compounds CM11, CMP98 and CMP99. 

 

In this case, some considerations were made before performing the displacement 

experiments. Since each molecule of CM11 could bind to two molecules of VBC, lower 

IC50 values were expected. Precisely, the tight binding limit where IC50 values become 

unreliable is when they reach a fourth of the total protein concentration, as described 

below: 

When both the spy molecule (S) and the homo-PROTAC (H) are competing in 

solution, the total concentration of free i.e. unbound protein at equilibrium, [P], can be 

described as: 

[𝑃] = [𝑃]𝑇𝑂𝑇𝐴𝐿 − [𝑃𝑆] − 2[𝑃𝐻𝑃] 

Where [P]TOTAL is the total concentration of protein, [PS] is the total concentration 

of the spy molecule-protein complex and [PHP] is the concentration of the complex 

formed between the homo-PROTAC and two molecules of protein. Since each PHP 

complex contains two molecules of protein, its concentration was multiplied by 2 to 

subtract from the total protein concentration. 

When the total concentration of homo-PROTAC ([H]TOTAL) reaches the IC50, then 

half of [P]TOTAL is now bound to the homo-PROTAC. Therefore, the following 

assumption could be made: 

2[𝑃𝐻𝑃] =
[𝑃]𝑇𝑂𝑇𝐴𝐿

2
       ⟺        [𝑃𝐻𝑃] =

[𝑃]𝑇𝑂𝑇𝐴𝐿

4
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It should be noted that these are just approximations and are valid assuming a 

large excess of the spy molecule over the concentration of protein, in a similar way as the 

Cheng-Prusoff equation describes 1-to-1 inhibition events.150 With these relationships 

established, the Ki of the homo-PROTAC can be described as: 

𝑯 + 𝟐𝑷 ⇌ 𝑷𝑯𝑷 

𝐾𝑖 =
[𝐻][𝑃]2

[𝑃𝐻𝑃]
≈ ([𝐻]𝑇𝑂𝑇𝐴𝐿 − [𝑃𝐻𝑃])

[𝑃]2

[𝑃𝐻𝑃]
 

𝐾𝑖 ≈ (𝐼𝐶50 −
[𝑃]𝑇𝑂𝑇𝐴𝐿

4
)

[𝑃]2

[𝑃𝐻𝑃]
 

It can be observed that as the IC50 approaches a fourth of the total protein 

concentration, the first term of the equation above tends to zero. For IC50 values below 

this threshold, negative Ki values would be obtained. In this way, the tight binding limit 

of measurable IC50 for this assay is [P]TOTAL divided by four: 

𝑰𝑪𝟓𝟎 →
[𝑷]𝑻𝑶𝑻𝑨𝑳

𝟒
     ⇔      𝑲𝒊 → 𝟎 

The displacement experiments using these three compounds were performed 

using spy molecule 19 at 50 µM and VBC at 1 µM. Consequently, the tight binding limits 

were IC50 ≈ 0.25 µM (pIC50 ≈ 6.60) for molecule CM11 and IC50 ≈ 0.5 µM (pIC50 ≈ 6.30) 

for molecule CMP99. As expected, molecule CMP98 was not able to displace spy 

molecule 19, while molecules CMP98 and CM11 presented concentration dependent 

effects (Figure 38). 

A clear shift in the IC50 could be observed for molecule CM11 when compared to 

molecule CMP99, as expected for a binder that can interact with two protein molecules 

simultaneously. The Ki for both compounds could be calculated (Table 6), resulting in a 

large α value, as expected based on the ITC data available in the literature. However, it 

should be noted that the IC50 for CM11 was very close to the tight binding limit (IC50 = 



108 

 

0.277 µM), suggesting that under this regime the high cooperativity of the CM11:VHL 

system could even be underestimated. 

 

 

Figure 38. Displacement experiments using homo-PROTAC CM11 and control compounds CMP98 and CMP99. 

Displacement of spy molecule 19 performed using increasing concentrations of CM11, CMP98 and CMP99.  

Experiments were performed in triplicates using 19 at 50 µM and VBC at 1 µM. 

 

Table 6. Determination of the Ki of CMP99 and CM11 using 19F NMR competition assay and the α of the homo-

PROTAC. Respective values previously obtained by ITC79 were added for comparison. 

Competitor pIC50 
R2 

Fitting 
IC50 (µM) 

Ki (nM) 
19F NMR 

α 
19F NMR 

KD (nM) 

ITC 

α 

ITC 

CMP99 6.051 ± 0.025 0.970 0.888 287 - 146 ± 2 - 

CM11 6.558 ± 0.031 0.951 0.277 15 20 11 ± 2 13 

 

3.3.4 Overcoming limitations of tight binding PROTACs 

As it could be observed for the data obtained with MZ1 and CM11, all conditions 

using spy molecule 19 presented several limitations due to either the strong binding 

affinities of the competitors or the relatively high protein concentrations (micromolar 

range) required for quantitative ligand-observed NMR experiments. To overcome these 

issues, a new strategy was devised by using spy molecules of higher affinity to VBC. By 
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working with reports of greater binding affinity, it was postulated that higher 

concentrations of competitor would be needed to achieve the same degree of displacement 

obtained with a weaker spy molecule, as observed with other competition assays.149 This 

would result in higher IC50 values, further away from the tight binding limit. To test this 

hypothesis, displacement experiments using spy molecules 7 and 18 were attempted 

(Figure 39). These two spy molecules possess higher affinities than spy molecule 19 (KD 

= 145 ± 29 µM) while still presenting a good C2. 

 

 
Figure 39. Alternative spy molecules used to measure the affinity of tight binders. The C2 values shown were 

obtained previously (chapter 2) with each spy molecule at 100 µM and VBC at 1 µM. 

 

However, during the setup of the assay conditions it was observed that both 

compounds interacted with BRD4-2. The R2 of both molecules (especially spy molecule 

7) was greatly increased in the presence of the bromodomain, even in absence of VBC 

(Table 7). 
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Table 7. Measurement of the transverse relaxation rate constants of spy molecules 7 and 18 and determination 

of the C2 of each molecule to VBC and BRD4-BD2 in the assay conditions. 

Compound 
[VBC] 

µM 

[BRD4-BD2] 

µM 
R2 (s-1) 

R-square 

Fitting 

C2 (%)[a] 

VBC 

C2 (%)[a] 

BRD4-BD2 

Spy 7 

100 µM 

- - 1.236 ± 0.041 0.996 - - 

0.5 - 2.067 ± 0.052 0.998 40.2 ± 3.4 - 

- 20.0 9.570 ± 0.557 0.996 - 87.1 ± 7.7 

0.5 20.0 7.183 ± 0.440 0.995 -33.2 ± 10.1 71.2 ± 7.6 

Spy 18 

100 µM 

- - 1.388 ± 0.047 0.996 - - 

0.5 - 2.435 ± 0.056 0.999 43.0 ± 3.2 - 

- 20.0 1.812 ± 0.071 0.996 - 23.4 ± 4.8 

0.5 20.0 3.578 ± 0.189 0.994 49.4 ± 6.2 31.9 ± 5.7 

[a] Binding contrasts were calculated for VBC and BRD4-BD2, comparing equivalent conditions where the only 

difference between two samples was the addition of protein. 

 

Due to these effects, these spy molecules were found to be unsuitable for 

cooperativity measurements using this bromodomain. Nevertheless, the binary 

interaction between MZ1 and VBC could still be properly evaluated using both 

compounds (Figure 40), and the IC50 values were higher than those obtained with spy 

molecule 19 (IC50 = 0.366 µM, Table 3), as hypothesized. Unfortunately this unexpected 

interaction with BRD4-BD2 hindered the analysis of the potential of these reporters to 

obtain α comparable to those present in the literature and overcome the assay limitations 

of spy molecule 19. 
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Figure 40. Displacement of spy molecules 7 and 18 using MZ1. Displacement experiments using spy molecules 7 

(a) and 18 (b) shows that by using a stronger reporter, the IC50 values were relatively higher than those obtained with 

spy molecule 19. Experiments were performed with spy molecule at 100 µM, VBC at 0.5 µM, and increasing 

concentrations of MZ1. 

 

This binding response of spy molecules 7 and 18 to BRD4-BD2 raised the 

suspicion that also spy molecule 19 (structurally similar) interacted with the 

bromodomains. By observing the R2 previously for molecule 19 in the various 

displacement conditions tested, minor increases could be observed especially when VBC 

was also present (Table 8), albeit to a lesser extent than spy molecules 7 and 18. Ideally, 

if there was no interaction between the spy molecule and the bromodomain, all the R2 

values of equivalent conditions should be the same, regardless of the concentration of 

BRD4-BD2. Consequently, all the C2 values for BRD4-BD2 (Table 8) should have been 

close to 0%. 
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Table 8. Measurement of the transverse relaxation rate constants and determination of the C2 of spy molecule 

19 at different concentrations of VBC and BRD4-BD2. 

[Spy 19] 

µM 

[VBC] 

µM 

[BRD4-BD2] 

µM 
R2 (s-1) 

R-square 

Fitting 

C2 (%) 

VBC 

C2 (%) 

BRD4-BD2 

100 

- - 1.520 ± 0.048 0.997 - - 

0.10 - 1.605 ± 0.056 0.997 7.4 ± 6.4% - 

0.25 - 2.001 ± 0.053 0.998 25.7 ± 3.9% - 

0.50 - 2.702 ± 0.043 0.999 45.0 ± 2.6% - 

1.00 - 3.933 ± 0.076 0.999 62.2 ± 2.6% - 

- 20.0 1.487 ± 0.056 0.996 - -2.2 ± 4.9% 

0.10 20.0 1.848 ± 0.043 0.999 19.8  ± 3.9% 13.1 ± 3.8% 

0.25 20.0 2.361 ± 0.051 0.999 37.2 ± 4.9% 15.2 ± 3.1% 

0.50 20.0 3.103 ± 0.055 0.999 52.2 ± 5.4% 12.9 ± 2.3% 

1.00 20.0 4.693 ± 0.081 0.999 68.4 ± 4.4% 16.2 ± 2.4% 

50 

- - 1.487 ± 0.042 0.996 - - 

0.10 - 1.754 ± 0.037 0.998 15.2 ±  3.2% - 

0.25 - 2.346 ± 0.082 0.995 36.6 ± 4.1% - 

0.50 - 3.676 ± 0.127 0.996 59.5 ± 4.2% - 

1.00 - 5.910 ± 0.363 0.992 74.8 ± 7.7% - 

- 20.0 1.482 ± 0.049 0.995 - -0.3 ± 4.3% 

0.10 20.0 1.950 ± 0.065 0.995 24.0 ± 4.2% 10.1 ± 3.9% 

0.25 20.0 2.822 ± 0.088 0.996 47.5 ± 3.9% 16.9 ± 4.3% 

0.50 20.0 3.869 ± 0.090 0.998 61.7 ± 3.0% 5.0 ± 4.0% 

1.00 20.0 6.090 ± 0.264 0.996 75.7 ± 5.5% 3.0 ± 7.4% 

[a] Binding contrasts were calculated for VBC and BRD4-BD2, comparing equivalent conditions where the only 

difference between two samples was the addition of protein. 

These observations with spy molecule 19 raised two hypotheses: 

1) The spy molecule binds weakly to BRD4-BD2; 

2) VBC binds weakly to BRD4-BD2, resulting in faster relaxation for the spy 

molecule due to its interaction with a larger macromolecule in solution. This could 

explain the increase in R2 being more pronounced when VBC was present. 

The second hypothesis seemed more unlikely as no measurable binding response 

between bromodomains and the VBC has ever been identified by our group. However, 

these experiments were performed by ITC, a technique less sensitive than NMR at 

detecting weak interactions.151 To answer these questions, the R2 of spy molecule 19 was 
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measured in presence of increasing concentrations of BRD4-BD2, either in absence or in 

presence of VBC. From these experiments, it could be noticed that as the concentration 

of BRD4-BD2 increased, the R2 of 19 also increased, consistent with the spy molecule 

also being weakly binding to BRD4-BD2 (Table 9). 

 

Table 9. Measurement of R2 of spy molecule 19 at 100 µM with varied concentrations of BRD4-2, in absence or in 

presence of VBC at 0.5 µM. The respective C2 were determined according to each condition. 

Condition 
[VBC] 

µM 

[BRD4-BD2] 

µM 
R2 (s-1) 

R-square 

Fitting 

C2 (%) 

VBC 

C2 (%) 

BRD4-BD2 

1 - - 1.316 ± 0.046 0.996 - - 

2 - 1.95 1.396 ± 0.040 0.997 - 5.7 ± 4.3% 

3 - 3.91 1.442 ± 0.050 0.996 - 8.7 ± 4.7% 

4 - 7.81 1.341 ± 0.047 0.996 - 1.9 ± 4.9% 

5 - 15.63 1.412 ± 0.059 0.994 - 6.8 ± 5.3% 

6 - 31.25 1.421 ± 0.043 0.997 - 7.4 ± 4.4% 

7 - 62.50 1.456 ± 0.041 0.997 - 9.6 ± 4.2% 

8 - 125.00 1.460 ± 0.059 0.994 - 9.9 ± 5.1% 

9 - 250.00 1.476 ± 0.065 0.994 - 10.8 ± 5.4% 

10 - 500.00 1.739 ± 0.055 0.997 - 24.3 ± 4.2% 

11 - 1000.00 2.061 ± 0.083 0.995 - 36.1 ± 4.8% 

12 0.5 - 3.154 ± 0.115 0.997 58.3 ± 4.5% - 

13 0.5 1.95 2.901 ± 0.103 0.997 51.9 ± 4.2% -8.7 ± 5.3% 

14 0.5 3.91 3.396 ± 0.114 0.998 57.5 ± 4.2% 7.1 ± 4.8% 

15 0.5 7.81 3.076 ± 0.138 0.996 56.4 ± 5.4% -2.5 ± 5.8% 

16 0.5 15.63 3.085 ± 0.090 0.998 54.2 ± 3.8% -2.2 ± 4.7% 

17 0.5 31.25 2.856 ± 0.074 0.998 50.2 ± 3.3% -10.4 ± 4.8% 

18 0.5 62.50 3.174 ± 0.105 0.998 54.1 ± 4.0% 0.6 ± 4.9% 

19 0.5 125.00 3.245 ± 0.161 0.995 55.0 ± 5.9% 2.8 ± 6.1% 

20 0.5 250.00 3.402 ± 0.197 0.993 56.6 ± 6.9% 7.3 ± 6.7% 

21 0.5 500.00 3.411 ± 0.107 0.998 49.0 ± 3.9% 7.5 ± 4.6% 

22 0.5 1000.00 4.104 ± 0.237 0.994 49.8 ± 6.8% 23.1 ± 6.6% 

 

To reach C2 values above 20%, high concentrations of BRD4-BD2 were required 

(0.5 – 1.0 mM), all much higher than the concentration of spy molecule (0.1 mM). The 

same range of C2 could be easily achieved with VBC concentrations as low as 0.125 nM 

(Chapter 2). Evidently, differences in the relative R2 increase are expected for small 
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molecules binding to two distinct proteins. Differences in protein size, sequence, binding 

modes and exchange rates can significantly impact the rate of relaxation of a small 

molecule upon binding, even when the affinities to each protein are the same.  

However, the large differences in the concentrations of the VBC and BRD4-BD2 

needed to observe similar effects on the R2 showed that the interaction of 19 with BRD4-

BD2 was much weaker, and probably irrelevant in the context of the cooperativity assays 

where the total concentration of bromodomain was around 10 – 20 µM. Additionally, 

when observing the C2 for VBC, it could be observed that all values varied around 50%, 

independently of the concentration of BRD4-2, showing that the presence of the 

bromodomain did not interfere much with the assay window. 

 

3.4 Discussion 

This chapter concerns evaluation of the feasibility of using the competitive 19F 

NMR spectroscopy assay (previously developed in Chapter 2) for studying the 

cooperativity of ternary complexes induced by PROTACs. These preliminary results 

highlight the applicability of the assay and also its two major limitations: protein 

concentration and potential unexpected spy molecule interaction with the target protein. 

Although the concentrations of VBC employed (0.1-1.0 µM) in the displacement 

experiments using spy molecule 19 could be qualified as “low” for ligand-observed NMR 

experiments, in the context of competition experiments involving tight binders such 

protein levels were relatively high compared to what is typically used in other biophysical 

assays. For example, other techniques for monitoring competitive binding events, such as 

fluorescence polarisation (FP)149 or fluorescence resonance energy transfer (FRET),152 

employ protein concentrations in the nanomolar and even picomolar ranges in order to 

detect potent displacers. To be able to use concentrations this low, high affinity reporters 

are generally used, a strategy that cannot be used in competition experiments using 
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ligand-observed NMR. Tight binders present slow exchange rates, which severely 

diminish the binding response of the small molecule in most common ligand-observed 

NMR experiments, especially 19F CPMG.128 Also, as discussed in chapter 2, when low 

concentrations of spy molecule were employed, low signal to background was obtained, 

negatively affecting the accuracy of the measured Ki. 

As competitive NMR experiments are limited to reporters with intermediate-weak 

binding affinities to their targets, the best route to decrease the protein concentrations is 

to utilise highly sensitive and optimised spy molecules. The work developed in chapter 2 

provided such choices, but even in these cases, VBC concentrations much lower than 1.0 

µM proved to be not efficient for the quantitative experiments. 

Nevertheless, in some cases the assay conditions were favourable for the 

compounds tested. The detection of PROTACs with negative cooperativity and those 

containing weaker binders at the VHL end (F-MZ1) still could still be performed 

efficiently. As PROTACs with negative cooperativity display an increase in KD values, 

and consequently IC50, such changes can be more easily detected, as long as the affinity 

of the PROTAC itself is not already in the tight binding limit of the assay. In the case of 

the homo-PROTACs, clearly the high cooperativity of the complex induced by CM11 

could be observed, but as the measured IC50 was close to the tight binding limit of the 

assay, the Ki and α values obtained could potentially be underestimated. 

As an alternative to decreasing the protein concentration, the application of more 

potent spy molecules with reasonable C2 was employed. Unfortunately, interactions 

between the alternative spy molecules with the target protein could be observed, 

introducing significant artefact and deviations to the competition experiments. Therefore, 

another point to consider when applying fluorinated spy molecules in these assays is their 

potential off-target weak or unspecific binding with the other target protein of the 

PROTAC ternary complex. 
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This particular issue requires great attention in the case of competitive ligand-

observed NMR experiments, as it has a higher probability of happening for other 

techniques. As the spy molecules are generally weak-intermediate binders with simplified 

structures and low molecular weight, it is easier for them to fit into protein sites than 

reporters used in other assays, such as large high affinity peptides carrying fluorescent 

probes used for FP. Even if these large molecules are able to interact with the target 

protein, by using extremely low protein and reporter molecule concentrations, 

consequently unspecific weak interactions will be negligible. 

Considering that BET bromodomains are among the most druggable bromodomain 

readers,153 this unexpected interactions observed between the spy molecules and BRD4-

BD2 might not necessarily happen with other target proteins. Therefore, assessing if such 

spy:target protein interactions exist can be considered a vital step prior to setting up a new 

19F NMR competition assay. The effect of BRD4-BD2 binding was found to be more 

negligible at low bromodomain concentrations for spy molecule 19, so even closely 

related spy molecules should be tested in order to find the best suitable probe to setup 

screenings to determine PROTAC cooperativities. 

Before applying such tools to investigate VHL based PROTACs in the future, the 

following guidelines can be used: 

 

1) Initially verify if there is any interaction of the potential spy molecules with the 

target protein. This can be assessed by R2 measurements using 19F NMR, ligand-

observed NMR experiments or using binding assays such as SPR and ITC to obtain 

the actual KD of the interaction. 

2) The concentration of the target protein when added to the PROTAC should be 

sufficiently high to saturate all the PROTAC molecules. Therefore, it needs to be 

much higher than the binary KD with the PROTAC and at least two times higher 
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than the highest PROTAC concentration used in the assay, in order to guarantee 

full compound saturation. 

3) Measure the R2 (or T2) of the spy molecule in the preferable assay conditions, 

generally those where C2 is sufficiently high (above 50%), in absence and in 

presence of the target protein. 

 

In summary, these initial results showcased the potential of 19F NMR assays in the 

PROTAC field, especially for the screening of those weakly binding to the VHL-binding 

region. Our group has shown that PROTACs with weak affinity to either of its warheads 

could still engage their targets and show activity in cells. Additionally, by possessing a 

weak affinity, the selectivity of PROTACs could also be tuned. In the case of F-MZ1, 

although higher concentrations of PROTAC were needed to obtain the same degree of 

degradation of the bromodomain proteins compared to MZ1, an excellent selectivity 

window was achieved for the degradation of BRD4 without affecting significantly the 

levels of other BET proteins (BRD2 and BRD3), which lower cooperativity was 

oberved.139 Since the loss of VHL affinity was compensated by the cooperativity of the 

complex, this class of PROTAC compounds can be relevant for many protein degradation 

projects. 
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Chapter 4. Probing the VBC complex 

with fragments 
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4.1 Introduction 

Among the multiple small molecule approaches which the VHL E3 ligase has 

been investigated, ligands of the Hyp site of pVHL are by a large margin the most well 

studied binders to this complex.75-77 Previous works from our group aimed to also explore 

other potential interaction sites.81, 82 As the PROTAC technology relies on molecules 

capable of bringing proteins in close proximity to an E3 ligase, the development of other 

points of recruitment of a target for degradation could meet many valuable applications. 

The formation of a favourable ternary complexes between the E3 ligase, PROTAC and 

target protein explained both the selectivity and potency observed for certain chemical 

degraders.80 Therefore, by offering alternative regions for bringing these proteins together 

could consequently lead to differential PROTAC selectivity and potency than equivalent 

compounds binding to the Hyp site. 

Additionally, other components of the VHL ligase are also involved in other 

important biological process. The elongins B and C proteins (eloBC complex) play an 

important role as positive activators of the RNA-polymerase II by forming a complex 

with elongin A, increasing the rate of transcriptional elongation.154, 155 Aside from their 

transcriptional regulation functions, eloB and eloC are also present in other E3 ubiquitin 

ligases, acting as adaptor proteins for anchoring Cullin proteins to the substrate 

recognition proteins.156 Therefore, PROTACs binding to the eloBC complex could 

potentially possess higher efficacy in cells, as multiple E3 ligases could be accessed by a 

single PROTAC molecule. 

In total, two binding sites were identified by the group using fragment screening: 

a second site present on pVHL (VHL-2 site) and a binding site in the eloC protein (eloC 

site). Aside from being new potential anchor sites for the development of PROTACs, 

these new sites also offer possibilities to study different aspects of VHL and elongin 

biology. Reports of mutations in the VHL-2 site have been associated with loss of 
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function of the VHL E3 ligase, being unable to degrade HIF efficiently under normoxic 

conditions.  This condition, known as Chuvash polycythaemia, leads to strokes, 

thrombotic complications and increased mortality rate compared to populations not 

carrying the mutation.157, 158 Therefore, potent ligands of the VHL-2 site could be used as 

tools to investigate or treat this condition and to evaluate if this interaction could rescue 

pVHL function. 

As the eloBC complex is present in multiple physiological pathways, targeting 

these proteins with small molecules could potentially affect multiple processes, leading 

to toxicity issues in case of therapeutic applications. However, crystal structures of eloBC 

in presence of different proteins revealed that distinct regions of the complex can be 

involved with a specific binding partner (Figure 41).  Interestingly, portions of the N-

terminus of Cullin 2 (Cul2) were found to interact with the same region as the eloC site 

binders MB235 and MB1200. On the other hand, no interaction on this site was observed 

with the N-terminus of Cullin 5 (Cul5). 

These observations highlight the possibilities of developing potent eloC ligands 

that can be either used to study the assembly of eloBC-Cul2 containing E3 ligases, or act 

as anchors for the development of PROTACs hijacking the activity of Cul5-based E3 

ligases. The ability of modified peptides mimicking the N-terminus regions of Cul2 to 

disrupt the interaction between VBC and Cul2 was previously assessed in our group.81 

Some of these peptides, albeit with weak affinities, were able to specifically displace 

Cul2, suggesting that targeting of the eloC site can be a useful strategy to study this 

specific PPI. 
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Figure 41. Superposition of the crystal structures of CRL2VHL and CRLSOCS2 with the bound compounds MB235 

and MB1200 reveals that just Cul2 interacts with the eloC site. CRLVHL: Cul2-Rbx1-EloBC-VHL complex (PDB: 

5N4W),59 shown as yellow cartoon and leucine 3 represented as yellow sticks. CRLSOCS2: Cul5-EloBC-SOCS2 complex 

(PDB: 4JGH), shown as black cartoon. The PDB codes for the bound structures of fragments MB235 (grey sticks 

structure) and MB1200 (green sticks structure) to pVHL-EloBC are respectively 6GMN and 6GMX.82 

 

These preliminary results showcase the potential applications of developing 

ligands of different sites present in the VHL E3 ligase. As all the compounds interacting 

with the VHL-2 and eloC sites so far possess very weak affinities, the identification of 

additional binders could offer options for fragment linking and fragment merging 

strategies, aiding the development of potent ligands. 

In this section, biophysical and structural biology techniques were used to perform 

new fragment screenings on the VBC complex and to assess fragment hits from previous 

screenings performed by the group. To help with assay validation, the confirmed VHL-2 

and eloC site binders shown in Figure 42 were used. The discovery of compounds 

MB235, MB756 and MB1200 was reported by our group,82 while fragments FPS17 and 

NMR428 were identified by previous group members Dr. Pedro Soares and Dr. Morgan 

Gadd (unpublished data). Fragment FPS17 was identified as a promising analogue of 

MB756, being able to displace the original hit in 1H ligand-observed NMR experiments. 
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Fragment NMR428 was characterised from a set of orphan VBC hits of previous fragment 

screenings performed by the group. This compound possessed a higher crystal occupancy 

than original hits MB235 and MB1200, being present in all four copies of the eloC protein 

in the asymmetric unit. This compound was found stacked in the same hydrophobic 

region as previous eloC binders, with its binding being driven mostly by weak van der 

Waals interactions. 

 

 

Figure 42. Set of VHL-2 and eloC site binders previously characterised. (a) Structures of fragments identified in 

the VHL-2 and eloC sites. (b) Crystal structure of FPS17 (green sticks structure) bound to VBC in the VHL-2 site, 

solved at 2.40 Å resolution. The 2Fo−Fc electron density map (blue) was contoured at 1.5σ around the fragment. (c) 

Crystal structure of NMR428 (pink sticks structure) bound to VBC in the eloC site, solved at 2.30 Å resolution. The 

Fo−Fc electron density map (blue) was contoured at 3.0σ around the fragment. (d) Superposition of the bound structures 

of all three eloC site binders NMR428 (pink), MB235 (gray) and MB1200 (green). 
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Additionally, a group of 29 hits from a previous screening of fragment libraries 

available within the Drug Discovery Unit (DDU, University of Dundee) were selected for 

further evaluation. In this screening, performed by Dr. Alessio Bortoluzzi and previous 

students of the group, approximately 1200 fragments were screened against VBC using 

bio-layer interferometry (BLI) and differential scanning fluorimetry (DSF). Hits from this 

initial screening (69 compounds) were assessed by ligand-observed 1H NMR experiments 

(CPMG, WaterLOGSY and STD). Compounds with positive binding response in at least 

one experiment were selected, resulting in the group shown in Figure 43. 

 

 

Figure 43. Hits identified in previous fragment screenings with VBC. Compounds containing chiral carbons where 

the stereochemistry was not clearly stated were tested as racemic mixtures. 

 

Some fragments presented clear structural similarities (e.g. F05, F11 and F23), 

indicating that they could share the same binding site. Further biophysical 

characterization of the binding affinities and interaction sites was needed to identify the 

best hits to develop into potent ligands. 
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4.2 Aims 

The main goal of this part of the project was to explore the surface of the VBC 

complex using fragments, finding new binders of the known binding sites or potential 

new sites of interaction. Specific goals include: 

 Characterization of the 29 VBC hits obtained from a previous screening; 

 Establishment of a fragment library designed to probe protein-protein interactions, 

increasing the probability of detecting protein surface binders; 

 Development of assays for fragment screening, hit validation and compound ranking 

using ligand-observed NMR and SPR; 

 Crystallographic soaking of the best hits with the VBC complex to identify their 

binding sites. 

 

4.3 Results 

For the biophysical investigation of the 29 hits shown in Figure 43, most 

compounds were purchased from commercial sources, aside from compounds F13, F14 

and F21, which were synthesised due to commercial unavailability or high purchase costs. 

All three compounds were prepared with moderate yields in one or two steps, starting 

from available starting materials (Figure 44). 

 

 

Figure 44. Synthesis of fragments F13, F14 and F21. 
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Before setting up crystallographic soaking experiments with VBC, competition 

experiments with binders of the three known binding sites in the VBC complex were 

performed to indicate if any of the hits interacted with one of the known pockets. 

 

4.3.1 Competitive 1H ligand observed NMR experiments with VBC hits 

 All the hits were re-tested by 1H ligand-observed NMR experiments (1H CPMG, 

STD and WaterLOGSY) in competition with a binder of the each of the known binding 

sites of the VBC complex. In these experiments, the binding responses of the fragments 

were monitored in three conditions: 1) fragment free in solution, 2) fragment in presence 

of protein and 3) fragment in the presence of protein and a known VBC binder. This 

approach consisted in evaluating qualitatively if, in the presence of a specific competitor, 

the binding response of a fragment was diminished. Consequently, if that is the case then 

the fragment should bind to the same site as the respective competitor. 

In the case of the Hyp site, the competitor used was the 19-mer peptide 

DEALA(Hyp)YIPMDDDFQLRSF, which corresponds to the region of hydroxylated HIF 

that interacts with the VHL protein. This peptide (HIF peptide), binds strongly to the VBC 

complex (KD
ITC = 11±1 nM).139 In these experiments, none of the fragments’ binding 

response was clearly reduced by the presence of 500 µM of the HIF peptide. This result 

suggested that none of these compounds interacted at the Hyp site. Further displacement 

experiments using spy molecule 19, developed in chapter 2, also reached a similar 

conclusion as none of the compounds were able to displace the spy molecule even at 

concentrations as high as 1.5 mM. 

 Efforts were then focused on the other two binding sites present in the VBC 

complex. To execute similar competition experiments as those with the HIF peptide, high 

concentrations of these binders would be needed, preferably above their respective KD. 

This was unpractical, as all of the binders identified for these two sites possess very low 
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affinities to VBC complex (KD ≈ 1-10 mM)82 and poor solubility (1-5 mM in aqueous 

solutions containing 2-5% DMSO). 

