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Abstract 

PROteolysis-TArgeting Chimeras (PROTACs) are novel heterobifunctional degraders that 

catalytically induce targeted protein degradation through the Ubiquitin-Proteasome System 

(UPS). Offering unique advantages over conventional small molecule inhibitors, PROTACs 

have successfully degraded a wide range of oncogenic proteins and showed potential as a 

promising paradigm in drug discovery. Despite the rapid expansion of the field, achieving 

conditional activation control of PROTAC-mediated protein degradation remains relatively 

unexplored. In this thesis, two novel PROTAC design strategies were developed to enhance 

spatiotemporal control and tissue specificity in PROTAC-mediated protein degradation. 

In the first design, a novel photoswitchable multi-kinase PROTAC, AP-PROTAC-2, was 

developed to enable conditional light-mediated control of protein degradation. This design 

incorporates a novel arylazopyrazole photoswitchable linker, combined with a multi-kinase 

inhibitor capable of engaging approximately 40% of the kinome. AP-PROTAC-2 can be 

reversibly switched between E and Z isomer-enriched states and exhibits superior 

photochemical properties compared to previous photoswitchable PROTACs. Multiplexed 

proteomics studies demonstrated that AP-PROTAC-2 selectively depleted four protein 

kinases in vitro in a light-switchable manner. This research marks the first instance of 

simultaneous photoswitchable degradation of multiple proteins, achieving selective 

spatiotemporal modulation of targeted kinase degradation. 

In the second design, peptide-based PROTACs were conjugated to monoclonal antibodies to 

design antibody-peptide degrader conjugates (Ab-peptides), building upon the concept of 

antibody-drug conjugates (ADCs). These Ab-peptides were designed to utilise ADC's 

antibody-mediated internalisation pathways for the targeted delivery of peptide payloads to 

antigen-positive cells. This approach aimed to enhance tissue specificity, cellular uptake, and 

intracellular degradation potency of peptide-based degraders. The development of three types 

of Ab-peptides targeting distinct proteins and employing different ADC linkers was reported. 

The resulting Ab-peptides exhibited enhanced target degradation efficacy surpassing that of 

unconjugated peptides, underscoring their promising potential. 

Collectively, these novel strategies offer valuable perspectives and insights into conditional 

protein degradation with a focus on photoswitchable multi-target PROTACs and peptide-based 

PROTACs.  
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Chapter 1  Introductiona,1 

Over the past century, drug discovery has evolved significantly, with the refinement of two 

predominant strategies: small molecule drugs and monoclonal antibodies.2,3 Traditional small 

molecule inhibitors, extensively researched and frequently marketed, operate on an 

‘occupancy-driven’ mechanism of action (MOA). The efficacy of these therapeutic inhibitors 

depends on target engagement to achieve high equilibrium target occupancy and prolonged 

exposure in the diseased tissue. Such outcomes often require high dosages and enhanced drug 

exposure at the target site, thus increasing the risk of undesired off-target toxicities.4 Although 

small molecule drugs have served as effective treatments for decades, addressing a variety of 

disease-relevant targets with a defined binding site, many relevant therapeutic targets remain 

challenging to drug. Deemed ‘undruggable’, these targets lack a well-defined binding pocket 

or their large protein-protein interaction (PPI) interfaces present difficulties for small molecule 

inhibition.5 On the other hand, monoclonal antibodies, despite often exhibiting high affinity 

and specificity for their targets, are constrained by restricted distribution to the target site and 

poor cell permeability. Consequently, most approved therapeutic antibodies target extracellular 

antigens.6  

In the quest for alternative therapeutic approaches to address diverse pathologies and enhance 

efficacy whilst reducing side effects, ligand-induced targeted protein degradation (TPD) has 

drawn the attention of numerous research groups both in academia and industry over the last 

two decades. This approach employs bifunctional small molecule degraders, termed 

PROteolysis TArgeting Chimeras (PROTACs), to redirect proteins of interest (POI) to the 

cellular protein homeostasis machinery for proteasomal degradation.7 With their unique 

 

a Some passages and figures in Chapter 1 , section 1.1 to 1.4 have been adapted from the author’s original work in this 

previous publication with obtained copyright:  M. Maneiro, E. De Vita, D. Conole, C. S. Kounde, Q. Zhang and E. W. Tate, 

Prog Med Chem, 2021, 60, 67–190. 
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catalytic protein degradation MOA, PROTACs represent a novel paradigm in drug discovery, 

divergent from conventional small molecule inhibitors. 

In this chapter, a literature review of PROTACs was provided, elucidating their mode of action 

and the key factors in structural design. A historical perspective on the development of 

PROTACs was presented, summarising the experimental progress made to unravel this novel 

therapeutic modality. Moreover,  the unique advantages of PROTACs and their potential 

applications as therapeutic agents or molecular tools in biology were discussed, and the 

relevant emerging strategies for TPD were highlighted. This chapter concluded with the aims 

and objectives of this thesis. 

1.1  PROTAC-mediated targeted protein degradation 

Dynamic modulation of protein levels is a fundamental process for the maintenance of cellular 

homeostasis. Protein degradation machinery, alongside protein expression and regulatory 

mechanisms, have evolved as essential players in protein recycling and regulation.8 

Endogenous protein degradation needs to be tightly regulated to favour the disposal of aberrant 

or abnormal proteins, without incurring pathological or uncontrolled depletion of functional 

proteins and other cellular components. Different protein degradation pathways have been 

identified in cells, the most important being the ubiquitin-proteasome system (UPS) and 

lysosomal degradation.9 PROTACs are compounds designed to hijack the UPS system to 

induce the degradation of specific POIs. 

The UPS is a highly regulated intracellular protein degradation machinery, responsible for 

recycling most proteins in eukaryotes (Figure 1-1A).10 Substrate proteins destined for 

degradation are covalently tagged with ubiquitin (Ub), a highly conserved 76-amino acid 

protein. This process is stepwise regulated by the coordinated action of three ubiquitinating 

enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 

(ubiquitin-protein ligase). These enzymes sequentially activate, conjugate, and transfer an 

ubiquitin molecule to a lysine or the N-terminal of protein substrates, operating in an ATP-

dependent manner. Varied ligases sequences are associated with differing substrates. 

Deubiquitinases (DUBs), functioning as cysteine or metallo-proteases, remove mono- or poly-

Ub chains from proteins and antagonise protein ubiquitination. DUBs contribute to the tight 

regulation of programmed protein degradation, ultimately influencing the localisation, activity, 

protein-protein interactions of the substrate proteins.11 
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For protein degradation to occur, the ubiquitination cycle is repeated at least four times, 

forming a polyubiquitin chain on the protein substrate, which is thus tagged for recognition by 

the 26S proteasome. The proteasome is a macromolecular protein complex of a cylindrical 

structure composed of a 20S proteolytic core, where threonine proteases with different 

substrate specificity catalyse the degradation of proteins, and a 19S regulatory cap that 

recognises ubiquitin-tagged proteins and directs them to the core for degradation. Proteolysis 

catalysed by the proteasome converts the protein into peptide fragments and ubiquitin 

molecules, which are released into the cytosol and recycled for anabolism.12–14  

 

Figure 1-1. The Ubiquitin-Proteasome system (UPS) and PROTACs  

(A) The ubiquitin-proteasome system (UPS) is one of the main regulatory mechanisms for protein 

homeostasis in eukaryotes. (B) The catalytic MOA of PROTACs involves the formation of a key ternary 

complex with an E3 ligase and a POI resulting in polyubiquitination of the POI and subsequent proteasomal 

degradation. Image adapted with permission.1 

On the basis of an emerging understanding of the proteasomal degradation pathway, PROTACs 

have been designed as heterobifunctional molecules consisting of three basic components: an 

E3 ligase-recruiting ligand, a POI-binding warhead, and a suitable linker connecting these units 

(Figure 1-1B). This chimeric structure enables simultaneous recruitment of both the POI and 

the E3 ligase, forming a stable ternary complex (E3-PROTAC-POI). Consequently, the 

PROTAC induces sufficient proximity between the E3 ligase and the POI to allow for the 

transfer of the first ubiquitin molecule from the E2 enzyme to the POI. This is followed by the 
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rapid transfer of additional ubiquitin units leading to a polyubiquitin-tagged POI, which is then 

recognised by the 26S proteasome and degraded in a manner similar to native UPS substrates.  

1.2  Historical timeline and milestones of PROTACs  

The concept of chimeric degraders was first described in patent literature in 1999 by Proteinix, 

a biotech company. The company described bifunctional compounds comprising an 

ubiquitination recognition element and a POI binding element to regulate protein levels and 

activity.15 The term PROteolysis-TArgeting Chimaeras (PROTACs) was first introduced in 

2001, in a pioneering work by the Crews group, who designed a phosphopeptide to recruit the 

SCFβ-TRCP E3 ligase for the degradation of methionine aminopeptidase-2 (MetAP-2).16 In 2003, 

the Crews group reported the ability of PROTACs to degrade hormone nuclear receptors 

androgen (AR) and estrogen (ER), demonstrating the broader applicability of this 

methodology.17  

Following these reports, in 2004, the design of PROTACs evolved to include the first usage of 

a short hydroxyproline-containing peptide sequence derived from the von Hippel−Lindau 

tumour suppressor (VHL) natural substrate, the transcription factor hypoxia-inducible factor 

1α (HIF1α), to recruit the VHL E3 ligase.18 In the presence of physiological oxygen levels, 

HIF1α gets enzymatically hydroxylated on a proline residue and is subsequently recognised by 

VHL for degradation, thus maintaining homeostasis by preventing the expression of hypoxic-

response genes.19 Exploiting this specific PPI, PROTACs recruiting VHL successfully 

degraded GFP-fused FKBP12 protein and AR. However, these first-generation PROTAC 

molecules were peptide-based and suffered from limited cell permeability, thus have 

significantly compromised cellular activity.  

The pursuit of improved drug-like properties in PROTACs led to the development of the first 

small molecule PROTAC in 2008 (Figure 1-2, PROTAC 14).20 This compound successfully 

recruited the Mouse Double Minute 2 homologue (MDM2) E3 ligase and AR resulting in 

targeted degradation at 10 µM.21 In 2010, bestatin methyl esters were used to develop inhibitor 

of apoptosis protein (IAP)-based PROTACs that target cellular retinol- and retinoic acid-

binding proteins (CRABP-I and II).22 These types of degraders were named ‘specific and non-

genetic inhibitor of apoptosis protein (IAP)-dependent protein eraser’ (Figure 1-2, SNIPERs). 

Uniquely, SNIPERs facilitate the simultaneous degradation of both the IAP E3 ligase and the 

POI. Since 2010, new potent IAP ligands have been incorporated into SNIPERs and a wide 
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range of targets have been explored, effectively showcasing the ability of SNIPERs to degrade 

various POIs with high potency.22–28  

In 2010, the immunomodulatory imide drug (IMiD) thalidomide, infamous for its deleterious 

effects, was found to target the E3 ligase cereblon (CRBN).29,30 Later, in 2015, the first instance 

of a CRBN-based PROTAC targeting the bromodomain and extra terminal domain (BET) 

bromodomain-containing protein 4 (BRD4) was reported (Figure 1-2, ARV-825).31 This 

development, coupled with subsequent confirmation of PROTAC’s activity in vivo (Figure 1-2, 

dBET1),32 has established the role of IMiDs as a significant E3 ligase recruiter in PROTAC 

technology.33  

  

Figure 1-2. Historical timeline of PROTAC development, showing the most significant milestones 

and some representative PROTAC structures 

Image adapted with permission.1 
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The PROTAC field further expanded in 2015 when VHL E3 ligase was successfully recruited 

by small molecule PROTACs.34,35  The Ciulli group reported a VHL PROTAC targeting BRD4 

(Figure 1-2, MZ1),34 while Crews group hijacked VHL to degrade the receptor-interacting 

serine/threonine-protein kinase 2 (RIPK2) in cells (Figure 1-2, PROTAC_RIPK2) and the 

ERRα in mice (Figure 1-2, PROTAC_ERRα).35 These proof-of-concept studies stimulated 

subsequent successful PROTAC work and applications, leading to increased research interest 

from academia and investment from industry. This culminated in 2019 with two orally 

bioavailable PROTACs, targeting AR (ARV-110) and ER (ARV-471) respectively, 

progressing to phase I clinical trials.  