An optional approach consisted in selecting a binder from each site to act as a spy 

molecule in the 1H ligand-observed NMR experiments. Compounds FPS17 and NMR428 

were selected as spy molecules for the VHL-2 and eloC sites, respectively (Figure 45). 

These compounds presented very clear binding responses in all 1H ligand-observed NMR 

experiments upon addition of VBC. In the STD experiments the proportion of the proton 

signals indicated the presence of a preferred epitope when VBC was added, which 

strongly suggested legitimate binding as consistent with the binding mode observed in 

the co-crystal structures.118 

 

 

 

Figure 45. Binding response of fragments FPS17 and NMR428 using 1H STD NMR. Overlay of the 1H STD NMR 

spectra of fragments FPS17 (a) and NMR428 (b) at 500 µM in absence (blue) and in presence (red) VBC at 30 µM.  

 

The 1H CPMG, STD and WaterLOGSY spectra of spy molecules FPS17 and 

NMR428 were collected in the presence of protein and each of the 29 hits at a 4-fold 

excess in concentration. Unfortunately, these experiments were not conclusive due to 

several limitations. In many cases the peaks of the spy molecules and the fragment hits 
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overlapped, not allowing a clear evaluation of the effect of the fragment hit addition. In 

other cases, most compounds had no effect on the signals of the spy molecules. 

To evaluate if these results were valid, compounds FPS17 and NMR428 were 

evaluated in competition experiments against known binders of their respective sites. In 

both cases no significant change in their NMR binding responses could be observed, as 

shown below for NMR428 (Figure 46). In the case of FPS17, none of the competitors 

(MB756 and analogue structures) could be added in excess due to the low solubility of 

all the VHL-2 site binders. 

 

 

Figure 46. Attempt to displace fragment NMR428 by titrating eloC binder MB235. Increasing concentrations of 

fragment MB235 did not result in any clear effect in the 1H STD binding response of fragment NMR428. 

 

These results highlight the importance of working with well-characterised spy 

molecules.159 When both the spy molecules and the competitors possess very weak 

affinities, minor changes in the concentration of the spy-protein complex are expected in 

competition. Therefore, meaningful effects can only appear with high excess of the 

competitor. Due to the unreliability of these competition assays, efforts were shifted 
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towards directly obtaining fragment-bound structures of the hits using x-ray 

crystallography. 

 

4.3.2 Crystallographic soaking experiments with VBC hits 

For the compound soaking experiments, two crystal forms of VBC were used: 

1) VBC: Crystals of the “pVHL–eloB–eloC” complex, containing 4 copies of each 

protein per asymmetric unit. These crystals generally diffract with good resolution 

between 2.2-3.0 Å and all three known VBC pockets are soakable (PDB: 1VCB).57 

2) VBCH: Crystals of the “HIF peptide–pVHL–eloB–eloC” complex, containing 

one copy of each protein per asymmetric unit. These crystals generally diffract with high 

resolution, between 1.7-2.5 Å, however just the VHL-2 site is known to be available for 

soaking. The Hyp site is blocked by the HIF peptide and the eloC site is occluded by 

crystal contacts (PDB: 1LM8).74 

In these experiments, solutions containing high concentrations of each compound 

were prepared, followed by the addition of VBC or VBCH crystals grown in house. These 

solutions contained components of the protein crystallisation conditions and additional 

solvents (DMSO and isopropanol) at varied concentrations to aid the solubilisation of the 

fragments. The concentrations of fragments, DMSO and isopropanol were optimised for 

each hit before transferring the protein crystals. However, in many cases the compounds 

precipitated due to the high concentration of additives and precipitants present in the 

crystallisation conditions. 

For the conditions where no precipitation was observed, protein crystals were 

transferred and soaked between 4-24 hours (compounds at 10 – 100 mM). These crystals 

were tested in the in-house facilities and those with reasonable diffraction (below 3.5Å) 

were sent to the Diamond Light Source (DLS) for data collection using synchrotron 

radiation. Although datasets for several soaked crystals were collected, mostly apo 
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structures were obtained, with no electron density undoubtedly corresponding to the 

respective fragments present in any of the protein chains. However, in the case of 

fragments F05 and F29 the soaking experiments using VBC crystals were successful, as 

the electron density of both compounds could be observed in the eloC pocket. 

Due to the weak electron density, fragment F05 could be confidently modelled 

only in one of the four eloC protein chains present in the unit cell, while F29 could be 

modelled in all four chains, indicating that the latter possesses a higher occupancy. This 

could consequently imply that F29 has a stronger affinity for VBC complex than F05, 

although crystal occupancy can also be related to other factors such as fragment 

concentration and soaking time. 

Interestingly, even if the biaryl moiety of fragment F05 was found in the same 

hydrophobic section as every eloC binder previously characterised, for the first time ionic 

interactions could be observed. The positively charged amine group of F05 formed an 

ionic interaction with the negatively charged E64 residue. 

 

 

Figure 47. Crystal structure of fragment F05 bound to the VBC complex in the eloC site solved at 2.70 Å 

resolution. Fragment F05 represented as yellow sticks, with surrounding residues in the eloC site identified. Polar 

contact between E64 and the amine group of F05 highlighted as pink dashed lines. The Fo−Fc electron density map 

(gray) was contoured at 4.0σ (a), 3.0σ (b) and 2.0σ (c) around the fragment. 

 

Even if a high occupancy was observed for fragment F29, due to the relatively 

low crystal resolution (3.10 Å) its exact binding mode could not be undoubtedly 
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modelled. Several attempts to obtain soaked crystals diffracting at better resolution were 

not successful, especially due to compound F29 crystallising in the protein crystallisation 

solution. Two acceptable binding modes were proposed, referred as binding poses 1 and 

2 (Figure 48a and Figure 48b, respectively). 

 

 

Figure 48. Binding poses 1 (a) and 2 (b) proposed for modelling fragment F29 in the eloC site of VBC. 

Surrounding residues in the eloC site identified. A water mediated interaction between F29 and E102 was identified in 

two of the four eloC chains for binding pose 2 (b). 

 

The two possibilities to model fragment F29 were proposed by observing the 

unbiased densities obtained from the Fo – Fc omit maps (contoured at 3.0σ) for both 

binding poses in each of the four eloC copies in the crystal asymmetric unit (Figure 49): 

- In the case of binding pose 1, fragment binding was driven mostly by van der Waals 

interactions, as no clear polar contacts with the surrounding residues could be 

observed. In chains 1, 2 and 4 the modelling of this binding pose was justified by the 

electron-rich chlorine atom being placed in the region with higher electron density. 

However, in chain 3 this binding pose was not particularly favoured, as the chlorine 

added needed to be modelled in an electron poor region. 

- For binding pose 2, aside from the weak hydrophobic interactions, a water mediated 

interaction with E102 was observed in chains 1 and 4. This water molecule could not 

be modelled for pose 1 as this would result in a clash with non-hydrogen bonding 

aromatic ring of F29. This pose satisfied well the omit maps in most chains, however 
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with the chlorine atom being placed electron-poorer regions. The considerably lower 

B factor compared to pose 1 also strongly suggested that this binding pose was more 

acceptable for fragment F29. 

 

 

Figure 49. Omit maps generated for binding poses 1 and 2 of fragment F29 in all four copies of the eloC chain 

in the asymmetric unit. The Fo−Fc electron density maps (gray) were contoured at 3.0σ around the fragment (yellow). 
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Table 10. Crystallographic data processing and refinement statistics for the structures of F05 and F29 (binding 

poses 1 and 2) bound to VBC. Values in parenthesis refer to the highest resolution shell. 

Soaked fragment F05 F29 

   

Synchrotron Diamond Light Source Diamond Light Source 

Beamline I04-1 I24 

Wavelength (Å) 0.9200 0.9800 

Processing statistics   

Space group P4122 P4122 

Unit cell parameters   

a,b (Å) 94.6 93.7 

c (Å) 368.4 359.9 

Resolution limits (Å) 91.65–2.70 (2.79–2.70) 359.85–3.1 (3.27–3.10) 

Total reflections 463709 (47075) 336879 (40843) 

Unique reflections 47170 (4550) 30284 (4307) 

Completeness (%) 99.7 (100.0) 100.0 (99.9) 

Multiplicity 9.8 (10.3) 11.1 (9.5) 

Rmerge (%) 16.2 (92.3) 20.7 (144.3) 

I/σ (I) 9.8 (2.4) 8.8 (1.9) 

CC1/2 (%) 99.6 (79.9) 99.7 (65.1) 

Refinement statistics   

Resolution limits (Å) 91.65–2.70 (2.80–2.70) 83.07–3.10 (3.21–3.10) 

Rwork (%) 23.5 (33.0) Pose 1: 21.0 (33.6) 

Pose 2: 21.0 (33.3) 

Rfree (%) 27.2 (38.4) Pose 1: 26.8 (42.3) 

Pose 2: 26.7 (42.1) 

Model atoms 10932 Pose 1: 10842 

Pose 2: 10844 

Protein B factor (Å2) 51.8 Pose 1: 76.3 

Pose 2: 76.1 

Ligand B factor (Å2) 92.3 Pose 1: 107.8 

Pose 2: 75.9 

r.m.s.d. bonds (Å) 0.012 Pose 1: 0.010 

Pose 2: 0.010 

r.m.s.d. angles (°) 1.535 Pose 1: 1.060 

Pose 2: 1.050 

Ramanchandran plot   

Favoured (%) 95.9 Pose 1: 95.2 

Pose 2: 95.4 

Allowed (%) 2.1 Pose 1: 3.8 

Pose 2: 3.5 

Disallowed (%) 1.9 Pose 1: 1.0 

Pose 2: 1.1 
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4.3.3 Design and setup of a PPI disruptor fragment library 

Although two novel binders in the eloC site were successfully validated and 

characterized crystallographically, many challenges were encountered for the 

investigation of the majority of the hits, especially due to their low solubility. With the 

goal of also finding binders of novel sites of the VBC complex, the need to expand the 

chemical space of the compounds studied became clear. All the fragment libraries 

screened so far contained compounds obeying the classic rule-of-three (Ro3) guidelines.93 

The screening of a fragment library containing peptidomimetics, peptidic backbones and 

PPI binding scaffolds could potentially lead to a more diverse set of hits able to bind to 

the overall protein surface, not solely small well defined pockets. 

As probing protein surfaces is a general interest of many projects in the Ciulli 

group, a new fragment library designed to interact with protein surfaces was developed. 

This work was performed together with computational chemist Dr. Xavier Lucas, which 

applied a series of filters to a group of approximately 73 million compounds from the 

ZINC15 database.160 All these compounds possessed molecular weights below 325 Da 

and partition coefficient (clogPo/w) below 3.5. Compound selection included the removal 

of aggregators, reactive species, PAINS (Pan-assay interference compounds),94 alongside 

with several thresholds on physicochemical properties (section 7.13) to filter out 

compounds unsuited for screening. 

The remaining compounds (~7 million) were then filtered according to their 

structural features, keeping compounds with the general scaffolds shown in Figure 50. 

These scaffolds cover a wide range of elements present in compounds targeting or 

mimicking PPI, ideal for interacting with protein surfaces. 
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Figure 50. Scaffolds selected for the design of the fragment library probing protein surfaces. 

Due to the previous precipitation issues, just compounds with predicted solubility 

above 5.0 mM were considered. Finally, a number of physicochemical restrictions were 

applied to include just fragment-like compounds (section 7.13), resulting in a final group 

of 483,258 structures. A series of principal components analysis (PCA) combining 

different properties (MW, clogPo/w, carbon hybridisation, polar surface are, etc) were used 

to cluster the compounds, selecting the most representative ones from each cluster. This 

process reduced the total number of compounds to 1,407, a group as diverse as the group 

of 483,258 structures before sampling. From this set, a total of 143 representative 

compounds were selected and purchased from Enamine©, of which 63 were fluorinated 

(suitable for direct binding measurements by 19F NMR). 

The same process described above was repeated for the in-house compound 

library of the Ciulli group, which included compounds previously purchased and tested 

in different projects of the laboratory. A total of 101 compounds (6 fluorinated) passed 

the various filters, and so were included in the library. This group of compounds 

inevitably included VBC binders previously identified, such as confirmed binders of all 

three sites, their analogues and also some of the fragments studied in this work (Figure 

43). Therefore, the resurgence of some of these fragments as hits was expected in the 

screenings, acting as positive controls to compare the binding responses with completely 

novel hits. With the addition of the in-house set of fragments, the newly designed 

fragment library contained in total 244 fragments. 
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4.3.3.1 Fragment library quality control 

The compounds selected were solubilised in deuterated DMSO (d6-DMSO) at 

200 mM.  Seven compounds were found to be insoluble in d6-DMSO at this concentration 

and were removed from the library, resulting in a set of 237 fragments for screening (of 

which 68 fluorinated). Soluble compounds were stored in latch racks and dispensed into 

384-well plates using the compound management facilities of the DDU. 

Prior to testing, the fragment library was quality controlled using several 1D NMR 

experiments. The compounds were solubilised at 2 mM in buffer (2% d6-DMSO) and the 

main features evaluated were: 

 Compound identity and purity: Analysis of the 1H and 19F NMR spectra; 

 Solubility: Integration of compound peaks compared with the residual DMSO 

peak in the 1H NMR spectra. 

 Stability in buffer: Comparison of the 1H and 19F NMR spectra after two days; 

 Aggregation: 1H WaterLOGSY, detecting aggregators by the presence of positive 

peaks in the spectra. 

Compounds were scored according to the criteria shown in Table 11. In total, 14 

compounds (6% of the library) failed the quality control and were not considered further 

for the screenings. A small group of 47 compounds (20% of the library) presented a few 

warnings in terms of purity (80-90%) or solubility (1.0-1.5 mM), but were still included 

in the fragment screening, and flagged for special attention in case they emerged as hits. 

 

 

 

 

 

Table 11. Summary of the selection criteria for the quality control of the newly established fragment library. 
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Parameter Desirable Acceptable Reject 

Identity Correct structure - Incorrect structure 

Purity ≥ 90% ≥ 80% < 80% 

Solubility ≥ 1.5 mM ≥ 1.0 mM < 1.0 mM 

Stability 
No degradation or 

aggregation 

Slight degradation (≤5% 

of total compound) 

Degradation of more than 5% of total 

compound. Aggregation. 

Aggregation No aggregation - Presence of aggregates 

 

 

4.3.4 Competitive 19F NMR fragment screening 

The first screening of the newly established fragment library was performed using 

the competitive 19F NMR assay developed in chapter 2 with spy molecule 19. In this 

screening, each compound was individually tested at 2 mM in presence of spy molecule 

19 at 10 µM and VBC at 1 µM, and the displacement of 19 in each case was calculated 

(Figure 51). Hits were identified according to the extent of the displacement when 

compared to the mean (m) and standard deviation (σ) of the data: 

 Weak hits: m + 2σ > Displacement ≥ m + 1σ; 

 Intermediate hits: m + 3σ > Displacement ≥ m + 2σ; 

 Strong hits: Displacement ≥ m + 3σ; 

The displacement of the spy molecule could be properly measured for most 

compounds, aside from cases where the fluorine peak of the fragment overlapped with 

the one of the spy 19, resulting in a displacement above 100%. It should be highlighted 

that, although this is a limitation of such assays, the 19F peak of just 3 out of the 66 

fluorinated compounds (<5%) overlapped with the spy molecule. In the case of 1H NMR 

competition assays, these overlaps are expected to be much more common due to the 

narrower spectral width when compared to 19F NMR and all the compounds possessing 

protons in their structures. 
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Figure 51. Summary of the competitive 19F NMR screening of the newly established fragment library. The 

average displacement and standard deviation of the data were respectively 0.2% and 12.5%. Fragments with 

displacement above one, two and three times the standard deviation from average were respectively considered weak, 

intermediate and strong hits. 

After removing the three false positives, the parameters for hit selection were 

calculated. The overall displacement data resulted in m = 0.2% and σ = 12.5%, therefore, 

thresholds of 12.7%, 25.2% and 37.7% were used to identify weak, intermediate and 

strong hits, respectively. In total, 2 strong, 4 intermediate and 13 weak hits were 

identified. The hit validation consisted in re-testing each compound individually at 0.5, 

1.0, 2.0 and 4.0 mM. Just 3 compounds presented a concentration dependent effect on the 

displacement of spy molecule 19 (Figure 52), being considered for further investigation. 
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Figure 52. Hits from the competitive 19F NMR fragment screening possessing concentration dependent 

displacement of spy molecule 19. 

 

Compounds IH-1-H11 (strong hit) and IH-1-D09 (intermediate hit) were found 

to be soluble in all concentrations, while compound IH-1-H01 (strong hit) precipitated at 

4.0 mM. Due to the very slight displacement observed for IH-1-D09, compound IH-1-

H11 was considered the most promising hit at this stage. 

 

4.3.5 1H ligand observed NMR fragment screening 

 In parallel to the competitive 19F NMR experiments, a 1H ligand-observed NMR 

screening was performed to identify novel VBC binders, independently of them binding 

to the Hyp site or other sites. The compounds were cocktailed as mixtures of four, 

carefully avoiding any peak overlap in both the 1H and 19F NMR spectra. The screening 

was then performed with each compound at 500 µM and VBC at 20 µM. Potential hits 

were identified by a positive binding response in at least one experiment (STD, 

WaterLOGSY, 1H CPMG and 19F CPMG where applicable). 

From this initial screening, 114 compounds were considered as potential hits. Hit 

validation was performed by re-testing each compound individually, which reduced the 

number of hits to 74 compounds, of which 13 were already previously identified as VBC 

hits (published82 and unpublished hits shown in Figure 43). Compounds were grouped 

according to the number of experiments their binding response was clearly positive: 
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 Weak hits: Positive binding response in just one experiment; 

 Intermediate hits: Positive binding response in two experiments; 

 Strong hits: Positive binding response in three or four experiments (in the case of 

fluorinated compounds, where also 19F CPMG was performed); 

The results of the fragment screening are summarised in Figure 53, being 

organised according to the origin of the compounds in the library. Compounds previously 

available in the in-house compound storage were sorted in the “in-house” group, 

highlighting the number of compounds previously identified as VBC hits. On the other 

hand, newly purchased compounds selected from the computational screening of the 

ZINC15 database were sorted in the “ZINC15” group. 

 

 

Figure 53. Summary of the results obtained in the ligand-observed NMR fragment screening of the newly 

established library. 

 

It could be observed that amongst the 4 known hits of VBC sorted into “strong 

hits” group, fragment-bound structure were previously obtained for three of the 

compounds (Figure 54). Fragments IH-1-F04 (MB756) and IH-1-F08 (MB235) were 

characterized as binders of the VHL-2 and eloC pockets,82 respectively, while compound 

IH-1-C01 was identified as an eloC binder in the investigation of the 29 hits from 
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previous screenings (compound F29, section 4.3.2). Therefore, there were high chances 

that the remaining 16 “strong hits” were also true binders. 

 

 

Figure 54. Structures of the strong hits selected in the ligand-observed NMR fragment screening of the newly 

established library. Compounds were grouped according to their origin from the computational screening and 

recurrence as hits: (a) Compounds selected from the ZINC15 library. (b) Compounds selected from the in house 

fragment libraries. (c) Fragments from the in house fragment libraries that were previously identified as VBC binders. 

 

 

Interestingly, fragment IH-1-H11, identified as a strong hit in the competitive 19F 

NMR screening (section 4.3.4), also appeared in the group of strong hits of the 1H ligand-

observed NMR screening. The binding responses of the other two hits of 19F NMR 

screening, IH-1-D09 and IH-1-H01, were also positive in this screening, with each 

compound belonging respectively to the “Intermediate” and “Weak” hit groups. The 
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agreement between the two screenings showed that all the hits of the 19F NMR screening 

could potentially be genuine binders of the Hyp site, especially IH-1-H11. 

 

4.3.6 SPR characterization of hits 

4.3.6.1 Assay development 

A total of 74 hits were identified, accounting both NMR screens. To validate the 

hits and quantitatively rank them, SPR experiments were performed next. This technique 

can robustly detect intermediate-weak binders with relatively high throughput, especially 

when compared to other direct affinity measurements methods, such as ITC. Initially, 

different experimental setups were tested, using known VBC binders for assay validation 

and three methods for protein immobilisation: 

1) Immobilisation of biotinylated VBC on a streptavidin (SA) sensor chip; 

2) Immobilisation of 10-Histidine tagged VBC on a nitrilotriacetic acid (NTA) 

sensor chip saturated with nickel (II) cations (Ni2+); 

3) Immobilisation of 10-His tagged VBC on a NTA sensor chip followed by an 

amide coupling of the protein to the surface (capture coupling).161 

The first approach was previously used for the characterization of the fluorinated 

spy molecules designed in chapter 2, and presented consistently reliable results with all 

Hyp site binders. The second approach presented similar results to those with the SA chip, 

with concentration dependent responses with ligands of the Hyp site. However, all binders 

of the VHL-2 site strongly interacted with the reference surface, especially on the SA 

sensor chip. Amongst the eloC site binders, compounds MB1200 and F05 presented very 

weak responses, with predicted dissociation constants (KD) above 2 mM. The affinity of 

fragment MB235 could not be determined as well. This compound presented strong 

interactions with the reference surface of the NTA sensor chip, while in the SA sensor 

chip unspecific binding to the protein surface was observed. 
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Therefore, only fragments NMR428 and F29 could have their affinities properly 

determined using SPR (Table 12). Fortunately, consistent results were observed for both 

surfaces, with affinities in the range of 700 – 1200 µM. Naturally, these KD values should 

not be considered to be as accurate as those determined in the low micromolar or 

nanomolar ranges. These affinities were obtained by extrapolating the data to the expected 

maximum response of each compound (RMAX), as full surface saturation could not be 

achieved at the highest concentrations used (all below 1 mM). Still, as similar affinity 

ranges were obtained using distinct sensor chips, the measured responses were likely to 

be the result of genuine interactions with the protein, instead of unspecific binding effects. 

 

Table 12. Binding affinities of eloC fragments NMR428 and F29 determined using SPR. Experiments were 

performed in two different sensor chips (SA and NTA). 

Fragment 
KD (µM) 

SA sensor chip NTA sensor chip 

 

NMR428 

704 ± 180 1155 ± 340 

 

F29 (IH-1-C01) 

1045 ± 120 859 ± 150 

 

Even though both strategies for protein immobilisation could be implemented, the 

major disadvantage of using the NTA sensor chip was the rapid dissociation of the protein 

from the surface. Even with the 10-Histidine tag, after 8 hours of screening more than 

50% of VBC was stripped from the chip, requiring regeneration steps in between testing 

plates. To overcome this issue, an amide coupling step (EDC/NHS strategy) was included 

right after the nickel immobilisation, resulting in a much more stable protein surface. The 

binding responses of all Hyp binders were comparable to the other setups previously 

tested, showing that this site was still preserved as functional after the covalent coupling. 
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Unfortunately, all fragments bound to the VHL-2 and eloC pockets presented extremely 

high responses, above their respective theoretical maximum responses (RMAX), 

suggesting unspecific binding. 

In the coupling step, solvent exposed lysine residues present on the protein surface 

reacted with free carboxylic acid moieties present in the NTA chip, forming stable amide 

bonds. By observing the distribution of lysine residues in the three components of the 

VBC complex, it was found that the majority of them were present in the eloB and eloC 

proteins (Table 13). 

 

Table 13. Sequences of the pVHL, eloB and eloC constructs used in the capture coupling method, highlighting 

the lysine residues present in each protein. Lysine residues were marked in red while the 10-histidine tag present in 

pVHL was highlighted in violet. 

Protein 
Number 

of lysines 
Sequence 

His10 - pVHL54-213 3 

MNTIHHHHHHHHHHNTSGSGGGGGRLVPRGSMSENLYFQGSMEA

GRPRPVLRSVNSREPSQVIFCNRSPRVVLPVWLNFDGEPQPYPT

LPPGTGRRIHSYRGHLWLFRDAGTHDGLLVNQTELFVPSLNVDG

QPIFANITLPVYTLKERCLQVVRSLVKPENYRRLDIVRSLYEDL

EDHPNVQKDLERLTQERIAHQRMGD 

eloB1-104 5 

MDVFLMIRRHKTTIFTDAKESSTVFELKRIVEGILKRPPDEQRL

YKDDQLLDDGKTLGECGFTSQTARPQAPATVGLAFRADDTFEAL

CIEPFSSPPELPDVMK 

eloC17-112 7 

MMYVKLISSDGHEFIVKREHALTSGTIKAMLSGPGQFAENETNE

VNFREIPSHVLSKVCMYFTYKVRYTNSSTEIPEFPIAPEIALEL

LMAANFLDC 

 

 

It was found that many of the surface exposed lysine residues were present in 

close proximity to the VHL-2 and eloC sites, all far from the Hyp site (Figure 55). 

Therefore, the unspecific binding profile obtained for certain compounds was likely due 

to the amide coupling drastically affecting the protein folding in the vicinities of the 

binding sites surrounded by lysine residues. Alternatively, both pockets could have been 

occluded as a result of covalent attachments of the aforementioned lysine residues to the 

surface or other protein molecules. 
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Figure 55. Surface exposed lysine residues present in the VBC complex. The pVHL, eloB and eloC proteins were 

shown as green, blue and cyan surfaces, respectively. The Hyp, VHL-2 and eloC sites were shown in yellow, red and 

violet, respectively. Lysine residues were highlighted in orange. 

 

Consequently, the capture coupling method was not considered for assessing the 

affinities of the fragment hits and the second approach, with the immobilisation on a NTA 

surface being preferred. By running the experiments with the NTA sensor chip at 10 °C 

instead of 20 °C, surface stability was considerably enhanced, with nearly 36h before 

reaching 50% dissociation of the protein. 

 

4.3.6.2 Fragment screening by SPR 

All the 74 hits selected in the NMR experiments were initially tested at 3 

concentrations (200, 400 and 800 µM) on a SA sensor chip (most stable surface for initial 

triage) with biotinylated VBC immobilised on the surface. As the maximum response 

(RMAX) of a true ligand is proportional to its molecular weight and binding stoichiometry, 

the responses of each compound were normalised in order to compare the results, 
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assuming a 1-to-1 interaction with the protein. For compounds where the normalised 

responses were above 100%, below 0% or not concentration-dependent, no further SPR 

characterization was carried out, as the data suggests either promiscuous protein binders 

or surface interactors. 

From this initial testing, 34 compounds were selected for more SPR experiments, 

of which 17 were classified as strong hits, 12 as intermediates hits and 7 as weak hits 

from the 1H NMR screening. Unfortunately, none of the hits from the competitive 19F 

NMR screening (IH-1-H11, IH-1-H01 and IH-1-D09) were selected for further 

evaluation, as all of them displayed a promiscuous binding profile with normalised 

responses higher than 100%. These selected hits were tested in at least 7 different 

concentrations and their normalised responses were fitted to a 1-to-1 binding model to 

obtain the respective KD. In all cases the compounds were found to be intermediate-weak 

binders, as full saturation of the protein could not be achieved even at concentrations close 

to 1.0 mM. Therefore, all the KD values were obtained by extrapolating the data fitting 

towards the theoretical RMAX of each compound. 

As high percentages of surface saturation could not be achieved (responses much 

lower than the theoretical RMAX), these affinities were just used to rank and prioritise hits 

for soaking experiments, and should not be considered as the absolute KD of each 

fragment to VBC. At such high analyte concentrations (0.5-1.0 mM), unspecific effects 

on the surface tend to interfere with the binding responses. To avoid including these 

effects in the data analysis, the responses that presented a clear unspecific binding profile 

at the top concentrations (no stabilisation of the sensorgrams upon injection) were not 

considered in the fitting.  
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Table 14. Dissociation constants of the compounds with the highest consistent responses using both the SA and NTA sensor chips. 

Compound Previous hit 1H NMR Hit KD
SA (µM)* KD

NTA (µM)*  Compound Previous hit 1H NMR Hit KD
SA (µM)* 

KD
NTA 

(µM)* 

 
ZINC-E04 

- Strong 1981 ± 140 1802 ± 250  
 

IH-2-A01 

- Strong 634 ± 92 668 ± 35 

 
ZINC-E09 

- Strong 767 ± 160 815 ± 120  
 

F-ZINC-B01 

- Intermediate 1935 ± 330 1734 ± 170 

 
ZINC-F08 

- Strong 818 ± 69 717 ± 140  
 

F-ZINC-B11 

- Intermediate ** 2115 ± 200 

 
F-ZINC-C08 

- Strong 1493 ± 91 1468 ± 180  
 

F-ZINC-D08 

- Intermediate 
>4000 

No fit 
1972 ± 580 

 
F-ZINC-E06 

- Strong 1083 ± 350 **  
 

IH-1-G10 

F16 Intermediate 667 ± 54 992 ± 120 

 
IH-1-C01 

F29 Strong 1045 ± 120 859 ± 150  
 

IH-1-G11 

- Intermediate 399 ± 71 841 ± 85 

 
IH-1-G05 

- Strong 850 ± 50 552 ± 47  
 

IH-1-F10 

F06 Weak 1435 ± 34 814 ± 74 

* All the KD values were obtained by plotting the SPR responses against the respective concentrations, extrapolating the fitting towards each RMAX. 

** Unspecific or promiscuous binding.
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Additionally, all these compounds were also tested using a NTA sensor chip, as 

the different chemical composition of each surface could lead to distinct unspecific 

binding effects. In general, the same range of KD was observed with both sensor chips (1-

3 fold change), giving further support that the measured responses, albeit weak, were 

mainly a result of the protein-fragment interactions. A summary of the results obtained 

with the compounds having the best approximate affinities is shown in Table 14. The 

fragments with KD ≈ 400 – 900 µM measured in both SPR setups were considered the 

most promising hits from the SPR screenings, as these affinities were in the same range 

as the testing concentrations (7 – 900 µM). 

 

4.3.7 Soaking experiments with selected fragment hits 

 After the sequence of NMR and SPR hit validation, soaking experiments were 

performed with VBC crystals and the selected hits. Most strong and intermediate hits 

from the 1H NMR screening were tested, with higher priority being given to compounds 

with good responses in the SPR experiments (Table 14). Although all three hits from the 

19F NMR screening presented unspecific surface interactions in the SPR experiments, 

further investigation was done for each of these compounds to determine using an 

orthogonal method whether they might be true Hyp site binders. 

 

4.3.7.1 Characterisation of competitive 19F NMR screening hits 

Additional experiments were performed to give further evidence that these 

compounds were binding to VHL-HIF site. For each compound, 1H CPMG, STD and 

WaterLOGSY experiments were performed in three conditions: 

1) Compound free in solution; 

2) Compound in presence of VBC; 
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3) Compound in presence of VBC and VH101 (Figure 56), a potent VBC binder of 

the Hyp site (KD = 44 ± 9 nM, ITC).77 

 

 

Figure 56. Structures of VH101, a potent binder of the VBC Hyp site, and IH-1-H11, potential Hyp site binder. 

 

In these experiments, just compound IH-1-H11 had clear loss in its binding 

response when in presence of VH101 (Figure 57), indicating that this compound could be 

genuinely binding to the Hyp site. No significant effects were observed with the other 

two compounds (IH-1-H01 and IH-1-D09). 

 

 

Figure 57. Displacement of fragment IH-1-H11 by potent Hyp site binder VH101. WaterLOGSY experiments 

performed with fragment IH-1-H11 at 2.0 mM free in solution (red spectra), in presence of VBC at 15 μM (green 

spectra) and in presence of simultaneously VBC at 15 μM and VH101 at 200 μM (violet spectra). As a reference, the 

1D 1H NMR of fragment IH-1-H11 free in solution was superposed with the data (blue spectra). 



150 

 

After several soaking experiments with each compound, no electron density 

corresponding to fragments IH-1-H01 and IH-1-F09 could be observed in the Hyp site or 

in any other site in the VBC complex. In particular, due to the low solubility of IH-1-H01, 

high soaking concentrations of the fragment could not be used to improve ligand 

occupancy in the crystals. In the case of IH-1-H11 a strong round-shaped electron density 

could be observed in the Hyp site. Although this density could be observed in just one of 

the four copies of pVHL, it was present solely in crystals soaked with compound IH-1-

H11. 

As this electron density was in close proximity to arginine residue 107 (R107), 

fragment IH-1-H11 was modelled in the pose shown in Figure 58, with the carboxylic 

group pointing towards the arginine residue and the sulphur atom of the thiazole ring 

being placed where the electron density was most intense. Even after several refinement 

rounds, no electron density corresponding to the methyl-phenyl portion of the fragment 

could be observed. 

 

Figure 58. Modelling of the ‘thiazole’ and ‘carboxylic’ moieties of IH-1-H11 in the Hyp site of VBC. The Fo−Fc 

electron density map (blue) was contoured at 2.5σ (a) and 4.0σ (b) around the fragment (yellow sticks). 

As only partial density of the compound could be observed, two possibilities were 

considered: 
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1) The methyl-phenyl portion was disordered, therefore not having a single and 

preferential conformation upon binding that would result in a strong electron density. 

2) The electron density does not correspond to the compound. 

The first hypothesis, although common in ligands containing flexible and solvent 

exposed moieties, was found to be unlikely, as it is widely known that many biaryl 

compounds tend to present rigid structures with few favourable dihedral angles in 

between the rings.162 If the model proposed above was true, then just the thiazole and 

carboxylic portions of the fragment were essential for binding. Therefore, two analogues 

of compound IH-1-H11 were purchased, both missing the methyl-phenyl moiety. 

Surprisingly, none of the compounds displayed any binding response in 1H ligand-

observed NMR experiments nor were able to displace spy molecule 19, even at very high 

concentrations (Figure 59). 

 

 

Figure 59. Displacement of spy molecule 19 using fragment IH-1-H11 and analogue compounds A and B. 

 

As none of the analogues could bind to VBC, suspicions regarding the presence 

of impurities in the stocks of compound IH-1-H11 were raised. To verify this possibility, 

compound IH-1-H11 was purified using the in-house preparative HPLC systems. 

Curiously, before the purification the compound powder had an orange colour, while after 

the purification the compound was found to be a white solid. The same peaks were 

observed in the 1H NMR and MS spectra before and after purification, indicating that the 
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impurity did not present protons in its structure nor could be detected in the UV or mass 

traces. 

After purification, the interaction of IH-1-H11 to VBC was assessed by 

competitive 19F NMR, ligand observed 1H NMR and SPR (Figure 60). A positive binding 

response was obtained in the 1H NMR experiments and a KD of approximately 900 µM 

was estimated from the SPR binding curves, indicating that the impurity was responsible 

for the unspecific binding effects observed before. However, no displacement of spy 

molecule 19 could be observed, even when using high fragment concentrations. 

Therefore, the previous displacement measured for this compound was due to the 

impurities present in the original powder and not due to the competition between the 

actual hit and the spy molecule. 

 

 

Figure 60. Assessment of hit HI-1-H11 after purification. (a) Competitive 19F NMR experiments using spy molecule 

19 at 10 µM, VBC at 1 µM and IH-1-H11 at 2 mM (before and after purification), in absence and in presence of EDTA 

at 10 mM. (b) Sensorgrams obtained with the original solution of fragment IH-1-H11, showcasing an unspecific binding 

profile. (c) Sensorgrams obtained with fragment IH-1-H11 after purification. (d) Fitting of the SPR data obtained with 

the purified sample of fragment IH-1-H11. All SPR experiments were performed using a SA sensor chip. 
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As no additional peaks were observed in the 1H NMR and MS spectra when 

compared to the sample after purification, it was suggested that this impurity could be 

metal contamination. The presence of metal ions is a common issue in many fragment 

libraries, leading to false positives or negatives by causing protein conformational 

changes or aggregation.163 However, when the 19F NMR competition experiment with 

spy molecule 19 was performed in presence of EDTA (metal chelator), the same degree 

of displacement was still observed (Figure 60a). 

Although the identity of the impurity could not be determined, fragment IH-1-

H11 can still be considered a VBC binder by 1H NMR and SPR. No electron density of 

the fragment could be observed in soaking experiments with the newly purified 

compound, requiring further efforts to determine its binding site. 

 

4.3.9.2 Characterisation of ligand-observed 1H NMR screening hits 

From the soaking efforts using the novel VBC hits, two new binders were 

successfully characterized. Both compounds IH-1-D06 and F-ZINC-B01 were found to 

be binding to the eloC site of the VBC complex. 

 

 

Figure 61. Structures of compounds IH-1-D06 and F-ZINC-B01. 

 

Compound IH-1-D06 was previously identified as a “strong hit” in the 1H NMR 

screening (Figure 54), but presented unspecific surface interaction issues in the SPR 

experiments. On the other hand, fragment F-ZINC-B01 was sorted into the “intermediate 

hit” group of the 1H NMR screening hits. This compound also displayed concentration 
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dependent responses in the SPR experiments, with a predicted KD around 1.5–2.0 mM 

(Table 14). 

 

 

Figure 62. Crystal structure of fragment IH-1-D06 bound to VBC solved at 2.40 Å. Fragment IH-1-D06 was 

represented as yellow sticks, with surrounding residues in the eloC site identified. The Fo−Fc electron density maps 

(gray) were contoured at 3.0σ (a) and 2.0σ (b) around the fragment. 

 

Compound IH-1-D06 was found to bind to a similar region as other eloC binders. 

Multiple binding poses were attempted in the modelling of the fragment, with the 

structure shown in Figure 62 being the most acceptable fit. Curiously, the same type of 

water mediated interaction with E102 of binding pose 2 of fragment F29 (Figure 48) was 

observed in this case. The compound could be modelled in all four copies of the VBC 

complex, displaying a high occupancy. 

Interestingly, fragment F-ZINC-B01 was modelled in a completely different 

region of the eloC site (Figure 63). Just the fluoro-phenyl ring roughly overlapped with 

the same region as previous eloC binders, being more buried in the protein surface. The 

carboxylic group present in the compound established a polar contact with the backbone 

of the pVHL protein (between residues I180 and V181). 
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Figure 63. Crystal structure of fragment F-ZINC-B01 bound to VBC solved at 2.46 Å. Fragment F-ZINC-B01 

was represented as yellow sticks, with surrounding residues in the eloC (cyan) and pVHL (green) proteins identified. 

The Fo−Fc electron density maps (gray) were contoured at 3.0σ (a) and 2.0σ (b) around the fragment. 

 

Fragment F-ZINC-B01 could only be modelled in two of the four protein chains 

present in the crystal asymmetric unit. The two eloC copies where the fragment was 

modelled were in close proximity to an adjacent copy of the pVHL protein present in the 

unit cell. As no electron density could be observed in the other two copies of eloC (not in 

contact with pVHL), the bound structure of F-ZINC-B01 could potentially be a result of 

crystallisation artefacts (compound just interacts with eloC in the environment created by 

the crystal packing). Nevertheless, no specific interactions between the fragment and the 

adjacent copy of the pVHL chain could be observed, indicating that this bound structure 

could still be a result of bona fide binding. 
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Figure 64. Full asymmetric unit of the VBC crystals soaked with fragment F-ZINC-B01. The two copies of the 

fragment (yellow sticks) were found just when the eloC sites in close proximity to another copy of the VBC complex. 

The pVHL, eloB and eloC proteins were shown as green, blue and cyan surfaces, respectively. 
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Table 15. Crystallographic data processing and refinement statistics for the structures of F-ZINC-B01 and IH-

1-D06 bound to VBC. Values in parenthesis refer to the highest resolution shell. 

Soaked fragment F-ZINC-B01 IH-1-D06 

   

Synchrotron Diamond Light Source Diamond Light Source 

Beamline I04 I04 

Wavelength (Å) 0.9795 0.9795 

Processing statistics   

Space group P4122 P4122 

Unit cell parameters   

a,b (Å) 93.2 93.4 

c (Å) 361.7 362.1 

Resolution limits (Å) 90.42 – 2.40 (2.46 – 2.40) 90.47–2.46 (2.53–2.46) 

Total reflections 635893 (43980) 508453 (36765) 

Unique reflections 63791 (4397) 59635 (4526) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Multiplicity 10.0 (10.0) 8.5 (8.1) 

Rmerge (%) 13.6 (84.6) 11.8 (81.7) 

I/σ (I) 8.0 (2.2) 8.4 (2.0) 

CC1/2 (%) 99.4 (61.4) 99.8 (55.8) 

Refinement statistics   

Resolution limits (Å) 90.27–2.40 66.07–2.46 (2.55–2.46) 

Rwork (%) 24.9 25.2 (35.6) 

Rfree (%) 27.6 29.4 (38.0) 

Model atoms 11064 11364 

Protein B factor (Å2) 61.1 63.3 

Ligand B factor (Å2) 119.9 71.4 

r.m.s.d. bonds (Å) 0.013 0.008 

r.m.s.d. angles (°) 1.542 1.366 

Ramanchandran plot   

Favoured (%) 94.9 95.4 

Allowed (%) 3.5 3.7 

Outliers (%) 1.5 0.9 
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4.4 Discussion 

Many aspects of studying interactions on the surface of the VBC complex were 

studied in this chapter, providing useful findings and tools for investigating the 

unexplored binding sites present in the complex. Four novel fragments were crystallised 

in the eloC site, while assays for biophysical characterisation of VBC hits by NMR and, 

especially, SPR were successfully designed, providing for the first time tools for ranking 

weak binders of the protein complex. 

The initial evaluation of hits was found challenging from many points of view in 

both the NMR and X-ray crystallography experiments. Mainly, the weak affinities of 

these compounds coupled with their low solubility severely hindered the ability to 

identify their binding sites. The expansion of the screening set by implementing a novel 

fragment library yielded novel hits containing interesting structural features, which upon 

further evaluation could potentially be good starting points for the development of novel 

VBC binders. 

One of these particular challenges was the investigation of compound IH-1-H11. 

The presence of an impurity in the sample was responsible for the false positive 

displacement result observed in the competitive 19F NMR screening. Aside from being 

not detectable by the most common analytical techniques available to us and not being 

affected by EDTA, the actual identity of the impurity could not be determined. Analytical 

methods for determining the identity and quantity of metal impurities in samples, i.e. ICP-

MS (inductively coupled plasma mass spectrometry)164 could be used to characterise the 

undesired impurity, tracing its origin and reasons for causing a false-positive outcome in 

the 19F NMR competition experiments. 

This particular issue raises the awareness of working with high-quality fragment 

libraries. Additionally, the strategy of working with multiple biophysical and structural 

biology techniques in various setups was the main factor that prompted a full evaluation 
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of the hit, as distinct experiments (SPR and X-ray crystallography) indicated that there 

were issues with the sample. 

Unfortunately, although soaking experiments were attempted with a large set of 

compounds, no novel binding sites were identified in this work. Even if X-ray 

crystallography is a powerful technique for structure-based ligand design, several factors 

could have prevented us from obtaining new ligand-bound crystal structures. As 

fragments could bind to any region of the protein surface, potentially some of these 

binding sites could be occluded by contacts with other protein molecules due to the crystal 

packing, therefore making it impossible to obtain structures of such compounds with the 

crystal forms currently available to us. As none of the hits presented strong affinities, co-

crystallisation conditions were not pursued. To further evaluate if some of the hits were 

interacting with novel binding sites, protein 2D NMR experiments mapping the surface 

of the VBC complex could potentially answer these questions. 

Nevertheless, four novel structures were found in the eloC site. Most of the 

compounds presented mainly hydrophobic interactions with the pocket, although also 

some clear polar interactions were observed. The charged groups of fragments F05 and 

F-ZINC-B01 were found to interact with polar moieties in the surrounding residues of 

the pocket. Fragments F29 (pose 2) and IH-1-D06, presented water mediated interactions 

with a glutamate residue in the pocket, potentially suggesting vectors for fragment 

growing. The small structural differences in between these and previous hits could be 

exploited to design merged fragments able to establish multiple interactions in the pocket, 

promoting the development of strong eloC binders (Figure 65). 
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Figure 65. Superposition of the structures of all the eloC binders identified so far, highlighting the potential for 

fragment growth and merging strategies. 

 

The biophysical approaches used in this section can be used to guide future 

fragment screening campaigns in the VHL and potentially other E3 ligases, while also 

offering many interesting and novel hits for further characterisation. 
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Chapter 5. Biophysical studies and small-

molecules targeting elongin C 
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5.1 Introduction 

The deconvolution of the hits obtained from the fragment screening of VBC, 

performed either by previous group members or in this work, yielded mostly novel eloC 

site binders. Although the binding sites of several hits are yet to be determined, a 

propensity of fragments to bind to this region of the eloC protein clearly emerged. By 

observing the structures of all the hits crystallised so far, it appeared that their 

hydrophobic character was mainly responsible for these weak interactions. Polar contacts, 

directly to the protein or water-mediated, were present in just some fragments and even 

in these cases no compound presented KD below 500 μM. 

With the increasing number of crystallised hits, the development of assays to 

selectively identify novel binders of the eloC site became of great interest, as several 

positive controls could now be used for assay validation. Additionally, as some of the 

eloC site binders covered different regions of the pocket, possibilities for fragment 

merging strategies could now also be considered for increasing affinities. 

Focused studies of small molecule interactions with eloC could find many 

potential applications. The eloC protein has been found to be a core component of many 

protein complexes responsible for protein homeostasis. Besides its known roles as adaptor 

proteins of multiple Cullin-2 and Cullin-5 E3 ubiquitin ligases (CRL2 and CRL5, 

respectively), and in the regulation of transcriptional elongation, many aspects of eloC 

biology have been disclosed in recent years:156 the intracellular domain of Notch4 

(Notch4ICD) was found to strongly interact with eloC, and as a result to be targeted for 

ubiquitylation and degradation. Although members of other eloC-containing complexes 

were identified in this work (e.g. SOCS proteins, Cullin-5 and elongin A), none were as 

enriched as eloC itself, suggesting that eloC directly binds to Notch4ICD and targets it for 

proteasomal degradation. Therefore, eloC is able to directly recognise certain proteins for 

ubiquitination, instead of acting solely as an adaptor for substrate recognition proteins 
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like pVHL or SOCS.165 Aside from the elongin complex, eloB and eloC proteins were 

also found in other transcriptional regulation complexes. The EPOP-eloBC-USP7 

complex (EPOP: Elongin BC and Polycomb Repressive Complex 2-associated protein; 

USP7: Ubiquitin-specific-processing protease 7) can modulate selected histone 

modifications and the RNA polymerase II, being involved with cancer proliferation.166 

Furthermore, eloC was found to be specifically targeted for ubiquitination and 

degradation by the CRL4AMBRA1 E3 ligase as a regulatory mechanism to modulate the 

activity of CRL5 E3 ligases.167 Homologs of eloC in yeast present highly conserved 

sequences when compared to mammalian equivalents. In fact, yeast eloC was found to 

interact with mammalian pVHL and elongin A,168 and was also able to replace 

mammalian eloC in transcription assays.169 Studies with eloC of Saccharomyces 

cerevisiae revealed its important roles in cellular stress response, interacting with multiple 

kinase binding partners and transcription factors, promoting their stabilisation rather than 

degradation. These findings might suggest other unknown functions for the mammalian 

eloC.170 

All these observations motivate the elaboration of eloC ligands, not only for 

applications in the PROTAC field, but also to understand which of the multiple roles of 

eloC biology can be directly associated with protein-protein interactions in this region. 

 

5.2 Aims 

To target the eloC site of the VBC complex based on hits of previous fragment 

screenings. Specific objectives include: 

 Insertion of targeted mutations in the eloC site to aid the selection of binders in the 

biophysical assays; 

 Structurally characterise the best eloC site mutant; 

 Synthesis and evaluation of novel eloC binders using fragment merging; 



165 

 

5.3 Results 

5.3.1 Development of eloC mutants for hit selection 

With the considerable number of hits identified in the eloC site, the development 

of assays to selectively indicate if compounds were interacting with this site was deemed 

to be important. The application of eloC binders as spy molecules in ligand-observed 19F 

NMR experiments could be used for this goal, but since all the hits characterised so far 

possess reasonably weak affinities (KD > 500 µM), this approach was left as an alternative 

for later stages of the project, when more potent binders are available to test different 

fluorinated analogues. The only fluorinated compound amongst the hits, F-ZINC-B01, 

interacts with a slightly different region of the eloC site than all the other hits. Ideally a 

spy molecule should cover most of the binding site, to assure it can be displaced by small 

fragments interacting with just specific regions of the pocket. 

As an alternative strategy, mutations on residues around the eloC site were 

proposed. It was hypothesized that, if any changes in the binding responses (NMR and 

SPR) of the eloC site binders were observed when comparing the wild-type and mutant 

proteins, then this variant could be used as a tool to identify eloC binders prior to 

obtaining soaked crystal structures. To verify the applicability of this method, two 

residues in the eloC site (E102 and V69) were selectively mutated to bulkier groups, 

aiming to either block the pocket or at least affect the interaction of the eloC site binders 

(Figure 66). The choice of residues to mutate was made based on the following criteria: 

1) Avoid residues involved in crystal contacts, to maximize the chances that the 

mutant protein crystallizes in the same conditions as the wild-type; 

2) Avoid residues buried in the protein structure or involved in polar/ionic 

interactions with multiple residues, as the mutation to bulkier groups could significantly 

alter the protein folding around the pocket; 

3) Select residues close to the binding site of most of the fragments. 
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Figure 66. Bound structure of NMR428, highlighting residues V69 and E102 as options for performing 

mutations to select eloC site binders. Residues E64 was not selected as it is involved in a crystal contact with R107 

of a pVHL copy within the unit cell. 

 

Although E102 and V69 were relatively far from the binding region of fragment 

F-ZINC-B01, they were amongst the few residues that fulfilled most of the criteria listed 

above, being in close proximity to all the remaining eloC binders. For example, residue 

E64 was not selected as it is involved with an ionic interaction with an arginine residue 

(pVHLR107) present in another copy of the VBC complex within the unit cell. Residue 

E102 was mutated to phenylalanine (E102F) or tryptophan (E102W), while residue V69 

was mutated to phenylalanine (V69F), isoleucine (V69I) or leucine (V69L). An additional 

mutant, where residue E102 was mutated to alanine (E102A) was also generated, in order 

to evaluate the effect of completely removing the glutamate side chain, especially for 

compounds where water mediated interactions were observed (F29 and IH-1-D06). All 

five mutants were successfully expressed and purified following the same established 

protocols used for the wild-type. 

As an initial evaluation, ligand-observed NMR experiments were performed with 

selected VBC binders, verifying their binding responses in the presence of wild-type VBC 

and each of the mutants listed above. These VBC binders included a Hyp site binder (spy 
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molecule 19), a VHL-2 site binder (FPS17) and eloC site binders MB1200, MB235 and 

NMR428. In the case of spy molecule 19, 19F CPMG experiments were performed, while 

the remaining compounds were evaluated using 1H CPMG, STD and Water LOGSY 

experiments. Ideally, the mutant protein should alter the binding response of solely the 

eloC binders, while binders of the other pockets should maintain their binding responses 

equal to the wild-type. 

 

 

Figure 67. Effect of eloC mutations in the NMR binding response of VBC binders. Superposition of the most 

intense 1H STD NMR peaks of fragments FPS17 (a), MB1200 (b), MB235 (c) and NMR428 (d) at 1 mM in absence 

of protein (blue) and in presence of 30 µM of VBC wild-type (red) or mutants E102A (green), E102F (violet), E102W 

(orange), V69F (yellow), V69I (light-green) and V69L (black). Numbers displayed in the x-axis correspond to the 

chemical shifts in ppm. Selected protons highlighted as pink spheres in the chemical structures. (e) Ratio of the STD 

peak intensities obtained with each mutant over the respective peaks obtained with the wild-type. 



168 

 

As expected, the mutations had no effect in the 19F CPMG signal of spy molecule 

19 when compared to wild-type. The remaining compounds were mainly evaluated using 

the STD experiments, as these resulted in larger changes between wild-type and mutants 

responses (Figure 67). For molecule FPS17, a minor fold changes (~1.20 fold increase 

compared to wild-type) in the intensity of the STD signal was observed for mutants 

E102F, while the other mutants showed comparable signal intensities to wild-type. 

Pleasingly, in the case of eloC binders, major changes in the STD peak intensities were 

noticed. For fragment NMR428 generally a decrease in the intensity of the STD signals 

was observed, especially for mutations on residues E102 and V69L. The STD signal 

intensities of the other two eloC binders were generally increased when in presence of the 

mutants, especially when mutants E102F and E102W were employed. 

These preliminary results showcased the possibility of using mutant proteins for 

hit selection at the eloC site. The most effective of the five mutants tested was E102W, 

which greatly affected the binding response of all eloC binders, while mantaining the 

same binding response as the wild-type with binders of the Hyp and VHL-2 sites. This 

mutation was preferred over E102F as the latter possessed lower yields during 

purification (6 mg per litre of starter culture compared to 11 mg per litre with E102W). 

To verify if the changes in the STD experiments induced by mutant E102W could 

be observed with other fragments, these experiments were repeated with the group of 29 

fragment hits studied in the first section of chapter 4. Compounds with changes in signal 

intensity (most intense 1H STD peak) of at least 20% when compared to the wild-type are 

shown in Figure 68. A group of 11 fragments were selected, including F05 and F29, both 

confirmed to bind in the eloC pocket by X-ray crystallography in chapter 4. Just one 

compound (F12) behaved similarly to fragment NMR428, presenting a lower STD 

intensity when compared to the wild-type, while the remaining 10 fragments behaved 



169 

 

similarly as fragments MB1200 and MB235 i.e. STD signal increased with the E102W 

mutant compared to wild-type (Figure 3). 

 

 

Figure 68. Structure of the compounds with the STD signal intensities affected by the mutation E102W on the 

eloC site. Values in parentheses correspond to the ratio of the STD signal intensity against the mutant E102W over the 

wild-type. 

 

Interestingly, several structural similarities could be found in the group of selected 

fragments. Fragments F11, F14, F20 and F23 presented a biaryl core with a phenyl ring 

and a 5-membered aromatic heterocycle, like fragment F05, indicating they could all 

potentially fit in the eloC site with a similar binding mode. 

 

5.3.2 Crystal structure of VBCE102W  

To aid a better understanding of the results with the E102W variant of VBC 

(VBCE102W), attempts to obtain its crystal structure were performed using the same 

crystallisation conditions of the wild-type. Unfortunately, no crystals were obtained after 

several days. Since VBC is also known to crystallise in different conditions when in 

presence of the HIF peptide (VBCH crystal form), these conditions were also tested with 

the mutant complex. As the peptide interacted solely with pVHL, no effects from using 

this setup were expected to affect the region where the mutant residue was placed. 
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The VBCE102W complex was co-purified with an excess of HIF peptide and 

crystallisation trays were setup in the same conditions as the wild-type, this time 

successfully leading to crystal growth. These crystals presented a similar morphology 

compared to those grown from the wild-type complex and diffracted to 1.80Å resolution. 

The best diffracting crystals tested in house were sent to the Diamond Light Source for 

full collection of diffraction data. 

 

 

Figure 69. Crystal structure of the VBCE102W-HIF peptide complex. (a) Superposition of the wild-type (violet) and 

E102W (cyan) VBCH complexes, showing that all residues around the eloC pocket conserved their conformations after 

the mutation. (b) The Fo−Fc electron density omit map (gray) contoured at 3.0σ around W102 of eloC (cyan). 

 

An electron density correspondent to the tryptophan residue in position 102 of the 

eloC protein could be observed, and after several rounds of refinement a final satisfactory 

model was obtained. The VBCH structures of the wild-type and mutant proteins were 

superposed, confirming that no significant changes in the residues surrounding the 

mutation could be observed (Figure 69a). The tryptophan residue remained at the edge of 

the eloC site, creating a hydrophobic region that replaced the original negative charge of 

the wild-type glutamate residue. 

An inspection of the previous bound crystal structures of the eloC binders showed 

that, in the case of MB1200, MB235 and F05, hydrophobic regions of the compounds 

would be facing the tryptophan residue upon binding, while NMR428, F29 and IH-1-D06 
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presented polar regions facing the mutation. However, just fragment NMR428 presented 

a decrease in the STD signal intensity in the presence of the tryptophan mutation. 

However, the assumptions above considered that all the fragments retained the same 

binding mode upon interacting with the mutant. To fully assess how these compounds fit 

in the eloC site containing the E102W mutation, fragment bound structures would be 

needed. Such experiments were not possible due to the crystal contacts making the eloC 

site inaccessible in the VBCH crystal form. Alternatively, the STD experiments to 

determine the group epitope mapping of all fragments in the presence of wild-type VBC 

and VBCE102W could be used to understand how the binding mode of each of these 

compounds was affected by the presence of the mutation.   
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Table 16. Crystallographic data processing and refinement statistics for the structure of VBCE102W in complex 

with the HIF peptide (VBCE102WH). Values in parenthesis refer to the highest resolution shell. 

Complex pVHL : eloB : eloCE102W : HIF peptide (VBCE102WH) 

  

Synchrotron Diamond Light Source 

Beamline I03 

Wavelength (Å) 0.9763 

Processing statistics  

Space group P43212 

Unit cell parameters  

a,b (Å) 59.5 

c (Å) 247.9 

Resolution limits (Å) 48.29 – 1.85 (1.89 – 1.85) 

Total reflections 384183 (23826) 

Unique reflections 39304 (2342) 

Completeness (%) 99.9 (100.0) 

Multiplicity 9.8 (10.2) 

Rmerge (%) 10.0 (112.6) 

I/σ (I) 12.7 (2.0) 

CC1/2 (%) 99.8 (82.2) 

Mosaicity (°) 0.10 

Refinement statistics  

Resolution limits (Å) 61.98 – 1.85 (1.90 – 1.85) 

Rwork (%) 18.4 (31.4) 

Rfree (%) 22.6 (33.1) 

Model atoms 3223 

Protein B factor (Å2) 22.4 

Peptide B factor (Å2) 28.6 

r.m.s.d. bonds (Å) 0.0113 

r.m.s.d. angles (°) 1.5428 

Ramanchandran plot  

Favoured (%) 97.7 

Allowed (%) 2.3 

Outliers (%) 0.0 
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5.3.3 Effect of VBCE102W in the affinity of eloC binders  

To evaluate the effect of the E102W mutation directly in the affinity of the eloC 

binders, SPR experiments were performed to quantify the changes in the responses of the 

fragments against wild-type and mutant proteins. Furthermore, SPR is more suitable than 

NMR for the assessment of large compound sets in a short time, as each sample could be 

simultaneously injected against each protein. 

The compounds were tested using SA and NTA chips, and in each case both 

proteins (wild-type and mutant) were immobilised in two different flow cells (Table 17). 

No significant changes in the affinities of control binders of the Hyp site were observed 

between the two proteins, providing additional evidence to support the conclusion that 

the mutation did not affect the interaction of ligands of this pocket. Then NMR428, F29 

and F-ZINC-B01 were evaluated, as these were the eloC binders with the most consistent 

SPR responses (Chapter 4). 

In all cases, small changes in the percentage of surface saturation were observed. 

Although the KD shifts from wild-type to mutant were not large (mostly less than 2-fold), 

they were consistent across both surfaces. Interestingly fragment NMR428, the only eloC 

binder that presented a STD signal decrease in the NMR experiments in presence of the 

mutant (Figure 67), also displayed weaker affinities when tested against the VBCE102W 

protein. Additionally, the presence of the mutation in the eloC site moderately affected 

the KD of fragment F-ZINC-B01, even if this compound interacted with a different region 

of the pocket according to the bound crystal structure. For fragment F29, very minor 

decreases in KD (i.e. increases in binding affinity) were observed with the mutant (20–

30%). When accounting for the relatively large error when measuring such weak 

affinities, the effect of the mutant on this specific compound was considered negligible. 
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Table 17. Binding affinities of Hyp site and eloC binders to VBC and VBCE102W determined by SPR using SA 

and NTA sensor chips. 

Compound 
SA sensor chip NTA sensor chip 

KD – Wild-type KD – E102W KD – Wild-type KD – E102W 

 

VH032 

72.6 ± 1.1 nM 77.5 ± 1.5 nM 78.4 ± 0.5 nM 67.2 ± 1.5 nM 

 

VH101 

45.2 ± 1.0 nM 47.6 ± 0.7 nM 68.4 ± 0.7 nM 60.6 ± 1.1 nM 

 

NMR428 

0.70 ± 0.18 mM 1.21 ± 0.25 mM 1.16 ± 0.34 mM 2.84 ± 1.1 mM 

 

F29 

1.05 ± 0.12 mM 0.82 ± 0.23 mM 0.86 ± 0.15 mM 0.71 ± 0.14 mM 

 

F-ZINC-B01 

1.94 ± 0.33 mM 1.25 ± 0.11 mM 1.73 ± 0.17 mM 1.41 ± 0.17 mM 

 

Lastly, the best hits ranked in the SPR fragment screening performed in chapter 4 

were retested against the E102W mutant. The compounds with the most prominent shifts 

in affinity were found to be IH-2-A01 and ZINC-E09, with consistent effects in both 

sensor surfaces (Figure 70). Therefore, although no bound crystal structures were 

obtained for these compounds, these experiments suggest that they might bind the eloC 

site of the VBC complex, especially fragment IH-2-A01 (~2-fold increase in KD). 
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Figure 70. Binding affinities of screening hits to VBC and VBCE102W determined by SPR using SA and NTA 

sensor chips. (a) KD values between IH-2-A01 and each VBC complex (wild-type and E102W), determined from the 

data fitting of the normalised SPR responses versus concentration using SA (b) and NTA (c) sensor chips. (d) KD values 

between ZINC-E09 and each VBC complex (wild-type and E102W), determined from the data fitting of the normalised 

SPR responses versus concentration using SA (e) and NTA (f) sensor chips. 