Since 2019, the PROTAC field has expanded with the introduction of innovative applications, 

including light-responsive PROTACs whose activity can be modulated with light,36 and 

PROTAC-antibody conjugates to enable antigen-specific targeted degradation (Section 

1.5 ).37,38 Significant advancements were made in the development of other targeted protein 

degradation methods with heterobifunctional molecules. These include the introduction of 

novel methods that utilise different degradation pathways, with a particular focus on the 

lysosome.39 These novel methods, including lysosome-targeting chimera (LYTAC),40 

bispecific aptamer chimera,41 Antibody-based PROTAC (AbTAC),42 and GlueTAC,43 operate 

through the endosome-lysosome system. While autophagy-targeting chimera (AUTAC),44 

autophagy-tethering compounds (ATTEC),45 and AUTOphagy-TArgeting 

Chimera (AUTOTAC)46 function via the autophagy-lysosome system. In 2023, Chemical 

Inducers of Degradation (CIDE) was reported with a peptide that directly recruits proteasome 

26S subunit ubiquitin receptor, non-ATPase 2 (PSMD2) and a small molecule POI ligand.47 

These advancements have broadened the toolkit of targeted protein degradation and have 

demonstrated therapeutic potential. 

1.3  Advantages of PROTACs over traditional small molecule inhibitors 

Possibly the most successful characteristic of PROTACs that has led to their widespread use 

and success is their catalytic mechanism of action, which offers new opportunities for drug 

discovery to address some inherent limitations of traditional small molecule drugs. This MOA 

is described as an ‘event-driven’ process, where the formation of a ternary complex triggers 

ubiquitination, leading to the subsequent degradation of the POI.48 This is in contrast to 

competitive, ‘occupancy-driven’ traditional small molecules, where effectiveness is reliant on 
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sustained POI binding and typically requires high doses for effective target engagement, which 

often induces off-target toxicity.49,50 

Unlike traditional drugs, non-covalent PROTACs can dissociate from the ternary complex once 

the POI is ubiquitinated and are thus recycled for further ternary complex formation. 

Consequently, only sub-stoichiometric doses are required, mitigating the risk of off-target 

effects.51,52 This indicates that PROTACs can feasibly deliver fast and quantitative degradation 

of the POI at low doses, which results in robust and sustained phenotypic effects compared to 

small molecule drugs. Several examples in the literature highlight the enhanced potency of 

PROTACs in phenotypic assays than the parent compound.53–55 For example, VHL or CRBN-

based PROTACs targeting BET family proteins (dBET1,32 ARV-711,56 ARV-825,31 and 

MZ134), could induce more than 90% degradation of the target at nanomolar concentrations or 

even at a picomolar range.57 

Another valuable aspect of PROTACs is the long-lasting effects of protein degradation 

compared to modulatory binding of small molecules. Prolonged perturbance of protein levels 

has been observed in cellulo and also in vivo, where resynthesis of the target protein becomes 

the rate-determining step for duration of action, as opposed to dissociation and systemic 

clearance of the drug.58,59 For example, an experiment in mice with a PROTAC against 

FKBP12 showed that, following a single day treatment with two 30 mg/kg injections, FKBP12 

degradation could be observed for over a week.60 

Interestingly, a potent PROTAC is not necessarily produced by a high-affinity POI warhead.61 

Thus, it has been suggested that weak binding may be sufficient for effective PROTACs, 

allowing the targeting of previously inaccessible POIs provided a weak-affinity ligand is 

known.62 From a drug discovery perspective, over 75–80% of the human proteome is currently 

considered pharmaceutically inaccessible with small molecule drugs and protein therapeutics. 

This is mostly due to protein targets lacking well-defined binding pockets for small molecules, 

or to the inaccessibility of intracellular POIs for protein therapeutics, which can only target 

extracellular antigens.63,64 Furthermore, many proteins have been shown to possess non-

catalytic functions, such as scaffolding, that are essential in the regulation of multiple 

biological processes and cannot be always modulated by small molecule binding. These targets 

are deemed ‘undruggable’, or ‘challenging to drug’, including transcription factors, scaffolding 

proteins, and non-enzymatic proteins.65,66 Hence, PROTACs present a unique opportunity to 

degrade such POIs and modulate their function. A prominent example is protein kinases, which 
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are ideal POIs for PROTACs, since many small molecule inhibitors are available.67 For 

instance, while inhibitors of Focal adhesion kinase (FAK) can only modulate kinase activity, 

the scaffolding functions of this protein remain intact, promoting cell migration and invasion. 

PROTACs against FAK, such as PROTAC-3 (Figure 1-3), have been shown to moderate 

kinase-independent scaffold signalling.68  

The ternary, proximity-dependent nature of PROTAC-mediated degradation can also lead to 

altered selectivity profiles compared to parent compounds, a phenomenon demonstrated in 

several proteome-wide studies of target depletion.32,35,54,69,70 For example, a multi-kinase 

targeting PROTAC, THAL-SNS-032 (Figure 1-3), based on a multi-targeting kinase inhibitor 

SNS-032, shows selective degradation of CDK9 over other known CDK targets of SNS-032.54 

More examples were presented in Section 1.5.2. 

Another benefit of the event-driven MOA of PROTACs is the postulated potential to overcome 

conventional drug resistance mechanisms arising from active site mutations or compensatory 

upregulation.71 Although mutation in a target protein could lead to weaker binary binding, 

PROTAC efficacy may remain and further offers the opportunity to degrade multiple mutants 

simultaneously.72 Indeed, several reported PROTACs outperform their parent inhibitor in 

treatment by degrading resistance-causing mutants of the POI.73–76 Inhibition of BTK kinase 

with covalent inhibitor ibrutinib is effective against chronic lymphocytic leukaemia (CLL) and 

other B-cell malignancies but patients often develop drug resistance due to mutation of the 

 

Figure 1-3. Structures of selected PROTAC examples 

The moieties highlighted in blue engage with the E3 ligase, moieties in green recruit the protein targets. 
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target cysteine to serine in the kinase domain, which impairs the irreversible binding of the 

acrylamide covalent warhead of ibrutinib. PROTAC MT-802 (Figure 1-3) with a reversible 

ibrutinib derivative warhead can degrade both wild-type and C481S BTK at equivalent 

potency.73 Following PROTACs for BTK showed improved properties and were able to induce 

the degradation of six other BTK single-point mutants at the key 481 position with half-

maximal effective concentrations around 30 nM.75 

Specific mechanisms of resistance against PROTACs have also been recently identified, 

caused by targeted E3 ligase under-regulation or loss-of-function mutations affecting the UPS 

system components.77,78 Proteins involved in this functional axis play essential roles for cellular 

homeostasis, offering in principle an overall lower risk, albeit resistance mechanisms have been 

observed upon prolonged treatment with PROTACs.77 While compensatory upregulation of 

the POI could be overcome by PROTACs, another theorised escape mechanism would involve 

upregulation of DUBs to promote POI deubiquitation over PROTAC-mediated ubiquitination. 

Different classes of DUB inhibitors have been developed recently and co-treatment with 

PROTACs could help prevent resistance against TPD, at least in the deubiquitinating axis.79 

Finally, PROTACs can also serve as chemical biology probes and a useful alternative to genetic 

modification strategies such as RNA interference (RNAi) or clustered regularly interspaced 

short palindromic repeats (CRISPR)–Cas9 for protein knockdown or knockout. These 

techniques can be invaluable tools to study protein function, signalling pathways, cellular 

activities, and target validation in drug discovery. However, they can require laborious and 

time-consuming manipulation of mRNA or genomic DNA and have limited use for essential 

genes, also they do not provide information regarding the post-translational activities of a POI 

in a complex biological system.80 Hence PROTACs offer a convenient, rapid and selective 

alternative for protein knockdown at the post-translational level, with potential for temporal 

and spatial control.81  

1.4  Key parameters of PROTAC activity and design considerations  

PROTACs introduce a novel paradigm for externally initiating a cellular event, and thus differ 

significantly from conventional small molecule drugs. In the course of optimising PROTACs, 

several parameters are assessed and evaluated. In vitro assays for the binary interaction of a 

PROTAC with a POI or E3 ligase employ Kd values to compare binding affinity with the parent 

compounds. The potency of PROTAC-induced POI degradation is quantified using DC50, 
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which signifies the concentration of PROTAC inducing 50% degradation of the POI (Figure 

1-4B). Dmax is another critical parameter for evaluating PROTACs, as it represents the maximal 

level of POI degradation. 

To determine the optimal PROTAC concentration, the formation of a ternary complex should 

be evaluated across a range of concentrations relative to the POI and E3 ligase. In this context, 

the concentration-response curve may take on a bell shape, emphasising the delicate 

equilibrium required to favour ternary over binary interactions (Figure 1-4A).69 This is 

primarily due to the ‘hook effect’,82 a phenomenon where POI degradation decreases beyond 

an optimal PROTAC concentration. This occurs because excess PROTAC drives the formation 

of binary complexes at the expense of ternary interactions. As PROTAC concentrations 

increase, ternary complex formation also increases until a maximum is reached, after which 

binary complexes begin to dominate due to the excess of PROTAC. 

As the principles governing PROTAC efficacy differ substantially from those of conventional 

small molecules, innovative design strategies are necessary for achieving effective POI 

degradation. The formation of a stable ternary complex is vital for ubiquitin transfer and 

ultimately determines whether target degradation will occur.35 Significant insights into 

PROTAC ternary complexes were obtained through X-Ray crystallographic structure studies 

 

Figure 1-4. Key parameters to evaluate PROTAC activity  

(A) The concentration-response curve for PROTAC-mediated ternary complex formation is bell-shaped. 

The maximal ternary complex is obtained at an optimal PROTAC concentration. At higher PROTAC 

concentrations the presence of binary complexes is predominant, and this phenomenon is known as the 

‘hook effect’. (B) Dose-response curve for POI degradation with PROTACs. DC50 and Dmax values are 

obtained by interpolation. Image adapted with permission.1 
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Figure 1-5. Representative E3 ligase ligands used for PROTAC design and structural considerations 

of PROTACs 

(A) Representative E3 ligase ligands used for PROTAC design. (B) The first determined crystallographic 

structure of a PROTAC ternary complex: BRD4 degrader MZ1 fold in place to create a cooperative binding 

between human VHL and BRD4 bromodomain (Brd4BD2) (PDB: 5T35, 2.70 Å). Image adapted with 

permission.1 
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(Figure 1-5).69,83,84 In addition, assays and technologies to study ternary complex formation 

under more dynamic conditions have been developed. It has become clear that multiple factors, 

such as the type of E3 ligase, design of the PROTAC linker, choice of POI ligand and binding 

site exit vector, and the nature of the PPI interface between the E3 ligase and the POI, can 

influence the structure and stability of ternary complexes. Modular design is often employed 

to examine PROTAC structure-activity relationships (SAR), with different combinations of 

PROTAC components frequently leading to varied and unpredictable degradation profiles. 