 

5.3.4 Synthesis of novel eloC binders using a fragment merging approach 

With the considerable number of fragment bound structures in the eloC site, many 

options were found for the development of higher affinity binders of this pocket. Amongst 

the seven hits crystallised so far, compounds NMR428 and F29 presented the best 

affinities, with KD of around 500–1000 µM. Consequently, these two fragments were 

considered as core scaffolds for fragment growth. A superposition of the protein-bound 

structures of these two compounds (pose 2 of F29, discussed in chapter 4) revealed that 

both possess a similar binding mode (Figure 71). 

As similar results would be expected for equivalent chemical modifications in 

both cores, compound F29 was selected for the generation of the first set of new eloC 

binders. Starting materials for the synthesis of analogues of F29 were more readily 
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available from commercial sources, requiring less synthetic steps for the preparation of 

the first analogues. 

 

 

Figure 71. Superposition of the protein bound structures of fragments NMR428 (pink sticks) and F29 (yellow 

sticks). 

 

Even though fragments F05 and F-ZINC-B01 presented lower affinities (KD ≈ 2–

4 mM), the superposition of their bound structures with F29 revealed many options for a 

fragment merging (Figure 72). The insertion of basic groups in positions 5 or 6 of the 

phenyl ring could lead to an increase in potency due to an interaction with E64, mimicking 

fragment F05 (Figure 72a). Additionally, compounds with bulky hydrophobic groups in 

positions 6 or 7 of the phenyl ring could potentially reach the same buried site accessed 

by fragment F-ZINC-B01 (Figure 72b).  

 

 

Figure 72. Fragment merging strategies between F29 and hits F05 and F-ZINC-B01. (a) Superposition of the 

bound crystal structures of fragments F29 (violet sticks) and F05 (yellow sticks). (b) Superposition of the bound crystal 

structures of fragments F29 (violet sticks) and F-ZINC-B01 (gray sticks). (c) Possibilities for chemical modifications 

in the core structure of F29 using features of fragments F05 and F-ZINC-B01. 
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The synthetic route adopted for the generation of F29 analogues containing some 

of the features discussed above is presented in Figure 73. Initially, the commercially 

available aryl bromides 32a-b were submitted to a palladium-catalysed cross-coupling 

reaction with potassium vinyl trifluoroborate. In total three different palladium catalysts 

were tested: Pd(OAc)2 (palladium II acetate), Pd(TFA)2 (palladium II trifluoroacetate) 

and Pd(dppf)Cl2 
. DCM ([1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium II 

dichloromethane complex). In the case of Pd(OAc)2 and Pd(TFA)2, catalytic amounts of 

triphenylphosphine were added, acting as electron rich palladium ligands to increase the 

rate of the oxidative addition of the aryl bromides in the catalytic cycle.171 

 

 

Figure 73. Synthetic route for the generation of analogues of fragment F29. 

 

The formation of the desired products was observed in all three conditions, but in 

significantly shorter reaction times when using the Pd(dppf)Cl2 
. DCM catalyst, where 

nearly full conversion (>90%) was observed after approximately 24h. When the other two 

catalysts were employed, unreacted starting material could still be observed even after 
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48h. Therefore, the Pd(dppf)Cl2 
. DCM condition was used to obtain the respective 

styrenes, both with good yields after purification. 

The newly formed double bonds of compounds 33a-b were cleaved using an 

ozonolysis reaction. After purging a methanol solution of each styrene with ozone, the 

respective ozonides were formed and then reduced to aldehydes 34a-b using dimethyl 

sulphide (Me2S). Both compounds were obtained in quantitative yields, not requiring any 

purification steps. Lastly, reductive amination with different amines resulted in final 

compounds 35a-b, 36a-b and 37a-b. Although good conversion to the desired products 

35a-b and 37a-b could be observed by LC-MS, moderate to low yields were obtained 

after HPLC purification due to the small reaction scales (10–50 mg of starting material 

34a-b). Additionally, even lower yields were obtained for compounds 36a-b, as the 

formation of the undesired tertiary amine by-product could be observed (reductive 

amination of products 36a-b with unreacted starting material 34a-b). Finally, for 

compounds 37a-b, where the reductive amination was performed with 1-boc-piperazine, 

an additional step was added to remove the protecting group, resulting in final compounds 

38a-b in quantitative yields. 

To complement the group of secondary and tertiary amines prepared above, a 

reductive amination of aldehydes 34a-b was also attempted using ammonia to prepare the 

terminal primary amines 39a-b (Figure 74). The formation of the respective products 

could be observed by LC-MS, albeit with low conversion and formation of by-products, 

such as the secondary amine 40a-b. 

 

 

Figure 74. Preparation of primary amines 39a-b, resulting in a mixture with undesired by-product 40a-b. 
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Due to the high polarity and short retention times, none of the desired products 

could be isolated using reverse phase HPLC separation. As high concentrations of 

ammonium acetate were used in the reductive amination, a work-up of the reaction 

mixture was necessary prior to the purification. Therefore, most of the product was 

probably solubilised in the aqueous phase, even after several washes with DCM. Due to 

time limitations, no further attempts to obtain the primary amines 39a-b were made, and 

it was decided to focus on evaluating the group of compounds synthesised so far. 

The final set of compounds shown in Figure 75 was selected for a preliminary 

testing by SPR, including all amines successfully prepared and intermediates 32a-b and 

33a-b. Due to the known reactivity of aldehydes, especially with free amines present in 

protein structures,90 intermediates 34a-b were not included in these experiments. 

Additionally, commercially available compounds 41a-b were added to verify the effect 

of the amine group being directly linked to aromatic ring. 

 

 

Figure 75. Final set of synthesised or purchased analogues of fragment F29 evaluated by SPR. 

 

The compounds were initially evaluated using a NTA sensor chip. Unfortunately, 

reference surface interactions were observed for the majority of the compounds tested, 

with negative responses being observed as the concentration increased after sensorgram 

subtraction. Although 37a did not present such unspecific binding issues, its responses 
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were considerably low, resulting in weaker affinities than the original hit (KD ≈ 1.5 mM). 

The most promising compounds were 37b and 38b, presenting good concentration 

dependent responses and unspecific binding to the surface just at the top concentrations 

(Figure 76). Furthermore, their affinities were clearly affected by the E102W mutation, 

suggesting specific interactions at the eloC site. However, unspecific binding effects 

could have been responsible for the increased affinity observed for 38b (Figure 76d), 

resulting in a large standard error of KD as the data could not nicely fit to a 1-to-1 binding 

model. Experiments using a SA chip were attempted, but unspecific reference interactions 

were once again observed for all compounds. 

 

 

Figure 76. Sensorgrams and affinities of compounds 37b and 38b. Blank subtracted sensorgrams obtained from 

injecting multiple concentrations (12.5, 25.0, 50.0, 100, 200, 400 and 800 µM) of compound 37b over a surface 

containing VBC wild-type (a) or VBCE102W (c), or compound 38b over a surface containing VBC wild-type (b) or 

VBCE102W (d). Plots of normalised responses against the respective concentrations were displayed in the inset graphs 

in each case. Due to strong unspecific binding effects observed at 800 μM in most cases, responses at this concentration 

were not considered in the data fitting (grey dot in all inset graphs). 
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To understand how fragments 37b and 38b were binding to VBC, soaking 

experiments were performed. Amongst the few diffracting crystals, the bound structure 

of fragment 38b could be solved. The collected dataset had a relatively low resolution 

(3.6 Å), resulting in a poor occupancy of the ligand in most chains. Compound 38b could 

only be confidently modelled in one of the four eloC chains, with the best fit after 

structural refinement shown in Figure 77. As hypothesized, an ionic interaction was 

established between one of the nitrogen atoms of the piperazine ring and E64, justifying 

the increase in affinity observed in the SPR experiments. To establish this interaction, the 

aromatic core was tilted towards the solvent when compared to the original hit. The 5-

membered heterocycle was also ‘flipped’, now presenting the nitrogen atom facing the 

protein. In the original hit, F029 was facing the solvent (Figure 77e). Although no 

structure of 37b was solved, a similar binding mode to 38b was expected as the second 

nitrogen of the piperazine ring was found to be fully solvent exposed. 

Ideally, higher resolution structures would be needed to fully assess the binding 

mode of compound 38b, alongside with additional soaking experiments with other 

analogues. Nevertheless, these preliminary results suggest that the fragment merging 

strategies proposed have potential, motivating further development of eloC ligands.  
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Figure 77. Crystal structure of compound 38b in complex with VBC solved at 3.6 Å. Compound 38b (yellow 

sticks) bound to the eloC site, with the Fo−Fc electron density map (gray) contoured at 2.0σ (a and c) and 3.0σ (b and 

d) around the ligand. (e) Superposition of the bound structures of compounds 38b (yellow sticks) and F29 (pink sticks). 
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Table 18. Crystallographic data processing and refinement statistics for the structure of compound 38b in 

complex with the VBC. Values in parenthesis refer to the highest resolution shell. 

Complex Compound 38b : VBC 

  

Synchrotron Diamond Light Source 

Beamline I04 

Wavelength (Å) 0.9795 

Processing statistics  

Space group P4122 

Unit cell parameters  

a,b (Å) 93.2 

c (Å) 360.6 

Resolution limits (Å) 29.37 – 3.60 (3.94 – 3.60) 

Total reflections 161677 (34311) 

Unique reflections 19375 (4471) 

Completeness (%) 99.6 (99.4) 

Multiplicity 8.3 (7.7) 

Rmerge (%) 18.5 (108.2) 

I/σ (I) 8.1 (1.6) 

CC1/2 (%) 99.8 (91.3) 

Mosaicity (°) 0.23 

Refinement statistics  

Resolution limits (Å) 29.37 - 3.60 (3.73 - 3.60) 

Rwork (%) 24.7 (50.7) 

Rfree (%) 30.5 (52.8) 

Model atoms 10423 

Protein B factor (Å2) 92.6 

Ligand B factor (Å2) 95.3 

r.m.s.d. bonds (Å) 0.004 

r.m.s.d. angles (°) 0.741 

Ramanchandran plot  

Favoured (%) 95.0% 

Allowed (%) 4.3% 

Outliers (%) 0.7% 
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5.4 Discussion 

The preliminary results shown in this section highlight many possibilities of 

investigating interactions at the eloC site. The development of the mutant complex 

VBCE102W has shown some promising results in the process of sorting hits prior to 

crystallising them with VBC. Although this mutation did not block interactions in the 

pocket (confirmed by the crystal structure), clear effects in the STD spectra of some eloC 

ligands could be observed, while binders of the Hyp and VHL-2 sites still kept the same 

binding profile as the wild-type. Such effects were observed on VBC hits that possess 

structural similarities with some eloC binders (Figure 68), giving further support for the 

application of this assay. 

In the SPR experiments, negligible changes on the KD of Hyp site binders 

reconfirm that the mutation did not alter the affinities of non-eloC site ligands. Due to the 

small number of eloC binders with good SPR binding responses, a full analysis of the 

effects of the mutation on compound affinities could not be clearly made. While 

noticeable decrease in affinity was observed for NMR428, just slight improvements in 

KD were observed for F29. These results show that for certain eloC binders, the SPR 

experiments with the mutant complex might not always strongly affect compound 

affinities, being a limitation of the tool. 

Nevertheless, some of the uncharacterized VBC fragment hits have shown higher 

SPR affinities to the VBCE102W complex compared to the wild-type. As this result was 

observed consistently with two different sensor chips, and was not as pronounced with 

other hits simultaneously tested, there is great confidence that this protein variant can be 

used as an orthogonal tool to analyse hits from VBC fragment screenings. 

Regarding the efforts to develop novel eloC ligands using the knowledge of the 

fragments crystallised so far, promising preliminary results were obtained. The synthetic 

route adopted allows the development of several amines from the same common 
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benzaldehyde intermediate. As just a few selected conditions were employed, further 

optimisation of the reaction conditions could lead to higher product yields, especially 

considering the vast literature of reductive amination procedures (>10,000 results using 

the ScienceDirect search platform, 09/03/2019) for the production of primary, secondary 

and tertiary amines. 

Unfortunately, a full SAR analysis of the F29 analogues could not be achieved 

due to the strong unspecific binding issues observed in the SPR experiments, with only 

compounds 37b and 38b presenting responses properly increasing with the concentration. 

Possibly, the presence of positively charged amine groups in most compounds was 

responsible for the reference surface interactions, especially with the negatively charged 

carboxylic acids present NTA sensor chip. Further assay development would be needed 

to overcome such issues. Some strategies recommended in the Biacore T200 guidelines 

include increasing salt concentrations or neutralising the negative charges of 

uncoordinated carboxylic groups in the NTA surface by performing an amide coupling 

of ethylamine just in the reference surface. 

Yet, the ligand bound structure of 38b was successfully obtained, showing that 

the strategy of placing positively charged groups at positions 5 or 6 of the phenyl ring 

could lead to better KD. The conformation adopted upon binding also supports the 

insertion of bulky groups at position 7 of the phenyl ring, projecting towards the buried 

hydrophobic region of the binding site. Another vector for growing the compound could 

be the position 4 of the phenyl ring, in order to reach a second glutamate residue present 

on the pocket (E102), helping to furtherly improve affinity. 

The bound structure was solved at low resolution, therefore future soaking 

experiments could be attempted to obtain a better model of compound 38b upon binding, 

aiding the design of novel ligands. At later stages, when both SPR and NMR experiments 

are properly optimised and able to profile all the fragments prepared so far, the best 
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analogues can then be prepared based on the NMR428 core, verifying the best starting 

point for achieving high affinity eloC ligands. 
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Chapter 6. Conclusion 
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Several strategies for exploring interactions on the surface of the VBC component 

of CRL2VHL E3 ligase were pursued in this work, showcasing interesting aspects for 

further ligand development and the main challenges of investigating weak interactions. 

A highly sensitive 19F NMR competition assay was developed for identifying 

binders at the Hyp site of pVHL. The VBC complex also served as a model system for 

understanding the main features that can aid the selection of the best fluorinated reporters 

for these experiments. The exploration of different affinities and fluorine positions 

revealed the importance of simultaneously varying both parameters to obtain spy 

molecules with excellent binding responses. The discussions regarding spy molecule 

design and assay conditions can offer useful information for groups in academia and 

industry working with 19F NMR. Future developments based on this work could include 

the analysis of other types of fluorine attachments (CF, CF2, SF5, etc) within similar 

compounds. The replacement of multiple protein-buried protons by a single fluorine atom 

could also be pursued, potentially yielding spy molecules with very high sensitivities. 

Unfortunately, in an application of this assay for fragment screening, no novel 

Hyp binder was identified. Future screenings including larger libraries could be used with 

the conditions developed in this work for the identification of Hyp bioisosteres or other 

moieties for further optimisation of Hyp site ligands. Nevertheless, a false-positive hit 

was selected from this assay, highlighting the rewarding aspect of validating fragment 

hits with multiple biophysical experiments. 

Aside from fragment selection, the potential of this tool for assessing the 

cooperativity of PROTAC-induced ternary complexes was explored and it is, to the best 

of our knowledge, the first report of studying these interactions by NMR. The assay could 

be successfully implemented for competitors of weaker affinity to the pVHL protein or 

complexes with negative cooperativity, while limitations were found when attempting to 
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differentiate high-affinity binders. As typical protein concentrations for ligand-observed 

NMR are relatively high for competition experiments employing tight-binding 

competitors, this assay should be appropriately applied in cases where reduced affinities 

to VHL are expected, which were shown to be relevant with examples of cell-active 

degraders in the literature. It was also highlighted the importance of assessing the 

presence of interactions between spy molecules and the protein targeted for degradation 

by the PROTAC, as these effects could interfere with the applicability of the assay. 

Finally, the exploration of the VBC complex using fragment-like compounds 

resulted in exciting new horizons for investigating ligand binding. The NMR and SPR 

based assays selected promising hits for further structural characterisation. In the future, 

other techniques for mapping the binding sites of small molecules, such as protein NMR, 

could be implemented for examining the compounds in solution, as most X-ray 

crystallography soaking trials were unsuccessful with the currently available VBC crystal 

forms. 

Nevertheless, novel compounds were found to bind at eloC site, possessing 

different chemical features to be used in hit development stages. Mutations at this site 

were performed as an approach for identifying eloC binders in the hit validation stages 

prior to obtaining structures of the fragment-protein complexes. One of these mutants, 

VBCE102W, induced changes in the binding responses of solely eloC binders in the NMR 

and SPR experiments, albeit to varied degrees depending on the structure of the hit. This 

mutant complex can be used as an orthogonal assay in fragment screenings against VBC, 

indicating potential eloC site binders. 

 The initial attempts to grow one of the eloC hits using a fragment merging 

approach resulted in an increase in binding affinity, confirmed by a bound crystal 

structure of the best analogue characterised so far. These results are still preliminary, and 
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will require further SPR assay development for establishing the SAR for the series of 

compounds, as strong unspecific binding issues were observed for the majority of 

compounds tested. Potent eloC ligands could then be used in model cell lines and systems 

regulated by the eloC protein, verifying their effect in the multiple known roles of this 

protein and potentially unravelling novel functions. 

Additionally, the exciting field of chemical protein degradation could also benefit 

from further characterisation and development of the hits identified in this work. So far, 

no examples of a single E3 ligase being targeted at multiple sites by PROTAC molecules 

have been reported. Assessing if protein degradation can also occurs by bringing protein 

in proximity to these sites, comparing potency and selectivity profiles with PROTACs 

targeting other sites, would open new possibilities for preparing novel chemical probes 

and drugs based on chemically induced protein degradation. 
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Chapter 7. Materials and methods 
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7.1 Plamids and protein constructs 

Plasmids encoding for the human VHL (UniProt: P40337), eloB (UniProt: 

(Q15369), eloC (UniProt: Q15370) and Brd4-BD2 (UniProt: O60885) were used for the 

expression of all the proteins prepared in this work and are summarised in Table 19. 

Plasmids pIVM02, MJR001, PS001 and KHC002 were originally cloned by Dr. Inge van 

Molle, Dr. Michael Roy, Dr. Pedro Soares and Dr. Kwok-Ho Chan, respectively, while 

plasmid pIVM26 was a gift from Dr. Alex Bullock (SGC, Oxford). Plasmids GVC001-

GVC006 were obtained by site-directed mutagenesis (section 7.4) using pIVM26 as 

template, while plasmid GVC007 was obtained using MJR001 as template. 

Table 19. Summary of the plasmids used in this work. 

Plasmid Protein Vector Resistance Tags Cleavage 

pIVM02 6-His pVHL 54-213 pHAT4 Ampicillin 
6-His 

N-terminus 
TEV 

PS001 10-His pVHL 54-213 pHAT4 Ampicillin 
10-His 

N-terminus 
TEV 

pIVM26 
eloB 1-104 

eloC 17-112 
pCDF1b-DUET Streptomycin - - 

GVC001 
eloB 1-104 

eloC 17-112 E102A 
pCDF1b-DUET Streptomycin - - 

GVC002 
eloB 1-104 

eloC 17-112 E102F 
pCDF1b-DUET Streptomycin - - 

GVC003 
eloB 1-104 

eloC 17-112 E102W 
pCDF1b-DUET Streptomycin - - 

GVC004 
eloB 1-104 

eloC 17-112 V69F 
pCDF1b-DUET Streptomycin - - 

GVC005 
eloB 1-104 

eloC 17-112 V69L 
pCDF1b-DUET Streptomycin - - 

GVC006 
eloB 1-104 

eloC 17-112 V69I 
pCDF1b-DUET Streptomycin - - 

MJR001 
Avi eloB 1-104 

eloC 17-112 
pCDF1b-DUET Streptomycin 

Avi tag 

N-terminus of eloB 
- 

GVC007 
Avi eloB 1-104 

eloC 17-112 E102W 
pCDF1b-DUET Streptomycin 

Avi tag 

N-terminus of eloB 
- 

KHC002 Brd4BD2 333-460 pNIC28-Bsa4 Kanamycin 
6-His 

N-terminus 
TEV 

 



195 

 

Protein sequences of the wild type constructs after expression are shown below, 

with the respective tags highlighted in green: 

pIVM02 

6-His-VHL54-213: 

MNTIHHHHHHNTSGSGGGGGRLVPRGSMSENLYFQGSMEAGRPRPVLRSVNSREPSQVIFCNRS

PRVVLPVWLNFDGEPQPYPTLPPGTGRRIHSYRGHLWLFRDAGTHDGLLVNQTELFVPSLNVDG

QPIFANITLPVYTLKERCLQVVRSLVKPENYRRLDIVRSLYEDLEDHPNVQKDLERLTQERIAH

QRMGD 

PS001 

10-His-VHL54-213: 

MNTIHHHHHHHHHHNTSGSGGGGGRLVPRGSMSENLYFQGSMEAGRPRPVLRSVNSREPSQVIF

CNRSPRVVLPVWLNFDGEPQPYPTLPPGTGRRIHSYRGHLWLFRDAGTHDGLLVNQTELFVPSL

NVDGQPIFANITLPVYTLKERCLQVVRSLVKPENYRRLDIVRSLYEDLEDHPNVQKDLERLTQE

RIAHQRMGD 

pIVM26 

eloB1-104: 

MDVFLMIRRHKTTIFTDAKESSTVFELKRIVEGILKRPPDEQRLYKDDQLLDDGKTLGECGFTS

QTARPQAPATVGLAFRADDTFEALCIEPFSSPPELPDVMK 

eloC17-112: 

MMYVKLISSDGHEFIVKREHALTSGTIKAMLSGPGQFAENETNEVNFREIPSHVLSKVCMYFTY

KVRYTNSSTEIPEFPIAPEIALELLMAANFLDC 

MJR001:  

Avi-eloB1-104: 

MGLNDIFEAQKIEWHEGAPEASMDVFLMIRRHKTTIFTDAKESSTVFELKRIVEGILKRPPDEQ

RLYKDDQLLDDGKTLGECGFTSQTARPQAPATVGLAFRADDTFEALCIEPFSSPPELPDVMK 

eloC17-117: Same as pIVM26. 

KHC02: 

Brd4333-460: 

MHHHHHHSSGVDLGTENLYFQSMKDVPDSQQHPAPEKSSKVSEQLKCCSGILKEMFAKKH 

AAYAWPFYKPVDVEALGLHDYCDIIKHPMDMSTIKSKLEAREYRDAQEFGADVRLMFSNC  

YKYNPPDHEVVAMARKLQDVFEMRFAKMPDE 
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The different variants of the VBC complex used in this work were obtained by 

co-expressing the pVHL and eloBC vectors described below: 

Table 20. Summary of the different variations of the VBC complex used in this work. 

Complex pVHL vector eloBC vector Purpose 

VBC pIVM02 pIVM26 
Ligand-observed NMR and X-ray 

crystallography experiments. 
VBCE102W pIVM02 GVC003 

VBCE102A pIVM02 GVC001 

Ligand-observed NMR experiments. 

VBCE102F pIVM02 GVC002 

VBCV69F pIVM02 GVC004 

VBCV69L pIVM02 GVC005 

VBCV69I pIVM02 GVC006 

10-His-VBC PS001 pIVM26 

SPR experiments using a NTA chip. 

10-His-VBCE102W PS001 GVC003 

AviVBC pIVM02 MJR001 
Biotinylation for SPR experiments 

using a SA chip 
AviVBCE102W pIVM02 GVC007 

 

7.2 Transformation 

Aliquots of 50 µL of E. coli competent cells (DH5α strain was used for cloning 

while BL21(DE3) strain was used for protein expression) previously stored at -80 °C were 

kept in ice for 10 minutes. The desired plasmids were added (2-3 µL at 60 ng/µL) and 

after 10 minutes incubation in ice, a heat-shock was performed for 45 second in a water 

bath at 42 °C, immediately placing the cells back in ice. After 10 minutes, 150 µL of 

lysogeny broth (LB) media were added, followed by a 60 minutes incubation period in a 

37 °C water bath. Finally, the cells were plated on a LB/agar plate containing the 

appropriate antibiotics. After 16h incubation at 37 °C plates were inspected to verify the 

formation of colonies. 
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7.3 Protein expression and purification 

7.3.1 VBC 

The VBC complex was obtained as described previously by our group.75 

Competent BL21(DE3) E. coli cells were co-transformed with the appropriate plasmids 

for the expression of pVHL and eloBC. Single colonies were then added to around 60.0 

mL of lysogeny broth (LB) media containing 30 µg/mL of Ampicillin/Streptomycin and 

left growing overnight for expression. The expression was scaled-up to 6.0 L and left 

shaking (200 rpm) at 37 °C until the optical density (OD, UV-Visible absorbance at 600 

nm) of the bacterial culture was approximately 0.6-0.8. Protein expression was induced 

by adding IPTG to a final concentration of 300 μM. The culture was left shaking (160 

rpm) for approximately 16 hours at 24 °C. Cells were harvested at by centrifugation (4000 

rpm, 30 min, 4 °C) and cell pellets were either frozen at 20 °C or lysed for protein 

purification. 

For lysis and protein purification, the following buffers were prepared: 

 Lysis buffer: 20 mM HEPES, pH 7.5, 500 mM sodium chloride (NaCl), 20 mM 

imidazole, and 5 mM betamercaptoethanol (β-met). 

 Elution buffer: 20 mM HEPES, pH 7.5, 500 mM NaCl, 500 mM imidazole, and 

5 mM β-met. 

 Low salt buffer: 20 mM HEPES, pH 7.5, and 1 mM Tris(2-

carboxyethyl)phosphine (TCEP). 

 High salt buffer: 20 mM HEPES, pH 7.5, 500 mM NaCl, and 1 mM TCEP. 

 Size exclusion buffer: 20 mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM TCEP. 

The cell pellets were ressuspended using the lysis buffer containing protease 

inhibitor cocktail (Roche), DNase I (10μg/mL) and MgCl2 (5mM). The suspension was 

homogenised using a pressure cell homogenizer (Stansted Fluid Power) at 4 °C and 20 
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psi, followed by centrifugation at 20000 rpm for 30 minutes at 4 °C. The supernatant was 

flown in a HisTrap HP 5 ml column (GE Healthcare) equilibrated with the lysis buffer 

attached to an AKTA FPLC system (GE Healthcare). The hexa-histidine tagged VBC 

was eluted with a 0-100% gradient of elution buffer and fractions containing VBC were 

pooled together. 

For the purification of 6- and 10-Histidine tagged VBC, the sample was directly 

dialysed into low salt buffer and subjected to the anion-exchange purification described 

in the next paragraph. For the remaining VBC complexes (used for NMR, X-ray 

crystallography and SPR experiments with biotinylated protein) the affinity tag was 

removed by overnight digestion with Tobacco Etch Virus nuclear-inclusion-a 

endopeptidase (TEV, containing a His6 tag) during dialysis with lysis buffer. This 

solution was loaded a second time in the HisTrap collumn and untagged VBC was 

recovered from the unbound fractions, followed by a dialysis step into low salt buffer. 

After dialysis the sample was loaded into a ResourceQ 6 mL anion exchange 

column (GE Healthcare) and eluted with a 0-100% gradient of high salt buffer in low salt 

buffer. Fractions containing VBC were pooled together, concentrated to approximately 

1-3 mL and loaded into a Superdex 75 16/600 gel filtration column (GE Healthcare) 

equilibrated with the size exclusion buffer. For the production of VBCH and VBCE102WH 

complexes, the purified VBC complex was incubated for 30 minutes with a 4-fold excess 

of HIF peptide (purification described in section 7.14.2), then loaded in a Superdex 75 

10/300 column (GE Healthcare) to remove excess of peptide. 

The purified complexes were concentrated to 200 μM, flash-frozen in liquid 

nitrogen and stored at -80 °C. 
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7.3.2 BET bromodomains 

The bromodomains used in the experiments described in sections 3.3.1, 3.3.2 and 

3.3.4 (data with spy molecules 7 and 18) were expressed and purified by Dr. Scott Hughes 

and Ian Liddle. All these bromodomains contained a 6-histidine-tag and were prepared as 

previously described by our group.80, 139 For the experiments described in Table 8 and 

Table 9 of section 3.3.4, the 6-histidine tag was absent in the Brd4-BD2 protein used. 

This was opted in order to work with a protein sample of high purity in the R2 

measurements. The expression and purification procedures are described below: 

Initially, BL21 cells were transformed with 1 µL of plasmid KHC002 (Brd4-BD2 

333-460) and spread over agar plates containing 30 µg/mL of Kanamycin. Single colonies 

were then added to around 30.0 mL of LB media (30 µg/mL of Kanamycin) and left 

growing overnight at 37 °C for expression in the following day. The expression was 

scaled-up to 3.0 L and left shaking (200 rpm) at 37 °C until the OD of the bacterial culture 

was approximately 0.6-0.8. Protein expression was induced by adding IPTG to a final 

concentration of 200 μM. The culture was left shaking (160 rpm) for approximately 16 

hours at 18 °C. Cells were harvested at by centrifugation (4000 rpm, 30 min, 4 °C) and 

cell pellets were either frozen at 20 °C or lysed for protein purification. The same buffers, 

lysis and purification procedures adopted for VBC were used, successfully yielding the 

Brd4-2 protein with high purity. 

7.4 Site-directed mutagenesis 

The mutations in the eloC site were performed using the KOD hot-start 

polymerase (EMD Millipore) with the primers shown below (mutation highlighted in 

red), which were designed based on the protocol described by Liu and Naismith:172 

E102A 

Forward: TGCACTGGCGCTGCTGATGGCTGCGAACTTCTTAGATTG 

Reverse: TCAGCAGCGCCAGTGCAATTTCAGGTGCAATTGGGAATTC 
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E102F 

Forward: TGCACTGTTCCTGCTGATGGCTGCGAACTTCTTAGATTG 

Reverse: TCAGCAGGAACAGTGCAATTTCAGGTGCAATTGGGAATTC 

E102W 

Forward: TGCACTGTGGCTGCTGATGGCTGCGAACTTCTTAGATTG 

Reverse: TCAGCAGCCACAGTGCAATTTCAGGTGCAATTGGGAATTC 

V69I 

Fw: CTTCACATATTCTATCGAAAGTATGCATGTATTTTACGTACAAG 

Rv: TTCGATAGAATATGTGAAGGTATCTCTCTAAAATTGACCTCAT 

V69F 

Fw: CTTCACATTTCCTATCGAAAGTATGCATGTATTTTACGTACAAG 

Rv: TTCGATAGGAAATGTGAAGGTATCTCTCTAAAATTGACCTCAT 

V69L 

Fw: CTTCACATCTGCTATCGAAAGTATGCATGTATTTTACGTACAAG 

Rv: TTCGATAGCAGATGTGAAGGTATCTCTCTAAAATTGACCTCAT 
 

In a PCR tube, the following mixture was prepared with the KOD Hot Start kit: 

 Buffer 10x: 2.5 µL 

 H2O: 14.25 µL 

 DMSO: 1.25 µL 

 25 mM MgSO4: 1.5 µL 

 dNTPs: 2.5 µL 

 Primers: 10 µM 

 Template (80 ng/µL): 1.5 µL 

 KOD: 0.5 µL 

Then, the following PCR cycles were performed: 

 1x: 2 min. at 95 °C 

 25x: 30s at 95 °C / 30s at 55 °C / 2 min. at 68 °C 

 1x: 9 min. at 68 °C / ∞ at 10 °C. 

The PCR products were digested using the DnpI enzyme (NEB) (1 µL, followed 

by 1h incubation at 37 °C) and 4 µL were used for transforming DH5α cells. The success 

of the mutations was assessed by sequencing the plasmid DNA. 
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7.5 Biotinylation of VBC 

The AviVBC complex was site-specifically biotinylated in the AviTag using the 

GST-BirA method described by Fairhead and Howarth:173 

1. To 100 μM AviTag-fused protein in 952 μL of PBS, 5 μL of 1.0 M MgCl2, 20 μL 

of 100 mM ATP, 20 μL of 50 μM GST-BirA and 3 μL of 50 mM D-Biotin were 

added. 

2. This solution was incubated at 30 °C with gentle mixing on a rocking platform. 

3. After 1 hour, 20 μL of 50 μM GST-BirA and 3 μL of 50 mM D-Biotin were added 

and left mixing at 30 °C for a further hour. 

4. The GST-BirA was removed by incubation of the sample with 0.1 mL of a 50% 

slurry of glutathione-HiCap resin in PBS for 30 minutes at room temperature, 

followed by centrifugation and collection of the supernatant. 

5. To remove residual GST-BirA, biotin and other impurities, the sample was loaded 

in a Superdex 75 10/300 equilibrated with 20 mM HEPES pH = 7.5, 150 mM 

NaCl, 1 mM TCEP. Pooled fractions containing VBC were concentrated, flash-

frozen and stored at -80 °C. 

To verify if the biotinylation was successful and site-specific, the following 

procedure was carried: 

1. In a PCR tube containing 5 μL of 10 μM biotinylated VBC, a total of 10 μL of 2× 

SDS-PAGE buffer were added. 

2. Sample was heated at 95 °C for 5 minutes in a PCR block with a heated lid. 

3. After cooling down to room temperature, the sample was briefly centrifuged. 

4. A total of 5 μL of PBS containing a small molar excess (2- to 5-fold) of 

streptavidin were added to the sample, followed by an incubation at room 

temperature for 5 minutes. 
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5. The sample was loaded on a 16% SDS-PAGE gel. After gel staining, a band 

corresponding to the sum of the molecular weights of eloB (12 kDa) and 

streptavidin (53 kDa) was observed. No residual band was observed at 12 kDa, 

indicating a high yield of the biotinylation procedure. 

The GST-BirA and streptavidin proteins were previously purified by Dr. Michael 

Roy and kindly shared. 

7.6 Ligand-observed 1H and 19F NMR experiments 

All the NMR experiments (including sections 7.7 and 7.8) were performed with a 

500 MHz Bruker AVANCE NMR spectrometer equipped with a CPQCI-F cryoprobe. 

All the proton (CPMG, STD and WaterLOGSY) and fluorine (CPMG) NMR direct 

binding experiments were performed at 20 °C. The control one-dimensional (1D) proton 

spectra (solvent suppressed) were recorded using the excitation sculpting with gradients 

pulse program. Unless otherwise stated, all samples were prepared in a solution 

containing 50 mM KH2PO4, 100 mM NaCl, 1 mM TCEP, 2% DMSO-d6 and 20% D2O. 

For the fragment screenings (sections 4.3.4 and 4.3.5) and library quality control (section 

4.3.3.1), samples were prepared to a final volume of 500 µL, while for the remaining 

experiments capillary NMR tubes (3 mm) were used (final volume of 200 µL). 

The 1H CPMG experiments were performed with 80 scans and total 2τ filter of 40 

ms. The WaterLOGSY experiments were performed with an excitation sculpting with 

gradients (180° and flip-back pulse in mixing time) pulse program containing 160 scans 

and mixing time of 0.8s. The STD experiments were performed with a train of 180 

Gaussian pulses (2.7s duration), 256 scans, water suppressed (excitation sculpting with 

gradients) and the on- and off-resonant frequencies were, respectively, 0.5 and 100 ppm. 

19F 1D experiments were performed with 128 scans and 1H decoupling. 19F CPMG 
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experiments were performed with 128 scans, 1H decoupling and total 2τ filter of 400 ms 

(varied for the spy molecule optimisation experiments). 

7.6.1 Binding to VBC 

Specific concentrations of small-molecules and proteins used in each experiment 

were specified in the respective figure and table legends. Typically, direct binding 

experiments with VBC (wild-type mutants) were performed by preparing two samples: 

1. Fragment at 0.5–2.0 mM 

2. Fragment at 0.5–2.0 mM and VBC at 15–30 µM 

7.6.2 Fragment library quality control 

Each compound was initially dissolved in d6-DMSO to a final concentration of 

200 mM. Then, each compound was dissolved to 2 mM in the standard buffer conditions 

described above. 1H WaterLOGSY, 1H 1D and 19F 1D NMR experiments were 

performed, then repeated after 48 hours. 

7.6.3 Fragment screening by 1H and 19F ligand observed NMR 

Using the control spectra obtained in the QC, fragments were sorted in mixtures 

of four at 50 mM in DMSO-d6. The mixtures were dissolved in the standard NMR buffer 

described above (final compound concentration of 0.5 mM) and 1D 1H, 1H CPMG, STD 

and WaterLOGSY experiments were performed (19F 1D and CPMG were also performed 

where suitable). For the hit validation, same experiments were performed with each 

fragment individually at 2.0 mM. 

7.7 Measurement of fluorine transverse relaxation rate constants by NMR 

For each sample, a series of 19F CPMG experiments (decoupled) were performed 

varying the total CPMG filter (50, 100, 200, 400, 800, 1200, 1600 and 3200 ms). As spy 

molecules 21 and 22 presented a fast relaxation, these experiments were performed with 

shorter CPMG filters (50, 100, 150, 200, 300, 400, 700 and 1000 ms) to better fit the data. 
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The 19F peaks were integrated and plotted against the respective CPMG filters. The 

relaxation rate constants (R2) were determined from the data fitting (GraphPad Prism 6), 

according to the equation below: 128 

𝐼(𝑡) = 𝐼(0) × 𝑒−𝑅2𝑡 

Where I(t) is the 19F peak integral integral, t is the respective CPMG filter in 

seconds, I(0) is the signal intensity when t = 0 (extrapolated from the fitting). All the R2 

measurements were performed at 20 °C with samples containing 50 mM potassium 

phosphate monobasic (KH2PO4), pH 7.5, 100 mM NaCl, 1 mM TCEP, 2% (v/v) DMSO, 

20% deuterium oxide (D2O). All the experiments were performed as triplicates and the 

R2 contrasts (C2) were obtained according to the equation below:174 

𝐶2 =
𝑅2

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝑅2
𝐹𝑟𝑒𝑒

𝑅2
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑  

Where R2
Free is the R2 obtained for the spy molecule free in solution and R2

Observed 

is the R2 obtained with the spy molecule in presence of VBC. 

7.8 Competition experiments by 19F NMR 

7.8.1 Experiments using a single concentration of the competitor 

For the results shown in Figure 25 (Chapter 2), the competition experiments were 

performed using a single concentration of different Hyp site binders (other spy molecules 

prepared in Chapter 2 where no peak overlap was observed with spy molecule 19). The 

choice of concentration varied for each compound and was selected according to the KD 

of the competitor. To avoid testing compounds at conditions where the displacement of 

the spy molecule was too close to either 0% or 100%, the concentrations of the 

competitors were equal or similar to their respective KD (previously determined by SPR). 

The R2 of spy molecule 19 was determined in three conditions: 
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1) Spy molecule 19 at 100 µM (R2 
FREE); 

2) Spy molecule 19 at 100 µM + VBC 1.5 µM (R2 
PROTEIN); 

3) Spy molecule 19 at 100 µM + VBC 1.5 µM + Competitor (R2 
COMPETITION); 

The C2 of the spy molecule in the absence and in the presence of competitor 

(C2
PROTEIN and C2

COMPETITION, respectively) was determined: 

𝐶2
𝑃𝑅𝑂𝑇𝐸𝐼𝑁 =

𝑅2
𝑃𝑅𝑂𝑇𝐸𝐼𝑁 − 𝑅2

𝐹𝑅𝐸𝐸

𝑅2
𝑃𝑅𝑂𝑇𝐸𝐼𝑁  

𝐶2
𝐶𝑂𝑀𝑃𝐸𝑇𝐼𝑇𝐼𝑂𝑁 =

𝑅2
𝐶𝑂𝑀𝑃𝐸𝑇𝐼𝑇𝐼𝑂𝑁 − 𝑅2

𝐹𝑅𝐸𝐸

𝑅2
𝐶𝑂𝑀𝑃𝐸𝑇𝐼𝑇𝐼𝑂𝑁  

As R2 is directly proportional to the fraction of bound spy molecule,125,128 the 

concentration of the spy-protein complex in competition, [PS]C, was determined as shown 

below. The concentration of the spy-protein complex in absence of competitor, [PS], was 

determined by knowing the the total concentrations of protein and spy molecule 

(respectively [P]t and [S]t) and the dissociation constant of the spy molecule (KD
S) using 

a 1:1 binding model. 

[𝑃𝑆]𝐶 =
𝐶2

𝐶𝑂𝑀𝑃𝐸𝑇𝐼𝑂𝑁

𝐶2
𝑃𝑅𝑂𝑇𝐸𝐼𝑁 × [𝑃𝑆] 

[𝑃𝑆] =
[𝑃]𝑡 + [𝑆]𝑡 + 𝐾𝐷

𝑆 − √([𝑃]𝑡 + [𝑆]𝑡 + 𝐾𝐷
𝑆)

2
− 4[𝑃]𝑡[𝑆]𝑡

2

2
 

At competition, the dissociation constant of the spy molecule (KD
S) can be 

expressed with the equation below: 

𝐾𝐷
𝑆 =

[𝑃][𝑆]

[𝑃𝑆]
=

([𝑃]𝑡 − [𝑃𝑆]𝐶 − [𝑃𝐶]𝐶)([𝑆]𝑡 − [𝑃𝑆]𝐶)

[𝑃𝑆]𝐶
 

By isolating [PC]C (concentration of the protein-competitor complex in 

competiton with the spy molecule) in the equation above, the equation below is obtained: 
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[𝑃𝐶]𝐶 =
[𝑃𝑆]𝐶([𝑃𝑆]𝐶 − 𝐾𝐷

𝑆 − [𝑃]0) + [𝑆]0([𝑃]0 − [𝑃𝑆]𝐶)

[𝑆]0 − [𝑃𝑆]𝐶
 

The KI of the competitor could then be determined with the equation below: 

𝐾𝐼 =
[𝑃][𝐶]

[𝑃𝐶]
=

([𝑃]0 − [𝑃𝑆]𝐶 − [𝑃𝐶]𝐶)([𝐶]0 − [𝑃𝐶]𝐶)

[𝑃𝐶]𝐶
 

7.8.2 Experiments using multiple concentrations of the competitor 

For each sample, 19F CPMG experiments (decoupled) were performed at a fixed 

CPMG filter. The choice of filter for a given assay condition (varied according to the 

concentrations of spy molecule and protein, and identity of the spy molecule) was done 

using the calculations shown in Chapter 2 - Figure 26, based on the transverse relaxation 

rate equations.128 The best CPMG delay calculated with this method (dmax) for all the 

conditions tested can be found in supplementary material (Chapter 9), together with the 

respective R2 and C2 values. 

After the dmax for each condition was established, the competition experiments 

(chapters 2, 3 and 4) were performed with solutions containing 50 mM KH2PO4, pH 7.5, 

100 mM NaCl, 1 mM TCEP, 2% (v/v) DMSO, 20% D2O and 10 µM trifluoroacetic acid 

(TFA). In every case, two controls were prepared: spy molecule free in solution and spy 

molecule in presence of protein (concentrations specified in the respective chapters). The 

displacement of the spy molecule was calculated as shown below: 

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =  
𝐼𝐶 − 𝐼𝑃

𝐼𝐹 − 𝐼𝑃
× 100% 

Where the 19F peak integral of the spy molecule free in solution, in presence of 

protein and in presence of both protein and competitor are respectively IF, IP and IC. The 

Ki of the competitors were determined by plotting the displacement against the respective 

competitor concentrations, fitting to a “log10[Inhibitor] versus Normalised response” 
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model using GraphPad Prism 6.0. The IC50 values were converted to Ki using the 

Nikolovska-Coleska relationship:149, 175 

𝐾𝑖 =
𝐼𝐶50

[𝑆]50

𝐾𝑆
+

[𝑃]0

𝐾𝑆
+ 1

 

Where [C]50 and [S]50 were the free concentrations of, respectively, competitor 

and spy molecule at 50% inhibition, KS was the KD of the spy molecule to VBC and  [P]0 

was the free concentration of protein in presence of spy molecule (no competitor). By 

knowing the the total concentrations of protein and spy molecule (respectively [P]t and 

[S]t), then [C]50, [S]50 and [P]0 could be determined from the equations below: 

[𝑃]0 =
[𝑃]𝑡 − 𝐾𝑠 − [𝑆]𝑡 + √(𝐾𝑠 + [𝑆]𝑡 − [𝑃]𝑡)2 + 4[𝑃]𝑡𝐾𝑠

2

2
 

[𝑆]50 = [𝑆]𝑡 −
([𝑃]𝑡 − [𝑃]0)

2
 

[𝐶]50 = 𝐼𝐶50 − [𝑃]0 +
([𝑃]𝑡 − [𝑃]0)

2
× (1 +

𝐾𝑆

[𝑆]50
) 

7.9 Surface plasmon resonance 

The SPR experiments were performed with a Biacore T200 instrument (GE 

Healthcare) with buffer containing 10 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM TCEP, 

0.005% (v/v) Tween® 20 and 2% (v/v) dimethyl sulfoxide (DMSO). All measurements 

using a SA sensor chip were performed at 20 °C while those using a NTA sensor chip 

were performed at 10 °C. 

7.9.1 Protein immobilisation 

The protein immobilisation procedures used were performed at 22 °C and are 

described below: 
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 SA: A series S sensor chip SA (GE Heathcare) was conditioned using a solution 

of 50 mM NaOH in 1 M NaCl following the manufacturer guidelines. Then, 

biotinylated AviVBC or AviVBCE102W (~0.5 μM) was flown over the desired flow 

cell (typically flow cells 2 and/or 4) using the standard “target level” strategy in 

the immobilisation wizard of the T200 control software. As maximum 

immobilisation levels of AviVBC were found to be approximately 4500 RU, 

experiments were routinely performed with target levels of approximately 3500-

4000 RU to avoid overcrowding the surface. 

 NTA: A series S sensor chip NTA (GE Heathcare) was conditioned using 350 

mM EDTA (pH 8.3) following the manufacturer guidelines. Then, a 500 µM 

NiSO4 solution was flown (1 minute pulse at 5 µL/min) over the desired active 

surface (typically flow cells 2 and/or 4), followed by 30s pulses (5 µL/min) of 10-

His-VBC or 10-His-VBCE102W (~1.0 μM). Once immobilisation levels of 

approximately 6000 RU were achieve, the temperature was immediately reduced 

to 10 °C to decrease the rate of protein dissociation. For the capture coupling 

experiment described in section 4.3.6.1 (Chapter 4), the amide coupling steps 

described by Kimple et al were used.161 

7.9.2 Analysis of Hyp site spy molecules 

All compounds were tested using a SA chip. Solutions of each spy molecule were 

prepared in buffer at concentrations based on previous structure-activity relationship 

studies of VHL ligands (KD expected in the nanomolar range for structures like spy 

molecules 16 and 22, or in the milimolar range for spy molecules similar to 1 and 9). 

From this first screen, the binding affinities were roughly estimated using the Biacore 

T200 evaluation software (GE Healthcare). The compounds were then re-tested using 

concentrations above and below the respective KD obtained in the first round to generate 

better curves for fitting the data accurately. Contact and dissociation times varied across 
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the different compounds tested, but in general fast binding kinetics were observed for all 

compounds, fully reaching steady-state or being completely dissociated from the surface 

in less than sixty seconds. 

7.9.3 Analysis of fragments 

Hits from the NMR screenings were assessed in a SA chip at 200, 400 and 800 

µM. The theoretical RMAX of each compound was calculated based on the decrease of the 

RMAX of a strong VBC binder (typically VH032 or VH101) injected as positive control in 

the beginning and in the end of each running plate. Compounds with concentration 

dependent responses (responses below RMAX) not presenting unspecific binding profiles 

were selected for further analysis. 

The best hits were tested in both SA and NTA chips at typically 7 different 

concentrations (maximum 800-900 µM). The same procedure was also adopted for 

testing F29 analogues (Chapter 5 – section 5.3.4). For compounds tested using E102W 

mutants, the same procedures used for the wild-type were adopted. 

7.9.4 Data analysis 

The steady state responses from the double-referenced sensorgrams (raw data 

subtracted from blank and reference surface injections) were obtained for each 

concentration tested. These responses (Req) were plotted against the respective 

concentrations (C) and the data was fitted to a 1:1 binding model using the Biacore T200 

evaluation software and the following equation: 

𝑅𝑒𝑞 =
𝐶 × 𝑅𝑀𝐴𝑋

𝐾𝐷 + 𝐶
+ 𝑜𝑓𝑓𝑠𝑒𝑡 

Deviations in Req were corrected by adding an ‘offset’ term to the equation. For 

compounds where RMAX could not be reached experimentally due to the low Req (weakest 

Hyp site spy molecules, all fragment hits and all analogues of F29), the KD values were 
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obtained by fixing the RMAX in the equation above to the expected theoretical RMAX for 

each compound. Raw SPR data and data fitting parameters can be found in the appendix 

figures and tables in the supplementary material (Chapter 9). 

7.10 Crystallisation of VBC and VBCH / VBCE102WH 

For VBC crystals, 2 µL of VBC (~5 mg/mL) were mixed with 2 µL of liquor 

solution and grown at 18°C using a hanging-drop vapour diffusion method adapted from 

the literature.176 The liquor solutions were composed of 0.1 M sodium cacodylate, pH 

6.0–6.3, 14–16% polyethylene glycol 3350, 0.2 M magnesium acetate and 10 mM DTT. 

To slow the vapour diffusion rate a total of 250 µL of Al's Oil (Hampton Research) were 

added on the top of the liquor solution. Crystals were fully grown after 24-48 hours. 

For the VBCH and VBCE102WH co-crystals the crystallisation procedure was 

adapted from methods to obtain VBCH previously described in the literature.177 A 

mixture of 2 µL of VBCH or VBCE102WH (~5 mg/mL) and 2 µL of liquor solution was 

submitted to a hanging-drop vapour diffusion method at 18°C. The liquor solutions were 

composed of 0.1 M potassium phosphate, pH = 6.0 – 6.2, 20 – 22% (w/v) polyethylene 

glycol monomethyl ether 5000, 0.2 M ammonium sulphate, and 10 mM DTT. Crystals 

were fully grown after 72-96 hours. 

7.11 Crystallographic soaking experiments 

Crystals were transferred from the crystallization tray to three different solutions 

of each fragment, being left 4-24h prior to testing. The three solutions were:  

I. 100 mM Fragment + 10% DMSO + 40% iPrOH 

II. 30 mM Fragment + 3% DMSO + 12% iPrOH 

III. 10 mM Fragment + 1% DMSO + 4% iPrOH 

For fragments where precipitation or intense crystal cracking were observed, 

individual optimization of the fragment / DMSO / IPA concentrations were performed. 
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7.12 X-ray diffraction data collection and structure solving 

Crystals were screened with a Rigaku M007HF x-ray generator and Saturn 

944HG+ CCD detector (School of Life Sciences, University of Dundee), and full data 

collections were performed at the Diamond Light Source (Didcot, UK). The reflections 

were indexed and integrated using the XDS software,178 scaling and merging were 

performed with AIMLESS179 in CCP4i180. The isomorphous datasets were refined using 

REFMAC5181, PHENIX refine182 and COOT183. The Protein Data Bank (PDB) entries of 

the template structures used to obtain the initial phases for VBC and VBCH/VBCE102WH 

were respectively 1VCB176 and 1LQB177. The PDB models and restraints for the spy 

molecules were generated using the PRODRG server184. 

7.13 Fragment library – Computational design 

The fragment library used in Chapter 4 was developed by Dr. Xavier Lucas, a 

previous postdoctoral research assistant in the group. Initially approximately 74 million 

purchasable “fragments” from ZINC15 (accession date: 13.01.2017) were selected from 

the criteria below: 

 MW ≤ 325 Da 

 clogPo/w ≤ 3.5 

The following filters were then used for compound selection:  

 

Exclude compounds with features below  Include compounds with features below 

Omit compounds without carbon Number of halogen atoms ≤ 3 

Omit fragmented molecules Number of rings ≤ 3 

Omit isotope-containing compounds Number of rotatable bonds ≤ 5 

Omit compounds with elements different from 

H, C, N, O, S, F, Cl, Br, I 

Number of consecutive rotatable bonds ≤ 2 

Number of ring systems ≤ 2 

Omit molecules with triple bonds Number of acyclic double bonds ≤ 1 
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Omit carbanions and carbocations Number of amides or thioamides ≤ 3 

Omit positively charged O or S Number of donor amides or thioamides ≤ 2 

Omit peroxides and disulfides Number of ureas or thioureas ≤ 1 

Omit thiols and thiolates Number of sulfones ≤ 1 

Omit heavily halogenated compounds Number of carboxylates or esters ≤ 1 

 

After the removal of compounds with chemical alarms, such as PAINS, 

aggregation or reactive species, 7,042,012 unique compounds were obtained. Further 

selection was then based predicted water solubility (> 5mM) and on the scaffold 

structures shown in Chapter 4 - Figure 50, looking for compounds with peptide-mimetic 

features. The following physicochemical filters were used to obtain fragment-like 

compounds: 

 Number of rotatable bonds ≤ 2 

 Number of heavy atoms ≤ 17 

 clogPo/w ≤ 3 

 Number of halogen atoms ≤ 1 

 Number of rings ≤ 2 

 Number of H-bond acceptors ≤ 2 

 Number of H-bond donors ≤ 2 

 Number of H-bond donors + H-bond acceptors ≥ 2 

 Number of stereogenic carbon atoms ≤ 1 

These filters resulted in 483,258 fragment-like compounds. Compounds were then 

clustered according to their physicochemical properties using a Principal Components 

Analysis (PCA), reducing the library to a diverse representative set of 1,407 compounds, 

from where compounds were selected for purchase. To ensure that the clustering approach 
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indeed maintained the diversity in the property space, the overall physicochemical 

properties before and after sampling are shown below: 

7.14 Chemistry methods 

All the compounds, reagents and solvents used, aside from the compounds 

specifically prepared for this work, were obtained from commercial sources and used 

without further purification. For compound purification of intermediates, flash column 

chromatography was performed using a Teledyne Isco Combiflash Rf or Rf200i, with 

RediSep Rf Disposable Columns (Normal phase). Where HPLC purification was 

specified, compounds were purified using a Gilson Preparative HPLC System equipped 

with a Waters X-Bridge C18 column (100 mm x 19 mm; 5 µm particle size) using an 

eleven minutes gradient (25 mL/min) of: 1) 5% to 95% of acetonitrile : 0.1% formic acid, 

or 2) 5% to 95% of acetonitrile : 0.1% ammonia. 

The NMR characterization was performed either on a Bruker 500 Ultrashield or 

Bruker Ascend 400 spectrometers. The splitting of the NMR signals are described as 

follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and combinations in 

case of multiple signal splitting. Chemical shifts are described as parts per million (ppm) 

and coupling constants (J) were calculated in hertz (Hz). The proton (1H) and carbon (13C) 

spectra were referenced as follows: d6-Chloroform – CDCl3 (δH = 7.26 ppm / δC = 77.1 

ppm) and d5-Methanol – CD3OD (δH = 3.34 ppm / δC = 49.1 ppm). For compounds 

where amide rotamers could be observed, just the signal of the major rotamer was listed. 
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Reactions were monitored using an Agilent Technologies 1200 series analytical 

HPLC connected to an Agilent Technologies 6130 quadrupole LC/MS containing an 

Agilent diode array detector and a Waters XBridge column (50 mm × 2.1 mm, 3.5 µm 

particle size) for separation of the compounds. Samples were eluted with a 3 minutes 

gradient of 5% to 95% acetonitrile : 0.1% formic acid. 

  



215 

 

7.14.1 Compound synthesis and characterization – Hyp site spy molecules (Chapter 2) 

 

Compounds 23a, 23c, 25a and 26a were purchased from commercial sources and 

used without further purification. The spectroscopic characterization and yields for 

intermediates 25b, 26b and 27b can be found elsewhere, as these were previously 

prepared by our group,75 while all the remaining compounds were synthesized and 

characterized as described below. For the NMR characterization of compounds 1, 5, 9, 

13, 27a and 27b, either a chloride or a formate salt was obtained depending on the 

purification strategy used. 

 

General procedure i. Coupling of aryl bromides with 4-methylthiazole – Synthesis 

of 23b, 23d and 25b 

The aryl bromide (1 equiv.) was dissolved in dimethylacetamide (3 mL per mmol of 

bromide), followed by the sequential addition of 4-methythiazole (2 equiv.), potassium 

acetate (2 equiv.) and palladium (II) acetate (0.02 equiv.). The reaction was stirred for 
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approximately two hours at 150 °C under nitrogen atmosphere. The mixture was extracted 

with brine and dichloromethane. Combined organic phases were concentrated and DMA 

was removed in the vacuum pump. The desired product was then purified by flash column 

chromatography with an increasing elution of ethyl acetate (0-100%) in heptane. 

4-(4-methylthiazol-5-yl)-3-(trifluoromethyl)benzonitrile (23b):  

 

Prepared from 0.3163 g (1.3 mmol) of the respective bromide (23a), resulting in 0.221 g 

(0.8 mmol, 65%) of the desired product as a white solid. 1H NMR (CDCl3, 400 MHz) δ: 

8.84 (s, 1H); 8.08 (d, J H-H = 1.4 Hz, 1H); 7.89 (dd, J H-H = 7.9, 1.4 Hz, 1H); 7.54 (d, J H-

H = 7.9 Hz, 1H); 2.25 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ: 152.75, 152.15, 136.04 (q, 

3J C-F = 1.7 Hz), 135.06, 134.93, 132.37 (q, 2J C-F = 31.3 Hz), 130.36 (q, 3J C-F = 5.4 Hz), 

125.06, 122.56 (q, 1J C-F = 274.6 Hz), 117.16, 113.76, 15.72; 19F NMR (CDCl3, 470 MHz) 

δ: -60.10. 

 

4-(4-methylthiazol-5-yl)-2-(trifluoromethyl)benzonitrile (23d):  

 

Prepared from 0.8932 g (3.6 mmol) of the respective bromide (23c), resulting in 0.555 g 

(2.2 mmol, 61%) of the desired product as a bright yellow solid. 1H NMR (CDCl3, 400 

MHz): 8.81 (s, 1H); 7.91 (d, J H-H = 8.08 Hz, 1H); 7.86 (d, J H-H = 1.5 Hz, 1H); 7.76 (dd, 

J H-H = 1.5, 8.08 Hz, 1H); 2.59 (s, 3H); 13C NMR (CDCl3, 125 MHz): 152.49, 151.25, 

137.69, 135.29, 133.61 (q, 2J C-F = 32.8 Hz), 132.50, 128.96, 127.27 (q, 3J C-F = 4.5 Hz), 

122.28 (q, 1J C-F = 273.8 Hz), 115.32, 109.14, 16.58; 19F NMR (CDCl3, 470 MHz) δ: -

62.07. 
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4-(4-methylthiazol-5-yl)benzonitrile (25b):  

 

Previously prepared and characterized.75 

 

General procedure ii. Reduction of nitriles to amines – Synthesis of 24a-d and 26b 

To a stirring solution of the nitrile (1 equiv.) in THF under nitrogen atmosphere, was 

added a solution of LiAlH4 (1 equiv. from a 1M solution in THF). After an overnight 

period, the mixture was cooled down in an ice bath and diluted with diethyl ether. Water 

was then slowly added (1 μL per mg of LiAlH4 added), followed by the addition of 15% 

NaOH (1 μL per mg of LiAlH4 added) and once more water (3 μL per mg of LiAlH4 

added). The ice bath was removed and the mixture. MgSO4 was added and after 15 

additional minutes stirring the mixture was filtered, then extracted with HCl solution (pH 

≈ 2). The organic phase was discarded and the pH of the aqueous phase was raised to 12 

by adding NaOH 1 M. This solution was extracted three times with DCM and the organic 

phase was concentrated and purified (purification strategy specified for each compound). 