While the optimisation of ternary complex stability is critical for designing effective and potent 

PROTACs, predicting the effect of specific PROTAC designs remains a major challenge in the 

field. For instance, the study of PROTAC linkers alone, referred to as ‘linkerology’, can greatly 

affect the degradation, permeability, efficacy, and selectivity of the designed PROTAC through 

minor variations in the chemical nature, length, and geometry of the linker.84–86  

More than 600 E3 ligases have been identified in the human proteome, but only a small fraction 

have been effectively recruited by small-molecule PROTACs.87,88 The most frequently used 

E3 ligases in PROTAC design include CRBN,31,32 VHL,18,34 IAPs,22,89 and MDM220 (Figure 

1-5A).20 Among these E3 ligases, VHL and CRBN are the most commonly recruited, 

accounting for over 80% of the reported PROTACs since 2015.90  

In recent years, the array of available E3 ligase ligands has expanded, with an increased set of 

small-molecule ligands successfully employed in PROTAC-mediated targeted degradation to 

recruit new E3 ligases. These E3 ligases include Kelch-like ECH-associated protein 1 (KEAP1) 

from the BTB-type E3 ligase family,91 ring finger protein 4 (RNF4)92 and protein 114 

(RNF114),93 and the DDB1-associated and Cul4-associated factor (DCAF) family members 

DCAF15,94 DCAF16,95 and the arylhydrocarbon receptor (AhR) E3 ligase.96 The development 

of screening approaches incorporating DNA-encoded libraries (DELs) or covalent warhead 

ligands, and display technologies for cyclic peptide binder development, holds great promise 

for expanding the chemical space of current PROTACs.97 With the increased understanding 

and accessibility of different E3 ligases, it is anticipated that PROTACs can be fine-tuned to 

target specific proteins and address distinct disease contexts.98 

PROTAC technology holds the potential to be applied to any intracellular POI for which a 

ligand has been optimised, and to repurpose low-affinity ligands or binders that themselves 

have no effect on protein activity. To date, PROTACs have been used to degrade a broad range 

of protein classes, including epigenetic targets, kinases, nuclear hormone receptors and 



32 

transcription factors (Figure 1-6). However, almost infinite possibilities for modular design are 

now at the hands of researchers, with the fast expansion of liganded E3 ligases, increased 

understanding of linkerology effects and modest requirements for warhead affinity. With these 

opportunities will come substantial challenges of activity-guided PROTAC design, cryptic 

side-effects of liganding E3 ligases, and the potential for promiscuous degradation due to 

potent degradation of low-affinity off-targets, requiring careful deconvolution with proteomic 

analysis.  

1.5  Emerging approaches in targeted protein degradation 

Despite the tremendous potential of PROTACs and the expanding list of degradable protein 

targets, achieving target- and tissue-selective degradation remains a challenge that hinders the 

full realisation of PROTACs as a therapeutic modality.99 In recent years, the field of PROTAC 

research has witnessed the emergence of several novel technologies aimed at enhancing the 

effectiveness and selectivity of PROTACs. In this section, a summary of the various strategies 

employed to enhance selective conditional degradation by PROTACs was provided. 

 

Figure 1-6. Distribution of proteins degraded by PROTACs according to (A) target class (B) cellular 

localisation and (C) therapeutic area  

NHR, Nuclear hormone receptor; RTK, Receptor-tyrosine kinase; ER, Endoplasmic reticulum; CNS, 

Central nervous system diseases; IA, Inflammation and autoimmune diseases; ID, Infectious diseases; 

ONC, Oncology. Image adapted with permission.1 
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1.5.1 Light-responsive PROTACs enable spatiotemporal control 

Biology operates within a spatial and temporal framework, ensuring effective communication 

across complex biochemical pathways. While effective PROTACs have been developed 

against a wide array of protein targets, the spatiotemporal control of degradation remains an 

area that is still relatively unexplored. The application of photopharmacology to the 

development of light-responsive PROTACs holds great potential for enabling precise and non-

invasive control of protein degradation. This approach enables high spatiotemporal resolution 

and can significantly improve localised specificity and reduce off-target effects.100 Designs 

demonstrating spatiotemporal activation of light-responsive PROTAC-mediated targeted 

degradation have been reported and summarised thoroughly in the reviews referenced 

herein.36,101,102 Light-responsive PROTACs can be classified into two categories: photo-caged 

PROTACs and photoswitching PROTACs (Figure 1-7).  

 

Figure 1-7. Light-responsive PROTAC strategies  

(A) The photocaging strategy involves incorporating a caging group into the PROTAC structure, rendering 

it inactive. Upon light irradiation, the caging group is cleaved, activating the PROTAC and initiating 

polyubiquitination and subsequent proteasomal degradation of the POI. (B) The photoswitchable strategy 

enables control over targeted protein degradation. In the illustrated example, the active E isomer induces 

the formation of a ternary complex and protein degradation. Upon irradiation with light, the 

photoswitchable PROTAC switches to the inactive Z isomer, which fails to form an effective ternary 

complex and inhibits protein degradation. 
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Photo-caged PROTACs incorporate a photo-labile caging group into the PROTAC structure 

(Figure 1-7A), which caged the degradation activity of the PROTAC. Upon exposure to 

specific wavelengths of light, the photo-labile caging group, such as 4,5-dimethoxy-2-

nitrobenzyl (DMNB), undergoes irreversible cleavage. In the cases where the photo-caged 

groups are attached to the E3 ligase ligands (Figure 1-8, Kounde et al.), light-triggered 

uncaging exposes the E3 ligand. The uncaged PROTACs then effectively recruit the E3 ligases 

and promote the formation of a ternary complex, which facilitates the ubiquitination and 

subsequent degradation of the target protein.103–105 It is worth noting that currently there is only 

one example of photocaging on the linker near the POI ligand side, potentially due to the 

synthetic chemistry challenges involved (Figure 1-8, Xue et al.).106 

Another strategy for introducing optical spatiotemporal control into targeted protein 

degradation involves the incorporation of a photoswitchable moiety into the PROTAC 

structure. Photoswitchable PROTACs can switch between the E or Z isomer upon irradiation 

with specific wavelengths of light. This introduces geometry changes to the PROTAC and 

 

Figure 1-8. Structures of representative photo-caged PROTACs and photoswitchable PROTACs 

The moieties highlighted in blue engage with the E3 ligase, moieties in green recruit the protein targets, 

and red are the light-responsive groups. 
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affects the formation of a ternary complex and the degradation of the POI. These two distinct 

photoswitchable PROTAC isomers allow reversible tuning of protein degradation, enabling 

alternation between different biological outcomes. A limited number of photoswitchable 

PROTACs, also known as PHOtochemically TArgeting Chimeras (PHOTACs), have been 

reported to date (Figure 1-8, Table 5). These PHOTACs incorporate an azobenzene 

photoswitch, with either the E (trans) or Z (cis) isomer demonstrating greater activity than the 

alternate isomer in inducing protein degradation of specific target proteins such as FKBP12, 

BCR-ABL fusion protein, and BET proteins BRD2–4. 107–109 

In the photoswitchable PROTAC designs by Pfaff et al. (targeting BRD2) and Jin et al. 

(targeting BCR-ABL fusion and ABL proteins), the photoswitch served as the linker of the 

PROTAC. It was observed that the E conformation effectively induced target protein 

degradation, while upon irradiation, the resultant Z conformation was inactive for protein 

degradation.107,109 Conversely, in the design by Reynders et al. (targeting BRD2/3/4), the 

phthalimide on the E3 ligase ligand was used to form the azobenzene photoswitchable motif, 

and the Z isomer was found to exhibit greater activity in inducing protein degradation.108 These 

examples highlight the significance of linker geometry in PROTAC-induced degradation.  

In our research group, a collaborative effort led by Dr. Cyrille S. Kounde and myself resulted 

in the development of a novel class of arylazopyrazole photoswitchable PROTACs (AP-

PROTACs).110 AP-PROTAC-1, employing an arylazopyrazole photoswitch as the linker, 

along with a bromodomain (BRD) ligand and a thalidomide moiety to recruit CRBN E3 ligase, 

demonstrated excellent degradation efficacy in degrading BRD2 and BRD4 when in the E-

enriched state. However, the Z isomer exhibited little degradation effect. The promising results 

from this study inspired my subsequent work on developing a photoswitchable multi-kinase 

PROTAC using the novel arylazopyrazole photoswitchable linker. Further details and findings 

of this research are presented in Chapter 2. 

1.5.2 Multi-target PROTACs: Transitioning from promiscuous kinase inhibitors to 

target-selective degraders 

Target selectivity is pivotal in drug discovery, as compounds with selectivity and specificity 

for the protein of interest tend to exhibit reduced off-target effects and associated toxicity. 

Owing to their unique mode of action, PROTACs have the potential to achieve greater 

selectivity compared to the parent protein inhibitor. Several examples of multi-target 
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PROTACs using promiscuous multi-kinase inhibitors as the POI ligand have shown 

engagement with a reduced number of targets, resulting in enhanced selectivity compared to 

the parent promiscuous inhibitors.55,62,111–113 To gain a comprehensive understanding of the 

degradation profiles of these multi-target PROTACs, quantitative multiplexed proteomics 

studies have been conducted to assess the global proteome changes after PROTAC treatment 

and to examine the abundance of multiple POIs. These studies have revealed that multi-target 

PROTACs, recruiting either the CRBN or VHL E3 ligase for ubiquitin transfer and 

proteasomal degradation, only degrade a subset of the targeted POIs of the parent inhibitor. 

These proteome-wide studies have significantly contributed to our knowledge of degradable 

protein kinases for designing future kinase degraders and have shed light on the unique 

advantages of PROTAC degradation compared to inhibition. 

In the study by Bondeson et al., VHL-PROTAC-1 and CRBN-PROTAC-2 were designed 

using the promiscuous kinase inhibitor foretinib (Figure 1-9A).62 Interestingly, despite foretinib 

inhibiting over 133 kinases at a concentration of 10 μM, the resulting PROTACs bound to only 

around 50 kinases. Moreover, VHL-PROTAC-1 selectively degraded 9 kinase targets, while 

 

Figure 1-9. Multi-target PROTAC developed from promiscuous inhibitors  

(A) (B) (C) Structures of representative multi-target PROTACs. (D) Scatterplot displaying relative fold 

change in protein abundance following treatment with 1 mM DB-3-291 for 5 h in MOLT-4 cells. Image 

adapted with permission.113 
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CRBN-PROTAC-2 degraded 14 kinases, with only 6 common kinases degraded by both 

PROTACs. These findings suggest that the transformation of inhibitors into PROTAC 

degraders significantly altered the binding affinity of the PROTAC warhead and resulted in 

enhanced selective kinase degradation. The binding affinity and selectivity of the parent 

inhibitor or the PROTAC do not necessarily correlate with target degradation. The authors 

proposed that the formation of an effective ternary complex plays a key role in protein 

degradation. It was suggested that protein-protein interactions between the E3 ligase and the 

target protein may facilitate the formation of the ternary structure, resulting in varying 

degradation potency against kinase targets. Huang et al. also reported that PROTAC designed 

from multi-target kinase inhibitor have shown increased selectivity.112 Their CRBN-based 

PROTAC TL12-186 degraded a total of 28 kinases in two leukemic cell lines, despite the 

PROTAC binding to 193 kinases in the previous affinity screening with the kinome (Figure 

1-9B). 

In a comprehensive chemo-proteomics study conducted by Donovan et al., the degradable 

kinome was mapped using a library of 91 kinase-targeting PROTACs.113 The degrader library 

was constructed using FDA-approved kinase inhibitors or promiscuous inhibitors characterised 

in the literature. It covered a wide range of kinase targeting scaffolds and binding modes and 

incorporated both the CRBN or VHL E3 ligase ligands. In the global proteomics profiling 

across seven different cell lines, 212 degraded protein kinases or kinase-related targets were 

identified. A ‘degradability score’ was assigned to the detected kinases based on the frequency 

of degradation hits within the degrader library, supplemented by a search for previously 

reported kinase degradation in the literature. Table 1 presents a list of the top 20 highly 

degradable kinases from this study. From this extensive degradable kinome dataset, the authors 

identified DB-3-291, a degrader in the library developed from the multi-kinase inhibitor 

dasatinib, as a potent selective CSK kinase degrader (Figure 1-9C and D). This was the first 

report of selective CSK kinase degradation in the literature, possibly due to the previous lack 

of a selective inhibitor for CSK. The degrader DB-3-291 provides a promising starting point 

as a lead compound that could be optimised in the future for selective CSK degrader 

development. Furthermore, the study revealed that p97 was involved in most of the kinase 

degradation observed. This extensive dataset provides valuable information about the 

degradable kinome and kinase target tractability for the future design of kinase-targeting 

PROTACs. The study also highlights the potential of proteomics technology in facilitating the 
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development of novel PROTACs and advancing our understanding of the mechanisms 

involved in the ubiquitin-proteasome system and related processes. 

Table 1. The top 20 most frequently degraded kinases in Donovan et al.'s study 

1 CDK4 4 WEE1 7 CDK6 10 AAK1 13 CSK 16 CDK17 19 ABL2 

2 AURKA 5 LIMK2 8 GAK 11 LCK 14 SIK2 17 CDK2 20 CDK9 

3 FER 6 BLK 9 LIMK1 12 PTK2B 15 SRC 18 CDK5   

1.5.3 Peptide-based PROTACs: expanding the toolbox 

1.5.3.1 Peptides as a drug candidate 

Peptides present unique advantages as drug candidates, effectively bridging the gap between 

small molecule drugs and biologics in terms of chemical space. They have been widely 

explored in drug discovery and more than 80 peptides have been approved by the FDA, 

covering a broad range of therapeutic areas.114–116 Peptides combine the benefits of small 

molecules and biologics, offering high specificity and affinity for proteins with the potential to 

target protein-protein interactions (PPIs). They also have lower production costs, lower toxicity, 

and the ability to penetrate cells.117 However, peptides face inherent challenges in terms of 

their pharmacokinetic (PK) profiles, including poor membrane permeability, low in vivo 

stability against proteases, low circulation half-lives due to rapid clearance, and limited oral 

bioavailability.118 Current research efforts are focused on overcoming these limitations to 

enhance the therapeutic potential of peptides in drug development. 

Chemical modification is a common strategy employed to improve the biological activity, 

stability, and solubility of peptide drug candidates. Various modifications can be implemented 

to mimic and stabilise peptide secondary structures, such as backbone and side chain 

modifications. These include peptide cyclisation, side chain cross-linking (e.g., lactam-based 

cross-links and peptide stapling), and the introduction of non-standard amino acids like D-

amino acids and N-methylated amino acids.119 

The development of high-throughput screening (HTS) platforms to screen peptide libraries has 

revolutionised the discovery of therapeutic peptides. Phage display technology has been a 

prominent approach since its introduction in 1985.120 This technique involves generating large 

and diverse peptide libraries by incorporating random DNA sequences into the genome of a 

phage. The resulting peptides are displayed on the phage surface through expression with the 
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phage coat protein. By incubating the phage library with the target protein of interest, peptide 

binders can be screened and selected. Subsequent gene sequencing of the selected phage allows 

for the determination of the amino acid sequence of the binding peptides.121,122 

Another powerful method for the discovery of highly potent macrocyclic peptide ligands is 

mRNA display technology, exemplified by random nonstandard peptide integrated discovery 

(RaPID).123,124 This technology allows for the inclusion of non-standard amino acids, such as 

N-terminal chloroacetyl amino acid, which enables cyclisation of the peptide and significantly 

expands the chemical diversity of the library. Both phage display and mRNA display 

technologies connect the phenotype (the displayed peptide) with the genotype (the gene 

sequence encoding the peptide), facilitating the selection of specific clones and the rapid 

identification of peptide sequences.125,126 These approaches have greatly contributed to 

therapeutic peptide discovery and are promising for future advancements. 

1.5.3.2 Peptide-based PROTACs 

Small molecule PROTACs have emerged as a promising approach for novel drug discovery, 

enabling the targeted degradation of numerous protein targets both in vitro and in vivo.1 

However, the efficacy of these PROTACs relies on the binding interaction between the 

warheads and the active sites or pockets on the POI. This dependence on specific small 

molecule binders poses a challenge when targeting ‘undruggable’ protein targets that lack 

potent small molecule binders. In terms of E3 ligase recruitment, significant progress has been 

made in determining the crystal structures of the less explored E3 ligases with bound ligands 

or substrate proteins.97 Although these developments provide valuable insights, the application 

of these novel E3 ligases in PROTACs remains limited. This limitation may be attributed to 

the requirement for the formation of a stable ternary complex and the favourable PPIs between 

the POI and the E3 ligase.69  
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Table 2. Comparison of peptide-based PROTAC and small molecule PROTAC.127  

 
Peptide-based PROTAC Small molecule PROTAC 

Advantages Ability to target undruggable POIs with specificity; 

Straightforward synthesis, solid-phase synthesis; 

Low toxicity; High safety in vivo; Easier discovery, 

design and modification. 

Higher cellular permeability; High 

stability; Good pharmacokinetics; Ligands 

available.  

Disadvantages Poor cell membrane permeability; Low stability; 

Few studies on their efficacy. 

Limitation on ‘undruggable’ protein 

degradation; Severe side effects. 

Examples 

(estimated) 

<20 reported, <20 protein targets, in vitro & in vivo >3000 reported, >280 protein targets, in 

vitro & in vivo 

Peptide-based PROTACs, among the earliest examples of PROTAC molecules reported, offer 

several potential benefits (Table 2). Peptides can target larger surface areas or shallow pockets 

on undruggable proteins, thus providing potential solutions to the challenges encountered with 

small molecule PROTACs. This is particularly valuable for expanding the library of available 

ligands for ‘undruggable’ proteins. Recent advancements in peptide discovery, including the 

effective design of peptide inhibitors based on structural information and the development of 

high-throughput screening (HTS) platforms, have facilitated the generation of potent peptide 

binders that target POI epitopes specifically. 125,128,129 

The reported peptide-based PROTACs have demonstrated efficacy in degrading several 

protein targets associated with cancers and neurodegenerative diseases, including ERα, PI3K, 

AKT, CREPT, X-protein, and Tau protein.127 However, it is worth noting that the current 

examples of peptide-based PROTACs generally exhibit much lower degradation efficacy (half-

maximal degradation concentration DC50 in the micromolar range) compared to small molecule 

PROTACs (Table 3). This is primarily due to the inherent limitations of peptides, particularly 

their poor cell permeability. Nonetheless, ongoing efforts to enhance the permeability, stability, 

and efficacy of peptide-based binders through peptide design and modification techniques hold 

great promise. Such efforts could unlock the full potential of peptide-based PROTACs and 

expand their applicability in diverse disease settings. 
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Table 3. Representative peptide-based PROTACs. 

Name [Ref.] Target Warhead E3 ligase Cancer Efficacy, DC50 

Tri_a-PROTAC130 Akt Tri_a VHL Ovarian cancer DC50 around 128 μM in 

OVCAR3 cells with 4 h 

treatment 

TD-PROTAC131 ERα PERMs VHL Breast cancer DC50 around 20 μM in 

T47D cells with 24 h 

treatment 

PRTC132 CREPT CREPT 

peptide 

ligand  

VHL Pancreatic cancer DC50 around 10 μM in 

Panc-1 cells with 24 h 

treatment  

PROTAC Tau
91 Tau-

protein 

Peptide 

targeting 

Tau 

KEAP1 Neurodegenerative 

disease 

DC50 around 20 μM in 

SH-SY5Y cells with 

10 h treatment 

xStAx-VHLL133 β-catenin xStAx 

stapled 

peptide 

VHL Colorectal cancer 

(CRC) 

DC50 around 50 μM in 

HCT116 cells with 24 h 

treatment 

1.5.4 Antibody-PROTAC conjugates: achieving tissue-selective protein degradation  

1.5.4.1 Antibody-drug conjugate 

Antibody-drug conjugates (ADCs) represent a promising class of targeted therapeutics. ADCs 

combine the specificity of monoclonal antibodies (mAbs) with the potent cytotoxicity of small-

molecule drugs. Initially developed to reduce the toxicity associated with cytotoxins and 

chemotherapeutic drugs, ADCs deliver drug payloads specifically to antigen-positive cells, 

minimising damage to healthy tissue. This targeted approach enhances efficacy and increases 

the therapeutic index of the payloads, making ADCs an appealing strategy for anti-cancer 

therapy.134 Currently, twelve ADCs have received approval from the FDA, and over 100 ADCs 

are undergoing clinical trials.135,136 

An ADC comprises a tumour-specific monoclonal antibody linked to a cytotoxic payload 

through a linker (Figure 1-11). In a typical mechanism targeting an internalising antigen 

(Figure 1-10), the antibody first recognises and binds to the antigen on the surface of targeted 

cells. After the antibody-antigen binding, the ADC-antigen complex is internalised through 

endocytosis into endosomes. Subsequently, the lysosomes fuse with the endosomes, leading to 

antibody metabolism and linker cleavage, releasing the cytotoxic payload. In some cases, the 

payload might diffuse out of the cell or be released extracellularly, causing potential 

cytotoxicity to the cells that do not express the antigen, a phenomenon known as bystander 
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cytotoxicity.137 For non-internalising ADCs, endocytosis is not required, the linker cleavage 

and payload release occur in the extracellular tumour microenvironment. 

The antibody is responsible for the specific recognition and binding of the ADC to the target 

antigen on the surface of targeted cells. The selection of an appropriate target antigen is critical 

for ADCs. Ideally, the antigen should be predominantly or exclusively expressed on tumour 

cells, with minimal presence on normal cells. It is also preferable for the antigen to be able to 

internalise upon antibody binding. The affinity between the antibody and antigen is also 

important to achieve the desired balance of specific internalisation and tumour penetration.138 

The cytotoxic payload drug should be highly potent to effectively kill the target cells upon 

release. The payload's stability under physiological conditions is essential. The two main types 

of ADC payloads are potent microtubule inhibitors and DNA-damaging agents.139,140 

The ADC linker plays a crucial role in controlling the release of the cytotoxic payload. It is 

responsible for achieving optimal drug delivery to target cells while minimising off-target 

toxicity. The linker should remain stable in circulation and selectively release the cytotoxic 

 

Figure 1-10. Mechanisms of drug delivery mediated by an internalising ADC 

Upon binding to tumour cell surface antigens, ADCs are internalised via receptor-mediated endocytosis. 

The ADC is trafficked to the lysosome where the cytotoxic drugs are released into the cytosol. The drugs 

can bind to their targets, leading to cellular responses and resulting cell death. Alternatively, the drug may 

diffuse or be transported outside the targeted cell and cause the bystander effect to non-targeted cells. The 

figure was created with BioRender.com. 

2. Internalisation of ADC-antigen complex

1. Surface antigen binding

3. Degradation of ADC in lysosome.

Drug release to cytosol.

4. Drug binding to intracellular target. 

Cell death.

Drug diffusion causing by-stander effect
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payload in the intracellular environment of target cells.141 Linkers are categorised as cleavable 

or non-cleavable. Novel ADC linker technologies have emerged to enable more selective 

payload release. For example, the tandem-cleavage linker strategy requires two sequential 

enzyme cleavages for payload release. 142,143 

Despite increasing interest in ADCs as anti-cancer therapeutics, only a limited number of 

ADCs have been approved by the FDA. ADCs face inherent limitations, including uptake into 

non-targeted cells leading to antigen-independent toxicity, which can limit their therapeutic 

efficacy. Another limitation is the high cytotoxicity of payloads, which can become dose-

limiting if released prematurely.144 

1.5.4.2 Antibody-PROTAC Conjugates (Ab-PROTACs) 

The concept of ADCs has been extended to PROTACs, leading to the development of 

antibody-PROTAC conjugates (Ab-PROTACs). Several examples of PROTAC molecules 

employed as ADC payloads have shown their potential to induce targeted protein degradation 

in antigen-positive cells.145 In comparison to the potent yet dose-limiting cytotoxic payloads 

commonly used in conventional ADCs, PROTACs function catalytically to induce rapid and 

sustained protein degradation at lower doses. This characteristic positions them as promising 

candidates for ADC payloads. Similar to ADCs, Ab-PROTACs selectively bind to 

overexpressed antigens and internalise, allowing for the subsequent lysosomal release of the 

PROTAC payload and protein degradation (Figure 1-12). This antigen-dependent 

internalisation ensures that antigen-expressing cells are exclusively targeted for protein 

 

Figure 1-11 The general structure of an ADC and the roles of each component 

The clinical properties of antibody-drug conjugates are determined by their three components: the antibody, 

the cytotoxic payload, and the linker.208 

Linker

Payload

• Highly potent

• Optimal DAR

Antibody

• Binds target antigen

• Maintains affinity binding, stability, 

internalisation and PK properties

Linker

• Stable in circulation; efficient release at the target site

• Efficient linker chemistry determines cleavage method, 

bioconjugation method, defines DAR
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degradation, while cells lacking the antigen remain unaffected by PROTAC-mediated 

degradation. 