(4-bromo-3-(trifluoromethyl)phenyl)methanaminium formate (24a):  

 

Prepared from 0.264 g (1.06 mmol) of the respective nitrile (23a), resulting in 0.110 g 

(0.35 mmol, 35%) of the desired product as a white solid. Compound obtained as a 

formate salt after purification in reverse phase HPLC using a 5 to 95% gradient of formic 

acid 0.1% and acetonitrile. 1H NMR (CD3OD, 400 MHz) δ: 8.55 (Formic acid), 7.95-7.89 

(m, 2H), 7.64-7.60 (m, 1H), 4.19-4.16 (s, 2H); 13C NMR (CD3OD, 100 MHz) δ: 170.08 

(Formic acid), 137.05, 136.10, 135.20, 131.73 (q, 2J C-F = 31.2 Hz), 129.66 (q, 3J C-F = 5.2 



218 

 

Hz), 124.34 (q, 1J C-F = 273.3 Hz), 121.31, 43.57; 19F NMR (CD3OD, 470 MHz) δ: -64.05 

(CF3). 

(4-(4-methylthiazol-5-yl)-3-(trifluoromethyl)phenyl)methanaminium formate 

(24b):  

 

Prepared from 0.221 g (0.82 mmol) of the respective nitrile (23b), resulting in 0.092 g 

(0.29 mmol, 36%) of the desired product as a yellow solid. Compound obtained as a 

formate salt after purification in reverse phase HPLC using a 5 to 95% gradient of formic 

acid 0.1% and acetonitrile. 1H NMR (CD3OD, 500 MHz) δ: 9.04 (s, 1H), 8.55 (Formic 

acid), 8.02-7.99 (s, 1H), 7.82-7.79 (d, J H-H = 7.9 Hz, 1H), 7.58-7.55 (d, J H-H = 7.9 Hz, 

1H), 4.26 (s, 2H), 2.22 (s, 3H); 19F NMR (CD3OD, 470 MHz) δ: -62.36 (CF3). 

 

(4-bromo-2-(trifluoromethyl)phenyl)methanaminium formate (24c):  

 

Prepared from 0.523 g (2.09 mmol) of the respective nitrile (23c), resulting in 0.195 g 

(0.65 mmol, 31%) of the desired product as a white solid. Compound obtained as a 

formate salt after purification in reverse phase HPLC using a 5 to 95% gradient of formic 

acid 0.1% and acetonitrile. 1H NMR (CD3OD, 500 MHz) δ: 8.52 (Formic acid), 7.98-7.97 

(d, J H-H = 1.6 Hz, 1H), 7.95-7.92 (dd, J H-H = 1.6, 8.3 Hz, 1H), 7.65-7.62 (d, J H-H = 8.3 

Hz, 1H), 4.24 (s, 2H); 13C NMR (CD3OD, 125 MHz) δ: 169.65 (Formic acid), 137.32, 

133.94, 133.75, 131.55 (q, 2J C-F = 31.2), 130.71 (q, 3J C-F = 5.8), 124.76 (q, 1J C-F = 

273.62), 124.04, 40.71 (q, 4J C-F = 2.68); 19F NMR (CD3OD, 470 MHz) δ: -61.08 (CF3).
 

(4-(4-methylthiazol-5-yl)-2-(trifluoromethyl)phenyl)methanamine (24d):  
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Prepared from 0.398 g (1.49 mmol) of the respective nitrile (23d), resulting in 0.157 g 

(0.49 mmol, 33%) of the desired product as a yellow solid. Compound obtained as a free 

amine after purification in reverse phase HPLC using a 5 to 95% gradient of ammonia 

0.1% and acetonitrile. 1H NMR (CD3OD, 500 MHz) δ: 8.96 (s, 1H), 7.84-7.76 (m, 3H), 

4.05 (s, 2H), 2.53 (s, 3H); 13C NMR (CD3OD, 100 MHz) δ: 153.72, 150.26, 142.43, 

134.38, 132.24, 131.86, 131.77, 129.35 (q, 2J C-F = 30.2 Hz), 127.50 (q, 3J C-F = 5.8 Hz), 

125.81 (q, 1J C-F = 273.7 Hz), 42.83, 15.87; 19F NMR (CD3OD, 470 MHz) δ: -59.67 (CF3). 

 

(4-(4-methylthiazol-5-yl)phenyl)methanamine (26b):  

 

Previously prepared and characterized.75 

 

General procedure iii. Amide coupling with Boc-L-hydroxyproline and deprotection 

– Synthesis of 1-d and 27a-b 

To a solution of amine (1 equiv.) in DMF, Boc-L-hydroxyproline (1 equiv.) was added 

and the mixture was stirred at room temperature. DIPEA (2 equiv.) was added dropwise 

and the mixture was stirred for 5 minutes at room temperature. HATU (1.1 equiv.) was 

added and the mixture was stirred at room temperature for 30-90 minutes (LCMS 

monitoring). Water was added and the mixture was extracted with ethyl acetate. The 

combined organic phases were washed with brine, dried over MgSO4 and evaporated 

under reduced pressure to give the corresponding crude, which was purified by flash 

column chromatography with an increasing gradient of DCM and 20% MeOH in DCM 

to yield the desired product. The Boc protected compound was dissolved in DCM, 
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followed by the dropwise addition of a 4M HCl solution in dioxane (at least 3 equiv.). 

Often an insoluble precipitate starts to be formed. A few drops of MeOH were added to 

make the solution homogeneous, being kept stirring for approximately one hour. The 

DCM and the HCl were removed by flushing nitrogen into the solution and residual 

solvents were evaporated under reduced pressure. To remove traces of impurities, 

compounds 1, 5, 13 and 27a were furtherly purified by preparative HPLC, being obtained 

as a formate salt, while the remaining compounds were obtained as a chloride salt. 

 

(2S,4R)-2-((4-bromo-3-(trifluoromethyl)benzyl)carbamoyl)-4-hydroxypyrrolidin-1-

ium formate (1 - spy molecule 1):  

 

Prepared from 198 mg (0.78 mmol) of amine 24a, resulting in 248 mg (0.60 mmol, 78%) 

of the desired product as a white solid. Compound obtained as a formate salt after 

purification in reverse phase HPLC using a 5 to 95% gradient of formic acid 0.1% and 

acetonitrile. HRMS (ESI) [M+H]+ (m/z): Calculated for C13H14BrF3N2O2: 367.0264; 

Observed: 367.0299; 1H NMR (CD3OD, 400 MHz) δ: 8.50 (Formic acid), 7.80 (d, J H-H 

= 8.2 Hz, 1H), 7.74 (d, J H-H = 1.7 Hz, 1H), 7.49 (dd, J H-H = 1.7, 8.2 Hz, 1H), 4.58 (m, 

1H), 4.49 (s, 2H), 4.42 (dd, J H-H = 7.6, 10.3 Hz, 1H), 3.38 (dd, J H-H = 3.7, 12.1 Hz, 1H), 

3.26 (d, J H-H = 12.1 Hz, 1H), 2.44 (ddd, J H-H = 1.5, 7.6, 13.4 Hz, 1H), 2.04 (ddd, J H-H = 

4.2, 10.3, 13.4 Hz, 1H); 13C NMR (CD3OD, 100 MHz) δ: 171.98, 170.29 (Formic acid), 

140.99, 137.34, 134.74, 131.96 (q, 2J C-F = 31.3 Hz), 129.06 (q, 3J C-F = 5.6 Hz), 125.25 

(q, 1J C-F = 273.3 Hz), 120.22, 72.47, 60.96, 56.09, 44.19, 40.96; 19F NMR (CD3OD, 470 

MHz) δ: -64.01. 
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(2S,4R)-2-((4-(4-methylthiazol-5-yl)-3-(trifluoromethyl)benzyl)carbamoyl)-4-

hydroxypyrrolidin-1-ium formate (5 - spy molecule 5):  

 

Prepared from 179 mg (0.56 mmol) of amine 24b, resulting in 203 mg (0.47 mmol, 84%) 

of the desired product as a white solid. Compound obtained as a formate salt after 

purification in reverse phase HPLC using a 5 to 95% gradient of formic acid 0.1% and 

acetonitrile. MS [M+H]+ (m/z): 386.1; 1H NMR (CD3OD, 400 MHz) δ: 9.02 (s, 1H), 8.51 

(Formic acid), 7.81 (s, 1H), 7.66 (d, J H-H = 7.9 Hz, 1H), 7.46 (d, J H-H = 7.9 Hz, 1H), 4.58 

(s, 2H), 4.55 (m, 1H), 4.35 (dd, J H-H  =  7.7, 9.9 Hz, 1H), 3.30 (m, 1H), 3.20 (dt, J H-H = 

1.4, 12.0 Hz, 1H), 2.41 (ddt, J H-H = 1.5, 7.6, 13.3 Hz, 1H), 2.20 (s, 3H), 2.03 (ddd, J H-H 

= 4.3, 9.9, 13.4 Hz, 1H); 13C NMR (CD3OD, 100 MHz) δ: 172.51, 169.65 (Formic acid), 

154.51, 152.18, 142.12, 135.37, 132.41, 131.77 (q, 2J C-F = 30.1 Hz), 130.17, 128.59, 

126.72 (q, 3J C-F = 5.6 Hz), 125.19 (q, 1J C-F = 273.7 Hz), 72.11, 60.40, 55.55, 43.62, 

40.41, 15.33; 19F NMR (CD3OD, 470 MHz) δ: -59.37. 

(2S,4R)-2-((4-bromo-2-(trifluoromethyl)benzyl)carbamoyl)-4-hydroxypyrrolidin-1-

ium chloride (9 - spy molecule 9):  

 

Prepared from 11 mg (0.043 mmol) of amine 24c, resulting in 14 mg (0.035 mmol, 80%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C13H14BrF3N2O2: 367.0264; Observed: 367.0280; 1H NMR (CD3OD, 500 MHz) δ: 7.88-

7.85 (d, J H-H = 1.8 Hz, 1H), 7.82-7.79 (dd, J H-H = 1.8, 8.4 Hz, 1H), 7.47-7.44(d, J H-H = 

8.4 Hz, 1H), 4.61-4.53 (m, 2H), 4.41-4.38 (m, 1H), 4.00-3.76 (t, J H-H = 8.3 Hz, 1H), 3.06-

3.01 (dd, J H-H = 4.0, 12.0 Hz, 1H), 2.96-2.91 (dt, J H-H = 1.8, 12.0 Hz, 1H), 2.23-2.17 
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(ddt, J H-H = 1.8, 8.0, 13.4 Hz, 1H), 1.91-1.85 (ddd, J H-H = 5.0, 8.7, 13.4 Hz, 1H); 13C 

NMR (CD3OD, 125 MHz) δ: 177.58, 137.72, 136.72, 132.33, 130.63 (q, 2J C-F = 31.5 Hz), 

130.09 (q, 3J C-F = 5.8 Hz) , 125.02 (q, 1J C-F = 273.6 Hz), 122.07, 73.67, 60.82, 56.15, 

40.99, 40.19 (q, 4J C-F = 2.9 Hz) ; 19F NMR (CD3OD, 470 MHz) δ: -61.86 (CF3). 

 

(2S,4R)-2-((4-(4-methylthiazol-5-yl)-2-(trifluoromethyl)benzyl)carbamoyl)-4-

hydroxypyrrolidin-1-ium chloride (13 - spy molecule 13):  

 

Prepared from 164 mg (0.60 mmol) of amine 24d, resulting in 239 mg (0.55 mmol, 92%) 

of the desired product as a white solid. Compound obtained as a formate salt after 

purification in reverse phase HPLC using a 5 to 95% gradient of formic acid 0.1% and 

acetonitrile. HRMS (ESI) [M+H]+ (m/z): Calculated for C17H18F3N3O2S: 386.1145; 

Observed: 386.1168; 1H NMR (CD3OD, 500 MHz) δ: 8.98 (s, 1H), 8.55 (Formic acid), 

7.80 (s, 1H), 7.77 (dd, J H-H =  1.4, 8.1 Hz, 1H), 7.66 (d, J H-H = 8.1 Hz, 1H), 4.69 (m, 2H), 

4.48 (m, 1H), 4.18 (t, J H-H  =  8.7 Hz, 1H), 3.18 (dd, J H-H  =  3.5, 11.7 Hz, 1H), 3.07 (d, 

J H-H = 12.1 Hz, 1H), 2.53 (s, 3H), 2.32 (ddt, J H-H = 1.6, 7.8, 13.5 Hz, 1H), 1.98 (ddd, J 

H-H = 4.7, 9.3, 13.5 Hz, 1H); 13C NMR (CD3OD, 125 MHz) δ: 174.57, 170.18 (Formic 

acid), 153.88, 150.39, 138.01, 134.30, 132.82, 131.65, 131.37, 129.60 (q, 2J C-F = 30.9 

Hz), 127.78 (q, 3J C-F = 5.9 Hz), 125.64 (q, 1J C-F = 273.4 Hz), 72.77, 60.56, 55.82, 40.64, 

15.87; 19F NMR (CD3OD, 470 MHz) δ: -60.11. 

(2S,4R)-2-((4-bromobenzyl)carbamoyl)-4-hydroxypyrrolidin-1-ium chloride (27a): 
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Prepared from 182 mg (1.00 mmol) of amine 26a, resulting in 294 mg (0.47 mmol, 84%) 

of the desired product as a white solid. Compound obtained as a formate salt after 

purification in reverse phase HPLC using a 5 to 95% gradient of formic acid 0.1% and 

acetonitrile. 1H NMR (CD3OD, 500 MHz) δ: 7.51-7.47 (m, 2H), 7.26-7.23 (m, 2H), 4.52-

4.49 (m, 1H), 4.41-4.38 (s, 2H), 4.27-4.23 (dd, J H-H = 7.9, 9.4 Hz, 1H), 3.27-3.23 (dd, J 

H-H = 3.8, 12.1 Hz, 1H), 3.16-3.13 (m, 1H), 2.37-2.32 (m, 1H), 2.01-1.95 (ddd, J H-H = 4.5, 

9.6, 13.5 Hz, 1H); 13C NMR (CD3OD, 100 MHz) δ: 173.09, 170.38 (Formic acid), 139.11, 

132.76, 130.63, 122.13, 72.35, 60.39, 55.57, 43.57, 40.50. 

(2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-ium 

chloride (27b): 

 

Previously prepared and characterized.75 

 

General procedure iv. Amine acetylation – Synthesis of 2, 4, 6, 8, 10, 12, 14 and 16 

The amine (1 equiv.) was dissolved in DMF, followed by the addition of triethylamine 

(2.0 equiv.) and 1-acetylimidazole (1.0 equiv.). The mixture was kept stirring overnight, 

followed by extraction with ethyl acetate and brine. Combined organic phases were dried 

with MgSO4, concentrated and purified in the acidic Gilson HPLC system, yielding the 

desired product. 

(2S,4R)-1-acetyl-N-(4-bromo-3-(trifluoromethyl)benzyl)-4-hydroxypyrrolidine-2-

carboxamide (2 - spy molecule 2): 
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Prepared from 50.3 mg (0.125 mmol) of hydrochloride salt of amine 1, resulting in 47.7 

mg (0.117 mmol, 93%) of the desired product as a white solid. HRMS (ESI) [M+H]+ 

(m/z): Calculated for C15H17BrF3N2O3: 409.0369; Observed: 409.0387; 1H NMR 

(CD3OD, 400 MHz) δ: 7.79 (d, J H-H = 8.3 Hz, 1H), 7.73 (d, J H-H = 1.6 Hz, 1H), 7.49 (dd, 

J H-H = 1.6, 8.3 Hz, 1H), 4.48 (m, 4H), 3.80 (dd, J H-H = 4.2, 11.0 Hz, 1H), 3.58 (dd, J H-H 

= 1.8, 11.0 Hz, 1H), 2.27 (dddd, J H-H = 1.6, 3.0, 8.0, 13.1 Hz, 1H), 2.12 (s, 3H), 2.07 

(ddd, J H-H = 4.6, 8.3, 13.1 Hz, 1H); 13C NMR (CD3OD, 100 MHz) δ: 175.88, 173.49, 

141.40, 137.19, 134.38, 131.77 (q, 2J C-F = 31.3 Hz), 128.72 (q, 3J C-F = 5.5 Hz), 125.32 

(q, 1J C-F = 273.1 Hz), 119.77, 71.70, 61.21, 58.21, 43.87, 40.35, 23.18; 19F NMR 

(CD3OD, 470 MHz) δ: -63.86 (CF3). 

(2S,4R)-1-acetyl-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-3-

(trifluoromethyl)benzyl)pyrrolidine-2-carboxamide (6 - spy molecule 6): 

 

Prepared from 26 mg (0.060 mmol) of formate salt of amine 5, resulting in 20 mg (0.047 

mmol, 78%) of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): 

Calculated for C19H20F3N3O3S: 428.1250; Observed: 428.1272; 1H NMR (CD3OD, 500 

MHz) δ: 9.04-9.02 (s, 1H), 7.83-7.81 (s, 1H), 7.74-7.66 (d, J H-H = 7.9 Hz, 1H), 7.49-7.44 

(d, J H-H = 7.9 Hz, 1H), 4.66-4.44 (m, 4H), 3.83-3.79 (dd, J H-H = 4.3, 11.1 Hz, 1H), 3.61-

3.57 (dd, J H-H = 1.7, 11.1 Hz, 1H), 2.48-2.27 (m, 1H), 2.22-2.20 (s, 3H), 2.20-2.07 (m, 

1H), 2.14-1.96 (s, 3H); 13C NMR (CD3OD, 125 MHz) δ: 175.20, 172.75, 154.45, 152.11, 

142.44, 135.25, 132.04, 131.57 (q, 2J C-F = 29.8 Hz), 129.70 (q, 3J C-F = 1.9 Hz), 128.81, 

126.42 (q, 3J C-F = 5.3 Hz), 125.25 (q, 1J C-F = 273.1 Hz), 70.96, 60.48, 57.48, 43.39, 

39.63, 22.44, 15.34; 19F NMR (CD3OD, 470 MHz) δ: -60.75 (CF3). 
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(2S,4R)-1-acetyl-N-(4-bromo-2-(trifluoromethyl)benzyl)-4-hydroxypyrrolidine-2-

carboxamide (10 - spy molecule 10): 

 

Prepared from 29 mg (0.072 mmol) of amine 9, resulting in 22 mg (0.054 mmol, 75%) of 

the desired product as a white solid.  HRMS (ESI) [M+H]+ (m/z): Calculated for 

C15H16BrF3N2O3: 409.0369; Observed: 409.0377; 1H NMR (CD3OD, 500 MHz) δ: 7.89-

7.80 (m, 2H), 7.66-7.47 (d, J H-H = 8.4 Hz, 1H), 4.66-4.43 (m, 4H), 3.83-3.79 (dd, J H-H = 

4.1, 11.0 Hz, 1H), 3.61-3.57 (dd, J H-H = 1.7, 11.1 Hz, 1H), 2.45-2.26 (dddd, J H-H = 1.7, 

2.8, 7.8, 13.2 Hz, 1H), 2.21-2.07 (ddd, J H-H = 4.6, 8.5, 13.2 Hz, 1H), 2.15-1.97 (s, 3H); 

13C NMR (CD3OD, 125 MHz) δ: 175.33, 172.81, 137.72, 136.75, 132.12, 130.26 (q, 2J 

C-F = 31.3 Hz), 129.81 (q, 3J C-F = 6.1 Hz), 125.05 (q, 1J C-F = 273.5 Hz), 121.81, 70.98, 

60.49, 57.52, 40.29 (q, 4J C-F = 3.4 Hz), 39.57, 22.44; 19F NMR (CD3OD, 470 MHz) δ: -

62.14 (CF3). 

(2S,4R)-1-acetyl-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-2-

(trifluoromethyl)benzyl)pyrrolidine-2-carboxamide (14 - spy molecule 14): 

 

Prepared from 39 mg (0.090 mmol) of amine 13, resulting in 28 mg (0.066 mmol, 72%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C19H20F3N3O3S: 428.1250; Observed: 428.1265; 1H NMR (CD3OD, 500 MHz) δ: 8.98 

(s, 1H), 7.86-7.76 (m, 3H), 4.75-4.51 (m, 4H), 3.84-3.80 (dd, J H-H = 4.2, 11.1 Hz, 1H), 

3.63-3.56 (dt, J H-H = 1.7, 11.1 Hz, 1H), 2.53 (s, 3H), 2.47-2.27 (dddd, J H-H = 1.6, 2.9, 

7.9, 13.2 Hz, 1H), 2.24-2.10 (m, 1H), 2.15-2.00 (s, 3H); 13C NMR (CD3OD, 125 MHz) 

δ: 175.35, 172.81, 153.75, 150.23, 138.38, 134.32, 132.30, 131.83, 130.80, 129.08 (q, 2J 
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C-F = 30.9 Hz), 127.43 (q, 3J C-F = 5.9 Hz), 125.70 (q, 1J C-F = 273.6 Hz), 70.98, 60.52, 

57.53, 40.50 (q, 4J C-F = 3.2 Hz), 39.61, 22.47, 15.90; 19F NMR (CD3OD, 470 MHz) δ: -

60.45 (CF3). 

(2S,4R)-1-((S)-2-acetamido-3,3-dimethylbutanoyl)-N-(4-bromo-3-

(trifluoromethyl)benzyl)-4-hydroxypyrrolidine-2-carboxamide (4 - spy molecule 4): 

 

Overall yield of 93% (90 mg, 0.17 mmol), starting from amine 1 (77 mg, 0.18 mmol). 

Yield includes also step (vi). HRMS (ESI) [M+H]+ (m/z): Calculated for C19H20F3N3O3S: 

428.1250; Observed: 428.1265; 1H NMR (CD3OD, 500 MHz) δ: 7.82-7.58 (m, 3H), 4.63 

(s, 1H), 4.60-4.45 (m, 3H), 4.34 (d, J H-H = 15.5 Hz, 1H), 3.92 (d, J H-H = 11.0 Hz, 1H), 

3.81 (dd, J H-H = 3.8, 11.0 Hz, 1H), 2.42-2.19 (m, 1H), 2.16-1.99 (m, 4H), 1.04 (s, 9H); 

13C NMR (CD3OD, 125 MHz) δ: 174.75, 173.22, 172.39, 140.68, 136.32, 133.85, 131.02 

(q, 2J C-F = 30.9 Hz), 128.15 (q, 3J C-F = 5.4 Hz), 124.56 (q, 1J C-F = 272.5 Hz), 119.03, 

71.17, 60.83, 59.25, 58.06, 43.21, 39.00, 36.53, 27.03, 22.39; 19F NMR (CD3OD, 470 

MHz) δ: -62.30 (CF3). 

(2S,4R)-1-((S)-2-acetamido-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)-3-(trifluoromethyl)benzyl)pyrrolidine-2-carboxamide (8 - spy 

molecule 8): 

 

Overall yield of 84% (66 mg, 0.12 mmol), starting from amine 5 (63 mg, 0.15 mmol). 

Yield includes also step (vi). HRMS (ESI) [M+H]+ (m/z): Calculated for C25H31F3N4O4S: 

541.2091; Observed: 541.2105; 1H NMR (CD3OD, 500 MHz) δ: 9.03 (s, 1H), 7.87-7.84 
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(s, 1H), 7.78-7.69 (d, J H-H = 7.9 Hz, 1H), 7.48-7.40 (d, J H-H = 7.9 Hz, 1H), 4.82-4.43 (m, 

5H), 3.96-3.92 (d, J H-H = 11.0 Hz, 1H), 3.85-3.81 (dd, J H-H = 3.9, 11.0 Hz, 1H), 2.42-

2.23 (m, 1H), 2.23-2.19 (s, 3H), 2.18-2.06 (ddd, J H-H = 4.5, 9.2, 13.1 Hz, 1H), 2.05-1.99 

(s, 3H), 1.08-1.02 (s, 9H); 13C NMR (CD3OD, 125 MHz) δ: 174.83, 173.22, 172.39, 

154.46, 152.09, 142.49, 135.13, 132.28, 131.57 (q, 2J C-F = 29.7 Hz), 129.69 (q, 3J C-F = 

1.9 Hz), 128.81, 126.59 (q, 3J C-F = 5.3 Hz), 125.24 (q, 1J C-F = 273.3 Hz), 71.19, 60.87, 

59.26, 58.08, 43.51, 39.05, 36.54, 27.06, 22.39, 15.35; 19F NMR (CD3OD, 470 MHz) δ: 

-60.65 (CF3). 

(2S,4R)-1-((S)-2-acetamido-3,3-dimethylbutanoyl)-N-(4-bromo-3-

(trifluoromethyl)benzyl)-4-hydroxypyrrolidine-2-carboxamide (12 - spy molecule 

12): 

 

Prepared from 17 mg (0.042 mmol) of amine 9, resulting in 18 mg (0.034 mmol, 82%) of 

the desired product as a white solid. Yield includes also step (vi). HRMS (ESI) [M+H]+ 

(m/z): C21H27BrF3N3O4: 522.1210; Observed: 522.1180; 1H NMR (CD3OD, 500 MHz) δ: 

7.87-7.83 (d, J H-H = 1.1 Hz, 1H), 7.77-7.72 (m, 2H), 4.64 (s, 1H), 4.71-4.41 (m, 4H), 

3.96-3.93 (d, J H-H = 11.1 Hz, 1H), 3.84-3.80 (dd, J H-H = 3.9, 11.1 Hz, 1H), 2.39-2.22 (m, 

1H), 2.14-2.07 (ddd, J H-H = 4.4, 9.4, 13.1 Hz, 1H), 2.05-2.00 (s, 3H), 1.09-1.02 (s, 9H); 

13C NMR (CD3OD, 125 MHz) δ: 175.02, 173.24, 172.47, 137.74, 136.54, 132.45, 130.32 

(q, 2J C-F = 31.3 Hz), 129.80 (q, 3J C-F = 6.1 Hz), 125.05 (q, 1J C-F = 273.7 Hz), 121.79, 

71.23, 60.90, 59.30, 58.11, 40.40 (q, 4J C-F = 3.3 Hz), 38.94, 36.58, 27.04, 22.39; 19F NMR 

(CD3OD, 470 MHz) δ: -62.12 (CF3). 
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(2S,4R)-1-((S)-2-acetamido-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)-3-(trifluoromethyl)benzyl)pyrrolidine-2-carboxamide (16 - spy 

molecule 16): 

 

Prepared from 53 mg (0.123 mmol) of amine 13, resulting in 51 mg (0.094 mmol, 77%) 

of the desired product as a white solid. Yield includes also step (vi). HRMS (ESI) [M+H]+ 

(m/z): C25H31F3N4O4S: 541.2091; Observed: 541.2091; 1H NMR (CD3OD, 500 MHz) δ: 

8.98 (s, 1H), 7.97-7.93 (d, J H-H = 8.1 Hz, 1H), 7.80-7.76 (d, J H-H = 1.3 Hz, 1H), 7.76-

7.69 (dd, J H-H = 1.3, 8.1 Hz, 1H), 4.81-4.75 (d, J H-H = 16.2 Hz, 1H), 4.67-4.51 (m, 4H), 

3.97-3.93 (d, J H-H = 11.0 Hz, 1H), 3.86-3.81 (dd, J H-H = 3.9, 11.0 Hz, 1H), 2.54-2.51 (s, 

3H), 2.31-2.24 (m, 1H), 2.17-2.10 (ddd, J H-H = 4.5, 9.2, 13.1 Hz, 1H), 2.06-2.02 (s, 3H), 

1.09-1.03 (s, 9H); 13C NMR (CD3OD, 125 MHz) δ: 175.06, 173.25, 172.49, 153.78, 

150.21, 138.42, 134.11, 132.30, 131.83, 131.14, 129.17 (q, 2J C-F = 30.9 Hz), 127.47 (q, 

3J C-F = 5.9 Hz), 125.70 (q, 1J C-F = 273.4 Hz), 71.25, 60.93, 59.33, 58.13, 40.64 (q, 4J C-F 

= 3.3 Hz), 38.97, 36.61, 27.06, 22.39, 15.89; 19F NMR (CD3OD, 470 MHz) δ: -61.96. 

 

General procedure v. Amide coupling with 3,3-dimethylbutyric acid – Synthesis of 

3, 7, 11 and 15 

To a solution of amine (1 equiv.) in DMF, 3,3-dimethylbutyric acid (1 equiv.) was added 

and the mixture was stirred at room temperature. DIPEA (2 equiv.) was added dropwise 

and the mixture was stirred for 5 minutes at room temperature. HATU (1.1 equiv.) was 

added and the mixture was stirred at room temperature for 60 minutes (LCMS 

monitoring). Water was added and the mixture was extracted with ethyl acetate. The 

combined organic phases were washed with brine, dried over MgSO4 and evaporated 
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under reduced pressure to give the corresponding crude, which was purified in the acidic 

Gilson preparative HPLC. 

(2S,4R)-N-(4-bromo-3-(trifluoromethyl)benzyl)-1-(3,3-dimethylbutanoyl)-4-

hydroxypyrrolidine-2-carboxamide (3 - spy molecule 3): 

 

Prepared from 50.6 mg (0.125 mmol) of hydrochloride salt of the amine 1 resulting in 

49.8 mg (0.107 mmol, 86%) of the desired product as a white solid. HRMS (ESI) [M+H]+ 

(m/z): Calculated for C19H24BrF3N2O3: 465.0995; Observed: 465.1013; 1H NMR 

(CD3OD, 400 MHz) δ: 7.82-7.75 (d, J H-H = 8.2 Hz, 1H), 7.76-7.73 (m, 1H), 7.56-7.47 

(dd, J H-H = 1.6, 8.2 Hz, 1H), 4.58-4.36 (m, 4H), 3.80-3.75 (dd, J H-H = 4.1, 11.0 Hz, 1H), 

3.74-3.63 (dt, J H-H = 1.7, 11.0 Hz, 1H), 2.37-1.81 (m, 4H), 1.10-0.97 (s, 9H); 13C NMR 

(CD3OD, 100 MHz) δ: 175.29, 173.80, 140.67, 136.36, 133.75, 131.03 (q, 2J C-F = 31.8 

Hz), 128.08 (q, 3J C-F = 5.5 Hz), 124.56 (q, 1J C-F = 272.7 Hz), 119.01, 71.10, 60.54, 57.82, 

47.76, 43.17, 39.24, 32.74, 30.47; 19F NMR (CD3OD, 470 MHz) δ: -63.81 (CF3). 