In a pioneering study conducted by the Tate group, Maneiro et al. reported the development of 

Ab-PROTAC-3, an Ab-PROTAC that targets bromodomain-containing protein 4 (BRD4) in 

conjugation with the HER2-targeting antibody trastuzumab (Figure 1-13).146 The authors 

initially developed a PROTAC analogue to MZ1 and demonstrated its ability to induce 

complete BRD4 degradation at 100 nM after a 4-hour treatment. The free hydroxyl group on 

the VHL ligand moiety of the PROTAC was functionalised with an azido-PEG linker through 

an ester bond to create an azido-PROTAC. This ester bond would effectively cage the activity 

of the Ab-PROTAC until the lysosomal hydrolysis of the cleavable ester bond after the 

internalisation of Ab-PROTAC. The azido-PROTAC was linked to the antibody through 

copper-free strain-promoted azide-alkyne cycloaddition (SPAAC) and the next-generation 

maleimides (NGMs) antibody conjugation strategy by interchain disulfide bridging.147 In their 

in vitro cell studies, Maneiro et al. demonstrated that Ab-PROTAC-3 effectively induced 

BRD4 degradation only in HER2-positive cells while sparing HER2-negative cells. This 

finding underscores the potential of antibody-PROTAC conjugates for achieving tissue-

specific protein degradation. 

Antigen-dependent internalisation can potentially enhance the cell delivery efficiency of the 

PROTAC molecule, thereby improving its PK properties and enabling in vivo activity. In 

research by Genentech, their anti-CLL1-GNE-987 conjugate displayed improved PK 

 

Figure 1-12. Mechanism of action of Antibody-PROTAC conjugates 

Image adapted with permission.1 
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properties compared to the parent BRD4 PROTAC GNE-987, a potent degrader with 

picomolar cell potencies but demonstrated low in vivo exposures.148 The conjugate 

demonstrated sustained antigen-specific, dose-dependent tumour regressions in vivo following 

a single intravenous administration in mice. 

Despite the potential benefits of Ab-PROTACs, their design presents several challenges and 

requires careful consideration. One critical challenge involves the attachment of the linker to 

the PROTAC molecule while retaining the essential bifunctional binding interaction and 

ternary complex formation for optimal PROTAC activity. Sub-optimal linker design or 

attachment could significantly impair the degradation efficacy of the PROTAC, as outlined in 

an extensive work by Genentech.149 The optimisation of the PROTAC degrader could also 

enhance the activity of the resulting ADCs in vivo. The choice of antibody is another crucial 

consideration in ADC development, as varying antibodies may result in differing ADC activity 

across disease settings.150 Moreover, the large molecular weight (MW > 800) and presence of 

multiple hydrogen bond donors (HBDs) and acceptors (HBAs) on PROTACs raise concerns 

about the potential aggregation of the antibody-PROTAC conjugates.151,152 Overcoming these 

challenges requires the development of novel linker design and conjugation approaches, which 

surpass traditional strategies employed in the ADC field, to allow high drug-to-antibody ratio 

(DAR) loading of PROTACs.145 

 

Figure 1-13. Ab-PROTAC design by Maneiro et al. 

Left: Structure of Ab-PROTAC-3. Top right: Ab-PROTAC-3 induces selective dose-dependent degradation 

of BRD4 in HER2-positive cell lines. Western blot analysis of following 4-hour treatment of MCF-7, SK-

BR-3 cells with Ab-PROTAC-3, or control compounds. Image adapted with permission.146 

=
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1.6  Thesis aims and objectives 

Owing to increasing interest and concerted efforts in the field, highly potent PROTACs 

targeting a wide array of therapeutic targets have been developed, with several progressing to 

clinical trials. However, the lack of precise conditional activation of these catalytic degraders 

hinders their broad application. In this thesis, two novel methods to achieve conditional 

activation of PROTAC-mediated degradation were reported. These methods aimed to enhance 

the spatiotemporal precision and improve the target and tissue specificity of protein 

degradation, allowing for more accurate manipulation of the processes. 

Multi-kinase degradation with photoswitchable PROTACs (AP-PROTACs, Chapter 2) 

The first part of this thesis investigated the use of light as a stimulus for the spatiotemporal 

control of bifunctional degraders. Although prior research had successfully incorporated 

azobenzene photoswitchable linkers into PROTAC structures for light-mediated control of 

degradation activity against specific targets,153 these studies only demonstrated degradation of 

a single protein or a specific protein class, and solely utilised azobenzene as photoswitches. 

The exploration of alternative photoswitch designs and the development of photoswitchable 

PROTACs capable of simultaneous multi-target degradation remains a gap in the current 

research. In Chapter 2, I aimed to develop novel photoswitchable PROTACs with enhanced 

photoswitching properties and the capacity for multi-target degradation. 

The study primarily aimed to design and characterise a novel arylazopyrazole photoswitchable 

linker. This linker could potentially improve the photoswitching properties of PROTACs 

beyond those of existing azobenzene-based photoswitchable PROTACs. Additionally, I aimed 

to expand the application of light-responsive protein degradation activation to include a broader 

set of protein targets. For this purpose, it was proposed to use a promiscuous kinase inhibitor 

as the ligand for the protein target, which would be combined with the CRBN ligand 

lenalidomide through the arylazopyrazole linker. This combination would create an 

arylazopyrazole photoswitchable multi-kinase targeting PROTAC. To examine the 

degradation profile of this degrader, I planned to develop whole-cell multiplexed quantitative 

proteomics methods and validate the results with immunoblotting techniques. If successful, 

this design might allow simultaneous degradation of multiple kinases, with light-activable 

on/off control. 
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Antibody-peptide degrader conjugates (Ab-peptide, Chapter 3) 

The second part of this thesis focused on applying ADC technology to develop antigen-specific 

peptide-based PROTACs. The primary goal was to enhance the tissue specificity and cellular 

activity of peptide-based PROTACs by converting them into antibody-peptide degrader 

conjugates (Ab-peptide).  

Previous research on antibody-PROTAC conjugates (Ab-PROTACs) has highlighted their 

capacity to induce targeted protein degradation with specificity for antigens, cell types, or 

tumours. However, the current Ab-PROTACs exploit small molecule PROTACs, which 

presents significant synthetic challenges. Given the challenges in the discovery of small 

molecule binders for novel E3 ligases and ‘undruggable’ protein targets, the exploration of 

peptide binders—facilitated by screening and display technologies—offers a promising 

alternative. 

It was hypothesised that peptide-based degraders have the potential to serve as payloads for 

ADCs. The conjugation of peptide-based degraders to suitable antibodies for ADC 

internalisation could significantly enhance their PK, cellular uptake, and cell-type specificity. 

By overcoming the cellular uptake challenges faced by peptides through ADC internalisation, 

these peptide degraders could facilitate catalytic protein degradation with substoichiometric 

target engagement, leading to sustained and robust protein degradation comparable to small 

molecule PROTACs. To validate the hypothesis, my strategy involved converting three distinct 

peptide-based degraders into antibody-peptide conjugates, followed by evaluations of the 

resulting ADCs. 
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Chapter 2  Photoswitchable multi-kinase degradation with 

novel arylazopyrazole-based photoswitchable PROTACb  

2.1  Introduction 

As discussed in Section 1.5.1, the application of photopharmacology in PROTAC technology 

has led to the development of photoswitchable PROTACs, also known as PHOTACs 

(PHOtochemically TArgeting Chimeras). Despite the few examples in the literature, these 

PROTACs primarily focused on targeting a single protein or a specific protein class. All 

previously reported photoswitchable PROTACs employed the azobenzene photoswitch, which 

exhibits incomplete photoswitching and limited stability of the Z isomer.  

In this chapter, a new class of photoswitchable PROTACs was introduced, referred to as AP-

PROTACs. AP-PROTACs incorporate a novel arylazopyrazole photoswitch,110 which 

constitutes one of the first instances of non-azobenzene-based PHOTAC technology. The 

arylazopyrazole photoswitch was implemented into the PROTAC design with a promiscuous 

kinase inhibitor warhead (AP-PROTAC-2). Unlike the previous single-protein targeting 

photoswitchable PROTAC designs, this approach allows for the simultaneous degradation of 

multiple protein kinases with on/off photoswitchable control, which is without any precedent 

in the literature.  

The synthesis and characterisation of the arylazopyrazole photoswitch 4 were first described, 

followed by the design, synthesis, and characterisation of the photoswitchable multi-kinase 

PROTAC, AP-PROTAC-2. To examine the cellular response and degradation profile of AP-

PROTAC-2’s cellular treatment, whole-cell quantitative multiplexed proteomics methods and 

immunoblotting analysis were employed. The findings represented the first example of light-

 

b Chapter 2 is based on the author’s previous publication and some passages and figures have been adapted with permission: 

Q. Zhang, C. S. Kounde, M. Mondal, J. L. Greenfield, J. R. Baker, S. Kotelnikov, M. Ignatov, C. P. Tinworth, L. Zhang, D. 

Conole, E. De Vita, D. Kozakov, A. McCluskey, J. D. Harling, M. J. Fuchter and E. W. Tate, Chem. Commun., 2022, 58, 

10933 DOI: 10.1039/D2CC03092F 
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tuneable degradation of multiple protein kinases using a broad-spectrum kinase inhibitor as the 

warhead. 

2.2  Synthesis and characterisation of novel arylazopyrazole-based 

photoswitchable linker 

2.2.1 Light-responsive photoswitches enable spatiotemporal control 

Life on Earth possesses a fundamental and ancient ability to respond to light through 

chromophores such as retinal. Inspired by this natural phenomenon, the development of 

synthetic photoswitches emerged less than a century ago. These synthetic compounds can 

undergo reversible photoisomerisation, wherein their structure changes upon irradiation with 

specific wavelengths of light. This advancement has also given rise to the field of 

photopharmacology.1 Photopharmacology uses light as an external trigger to control the 

activation of compounds in both time and space, with the aim of improving the drug selectivity 

and reducing toxicity-related side effects. 100 Light is generally non-invasive and does not 

contaminate the sample. It is also orthogonal in most chemical and biochemical systems, as 

most cells do not react to light. More importantly, light can be precisely delivered to 

intracellular targets in a qualitative or quantitative manner by adjusting the wavelength and 

intensity, allowing for precise spatial and temporal resolution with minimal toxicity to cells.154 

Light-responsive moieties have been successfully incorporated into the design of peptides, 

proteins, and nucleic acids, serving as valuable tools for investigating and manipulating 

biological processes and biological systems.155 However, to make photopharmacology 

clinically relevant for non-transparent tissues could be challenging. With significant progress 

in the field, several technologies have been developed to enable precise light delivery to the 

diseased tissue, including injectable LED systems and implantable wireless optogenetic 

devices.156,157 

Photopharmacology encompasses non-reversible photocaging strategies as well as reversible 

approaches involving photoswitchable compounds. 100158154,155Photoswitchable molecules are 

compounds capable of reversible structural and chemical property changes upon exposure to 

light, a process known as photoisomerisation. The most important attributes of a photoswitch 

include the degree of photoisomerisation achieved at a specific wavelength of light, 

photoconversion efficiency or the photostationary state (PSS) ratio, and the thermal stability of 

the resultant isomers.159,160 Among synthetic photoswitches, azobenzenes are the most 
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extensively studied class due to their straightforward synthesis process, high quantum yields, 

and rapid photoisomerisation, which induces significant conformational changes.160  

Azobenzenes exist in two isomeric states: trans (E isomer) and cis (Z isomer, Figure 2-1). The 

E isomer, being thermodynamically more stable, is the predominant form at equilibrium in the 

absence of light, accounting for over 99.99% of the total. The Z isomer, however, represents a 

metastable state and spontaneously reverts back to the E form. The E to Z isomerisation can be 

induced by UV light irradiation at wavelengths around 340 nm. The reverse process, from Z to 

E, occurs either thermally or upon irradiation with light of a longer wavelength, exceeding 

450 nm.159  

However, azobenzenes exhibit several limitations. A common issue with azobenzenes is their 

incomplete photoswitching, with a maximum achievable population of approximately 80% Z 

isomer or 95% E isomer. This incomplete switching is attributed to the overlapping 

absorbances of the isomers at the irradiation wavelength. Additionally, azobenzenes can 

rapidly revert to the E isomer through thermal conversion. Consequently, photoswitchable 

PROTACs designed from azobenzene photoswitches are inherently plagued by these 

drawbacks. The properties of the photoswitch can vary significantly based on the substituents 

on the benzene ring, further complicating the design of photoswitchable PROTACs with 

favourable photoswitching properties and biological response. 