(2S,4R)-1-(3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-3-

(trifluoromethyl)benzyl)pyrrolidine-2-carboxamide (7 - spy molecule 7): 

 

Prepared with 0.023 g (0.053 mmol) of amine 5, resulting in 0.020 g (0.042 mmol, 80%) 

of product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for C23H28F3N3O3S: 

484.1876; Observed: 484.1891; 1H NMR (CD3OD, 500 MHz) δ: 9.04-9.02 (s, 1H), 7.87-

7.84 (m, 1H), 7.75-7.68 (m, 1H), 7.48-7.41 (d, J H-H = 7.8 Hz, 1H), 4.65-4.43 (m, 4H), 

3.82-3.78 (dd, J H-H = 4.2, 11.1 Hz, 1H), 3.75-3.65 (dt, J H-H = 2.0, 11.1 Hz, 1H), 2.38-

2.24 (m, 3H), 2.22-2.20 (s, 3H), 2.19-2.06 (ddd, J H-H = 4.4, 8.4, 13.3 Hz, 1H), 1.10-0.97 
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(s, 9H); 13C NMR (CD3OD, 125 MHz) δ: 175.37, 173.82, 154.44, 152.09, 142.49, 135.18, 

132.21, 131.59 (q, 2J C-F = 30.5 Hz), 129.69 (q, 3J C-F = 1.9 Hz), 128.83, 126.55 (q, 3J C-F 

= 5.5 Hz), 125.25 (q, 1J C-F = 273.1 Hz), 71.13, 60.58, 57.85, 47.77, 43.65, 39.28, 32.77, 

30.48, 15.89; 19F NMR (CD3OD, 470 MHz) δ: -60.68 (CF3). 

(2S,4R)-N-(4-bromo-2-(trifluoromethyl)benzyl)-1-(3,3-dimethylbutanoyl)-4-

hydroxypyrrolidine-2-carboxamide (11 - spy molecule 11): 

 

Prepared from 17 mg (0.042 mmol) of amine 9, resulting in 15 mg (0.032 mmol, 76%) of 

the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C19H24BrF3N2O3: 465.0995; Observed: 465.0997; 1H NMR (CD3OD, 500 MHz) δ: 7.90-

7.83 (d, J H-H = 1.8 Hz, 1H), 7.83-7.60 (dd, J H-H = 1.8, 8.3 Hz, 1H), 7.72-7.50 (d, J H-H = 

8.3 Hz, 1H), 4.66-4.42 (m, 4H), 3.81-3.77 (dd, J H-H = 4.1, 11.1 Hz, 1H), 3.74-3.66 (dd, J 

H-H = 1.9, 11.1 Hz, 1H), 2.40-2.16 (m, 3H), 2.14-2.07 (ddd, J H-H = 4.6, 8.5, 13.2 Hz, 1H), 

1.12-1.02 (s, 9H); 13C NMR (CD3OD, 125 MHz) δ: 175.51, 173.92, 137.74 (q, 3J C-F = 

1.2 Hz), 136.65, 132.32, 130.32 (q, 2J C-F = 31.3 Hz), 129.80 (q, 3J C-F = 6.1 Hz), 125.05 

(q, 1J C-F = 273.8 Hz), 121.79, 71.14, 60.58, 57.91, 47.82, 40.36 (q, 4J C-F = 3.3 Hz), 39.21, 

32.87, 30.50; 19F NMR (CD3OD, 470 MHz) δ: -62.11 (CF3). 

 

(2S,4R)-1-(3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-2-

(trifluoromethyl)benzyl)pyrrolidine-2-carboxamide (15 - spy molecule 15): 

 

Prepared from 24 mg (0.056 mmol) of amine 13, resulting in 22 mg (0.045 mmol, 82%) 

of the desired product as a white solid.  HRMS (ESI) [M+H]+ (m/z): Calculated for 
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C23H28F3N3O3S: 484.1876; Observed: 484.1894; 1H NMR (CD3OD, 500 MHz) δ: 9.00-

8.98 (s, 1H), 7.91-7.87 (d, J H-H = 7.9 Hz, 1H), 4.76-4.51 (m, 4H), 3.83-3.78 (dd, J H-H = 

4.1, 11.1 Hz, 1H), 3.74-3.67 (dt, J H-H = 1.5, 11.1 Hz, 1H), 2.53 (s, 3H), 2.41-2.11 (m, 

4H), 1.12-1.02 (s, 9H); 13C NMR (CD3OD, 125 MHz) δ: 175.55, 173.95, 154.03, 149.74, 

138.59, 134.26, 132.13, 132.03, 131.06, 129.16 (q, 2J C-F = 30.9 Hz), 127.48 (q, 3J C-F = 

5.8 Hz), 125.69 (q, 1J C-F = 273.5 Hz), 71.16, 60.61, 57.94, 47.84, 40.59 (q, 4J C-F = 3.1 

Hz), 39.25, 32.89, 30.51, 15.68; 19F NMR (CD3OD, 470 MHz) δ: -61.95. 

 

General procedure vi. Amide coupling with Boc-L-tert-leucine and deprotection - 

Synthesis of intermediates of compounds 4, 8, 12, 16, 21 and 22 

Same as “general procedure iii”, just replacing the Boc-L-hydroxyproline with Boc-L-

tert-leucine. All the crude intermediates prepared at this step were directly used in the 

next steps without further purification and characterization after deprotection of the Boc 

group. 

 

General procedure vii. Amine trifluoroacetylation – Synthesis of 17, 18, 21 and 22 

To a solution of the amine (1 equiv.) in dry MeOH (1 ml per mmol of amine) was added 

triethylamine (2 equiv.). Ethyltrifluoroacetate (1.25 equiv.) was added and the reaction 

was stirred at room temperature for approximately 24 hours (LCMS monitoring). The 

solvent was evaporated under reduced pressure and the crude mixture was extracted with 

ethyl acetate and 1.0 M HCl solution. Combined organic phases were dried over MgSO4, 

concentrated and purified in the acidic Gilson preparative HPLC system, yielding the 

desired product. 

(2S,4R)-N-(4-bromobenzyl)-4-hydroxy-1-(2,2,2-trifluoroacetyl)pyrrolidine-2-

carboxamide (17 - spy molecule 17): 
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Prepared from 32 mg (0.093 mmol) of amine 27a, resulting in 25 mg (0.063 mmol, 68%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C14H14BrF3N2O3: 395.0213; Observed: 395.0230; 1H NMR (CD3OD, 500 MHz) δ: 7.52-

7.48 (m, 2H), 7.29-7.22 (m, 2H), 4.66-4.61 (t, J H-H = 8.6Hz, 1H), 4.57-4.54 (m, 1H), 

4.50-4.30 (m, 2H), 3.88-3.84 (dd, J H-H = 3.5, 11.5 Hz, 1H), 3.82-3.78 (dd, J H-H = 1.5, 

11.5 Hz, 1H), 2.48-2.29 (ddt, J H-H = 1.8, 7.8, 13.2, 1H), 2.24-2.04 (ddd, J H-H = 4.3, 9.3, 

13.2 Hz, 1H); 13C NMR (CD3OD, 125 MHz) δ: 173.19, 157.56 (q, 2J C-F = 37.11 Hz), 

139.11, 132.69, 130.44, 121.98, 117.73 (q, 1J C-F = 286.8 Hz), 71.08, 61.89, 57.21 (q, 4J 

C-F = 3.0 Hz), 43.53, 38.57; 19F NMR (CD3OD, 470 MHz) δ: -72.35 (CF3). 

(2S,4R)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)-1-(2,2,2-

trifluoroacetyl)pyrrolidine-2-carboxamide (18 - spy molecule 18): 

 

Prepared from 28 mg (0.079 mmol) of amine 27b, resulting in 19 mg (0.046 mmol, 58%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C18H19F3N3O3S: 414.1094; Observed: 414.1117; 1H NMR (CD3OD, 500 MHz) δ: 8.91 

(s, 1H), 7.50-7.41 (m, 4H), 4.69-4.64 (d, J H-H = 8.5 Hz, 1H), 4.59-4.40 (m, 3H), 3.89-

3.85 (dd, J H-H = 3.6, 11.5 Hz, 1H), 3.83-3.79 (dd, J H-H = 1.4, 11.5 Hz, 1H), 2.54-2.50 (s, 

3H), 2.37-2.31 (ddt, J H-H = 1.8, 7.8, 13.3 Hz, 1H), 2.14-2.07 (ddd, J H-H = 4.3, 9.3, 13.3 

Hz, 1H); 13C NMR (CD3OD, MHz) δ: 173.23, 157.58 (q, 2J C-F = 36.8 Hz), 153.00, 

149.20, 140.12, 133.48, 131.79, 130.59, 129.03, 117.75 (q, 1J C-F = 286.8 Hz), 71.10, 

61.93, 57.23 (q, 4J C-F = 3.0 Hz), 43.82, 38.61, 15.89; 19F NMR (CD3OD, 470 MHz) δ: -

73.74 (CF3). 
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(2S,4R)-N-(4-bromobenzyl)-1-((S)-3,3-dimethyl-2-(2,2,2-

trifluoroacetamido)butanoyl)-4-hydroxypyrrolidine-2-carboxamide (21 - spy 

molecule 21): 

 

Prepared from 24 mg (0.070 mmol) of amine 27a, resulting in 23 mg (0.045 mmol, 65%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C20H25BrF3N3O4: 508.1053; Observed: 508.1046; 1H NMR (CD3OD, 500 MHz) δ: 8.58 

(s, NH), 7.53-7.29 (m, 4H), 4.77-4.75 (s, 1H), 4.61-4.26 (m, 4H), 3.88-3.81 (m, 2H), 2.42-

2.22 (m, 1H), 2.12-2.06 (ddd, J H-H = 4.4, 9.4, 13.1 Hz, 1H), 1.10-1.04 (s, 9H); 13C NMR 

(CD3OD, 125 MHz) δ: 174.38, 170.74, 158.81 (q, 2J C-F = 37.6 Hz), 139.34, 132.57, 

130.46, 121.82, 117.58 (q, 1J C-F = 286.3 Hz), 71.17, 60.95, 59.62, 58.30, 43.50, 39.03, 

37.38, 26.93; 19F NMR (CD3OD, 470 MHz) δ: -76.65 (CF3). 

(2S,4R)-1-((S)-3,3-dimethyl-2-(2,2,2-trifluoroacetamido)butanoyl)-4-hydroxy-N-(4-

(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (22 - spy molecule 22): 

 

Prepared from 60 mg (0.17 mmol) of amine 27b, resulting in 63 mg (0.12 mmol, 71%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C24H29F3N4O4S: 527.1934; Observed: 527.1901; 1H NMR (CD3OD, 500 MHz) δ: 8.91-

8.90 (s, 1H), 7.51-7.43 (m, 4H), 4.77 (s, 1H), 4.81-4.36 (m, 4H), 3.89-3.62 (m, 2H), 2.52-

2.49 (s, 3H), 2.45-2.24 (m, 1H), 2.18-2.08 (ddd, J H-H = 4.4, 9.3, 13.1 Hz, 1H), 1.11-1.05 

(s, 9H); 13C NMR (CD3OD, 100 MHz) δ: 174.38, 170.77, 158.80 (q, 2J C-F = 38.4 Hz), 
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152.94, 149.15, 140.34, 133.50, 131.64, 130.47, 129.04, 117.58 (q, 1J C-F = 285.9 Hz), 

71.18, 60.98, 59.64, 58.31, 43.81, 39.05, 37.40, 26.96, 15.89 ; 19F NMR (CD3OD, 470 

MHz) δ: -75.18. 

 

General procedure viii. Amide coupling with 3,3,3-fluoropropanoic acid – Synthesis 

of 19 and 20 

To a solution of amine (1 equiv.) in DMF, 3,3,3-Trifluoropropanoic acid (1 equiv.) was 

added and the mixture was stirred at room temperature. DIPEA (2 equiv.) was added 

dropwise and the mixture was stirred for 5 minutes at room temperature. HATU (1.1 

equiv.) was added and the mixture was stirred at room temperature for 30-90 minutes 

(TLC monitoring). Water was added and the mixture was extracted with ethyl acetate. 

The combined organic phases were washed with brine, dried over MgSO4 and evaporated 

under reduced pressure to give the corresponding crude, which was purified by flash 

column chromatography with an increasing gradient of DCM and 20% MeOH in DCM 

to yield the desired product. 

(2S,4R)-N-(4-bromobenzyl)-4-hydroxy-1-(3,3,3-trifluoropropanoyl)pyrrolidine-2-

carboxamide (19 - spy molecule 19): 

 

Prepared from 37 mg (0.107 mmol) of amine 27a, resulting in 33 mg (0.081 mmol, 75%) 

of the desired product as a white solid.  HRMS (ESI) [M+H]+ (m/z): Calculated for 

C15H17BrF3N2O3: 409.0369; Observed: 409.0389; 1H NMR (CD3OD, 500 MHz) δ: 7.52-

7.47 (m, 2H), 7.29-7.25 (m, 2H), 4.59-4.33 (m, 4H), 3.81-3.77 (dd, J H-H = 4.3, 11.0 Hz, 

1H), 3.61-3.58 (m, 1H), 3.58-2.93 (m, 2H), 2.45-2.24 (m, 1H), 2.20-2.05 (ddd, J H-H = 

4.7, 8.2, 13.2 Hz, 1H); 13C NMR (CD3OD, 125 MHz) δ: 174.37, 165.27 (q, 3J C-F = 3.5 
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Hz), 139.20, 132.66, 130.43, 125.90 (q, 1J C-F = 275.3 Hz), 121.89, 70.83, 60.70, 56.98, 

43.48, 39.75 (q, 1J C-F = 28.9 Hz), 39.39; 19F NMR (CD3OD, 470 MHz) δ: -64.04 (CF3). 

(2S,4R)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)-1-(3,3,3-

trifluoropropanoyl)pyrrolidine-2-carboxamide (20 - spy molecule 20): 

 

Prepared from 22 mg (0.062 mmol) of amine 27b, resulting in 22 mg (0.051 mmol, 83%) 

of the desired product as a white solid. HRMS (ESI) [M+H]+ (m/z): Calculated for 

C19H20F3N3O3S: 428.1250; Observed: 428.1262; 1H NMR (CD3OD, 500 MHz) δ: 8.93-

8.89 (s, 1H), 7.50-7.44 (m, 4H), 4.65-4.44 (m, 4H), 3.83-3.79 (dd, J H-H = 4.3, 10.9 Hz, 

1H), 3.78-3.58 (dd, J H-H = 2.0, 10.9 Hz, 1H), 3.58-2.93 (m, 2H), 2.52-2.50 (s, 3H), 2.47-

2.27 (m, 1H), 2.24-2.09 (ddd, J H-H = 4.7, 8.2, 13.2 Hz, 1H); 13C NMR (CD3OD, 125 

MHz) δ: 174.41, 165.29 (q, 3J C-F = 3.3 Hz), 152.98, 149.17, 140.23, 133.51, 131.70, 

130.56, 129.03, 125.92 (q, 1J C-F = 275.3 Hz), 70.85, 60.74, 57.00, 43.78, 39.77 (q, 2J C-F 

= 29.0 Hz), 39.43, 15.88; 19F NMR (CD3OD, 470 MHz) δ: -64.04 (CF3). 

 

7.14.2 Compound synthesis and characterization – Fragments (Chapter 4) 

Synthesis of (S)-N-(1-phenylethyl)acetamide (29): 

 

Acetic anhydride (1.04 mL, 2 equiv.) was added dropwise to a solution of (R)-1-

phenylethylamine (28) (669 mg, 5.5 mmol, 1 equiv) in chloroform (5 mL) at 0 °C. After 

completion of the reaction (30 min, checked by TLC, Ac2OEt/MeOHl, 9:1), ice (4 g) was 

added and the mixture was extracted with chloroform (3 x 10 mL). The organic phase 
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was washed with 1 M NaOH (5 mL), dried over MgSO4, filtered, concentrated under 

reduced pressure and dried overnight under vacuum, resulting in white crystals of 29 (750 

mg, 4.6 mmol, 85%) 

[M+H]+ (m/z): 164.1274 

13CC-NMR (125 MHz) δ: 168.99 (C); 143.14 (C); 128.71 (CH); 127.42 (CH); 126.22 

(CH); 48.80 (CH); 23.51 (CH3); 21.68 (CH3). 

1H-NMR (500 MHz) δ: 7.33 (m, 4H); 7.27 (m, 1H); 5.66 (bs, NH); 5.14 (quart, 1H, J = 

6.9Hz); 1.98 (s, 3H); 1.49 (d, 3H, J = 6.9 Hz). 

 

Synthesis of (S)-N-methyl-N-(1-phenylethyl)acetamide (F13): 

 

The crude acetamide (490 mg, 3.04 mmol) was solubilised in 5 mL of THF and cooled 

down in an ice bath. A 60% oil suspension of NaH (183 mg, 1.5 equiv.) was added and 

after 10 min stirring, MeI (0.3 mL, 1.5 equiv.) was added dropwise. The mixture was kept 

stirring overnight at room temperature, then being extracted with Et2O and saturated 

ammonium chloride. The aqueous phase was washed three times with Et2O, then the 

combined organic phases were dried over MgSO4, concentrated and purified using a 

Combiflash (0-100% acetone in heptane, compound eluted at 30% gradient), resulting in 

the desired compound with high purity (395 mg, 2.23 mmol, 73%). 

1H-NMR (400 MHz) δ: 7.44-7.25 (m, 5H); 6.09 (quart, 1H, J = 7.1Hz); 2.68 (s, 3H); 

2.16 (s, 3H); 1.50 (d, 3H, J = 7.1 Hz). 
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Synthesis of N,N-dimethyl-5-phenylfuran-2-carboxamide (F14): 

 

Starting material 30 (191 mg, 1.02 mmol, 1 equiv.) was added to a solution of the 

dimethylamine (111 mg, 1.3 mmol, 1.3 equiv.) in 5 mL of DMF. Then, DIPEA (0.35 mL, 

4 equiv.) was added and after 5 minutes stirring at room temperature, HATU (433 mg, 

1.13 mmol, 1.1 equiv.) was added.  After 30 minutes stirring at room temperature water 

was added and the mixture was extracted with ethyl acetate (3x). The combined organic 

phases were washed with brine, dried over MgSO4 and evaporated under reduced pressure 

to give the corresponding crude, which was purified by Combiflash (0-100% gradient of 

ethyl acetate in heptane) to yield the final compound (171 mg, 0.8 mmol, 78%). 

1H-NMR (d6-DMSO, 500 MHz) δ: 7.78 (t, 2H, J = 7.9Hz); 7.47 (t, 2H, J = 7.5Hz); 7.37 

(1H, t, J = 7.5Hz); 7.13 (1H, d, J = 3.5Hz); 7.09 (1H, d, J = 3.5Hz); 3.52-2.93 (6H, m). 

 

Synthesis of 1-(4-chlorophenyl)-1H-tetrazole (F20): 

 

To a stirring mixture of 4-chloroaniline (31) (654 mg, 5.1 mmol), triethyl orthoformate 

(2.5 mL, 15 mmol, 3 equiv.) and NaN3 (402 mg, 6.2 mmol, 1.2 equiv.), 4.0 mL of acetic 

acid were added. The temperature was elevated to 100 °C and the mixture was left shaking 

for 5 h. The residue was filtered, washed with water and the white solid obtained was 

recrystallized with ethanol, yielding F13 as white sharp crystals (661 mg, 3.7 mmol, 71%) 

1H-NMR (500 MHz) δ: 8.97 (s, 1H); 7.69-7.66 (m, 2H); 7.60-7.56 (m, 2H). 
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7.14.3 Compound synthesis and characterization – F29 analogues (Chapter 5) 

 

Coupling with potassium vinyltrifluoroborate – Synthesis of 33a-b 

The aryl bromide (1 equiv.) was dissolved in a 9:1 THF:H2O solution (6 mL / mmol of 

bromide), then CsCO3 (3 equiv.), Pd(dppf)Cl2 
. DCM (5 mol%) and potassium vinyl 

trifluoroborate (2 equiv.) were added. The mixture was kept stirring under reflux (85 °C) 

for approximately 24 hours or until nearly full consumption of the starting material was 

observed (monitoring by LC-MS). The THF was removed in the rotavap and the mixture 

was extracted with ethyl acetate and brine. The combined organic phases were dried with 

MgSO4, concentrated and purified in the Combiflash with an increasing gradient of 

EtOAc in heptane (isocratic step at 40% to obtain a better resolution in the purification).  

 

 

6-vinylbenzo[d]oxazol-2(3H)-one (33a): Starting from 518 mg of 32a (2.4 mmol), the 

product was obtained as a pale yellow solid (270 mg, 1.7 mmol, 69% yield). ¹H NMR 

(500 MHz, DMSO) 11.63 (1H, bs), 7.47 (1H, d, J=1.2 Hz), 7.23 (1H, dd, J=1.3, 8.1 Hz), 
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7.04 (1H, d, J=8.0 Hz), 6.73 (1H, dd, J=11.0, 17.6 Hz), 5.78 (1H, d, J=17.6 Hz), 5.19 (1H, 

d, J=11.1 Hz); 

 

 

5-vinylbenzo[d]oxazol-2(3H)-one (33b): Starting from 600 mg of 32b (2.8 mmol), the 

product was obtained as a pale yellow solid (368 mg, 2.3 mmol, 81% yield). ¹H NMR 

(500 MHz, DMSO) 11.64 (1H, bs), 7.26 - 7.23 (1H, m), 7.19 - 7.17 (2H, m), 6.75 (1H, 

dd, J=11.0, 17.6 Hz), 5.78 (1H, d, J=17.6 Hz), 5.23 (1H, d, J=10.9 Hz); 

 

Ozonolysis – Synthesis of 34a-b 

The alkene was dissolved in methanol inside a three-neck round-bottom flask and cooled 

to -78 °C using an acetone-dry ice bath. The ozonolysis reaction was setup using the 

manufacturer guidelines (Triogen O3) and ozone was bubbled in the solution for 

approximately 15 minutes. By TLC and LC-MS, full conversion to ozonide could be 

observed. Three equivalents of dimethyl sulphide were added and after 2 h stirring the 

solvents were evaporated. The crude white solid was extracted with DCM and 1M HCl 

to convert residual methanol adducts into the respective aldehyde. The organic phase was 

concentrated, resulting in the desired product in high purity (>90%). 

 

 

2-oxo-2,3-dihydrobenzo[d]oxazole-6-carbaldehyde (34a): Quantitative yield starting 

from 200 mg (1.24 mmol) of 33a.  ¹H NMR (400 MHz, CDCl3) 11.62 (1H, bs), 9.85 (1H, 

s), 7.63 (1H, d, J=8.1 Hz), 7.59 (1H, s), 7.10 (1H, d, J=8.4 Hz); 
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2-oxo-2,3-dihydrobenzo[d]oxazole-5-carbaldehyde (34b): Quantitative yield starting 

from 317 mg (1.97 mmol) of 33b.  Compound was confirmed by LC-MS and was used 

in the following steps without further characterization. 

 

Reductive amination – Procedure A – Synthesis of 35a-b and 37a-b 

The aldehyde (1 equiv.) and the amine (1.5 equiv.) were dissolved in THF (25 mL / mmol 

of aldehyde), followed by the addition of DIPEA (3.0 equiv.). After 5 min stirring at room 

temperature, STAB was added (3.0 equiv.) and the mixture was left stirring for 

approximately 2 h. The reaction was quenched with a few drops of 1M NaOH and 

extracted with DCM and brine. The organic phase was concentrated and purified in the 

basic HPLC  (1-90% gradient of ACN in 0.1% NH3). 

 

 

6-((dimethylamino)methyl)benzo[d]oxazol-2(3H)-one (35a): Prepared from 37 mg of 

aldehyde 34a (0.23 mmol), resulting in 17 mg of product (0.09 mmol, 40% yield).  ¹H 

NMR (500 MHz, DMSO) 11.52 (1H, bs), 7.18 (1H, s), 7.07 - 7.00 (2H, m), 3.39 (2H, s), 

2.14 (6H, s); 
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5-((dimethylamino)methyl)benzo[d]oxazol-2(3H)-one (35b): Prepared from 62 mg of 

aldehyde 34b (0.38 mmol), resulting in 26 mg of product (0.14 mmol, 36 yield).  ¹H NMR 

(400 MHz, MeOD) 7.07 (1H, d, J=8.2 Hz), 6.98 (1H, s), 6.96 (1H, d, J=8.4 Hz), 3.41 

(2H, s), 2.16 (6H, s); 

 

 

tert-butyl-4-((2-oxo-2,3-dihydrobenzo[d]oxazol-6-yl)methyl)piperazine-1-

carboxylate (37a): Prepared from 51 mg of aldehyde 34a (0.32 mmol), resulting in 35 

mg of product (0.11 mmol, 34% yield).  ¹H NMR (400 MHz, MeOD) 7.25 (1H, s), 7.15 

(1H, d, J=8.0 Hz), 7.05 (1H, d, J=7.9 Hz), 3.57 (2H, s), 3.44 (4H, t, J=4.8 Hz), 2.42 (4H, 

t, J=4.9 Hz), 1.47 (9H, s); 

 

 

tert-butyl-4-((2-oxo-2,3-dihydrobenzo[d]oxazol-5-yl)methyl)piperazine-1-

carboxylate (37b): Prepared from 62 mg of aldehyde 34b (0.38 mmol), resulting in 24 

mg of product (0.07 mmol, 20% yield).  ¹H NMR (400 MHz, DMSO) 7.18 (1H, d, J=7.8 

Hz), 7.01 (1H, s), 6.98 (1H, d, J=7.7 Hz), 3.60 (2H, s), 3.29 (4H, t, J=4.5 Hz), 2.29 (4H, 

t, J=4.5 Hz), 1.38 (9H, s); 

 

Reductive amination – Procedure B – Synthesis of 36a-b 

The aldehyde (1 equiv.) and the amine (1.1 equiv.) were dissolved in methanol (40 mL / 

mmol of aldehyde) and left stirring until the imine was formed (around 3h). Then, NaBH4 

(1.6 equiv.) was added and after 30 min the product could be observed (together with oher 
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by-products). Reaction was quenched with a few drops of 1M NaOH, then extracted with 

diethyl ether and purified in the basic HPLC (1-90% gradient of ACN in 0.1% NH3). 

 

 

6-((neopentylamino)methyl)benzo[d]oxazol-2(3H)-one (36a): Prepared from 35 mg of 

aldehyde 34a (0.22 mmol), resulting in 8.1 mg of product (0.04 mmol, 16% yield).  ¹H 

NMR (400 MHz, MeOD) 7.27 (1H, s), 7.16 (1H, d, J=8.0 Hz), 7.05 (1H, d, J=8.1 Hz), 

3.83 (2H, s), 2.36 (2H, s), 0.94 (9H, s); 

 

 

5-((neopentylamino)methyl)benzo[d]oxazol-2(3H)-one (37b): Prepared from 90 mg of 

aldehyde 34b (0.55 mmol), resulting in  mg of product (0.09 mmol, 40% yield). ¹H NMR 

(400 MHz, MeOD) 7.17 (1H, d, J=8.3 Hz), 7.14 (1H, s), 7.10 (1H, d, J=8.2 Hz), 3.83 

(2H, s), 2.37 (2H, s), 0.94 (9H, s); 

 

Boc deprotection – Synthesis of 38a-b 

The Boc protected compound was dissolved in DCM, followed by the dropwise addition 

of a 4M HCl solution in dioxane (at least 3 equiv.) and a few drops of MeOH. After 1 h 

stirring, solvents were evaporated by flushing nitrogen, the remaining solid was dissolved 

in water a freeze-dried to yield the HCl salt in quantitative yield. 
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6-(piperazin-1-ylmethyl)benzo[d]oxazol-2(3H)-one (38a): Quantitative yield starting 

from 9.6 mg (0.03 mmol) of 37a. ¹H NMR (500 MHz, d6-DMSO) 7.20 (1H, s), 7.10-7.00 

(2H, m), 3.49 (2H, s), 3.19 (4H, t, J=4.4 Hz), 2.65 (4H, t, J=4.5 Hz); 

 

 

5-(piperazin-1-ylmethyl)benzo[d]oxazol-2(3H)-one (38b): Quantitative yield starting 

from 9.6 mg (0.03 mmol) of 37b. ¹H NMR (500 MHz, d6-DMSO) 7.21 (1H, d, J=7.2 

Hz), 7.00 (2H, m), 3.48 (2H, s), 3.18 (4H, t, J=4.3 Hz), 2.64 (4H, t, J=4.3 Hz); 

 

7.14.4 HIF peptide synthesis and purification 

The DEALA(Hyp)YIPMDDDFQLRSF peptide sequence was synthesized using 

an INTAVIS ResPepSL automated peptide synthesizer based on previous work.139 Rink 

amide AM resin (loading of 0.68 mmol / g, Novabiochem) was used as solid support for 

chain elongation and sequentially coupling Fmoc protected amino acids (Novabiochem). 

Coupling steps were performed using HBTU and HATU and deprotection steps were 

performed using a 20% piperidine in DMF solution. Unreacted aminoacids were capped 

using a 5% Ac2O / NMM solution in DCM. Standard conditions provided by the supplier 

were used, with no optimisation of reaction times and equivalents of reactants. 

The final deprotection (amino acid side chains) and cleavage from the resin were 

performed simultaneously by stirring the resin in a 92.5 : 5.0 : 2.5 (v/v) solution of TFA, 

triisopropylsilane and water for 3 hours at room temperature. The suspension was filtered 

through a single-fritted column into ice-cold diethyl ether, resulting in a thin white 

precipitate. The solid was washed several times with cold diethyl ether, dissolved in water 

and purified by HPLC using a 15 minutes gradient of 5% of ACN (containing 0.1% of 

TFA) to 30% of ACN (containing 0.1% of TFA) in water (containing 0.1% of TFA). The 
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purity and identity of the peptides was determined by LC-MS. Pure fractions containing 

the HIF peptide were lyophilised and the final white solid was stored at -20°C. 
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Appendix – Chapter 2 

 

Spy molecule 1 (Compound S3a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 25.4 

[C] (µM) log10[C] Response (RU) 

 

14.0625 -4.85 2.6 

28.125 -4.55 2.9 

56.25 -4.25 3.3 

112.5 -3.95 3.5 

225 -3.65 4 

450 -3.35 4.8 

 

 

Data could not be fitted. Responses increase with concentration, but too far from the theoretical RMAX. KD 

>>> 1.0 mM.  
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Spy molecule 2 (Compound S4a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 29.7 

[C] (µM) log10[C] Response (RU) 

 

12.5 4.90 0.1 

25.0 4.60 0.8 

50.0 4.30 1.5 

100.0 4.00 3.0 

200.0 3.70 5.5 

400.0 3.40 10.6 

800.0 3.10 16.3 

 

Data fitting using the Biacore T200 evaluation software. As responses were lower than the theoretical RMAX, 

fitting was performed with a fixed RMAX. 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

657.3 49.0 29.7 - -0.62 0.34 0.262 
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Spy molecule 3 (Compound S5a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 34.0 

[C] (µM) log10[C] Response (RU) 

 

12.5 4.90 1.6 

25.0 4.60 3.0 

50.0 4.30 5.3 

100.0 4.00 8.8 

200.0 3.70 13.0 

400.0 3.40 18.1 

800.0 3.10 21.9 

 

Data fitting using the Biacore T200 evaluation software. As responses were lower than the theoretical RMAX, 

fitting was performed with a fixed RMAX. 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

407.2 54.0 34.0 - 1.13 0.76 0.961 
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Spy molecule 4 (Compound S6a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule.  