In response to these challenges, Fuchter et al. from Imperial College London developed a novel 

class of azophotoswitches, known as azoheteroarene photoswitches. This unique class is 

characterised by a five-membered azoheteroarene core structure.161,162 The arylazopyrazole 

 

Figure 2-1 Azobenzene photoswitch  

(A) Reversible photoisomerisation of azobenzene upon light irradiation. (B) UV–Vis absorption spectra of 

E and Z azobenzene isomers in ethanol. Image adapted with permission.269 
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(AAP) photoswitches, exemplified by 4pzMe (Figure 2-2), exhibited quantitative 

photoisomerisation in both directions (E to Z and the reverse), with a PSS containing up to 98% 

E/Z isomer. Notably, the AAP photoswitches demonstrated high Z isomer thermal stability in 

solution, with half-lives spanning from 10 to 1000 days. This stability is comparable to the 

highest half-life observed for an azobenzene photoswitch.163 Furthermore, AAP photoswitches 

exhibited robust reversible photoswitching from multiple photoswitching cycles. These highly 

valued photoswitching characteristics of the azopyrazole photoswitch, including high PSS 

ratios and extended half-lives, made it an ideal choice for the design of our photoswitchable 

degraders. 

2.2.2 Synthesis of an arylazopyrazole photoswitchable linker 

A versatile N-Fmoc-protected arylazopyrazole linker, compound 4, was synthesised by myself 

using reaction schemes previously developed by Dr. Cyrille S. Kounde, a former member of 

our research group (Scheme 2-2).164 This linker has an amino acid structure featuring a 

fluorenylmethyloxycarbonyl (Fmoc) protected amine group at one terminus and a carboxylic 

acid group at the other. 4-Aminomethyl aniline was protected with an Fmoc group using 9-

Fluorenylmethyl-succinimidyl carbonate (Fmoc-OSu), resulting in the formation of aniline 1. 

Under acidic conditions, aniline 1 was converted to a benzenediazonium intermediate, which 

subsequently reacted with acetylacetone to produce diketone 2. Diketone 2 was subjected to 

reflux at 50 °C with 2-hydrazinoethanol, leading to the formation of alcohol 3, which features 

a pyrazole ring and an ethyl alcohol side chain. Finally, alcohol 3 underwent a two-step 

oxidation process, involving initial Dess-Martin periodinane oxidation followed by subsequent 

Pinnick oxidation, resulting in the desired carboxylic acid linker 4. The initial Dess-Martin 

 

Figure 2-2 Arylazopyrazole photoswitch 4pzMe  

(A) Reversible photoisomerization of arylazopyrazole 4pzMe upon light irradiation. (B) UV–Vis 

absorption spectra of E and Z arylazopyrazole 4pzMe isomers in MeCN. Inset: repeated photoswitching 

cycles of arylazopyrazole. Image adapted with permission.161 
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oxidation results in a mixture of aldehyde and carboxylic acid, with a low isolation yield of the 

aldehyde constituent. Therefore, the second oxidation was conducted directly following the 

first oxidation to obtain the carboxylic acid product.  

Attempts were made to enhance the yield and reduce the steps of synthesis. However, these 

efforts did not yield better results than the established route. For instance, an alternative 

 

Scheme 2-2. Synthetic route to arylazopyrazole (AAP) photoswitchable linker 4  

Reagents and conditions: (a) Fmoc-OSu, DIPEA, DCM, RT, 16 h; 82%; (b) i. NaNO2, acetic acid, 37% 

HCl, 0 °C, 1 h; ii. acetylacetone, ethanol, sodium acetate, 0 °C to RT, 3 h; 83% over two steps; (c) 2-

Hydrazinoethanol, DCM, MeOH, 50 °C, 2 h; 98%; (d) i. Dess-Martin periodinane, DMSO, RT, 16 h; ii. 

NaClO2, NaH2PO4, 2-methylbut-2-ene, RT, 16 h; 53% over two steps.  

 

Scheme 2-1 Attempted reactions and conditions to synthesise alternative AAP linker precursors 

ResultConditionsReagents and solventsReaction 

No product2 h at 50 ˚CDCM, MeOH

i

No product20 h at 50 ˚C DCM, MeOH

No product1 h at 70 ˚CMeCN

No product
1 h at 70 ˚C then 1 h 

at 80 ˚C
MeCN

No product2 h at RTPPH3,CBr4, DCM

ii No product2 h at 50 ˚CPPH3,CBr4, DCM

No product22 h at 85 ˚C 48% HBr
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approach involved coupling diketone 2 with ethyl hydrazinoacetate instead of 

hydrazinoethanol, with the expectation that subsequent ester hydrolysis would result in the 

desired carboxylic acid. Unfortunately, these attempts were unsuccessful, possibly due to the 

electron-withdrawing effect of the acetate group on the hydrazine, which prevented the 

formation of the pyrazole ring. Additionally, bromination of alcohol 3 was performed, but no 

desired brominated product was obtained. Therefore, I returned to the established two-step 

oxidation method to synthesise carboxylic acid 4. 

2.2.3 Photoswitching properties characterisation of linker 4 

2.2.3.1 UV-Vis Characterisation of linker 4 

The photoswitching properties of AAP linker 4 were evaluated following its synthesis. Given 

the photoswitchable nature of the linker, to accurately characterise its properties, the samples 

were protected from light and precautions were taken to limit the sample's exposure to ambient 

light during experiments. I started with the investigation of the ultraviolet-visible (UV-Vis) 

absorption spectra under varied light irradiation conditions. A solution of linker 4 was prepared 

in water with 0.2% DMSO, which was then irradiated with specific wavelengths of light for a 

minimum of 1 min, after which a UV-Vis spectrum was recorded. It was observed that 

irradiation for more than 1 min resulted in no change in the sample's UV-Vis spectra, which 

suggested that a 1-min irradiation period was sufficient to establish the PSS at a concentration 

of 20 μM. 

 

Figure 2-3 UV-Vis spectra of linker 4  

UV-Vis spectra of a 20 μM solution of 4 in water with 0.2% DMSO. The solution was irradiated under the 

stated irradiation conditions for 1 min and the UV-Vis spectrum was then recorded with minimized exposure 

to ambient light. Left: reversible switching of linker 4. Right: photoswitching with different wavelengths of light 

irradiation.  
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The UV-Vis spectra of linker 4 after 1-min intervals of alternating irradiation cycles at 457 nm 

and 365 nm were sequentially recorded (Figure 2-3, left). The UV-Vis spectra derived from 

this sequential irradiation scheme confirmed the reversible photoswitching between the E and 

Z isomers of linker 4. Upon irradiation of 4 at 365 nm, the E isomer underwent 

photoisomerisation to form the Z isomer, and with 457 nm irradiation, the Z isomer reverted to 

the E isomer. The resulting UV-Vis spectra displayed a significant shift in the absorption 

maximum between the E and Z isomers of linker 4. The E isomer presented a notable absorption 

band within the 320-360 nm range, while the Z isomer showed a strong absorption band 

between 420-460 nm, indicating its preferential light absorption in this range. 

To determine the photostationary state (PSS) composition of the E/Z isomers following 

irradiation, Fischer's method was employed. 165 This method calculates the PSS composition 

using data from UV-Vis spectrometry, and allows determination of the PSS ratio in a bistable 

photoswitching system (in this case, 'E/Z'), even when only spectra containing one pure isomer 

are known (in this case, only the spectra of the pure E isomer obtained from thermal relaxation 

of the sample were available). The calculation required the spectroscopy data of the sample at 

two wavelengths where the photoisomerisation equilibrium has been established (please refer 

to Section 5.2.3 for detailed calculation). This calculation was based on the assumption that the 

ratio of quantum yields of the two isomers (ΦE/ΦZ) remains consistent at the two selected 

wavelengths. Therefore, it is preferable to select wavelengths that are not significantly different. 

Hence, data from 340 nm and 365 nm were employed to calculate the PSS ratio after 365 nm 

wavelength irradiation. For the PSS calculation after 457 nm irradiation, data from 450 nm and 

457 nm were used (Figure 2-3, right). Using Fischer's method, it was confirmed that linker 4 

undergoes quantitative isomerisation resulting in over 99% of the Z isomer following 365 nm 

irradiation, consistent with the results reported by Fuchter and colleagues. Irradiation with a 

457 nm LED resulted in a PSS composition of 75% E isomer. 

2.2.3.2 LC-MS characterisation of linker 4 

The PSS ratio of linker 4 was also determined using liquid chromatography-mass spectrometry 

(LC-MS). A 1 mM sample solution of the linker in water with 40% MeCN and 0.1% formic 

acid was prepared. Following the acquisition of the LC-MS chromatogram of the non-

irradiated sample, the sample was irradiated with a 365 nm LED for 3 or 10 minutes and the 

corresponding chromatograms were recorded. Using mass spectra, the peaks representing the 



55 

E or Z isomers of linker 4 in the liquid chromatogram were identified. Upon integrating the 

area under the curve (AUC) of these isomer peaks in the liquid chromatogram, it was found 

that 3 min of UV light irradiation resulted in a composition of 75% Z isomer and 25% E isomer 

in the sample (Figure 2-4). Extending the irradiation time to 10 min did not alter this ratio, 

suggesting the solution reached its PSS within the first 3 min of irradiation. 

2.2.3.3 NMR characterisation of the photostationary state of linker 4 

Further characterisation of the PSS of linker 4 was performed using proton nuclear magnetic 

resonance (1H NMR) spectroscopy, which enabled the monitoring of the photoswitching 

process at a molecular level.166 A solution of linker 4 was prepared freshly from a solid sample 

of 4 which was stored protected from light. The sample was prepared in deuterated DMSO at 

an approximate concentration of 15 mM in an NMR tube, with minimal exposure to ambient 

light. To investigate the impact of different irradiation conditions on the isomeric composition 

of the solution, I sequentially recorded NMR spectra after each irradiation step. Considering 

the high sample concentration used in this experiment, a longer irradiation period would likely 

be necessary to reach the PSS.167 The first NMR spectrum was taken pre-irradiation, followed 

by spectra after irradiation with 457 nm light for 5 min and another 5 min, and then 365 nm 

light irradiation for 3 min, 5 min, and 10 min and another 10 min.167 

Changes in the chemical shifts and peak intensities in the spectra enabled determination of the 

relative abundance of E and Z isomers in the sample after irradiation (Figure 2-5). Through 

analysis of the NMR spectra following each irradiation step, an increase in the size of the peaks 

was observed which corresponded to photoisomerisation to the Z isomer in response to 

Figure 2-4. LC-MS chromatograms of linker 4. 

LC-MS chromatograms of a solution of 1 mM AAP linker 4 in water with 40% MeCN and 0.1% formic 

acid, recorded without irradiation or after irradiated with 365 nm LED for 3 min. The peaks were assigned 

according to the MS trace and integrated.  

25% E

75% Z

>99% E
365 nm, 3 min

Non-irradiated
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prolonged irradiation with 365 nm light. Integration of peaks corresponding to the methyl 

groups on E/Z isomers (highlighted in Figure 2-5, Section 7.1.2) revealed that the non-

irradiated sample consisted predominantly of the E isomer (>99% E). Upon irradiation with 

457 nm light, a PSS comprising 83% E isomer was achieved, and with 365 nm light irradiation, 

a PSS composition of 95% Z was achieved.  

2.2.3.4 Summary of photoswitching properties of linker 4 

The photoswitching properties of linker 4 were investigated and its potential as a 

photoswitchable linker for PROTAC was evaluated using multiple methods (Table 4). Near-

quantitative E to Z photoisomerisation under 365 nm light irradiation was unveiled by NMR 

and UV-Vis analyses of linker 4. In contrast, the LC-MS results exhibited a lower proportion 

Figure 2-5. Characterisation of the photostationary state of linker 4 isomers using NMR 

The proton NMR signal integration of the highlighted methyl protons was used to calculate the relative 

abundance of E/Z isomers in the sample after irradiation. 
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of the Z isomer (75%). This discrepancy could be due to the LC-MS traces reflecting the diode 

array results of compounds, which represent the summation of compound absorbance across 

all wavelengths. While in the UV-Vis analysis, calculations were predicated with a specific 

wavelength (λmax). Isomers E and Z at wavelengths distinct from λmax possess different molar 

attenuation coefficients, which could contribute to the LC trace results. Alternatively, the noted 

discrepancy might arise from the isomer interconversion on the column due to the acidic pH 

conditions within the LC-MS system. The different solvent systems used for these methods 

could also influence the photoisomerisation process and the results obtained. 

A high E isomer photoisomerisation was achieved via 457 nm LED light irradiation. It should 

be noted that a greater E isomer PSS ratio might be achieved using varying visible light 

wavelengths or a combination of multiple wavelengths. The objective with 457 nm LED 

irradiation was to convert most of the Z isomer in the mixture to its more thermodynamically 

stable E counterpart, thereby minimising the Z isomer presence. In our experimental setup, 

457 nm LED irradiation was sufficient for achieving a significant enrichment of the E isomer. 

The Z isomer in the mixture following irradiation could thermally isomerise back to the E 

isomer unless further exposed to UV light irradiation.  

The discrepancy in results acquired from different analytical techniques underscores the 

significance of utilising a variety of methods to determine the composition of a 

photoswitchable system. It is important to consider the different sensitivities and detection 

limits of these analytical techniques when interpreting the results.  

Table 4. Summary of PSS ratio results determined with different methods 

Method 
Isomeric composition 

Irradiation time Sample concentration and solvent 
457 nm 365 nm 

UV-Vis  75% E, 25% Z >99% Z  1 min  20 μM in water with 0.2% DMSO 

LC-MS Not determined 75% Z, 25% E  3 min 
 1 mM in water with 40% MeCN and 

0.1% formic acid 

NMR  83% E, 17% Z 95% Z, 5% E  3-20 min  15 mM in deuterated DMSO 

Despite the variation observed, it is evident that linker 4 exhibited rapid and reversible 

photoswitching between E/Z isomers and features a high conversion to the Z isomer. The 

capability to manipulate the isomeric composition of linker 4 through light irradiation and the 

maintenance of a high Z isomer-containing PSS demonstrate its potential application in the 

development of photoswitchable PROTACs.  
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2.3  Targeting multiple kinases with photoswitchable PROTACs 

2.3.1 Protein kinases as drug targets 

Protein kinases serve as key components within the cell signalling network, playing 

fundamental roles in biological processes such as cell proliferation, metabolism, and 

survival.168 They regulate the activity and function of substrate proteins through 

phosphorylation, an important post-translational modification (PTM) that involves the transfer 

of a γ-phosphate from ATP to the substrate protein. Based on the phosphorylated residues, 

kinases can be categorised into serine/threonine kinases, tyrosine kinases (both receptor and 

non-receptor), and tyrosine kinase-like enzymes. Serine or threonine kinases phosphorylate 

hydroxyl groups on serines and threonines of their substrate proteins, while tyrosine kinases 

target tyrosine residues. 

Dysregulation or aberrant activity of protein kinases may lead to the development and 

progression of various diseases. Protein kinases represent the most frequently observed domain 

among known cancer genes.169 Reports indicate that up to a quarter of all protein kinases might 

be involved in oncogenesis, with over 85% of kinases in the kinome exhibiting dysregulation 

in at least one human disease. 170,171 Consequently, the inhibition of these kinases has emerged 

as a promising strategy for the development of effective cancer therapies, positioning protein 

kinases among the extensively researched therapeutic tumour targets.172  

The approval of the kinase inhibitor Imatinib (STI-571, Gleevec) for chronic myelogenous 

leukemia (CML) treatment spurred a surge in kinase inhibitor discovery. This breakthrough 

was followed by successes in antibody-based drugs like trastuzumab, which targets the 

epidermal growth factor receptor (erbB2, HER2) in breast cancer, and cetuximab for colon 

cancer.173 As of January 2023, the US Food and Drug Administration (FDA) has approved 72 

small molecule kinase inhibitors for the treatment of cancer and other diseases, with hundreds 

more currently in clinical trials.174 However, the high complexity of the kinome family, has led 

current drug discovery research to explore less than 10% of the human kinome, leaving a vast 

portion of potential kinase drug targets uncharacterised. Moreover, the development of drugs 

that selectively target specific kinases while sparing others remains a significant challenge due 

to the high degree of conservation at the ATP binding site.175 
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Targeting kinases with PROTACs has emerged as a promising approach for modulating kinase 

dysfunctions. Kinase inhibitors are readily available and can be easily modified, making them 

suitable starting points for PROTAC design. By 2020, the literature had reported around 57 

kinases that have been successfully degraded with PROTACs.176 However, thanks to large-

scale chemo-proteomics studies by Donovan et al. (as mentioned in Section 1.5.2), the number 

of degradable kinases has significantly expanded to over 200.113 Kinase-targeting PROTACs 

offer a significant advantage in that they can selectively degrade various kinase subtypes, even 

in instances of high structural homology.50 My goal was to leverage this advantage to develop 

kinase-targeting PROTACs with robust target selectivity.  

2.3.2 Promiscuous kinase inhibitors CTx-0294885 

The majority of kinase inhibitors in clinical use bind to the ATP site, and their selectivity is 

often achieved by modifying functional groups to target regions adjacent to the ATP binding 

site.177 Selective inhibitors, which bind and inhibit a small subset or subfamily of kinases, allow 

for more precise and effective modulation of kinase activity while minimising side effects. 

Such selectivity is vital in cancer treatment as off-target effects might compromise their 

therapeutic efficacy and induce adverse side effects.178,179 However, large-scale selectivity 

screening platforms have revealed that several approved kinase inhibitors displayed limited 

selectivity and targeted multiple kinases.173,180,181 These promiscuous, non-selective kinase 

inhibitors can bind and inhibit multiple kinases across different classes simultaneously, 

potentially resulting in off-target effects and increased toxicity.  

Immobilised non-selective kinase inhibitors have been used as kinase-capturing tools in 

chemical proteomics kinome profiling studies, culminating in the development of ‘Kinobeads’, 

which represents the most efficient kinase enrichment strategy to date.182,183 Zhang et al. 

reported the characterisation of the promiscuous kinase inhibitors CTx-0294885, using it as a 

kinase capture tool in large-scale kinome profiling experiments.184 In their study, MDA-MB-

231 cell lysate was incubated with CTx-0294885-immobilised affinity resins and then 

subjected to quantitative proteomics profiling. The researchers identified 235 protein kinases 

that were enriched by CTx-0294885-immobilised beads. Among these kinases, CTx-0294885 

demonstrated high affinity towards a broad spectrum of kinase families and effectively 

captured all members of the AKT family. Through the combination of CTx-0294885 with other 

kinase inhibitors, the researchers expanded the scope of kinome profiling, thereby opening new 
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avenues for in-depth analysis of kinase-associated signalling networks and the development of 

innovative combination therapies for cancer. 

2.3.3 Photoswitchable multi-kinase PROTAC: the design 

Previously in our research group, Dr. Kounde designed an AAP-based photoswitchable 

PROTAC, AP-PROTAC-1, for the switchable degradation of BRD2/4. 110,164 Encouraged by 

his promising results, I sought to extend the application of the AAP linker 4 to another protein 

class. In this study, a photoswitchable, multi-kinase targeting PROTAC (AP-PROTAC-2) was 

designed, employing the promiscuous kinase inhibitor CTx-0294885 as the POI ligand and the 

developed arylazopyrazole photoswitch 4 as the linker.  

The incorporation of the novel arylazopyrazole photoswitch 4 into the PROTAC structure 

could introduce an additional layer of control over multi-kinase degradation activation. This 

incorporation could offer favourable PSS ratios, high thermostabilities, and the capability for 

reversible switching between the E and Z PROTAC conformations. These enhanced 

photoswitchable properties of the PROTACs could facilitate the independent exploration of 

protein degradation profiles associated with each conformation, while avoiding frequent 

intermittent irradiation during in vitro analysis. 

Previous studies on non-switchable multi-kinase PROTAC designs have revealed that 

PROTAC’s degradation of target proteins can exhibit enhanced and distinct selectivity 

compared to the parent inhibitor. This selectivity arises from the stringent requirement for 

active ternary complex formation, rather than merely target inhibition. Developing 

photoswitchable PROTACs targeting a specific protein often requires extensive linker 

optimisation, as demonstrated in the literature (Section 1.5.1). By introducing the promiscuous 

kinase inhibitor CTx-0294885 into the PROTAC design, I aimed to significantly broaden the 

potential scope of targeted kinases, thereby increasing the likelihood of achieving 

photoswitchable isomer-selective protein kinase degradation. The resultant compound holds 

the potential for simultaneously engaging and degrading multiple kinases, thus also expanding 

its potential therapeutic applications.  

In summary, this approach integrated the arylazopyrazole photoswitch 4 and the promiscuous 

kinase inhibitor CTx-0294885 into the PROTAC design. The aim was to achieve 

photoswitchable and selective degradation of kinases using the E and Z PROTAC isomers. The 
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primary objective was to explore the impact of converting a non-selective multi-kinase 

inhibitor into a PROTAC under the stimulus of light. This investigation aimed to provide 

insights into the alteration in selectivity towards target kinases and the relationship between 

the inhibitory activity of the warhead and the degradation mediated by PROTACs. The results 

could contribute to advancing future research in light-responsive targeted protein degradation 

and the development of more precise, selective, and efficacious degraders for diseases 

associated with kinases. 

2.4  Synthesis and photoswitching properties characterisation of AP-

PROTAC-2 

2.4.1 Synthesis of AP-PROTAC-2 

The designed photoswitchable PROTAC, AP-PROTAC-2, incorporates the AAP 

photoswitchable linker 4, a commercially available cereblon (CRBN) E3 ligase ligand 

lenalidomide, and the multi-kinase inhibitor CTx-0294885. CRBN is the substrate receptor of 

the E3 ubiquitin ligase Cullin-RING ligase 4 complex (CRL4CRBN, Figure 2-6A). This ligase 

complex is formed by interactions between CRBN, DNA damage-binding protein 1 (DDB1), 

Cullin-4A (Cul4A) and the regulator of Cullins-1 (RoC1).185 Within this complex, CRBN 

recognises and directs protein substrates for ubiquitination, thereby initiating substrate 

degradation. Immunomodulatory imide drugs (IMiDs), which are small molecule inhibitors 

targeting CRBN (Figure 2-6), are exemplified here by lenalidomide, an FDA-approved IMiD. 