Theoretical RMAX = 35.3 

[C] (µM) log10[C] Response (RU) 

 

0.023 -7.64 2.9 

0.069 -7.16 3.4 

0.206 -6.69 4.6 

0.617 -6.21 7.2 

1.852 -5.73 12.2 

5.556 -5.26 20.5 

16.667 -4.78 27.9 

50.000 -4.30 32.3 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

4.388 0.120 32.2 0.22 3 0.11 0.0344 
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Spy molecule 5 (Compound S3b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule: 

Theoretical RMAX = 26.0 

[C] (µM) log10[C] Response (RU) 

 

14.0625 -4.85 2.7 

28.125 -4.55 2.8 

56.25 -4.25 3.0 

112.5 -3.95 4.0 

225 -3.65 5.0 

450 -3.35 6.8 

 

 

Data could not be fitted. Responses increase with concentration, but too far from the theoretical RMAX. KD 

>>> 1.0 mM. 
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Spy molecule 6 (Compound S4b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule: 

Theoretical RMAX = 28.5 

[C] (µM) log10[C] Response (RU) 

 

14.0625 -4.85 3.0 

28.125 -4.55 4.0 

56.25 -4.25 4.6 

225 -3.65 9.5 

450 -3.35 11.8 

900 -3.05 18.4 

 

Data fitting using the Biacore T200 evaluation software. As responses were much lower than the theoretical 

RMAX, fitting was performed with a fixed RMAX: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

877.7 98.0 28.5 - 2.9 0.49 0.526 
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Spy molecule 7 (Compound S5b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 32.0 

[C] (µM) log10[C] Response (RU) 

 

3.125 -5.51 7.2 

6.250 -5.20 7.8 

12.500 -4.90 10.5 

25.000 -4.60 15.4 

50.000 -4.30 18.8 

100.000 -4.00 23.5 

200.000 -3.70 29.8 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

67.12 14.00 31.8 2 5.6 0.79 0.704 
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Spy molecule 8 (Compound S6b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 35.5 

[C] (µM) log10[C] Response (RU) 

 

0.781 -6.11 12.6 

1.563 -5.81 17.8 

3.125 -5.51 24.0 

6.250 -5.20 27.4 

12.500 -4.90 32.0 

25.000 -4.60 34.3 

50.000 -4.30 38.0 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

2.991 0.750 32.1 2.1 6.4 2.4 1.16 
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Spy molecule 9 (Compound S3c) 

 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 24.0 

[C] (µM) log10[C] Response (RU) 

 

14.063 -4.85 2.5 

28.125 -4.55 2.6 

56.250 -4.25 3.1 

112.500 -3.95 3.0 

225.000 -3.65 3.8 

450.000 -3.35 4.5 

900.000 -3.05 7.2 

 

Data could not be fitted. Responses increase with concentration, but too far from the theoretical RMAX. KD 

>>> 1.0 mM.  
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Spy molecule 10 (Compound S4c) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 26.6 

[C] (µM) log10[C] Response (RU) 

 

14.063 -4.85 3.2 

28.125 -4.55 3.3 

56.250 -4.25 4.3 

112.500 -3.95 5.3 

225.000 -3.65 6.3 

450.000 -3.35 8.9 

900.000 -3.05 13.9 

 

Data fitting using the Biacore T200 evaluation software. As responses were lower than the theoretical RMAX, 

fitting was performed with a fixed RMAX. 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

1352 94 26.6 - 2.9 0.24 0.159 
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Spy molecule 11 (Compound S5c) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 29.8 

[C] (µM) log10[C] Response (RU) 

 

6.250 -5.20 5.5 

12.500 -4.90 6.2 

25.000 -4.60 8.2 

50.000 -4.30 11.9 

100.000 -4.00 14.4 

200.000 -3.70 18.0 

400.000 -3.40 21.5 

800.000 -3.10 24.0 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

109.7 8.9 23.5 0.43 4 0.31 0.11 
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Spy molecule 12 (Compound S6c) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 33.2 

[C] (µM) log10[C] Response (RU) 

 

0.078 -7.11 6.2 

0.156 -6.81 8.4 

0.313 -6.51 10.7 

0.625 -6.20 14.9 

1.250 -5.90 19.2 

2.500 -5.60 24.0 

5.000 -5.30 26.8 

10.000 -5.00 30.1 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 
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1.142 0.120 26.8 0.61 4.9 0.51 0.255 

 

Spy molecule 13 (Compound S3d) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 24.3 

[C] (µM) log10[C] Response (RU) 

 

14.063 -4.85 3.8 

28.125 -4.55 4.9 

56.250 -4.25 6.4 

112.500 -3.95 8.4 

225.000 -3.65 11.1 

450.000 -3.35 12.8 

900.000 -3.05 22.2 

 

Data fitting using the Biacore T200 evaluation software: The fitted KD presented a very large error and high 

RMAX. The results not significant even using different fitting methods (fixing RMAX or the offset). Large 

difference in response between concentrations of 450 and 900 μM might indicate unspecific / promiscuous 

binding to the protein surface. Similar result obtained from different repeats of stocks of the compound. 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 



279 

 
2531 3200 66.3 62 4.5 0.91 1.83 

 

Spy molecule 14 (Compound S4d) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 26.8 

[C] (µM) log10[C] Response (RU) 

 

6.250 -5.20 5.5 

12.500 -4.90 6.7 

25.000 -4.60 10.1 

50.000 -4.30 14.2 

100.000 -4.00 19.8 

200.000 -3.70 25.1 

400.000 -3.40 31.0 

800.000 -3.10 40.3 

 

Data fitting using the Biacore T200 evaluation software: The only acceptable fitting resulted in a very large 

RMAX. (1.6 times larger than the theoretical). Fitting with fixed theoretical RMAX presented a large error in 

the KD. Compound might bind to the VHL-HIF site, but also bind promiscuously to the protein surface. 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

222.7 51.0 42.6 2.9 5.1 1.1 2.03 
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Spy molecule 15 (Compound S5d) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 30.0 

[C] (µM) log10[C] Response (RU) 

 

1.563 -5.81 6.3 

3.125 -5.51 8.5 

6.250 -5.20 10.4 

12.500 -4.90 15.7 

25.000 -4.60 19.0 

50.000 -4.30 23.3 

100.000 -4.00 28.7 

200.000 -3.70 33.7 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

35.16 7.00 31.8 1.5 5.7 0.92 1.13 
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Spy molecule 16 (Compound S6d) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 33.3 

[C] (µM) log10[C] Response (RU) 

 

0.039 -7.41 10.4 

0.078 -7.11 13.6 

0.156 -6.81 18.2 

0.313 -6.51 23.1 

0.625 -6.20 27.2 

1.250 -5.90 30.8 

2.500 -5.60 33.2 

5.000 -5.30 35.8 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

0.2675 0.0300 29.3 0.74 6.9 0.82 0.319 
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Spy molecule 17 (Compound S10a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 24.1 

[C] (µM) log10[C] Response (RU) 

 

7.031 -5.15 3.9 

14.063 -4.85 4.6 

28.125 -4.55 5.2 

56.250 -4.25 7.7 

112.500 -3.95 8.7 

225.000 -3.65 10.3 

450.000 -3.35 13.2 

900.000 -3.05 19.6 

 

Data fitting using the Biacore T200 evaluation software. As responses were lower than the theoretical RMAX, 

fitting was performed with a fixed RMAX. 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

645.0 100.0 24.1 - 4.4 0.58 0.985 
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Spy molecule 18 (Compound S10b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 24.7 

[C] (µM) log10[C] Response (RU) 

 

1.172 -5.93 7.1 

2.344 -5.63 7.9 

4.688 -5.33 11.3 

9.375 -5.03 13.5 

18.750 -4.73 18.3 

37.500 -4.43 22.6 

75.000 -4.12 26.1 

150.000 -3.82 30.5 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

24.76 3.40 27.8 0.92 6.00 0.58 0.43 
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Spy molecule 19 (Compound S11a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 24.7 

[C] (µM) log10[C] Response (RU) 

 

6.250 -5.20 5.3 

12.500 -4.90 6.6 

25.000 -4.60 8.8 

50.000 -4.30 11.6 

100.000 -4.00 15.3 

200.000 -3.70 19.4 

400.000 -3.40 21.9 

800.000 -3.10 27.2 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

144.8 29.0 25.4 1.3 4.7 0.73 0.727 
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Spy molecule 20 (Compound S11b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 25.4 

[C] (µM) log10[C] Response (RU) 

 

0.977 -6.01 6.4 

1.953 -5.71 9.1 

3.906 -5.41 11.7 

7.813 -5.11 16.1 

15.625 -4.81 20.0 

31.250 -4.51 23.6 

62.500 -4.20 27.0 

125.000 -3.90 30.5 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

12.41 1.90 27.1 0.86 5.00 0.77 0.53 

 



286 

 

 

Spy molecule 21 (Compound S12a) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 30.5 

[C] (µM) log10[C] Response (RU) 

 

0.023 -7.63 5.9 

0.047 -7.33 7.9 

0.094 -7.03 10.8 

0.188 -6.73 13.7 

0.375 -6.43 16.9 

0.750 -6.12 20.5 

1.500 -5.82 24.6 

3.000 -5.52 28.3 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

0.4468 0.0850 25.4 1.1 5.5 0.76 0.692 
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Spy molecule 22 (Compound S12b) 

Blank and reference surface subtracted responses according to the concentration of spy molecule. 

Theoretical RMAX = 36.6 

[C] (µM) log10[C] Response (RU) 

 

0.0039 -8.41 6.1 

0.0078 -8.11 7.1 

0.0156 -7.81 9.9 

0.0313 -7.51 13.5 

0.0625 -7.20 18.9 

0.1250 -6.90 25.0 

0.2500 -6.60 30.0 

0.5000 -6.30 35.4 

 

Data fitting using the Biacore T200 evaluation software: 

 

KD (µM) SE (KD) Rmax (RU) SE(Rmax) offset (RU) SE(offset) Chi² (RU²) 

0.09693 0.00680 36.9 0.65 4.6 0.35 0.178 
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19F CPMG signal intensity versus CPMG filter 

Spy molecules at 100 μM in absence or in presence of VBC 1 µM  

 

 

 

1 

Spy molecule 100 μM 

R2 (s-1) 1.069 ± 0.028 

R-square 0.995 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.115 ± 0.020 

R-square 0.998 

Contrast 

C2 (%) 4.1 ± 3.1 

dmax (s) 0.916 

 

 

 

2 

Spy molecule 100 μM 

R2 (s-1) 1.170 ± 0.019 

R-square 0.998 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.251 ± 0.021 

R-square 0.998 

Contrast 

C2 (%) 6.5 ± 2.2 

dmax (s) 0.826 
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3 

Spy molecule 100 μM 

R2 (s-1) 1.326 ± 0.025 

R-square 0.998 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.847 ± 0.033 

R-square 0.998 

Contrast 

C2 (%) 28.2 ± 2.3 

dmax (s) 0.636 

 

 

 

 

4 

Spy molecule 100 μM 

R2 (s-1) 1.175 ± 0.027 

R-square 0.996 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.924 ± 0.037 

R-square 0.998 

Contrast 

C2 (%) 38.9 ± 2.5 

dmax (s) 0.658 
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5 

Spy molecule 100 μM 

R2 (s-1) 0.915 ± 0.012 

R-square 0.999 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 0.936 ± 0.011 

R-square 0.999 

Contrast 

C2 (%) 2.2 ± 1.8 

dmax (s) 1.080 

 

 

 

6 

Spy molecule 100 μM 

R2 (s-1) 1.096 ± 0.020 

R-square 0.998 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.760 ± 0.039 

R-square 0.997 

Contrast 

C2 (%) 37.7 ± 2.6 

dmax (s) 0.713 
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7 

Spy molecule 100 μM 

R2 (s-1) 1.368 ± 0.033 

R-square 0.998 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 3.614 ± 0.088 

R-square 0.999 

Contrast 

C2 (%) 62.1 ± 3.0 

dmax (s) 0.433 

 

 

 

8 

Spy molecule 100 μM 

R2 (s-1) 1.349 ± 0.027 

R-square 0.997 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.639 ± 0.022 

R-square 0.999 

Contrast 

C2 (%) 17.7 ± 2.2 

dmax (s) 0.671 
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9 

Spy molecule 100 μM 

R2 (s-1) 1.268 ± 0.026 

R-square 0.997 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.279 ± 0.022 

R-square 0.998 

Contrast 

C2 (%) 0.9 ± 2.7 

dmax (s) 0.785 

 

 

 

10 

Spy molecule 100 μM 

R2 (s-1) 1.249 ± 0.018 

R-square 0.999 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 2.596 ± 0.046 

R-square 0.999 

Contrast 

C2 (%) 51.9 ± 2.1 

dmax (s) 0.543 
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11 

Spy molecule 100 μM 

R2 (s-1) 1.427 ± 0.033 

R-square 0.997 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 2.740 ± 0.096 

R-square 0.995 

Contrast 

C2 (%) 47.9 ± 4.1 

dmax (s) 0.497 

 

 

 

12 

Spy molecule 100 μM 

R2 (s-1) 1.512 ± 0.029 

R-square 0.998 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.637 ± 0.028 

R-square 0.998 

Contrast 

C2 (%) 7.6 ± 2.4 

dmax (s) 0.635 
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13 

Spy molecule 100 μM 

R2 (s-1) 1.558 ± 0.028 

R-square 0.998 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.609 ± 0.017 

R-square 0.999 

Contrast 

C2 (%) 3.2 ± 2.0 

dmax (s) 0.632 

 

 

 

 

14 

Spy molecule 100 μM 

R2 (s-1) 1.579 ± 0.022 

R-square 0.999 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 3.425 ± 0.073 

R-square 0.998 

Contrast 

C2 (%) 53.9 ± 2.5 

dmax (s) 0.419 
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15 

Spy molecule 100 μM 

R2 (s-1) 1.545 ± 0.035 

R-square 0.997 

Spy molecule 100 μM + VBC 1 μM 

R2 (s-1) 2.634 ± 0.058 

R-square 0.998 

Contrast 

R2 contrast – C2 (%) 41.3 ± 2.7 

dmax (s) 0.490 

 

 

 

16 

Spy molecule 100 μM 

R2 (s-1) 1.805 ± 0.032 

R-square 0.998 

Spy molecule 100 μM + VBC 1 μM 

R2 (s-1) 1.828 ± 0.031 

R-square 0.999 

Contrast 

R2 contrast – C2 (%) 1.3 ± 2.4 

dmax (s) 0.551 
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17 

Spy molecule 100 μM 

R2 (s-1) 1.213 ± 0.028 

R-square 0.996 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 3.189 ± 0.066 

R-square 0.998 

Contrast 

C2 (%) 62.0 ± 2.6 

dmax (s) 0.489 

 

 

 

 

18 

Spy molecule 100 μM 

R2 (s-1) 1.167 ± 0.014 

R-square 0.999 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 4.858 ± 0.123 

R-square 0.998 

Contrast 

C2 (%) 76.0 ± 3.2 

dmax (s) 0.386 
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19 

Spy molecule 100 μM 

R2 (s-1) 1.526 ± 0.041 

R-square 0.996 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 5.096 ± 0.186 

R-square 0.995 

Contrast 

C2 (%) 70.1 ± 4.5 

dmax (s) 0.338 

 

 

 

20 

Spy molecule 100 μM 

R2 (s-1) 1.609 ± 0.042 

R-square 0.996 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 3.116 ± 0.153 

R-square 0.990 

Contrast 

C2 (%) 48.4 ± 5.6 

dmax (s) 0.439 
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21 

Spy molecule 100 μM 

R2 (s-1) 3.959 ± 0.262 

R-square 0.970 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 4.109 ± 0.247 

R-square 0.976 

Contrast 

C2 (%) 3.7 ± 8.8 

dmax (s) 0.248 

 

 

 

22 

Spy molecule 100 μM 

R2 (s-1) 3.987 ± 0.241 

R-square 0.975 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 4.018 ± 0.245 

R-square 0.974 

Contrast 

C2 (%) 0.8 ± 8.6 

dmax (s) 0.250 
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Spy molecule 19 and VBC at different concentrations 

 

Spy molecule 19 at 50 µM 

 

Parameter 
[VBC] μM 

0.000 0.125 0.250 0.500 1.000 

R2 (s-1) 1.475 ± 0.059 1.969 ± 0.071 2.316 ± 0.168 3.857 ± 0.121 6.424 ± 0.262 

R-square 0.986 0.991 0.967 0.995 0.993 

C2 (%) - 22.5 ± 4.2 34.1 ± 7.9 60.4 ± 3.8 76.2 ± 5.2 

dmax (s) - 0.575 0.528 0.398 0.293 

 

Spy molecule 19 at 25 µM 
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Parameter 

[VBC] μM 

0.000 0.125 0.250 0.500 1.000 

R2 (s-1) 1.582 ± 0.049 2.107 ± 0.095 2.811 ± 0.156 4.008 ± 0.200 6.934 ± 0.348 

R-square 0.992 0.986 0.984 0.989 0.989 

C2 (%) - 27.6 ± 5.1 45.7 ± 6.3 61.9 ± 5.9 78.0 ± 6.4 

dmax (s) - 0.555 0.475 0.389 0.280 

 

Spy molecule 19 at 10 µM 

 

Parameter 

[VBC] μM 

0.000 0.125 0.250 0.500 1.000 

R2 (s-1) 1.464 ± 0.096 2.346 ± 0.193 2.807 ± 0.131 4.288 ± 0.304 7.974 ± 0.727 

R-square 0.962 0.961 0.988 0.979 0.967 

C2 (%) - 35.0 ± 8.9 45.6 ± 5.3 64.4 ± 8.5 80.9 ± 11.7 

dmax (s) - 0.524 0.476 0.374 0.256 
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Parameter 

[VBC] μM 

0.000 0.125 0.250 0.500 1.000 

R2 (s-1) 1.392 ± 0.101  2.337 ± 0.335 3.678 ± 0.489 4.255 ± 0.566 7.063 ± 1.128 

R-square 0.952 0.898 0.922 0.931 0.903 

C2 (%) - 34.7 ± 15.3 58.5 ± 15.5 64.1 ± 15.8 78.4 ± 20.3 

dmax (s) - 0.526 0.409 0.376 0.277 

 

  



302 

 

Spy molecules 6 and 11 at 50 μM in absence or in presence of VBC 1 μM 

 

 

 

6 

Spy molecule 100 μM 

R2 (s-1) 1.255 ± 0.043 

R-square 0.989 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 1.951 ± 0.062 

R-square 0.994 

Contrast 

C2 (%) 35.7 ± 4.0 

dmax (s) 0.634 

 

 

 

11 

Spy molecule 100 μM 

R2 (s-1) 1.534 ± 0.071 

R-square 0.984 

Spy at 100 μM + VBC 1 μM 

R2 (s-1) 3.122 ± 0.145 

R-square 0.990 

Contrast 

C2 (%) 50.9 ± 5.7 

dmax (s) 0.447 
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Appendix – Chapter 3 

 

 

R2 measurement of spy 7 in absence or in presence of BRD4-2 (Data for Table 7). 

 

 

R2 measurement of spy 7 + VBC 0.5 µM in absence or in presence of BRD4-BD2 

(Data for Table 7). 
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R2 measurement of spy 18 in absence or in presence of BRD4-2 (Data for Table 7). 

 

 

R2 measurement of spy 18 + VBC 0.5 µM in absence or in presence of BRD4-2 

(Data for Table 7). 
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R2 measurement of spy 19 at 50 µM, with varied VBC concentrations and in absence 

/ presence of BRD4-2 (Data for Table 8). 

 

 

R2 measurement of spy 19 at 100 µM, with varied VBC concentrations and in 

absence / presence of BRD4-2 (Data for Table 8). 
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R2 measurement of spy 19 at 100 µM with varied BRD4-2 concentrations (Data for 

Table 9). 

 

R2 measurement of spy 19 at 100 µM + VBC 0.5 µM with varied BRD4-2 

concentrations (Data for Table 9). 
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Appendix – Chapter 4 

SPR raw data of hits shown in Table 14 

IH-2-A01 - SA CHIP 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

14.0625 1.2 4.852 7.84% 

28.125 1.6 4.551 10.44% 

56.25 2.3 4.250 15.00% 

112.5 3.6 3.949 23.46% 

225 5.2 3.648 33.87% 

450 7.3 3.347 47.51% 

900 10.4 3.046 67.66% 
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IH-2-A01 

NTA CHIP 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

7.03125 0.3 5.153 1.99% 

14.0625 0.5 4.852 3.32% 

28.125 1.0 4.551 6.64% 

56.25 1.8 4.250 11.98% 

112.5 2.5 3.949 16.65% 

225 4.1 3.648 27.34% 

450 6.3 3.347 42.06% 
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IH-1-H11 

SA Chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

14.0625 0.2 4.852 1.10% 

28.125 0.6 4.551 3.29% 

56.25 0.8 4.250 4.39% 

112.5 1.5 3.949 8.24% 

225 3.2 3.648 17.58% 

450 5.2 3.347 28.59% 

900 9.8 3.046 53.91% 
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IH-1-G05 

SA Chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

14.0625 0.1 4.852 0.60% 

28.125 0.4 4.551 2.40% 

56.25 0.7 4.250 4.20% 

112.5 1.6 3.949 9.60% 

225 3.3 3.648 19.81% 

450 6.2 3.347 37.25% 
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IH-1-G05 

NTA chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

7.03125 -1.0 5.153 -5.50% 

14.0625 -0.1 4.852 -0.55% 

28.125 0.2 4.551 1.10% 

56.25 0.4 4.250 2.21% 

112.5 1.9 3.949 10.56% 

225 4.0 3.648 22.26% 

450 6.6 3.347 36.79% 

900 14.5 3.046 80.96% 
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IH-1-C01 

SA chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

14.0625 0.2 4.852 1.45% 

28.125 0.2 4.551 1.45% 

56.25 0.4 4.250 2.91% 

112.5 0.9 3.949 6.54% 

225 1.8 3.648 13.09% 

450 4.2 3.347 30.57% 

900 8.9 3.046 64.80% 
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IH-1-C01 

NTA chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

7.03125 -0.2 5.153 -1.56% 

14.0625 0.1 4.852 0.78% 

28.125 0.2 4.551 1.57% 

56.25 -0.4 4.250 -3.15% 

112.5 0.4 3.949 3.15% 

225 1.8 3.648 14.21% 

450 3.5 3.347 27.67% 

900 6.7 3.046 53.05% 
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F-ZINC-E06 

SA chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

28.125 0.7 4.551 3.63% 

56.25 1.2 4.250 6.22% 

112.5 1.7 3.949 8.81% 

225 3.2 3.648 16.59% 

450 5.7 3.347 29.57% 

900 14.8 3.046 76.80% 
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F-ZINC-C08 

SA chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

28.125 0.1 4.551 0.53% 

56.25 0.5 4.250 2.65% 

112.5 1.2 3.949 6.35% 

225 2.1 3.648 11.13% 

450 3.9 3.347 20.67% 

900 7.6 3.046 40.30% 
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F-ZINC-C08 

NTA chip 

 

 
Concentration 

(µM) 

Response 

(RU) 
-log10[C] 

Normalised 

response (%) 

7.03125 -0.8 5.153 -2.83% 

14.0625 0.6 4.852 2.13% 

28.125 0.3 4.551 1.06% 

56.25 0.6 4.250 2.13% 

112.5 0.9 3.949 3.20% 

225 2.5 3.648 8.92% 

450 5.2 3.347 18.58% 

900 11.0 3.046 39.36% 
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ZINC-F08 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

28.125 0.4 4.551 1.82% 

56.25 1 4.250 4.56% 

112.5 2 3.949 9.12% 

225 3.8 3.648 17.33% 

450 7 3.347 31.96% 

900 11.5 3.046 52.54% 
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ZINC-F08 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

7.03125 -0.4 5.153 -1.50% 

14.0625 -0.4 4.852 -1.50% 

28.125 1.8 4.551 6.77% 

56.25 1.1 4.250 4.14% 

112.5 1.9 3.949 7.17% 

225 4.5 3.648 17.02% 

450 8.6 3.347 32.59% 

900 16.2 3.046 61.49% 
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ZINC-E09 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

28.125 0.5 4.551 3.01% 

56.25 0.8 4.250 4.82% 

112.5 1.6 3.949 9.65% 

225 2.7 3.648 16.29% 

450 5.1 3.347 30.78% 

900 9.6 3.046 57.97% 
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ZINC-E09 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

7.03125 -1.7 5.153 -6.30% 

14.0625 -1.6 4.852 -5.94% 

28.125 -1.8 4.551 -6.70% 

56.25 0.0 4.250 0.00% 

112.5 0.8 3.949 2.99% 

225 2.3 3.648 8.61% 

450 6.2 3.347 23.25% 

900 13.4 3.046 50.36% 
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ZINC-E04 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

28.125 0.1 4.551 0.57% 

56.25 0.3 4.250 1.72% 

112.5 0.8 3.949 4.58% 

225 1.4 3.648 8.03% 

450 2.9 3.347 16.63% 

900 5.8 3.046 33.28% 
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ZINC-E04 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

7.03125 0.4 5.153 1.48% 

14.0625 0.5 4.852 1.85% 

28.125 -0.4 4.551 -1.48% 

56.25 0.3 4.250 1.11% 

112.5 2.0 3.949 7.44% 

225 2.2 3.648 8.20% 

450 4.0 3.347 14.94% 

900 9.6 3.046 35.93% 
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IH-1-G10 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

28.125 0.4 4.551 2.93% 

56.25 0.9 4.250 6.60% 

112.5 1.6 3.949 11.74% 

225 3.2 3.648 23.49% 

450 6 3.347 44.07% 
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IH-1-G10 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

50 0.4 4.301 1.63% 

100 1.6 4.000 6.54% 

200 3.7 3.699 15.15% 

400 7.8 3.398 31.98% 
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IH-1-G11 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

14.0625 1.3 4.852 8.40% 

28.125 1.5 4.551 9.69% 

56.25 2.2 4.250 14.20% 

112.5 3.4 3.949 21.93% 

225 5.6 3.648 36.09% 

450 9.4 3.347 60.54% 
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IH-1-G11 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

50 0.6 4.301 2.79% 

100 2.3 4.000 10.72% 

200 3.6 3.699 16.80% 

400 7.5 3.398 35.05% 
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F-ZINC-D08 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

14.0625 1.0 4.852 5.32% 

28.125 1.0 4.551 5.33% 

56.25 1.2 4.250 6.40% 

112.5 1.3 3.949 6.94% 

225 1.7 3.648 9.08% 

450 2.5 3.347 13.36% 

900 3.9 3.046 20.85% 
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F-ZINC-D08 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

50 1.0 4.301 4.04% 

100 1.4 4.000 5.67% 

200 2.8 3.699 11.36% 

400 4.6 3.398 18.71% 
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F-ZINC-B11 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

7.03125 -0.8 5.153 -2.90% 

14.0625 -0.4 4.852 -1.45% 

28.125 -0.2 4.551 -0.73% 

56.25 0.4 4.250 1.46% 

112.5 1.0 3.949 3.65% 

225 1.1 3.648 4.02% 

450 3.6 3.347 13.17% 

900 8.0 3.046 29.32% 
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F-ZINC-B01 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

14.0625 -0.5 4.852 -2.22% 

28.125 -0.4 4.551 -1.78% 

56.25 0 4.250 0.00% 

225 1.3 3.648 5.79% 

450 3.7 3.347 16.48% 

900 7.2 3.046 32.09% 
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F-ZINC-B01 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

7.03125 -0.6 5.153 -2.86% 

14.0625 0.4 4.852 1.91% 

28.125 0.3 4.551 1.43% 

56.25 0.5 4.250 2.39% 

112.5 1.0 3.949 4.79% 

225 1.7 3.648 8.16% 

450 3.6 3.347 17.30% 

900 7.3 3.046 35.13% 
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IH-1-F10 

SA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

14.0625 0.5 4.852 3.22% 

28.125 0.6 4.551 3.87% 

56.25 0.9 4.250 5.81% 

112.5 1.3 3.949 8.40% 

225 2.4 3.648 15.52% 
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IH-1-F10 

NTA chip 

 

 

Concentration 
(µM) 

Response 
(RU) 

-log10[C] 
Normalised 

response (%) 

50 0.9 4.301 4.16% 

100 1.8 4.000 8.33% 

200 3.8 3.699 17.61% 

400 7.8 3.398 36.21% 
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Appendix – Chapter 5 

 

SPR fitting of other VBC hits against WT and mutant 

 KD
SA (µM) KD

NTA (µM) 

Compound Wild-type E102W Wild-type E102W 

 
ZINC-E04 

1981 ± 140 2049 ± 140 1802 ± 250 1512 ± 220 

 
ZINC-E09 

767 ± 160 472 ± 200 815 ± 120 470 ± 58 

 
ZINC-F08 

818 ± 69 696 ± 90 717 ± 140 675 ± 110 

 
F-ZINC-C08 

1493 ± 91 
Promiscuous 

binding 
1468 ± 180 942 ± 180 

 
F-ZINC-E06 

1083 ± 350 884 ± 53 - - 

 
IH-1-C01 

1045 ± 120 822 ± 230 859 ± 150 705 ± 140 

 
IH-1-G05 

850 ± 50 582 ± 140 552 ± 47 517 ± 45 

 
IH-2-A01 

634 ± 92 340 ± 82 668 ± 35 334 ± 25 

 
F-ZINC-B01 

1935 ± 330 1250 ± 110 1734 ± 170 1413 ± 170 

 
F-ZINC-B11 

- - 2115 ± 200 1252 ± 190 

 
F-ZINC-D08 

>4000 1722 ± 49 1972 ± 580 910 ± 41 

 
IH-1-G10 

667 ± 54 488 ± 240 992 ± 120 324 ± 140 
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IH-1-G11 

399 ± 71 
Promiscuous 

binding 
841 ± 85 280 ± 140 

 
IH-1-F10 

1435 ± 34 807 ± 81 814 ± 74 370 ± 65 
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