Lenalidomide exerts its anti-cancer effects by acting as a molecular glue that binds CRBN and 

 

Figure 2-6. Model of the Cullin-RING ligase 4 complex 

(A) Illustration of CRL4CRBN complex model. (B) Crystal structure displaying lenalidomide (cyan stick) 

bound to G. gallus CRBN (grey surface). PDB: 4CI2.187 
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neosubstrates such as cancer-related proteins Ikaros and casein kinase 1 alpha, inducing the 

formation of a ternary complex.186 These events lead to ubiquitination and subsequent 

degradation of the substrate. In the design of AP-PROTAC, to incorporate a short linker, 

commercially available lenalidomide was coupled with succinic anhydride. This process 

yielded ligand 5, comprising a short carboxylic acid linker connected to the solvent-exposed 

C4 phthalimide aniline of lenalidomide, which retains compatibility with CRBN binding 

(Figure 2-6B).187 

The synthesis of AP-PROTAC-2 involved two amide coupling reactions on linker 4 (Scheme 

2-3). The kinase inhibitor CTx-0294885 was provided by GlaxoSmithKline Ltd. or synthesised 

by our collaborator Jennifer R. Baker et al. using an integrated flow and microwave 

approach.188 CTx-0294885 was coupled to linker 4 in an amide coupling reaction to form 

intermediate 6. Then the Fmoc group on intermediate 6 was deprotected, and the resultant 

amine was coupled to carboxylic acid 5 in a second amide coupling reaction, to yield the final 

product 7 (AP-PROTAC-2).  

Scheme 2-3. Synthetic route to compound 7 (AP-PROTAC-2) 

Reagents and conditions: (a) Succinic anhydride, DMF, 60 °C, 24 h; 100% yield; (b) HATU, DIPEA, 

DMSO, RT, 16 h; (c) Piperidine, DMF, 16 h; (d) HATU, DIPEA, 5, RT, 16 h. 3-step b-d yield = 6.8%. 
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2.4.2 Photoswitching properties characterisation of AP-PROTAC-2 (7) 

The examination of AP-PROTAC-2's photoswitching properties was conducted following the 

procedures described in Section 2.2.3. The samples were prepared under dim light conditions 

to shield them from ambient light and were allowed to relax in darkness to facilitate 

isomerisation to the E isomer. During the measurement, the samples were minimally exposed 

to ambient light. Analysis of the samples by LC-MS revealed that AP-PROTAC-2 could be 

reversibly switched to a PSS containing 80% E isomer with 457 nm irradiation or to a PSS 

containing 90% Z isomer with 365 nm irradiation (Figure 2-7A). 

UV-Vis spectroscopy was employed to record the UV-Vis spectra of a solution of AP-

PROTAC-2 following light irradiation (Figure 2-7B, C). The obtained spectra showed that a 

1 min irradiation time was sufficient to establish the PSS in aqueous solutions of AP-

PROTAC-2. The UV-Vis spectra exhibited distinct absorption bands for the E and Z isomers, 

with a λmax at 350 nm. Irradiation at 457 nm resulted in an enrichment of E isomers which 

showed a notable absorption band between 340-380 nm. Irradiation with 365 nm UV light led 

to the formation of the Z isomer, as evidenced by the absorption band between 420-460 nm.  

Notably, the Z isomer of AP-PROTAC-2 exhibited stronger absorption within the range of 

340-380 nm compared to the Z isomer of linker 4. Further analysis of the UV-Vis spectra of 

the kinase inhibitor CTx-0294885 revealed that the ligand has strong absorption in the range 

of 300-360 nm, which overlaps with the λmax region of interest (Figure 7-5). Both the CTx-

0294885 ligand and the photoswitchable linker absorb 365 nm light, which could affect the 

accuracy of PSS calculation using UV-Vis. Therefore, PSS ratio determination using the UV-

Vis method was avoided, and the PSS ratio determined with LC-MS was used in the subsequent 

analysis.  

The thermal stability of the Z isomer of AP-PROTAC-2 at 37 °C was examined with UV-Vis 

spectroscopy. A solution of AP-PROTAC-2 in water was first irradiated with 365 nm light to 

enrich the Z isomer and then kept at 37 °C in darkness, with UV-Vis spectra recorded every 

30 min (Figure 2-7D). The absorbance change at λmax, 350 nm was plotted against time, and 

the Z isomer proportion in the sample was calculated using the PSS ratio determined with LC-

MS (Figure 2-7E). The Z isomer proportion gradually decreased from 90% immediately after 

irradiation to 80% after 3 hours due to thermal isomerisation. The half-life of the Z isomer in 

water at 37 °C was calculated as 31.7 hours. To ensure a sustained high content of the Z isomer 
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for subsequent cell treatments, samples treated with Z isomer-enriched medium were kept in 

foil and subjected to intermittent irradiation with 365 nm light every 3 hours. This periodic 

irradiation helped maintain a higher Z isomer proportion, allowing more accurate assessments 

of distinct outcomes from E or Z isomer treatments.  

To evaluate the reversibility of the photoisomerisation between E and Z isomers, a solution of 

AP-PROTAC-2 was subjected to multiple irradiation cycles with 365 nm or 457 nm light. 

Examination of the recorded UV-Vis spectra revealed that the compound was stable and 

reversible across 20 switching cycles (Figure 2-7F). 

Overall, in comparison to previously reported PROTACs incorporating azobenzene 

photoswitchable linkers,107–109 AP-PROTAC-2 demonstrates improvements, including an 

enhanced PSS ratio, faster isomer switching, and an extended Z isomer half-life. These features 

Figure 2-7 Photoswitching properties characterisation of AP-PROTAC-2 

(A) LC-MS chromatograms of 0.1 mM AP-PROTAC-2 in 20% MeCN in water with 0.1% formic acid 

under the specified irradiation conditions. Peaks were assigned based on the MS trace and integrated to give 

the PSS ratio. (B) UV-Vis spectra of 10 μM AP-PROTAC-2 in water with 0.1% DMSO under the stated 

irradiation conditions. (C) UV-Vis spectra of 20 μM AP-PROTAC-2 in water with 0.2% DMSO under 

different wavelengths of light irradiation. (D) UV-Vis spectra of 12 μM AP-PROTAC-2 in water with 

0.1% DMSO after 365 nm irradiation recorded over time at 37 °C. (E) The Z isomer population was 

calculated from the change in absorbance at 350 nm from the UV-Vis spectra recorded in (C). The Z isomer 

population was plotted against time. (F) Reversible switching of 10 μM AP-PROTAC-2 solution in water 

with 0.1% DMSO at room temperature following 365 nm or 457 nm irradiation for 20 cycles. Images 

adapted with permission.110 
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position AP-PROTAC-2 as a promising candidate to control protein degradation with light 

irradiation.  

2.5  Cytotoxicity assay of AP-PROTAC-2 

To assess the cytotoxicity of AP-PROTAC-2, its effect on MDA-MB-231 cell growth was 

tested using an IncuCyte®-based assay (Figure 2-8). The IncuCyte system enables the 

Figure 2-8 Cytotoxicity assays of AP-PROTAC-2 

MDA-MB-231 cells were treated with 10 nM, 100 nM, 500 nM (E-enriched)-AP-PROTAC-2, along with 

0.1% DMSO and puromycin (2 μg/mL) as the controls. Top: Signal plot of SYTOX™ Green Nucleic Acid 

Stain normalised to cell phase area over a duration of 72 h. Bottom: Cytotoxicity plots at 24 h and 48 h 

normalised to the puromycin-induced death control.  
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continuous monitoring of cell proliferation through label-free cell confluence measurement, 

which quantifies the cell area on the plate. Cell viability is evaluated by real-time quantification 

of the cell death signal emitted by SYTOX™ Green Nucleic Acid Stain. This stain binds to 

nucleic acids and emits a green fluorescence signal (upon excitation within 450 to 490 nm 

range) when cell membrane integrity is compromised due to cell death. Cytotoxicity is then 

determined by calculating the ratio of the area of dead cells to the total cell area. However, it 

should be noted that this method does not allow for a direct real-time assessment of the 

cytotoxicity of the Z isomer of AP-PROTAC-2, as excitation by IncuCyte during dye signal 

measurement can induce photoisomerisation of the Z isomer to the E isomer. 

Cells were cultured in a 96-well plate and treated with varying concentrations of AP-

PROTAC-2 along with SYTOX™ Green Nucleic Acid Stain. The control cells were treated 

with 2 µg/mL puromycin in 0.1% DMSO with the dye, serving as the 100% cytotoxicity group. 

Our results revealed that MDA-MB-231 cells treated with 500 nM E-enriched-AP-PROTAC-

2 exhibited only 2% cytotoxicity compared to the puromycin-induced cell death controls after 

24 hours of treatment (Figure 2-8, bottom). This finding indicates that AP-PROTAC-2 does 

not exhibit cytotoxicity in MDA-MB-231 cells under the conditions tested.  

In contrast, the cytotoxicity assay for cells treated with the kinase inhibitor CTx-0294885 

showed approximately 50% cytotoxicity at a concentration of 100 nM after 12 hours of 

treatment (Figure 7-6). This result underscores that the conversion of the broad-spectrum 

kinase inhibitor into a PROTAC design significantly reduced the cytotoxicity associated with 

the warhead compound. 

2.6  Quantitative multiplexed proteomics analysis of kinase degradation 

For the in vitro characterisation of AP-PROTAC-2, since it was unclear which of the diverse 

kinases engaged by the PROTAC warhead CTx-0294885 might be degraded by each isomer 

of AP-PROTAC-2, I conducted a set of expression proteomics experiments to determine the 

kinase degradation profile of AP-PROTAC-2. A quantitative isobaric tandem mass tag (TMT) 

labelling proteomic analysis was employed to quantify changes in protein levels after PROTAC 

treatment (Figure 2-9). 

The breast tumour cell line MDA-MB-231 was selected for these experiments, as 

approximately 75% of the kinome is expressed in these cells, and the kinase inhibitor CTx-
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0294885 had previously been characterised in this cell line.189 In the pursuit of understanding 

the cellular impact of the E and Z isomers of AP-PROTAC-2, prior to the cell treatment, the 

media containing 100 nM AP-PROTAC-2 was irradiated for 3 min with 457 nm light to 

produce (E-enriched)-AP-PROTAC-2, or irradiated with 365 nm light to produce (Z-

enriched)-AP-PROTAC-2. The cells were then treated in triplicate for 24 h, with 0.1% DMSO 

serving as a control. The cell treatment was performed in a dark room under red light to avoid 

compound irradiation and minimise the impact of ambient light on the samples. The treated 

cell flasks were wrapped in foil to protect them from light. To maximise the Z/E isomer ratio, 

cells treated with (Z-enriched)-AP-PROTAC-2 received intermittent irradiation for 1 min 

every 3 h during the first 17 h. After treatment, the cells were washed and lysed, with the 

resulting lysate subjected to reduction and alkylation, followed by protein precipitation. 

Trypsin protease was then added to digest the proteins into peptides. The peptides were 

subsequently labelled with 9 of the 10-plex TMT reagents. The labelled peptides were 

combined and analysed in mass spectrometers. 

This implementation of TMT labelling brings advantages such as sample multiplexing, reduced 

machine time, improved accuracy, and the prevention of missing values from low-abundance 

proteins.190 The incorporation of TMT tags allowed the TMT-labelled peptides from different 

samples with the same m/z value to co-elute during the first mass spectrometer (MS1) analysis 

 

Figure 2-9 Quantitative proteomics workflow employed 

Figure created with BioRender and PowerPoint. 
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(Figure 2-9). These peptides then underwent fragmentation in the second mass spectrometer 

(MS2), leading to the production of TMT reporter ions and peptide fragment ions. To identify 

the parent protein, peptide fragment ions were analysed and compared against a database 

containing peptide sequence and mass information, using software such as MaxQuant. Peptide 

quantifications were achieved by comparing the intensities of reporter ions, which reflected the 

relative abundance of peptides in specific samples. The data was then processed, analysed, and 

presented in volcano plots using software such as Perseus, providing information on the relative 

abundance of the detected proteins across different samples. 

A total of 4,913 unique proteins including 159 kinases were identified with the treatment of 

100 nM (E-enriched)-AP-PROTAC-2, (Z-enriched)-AP-PROTAC-2, or 0.1% DMSO in 

triplicate (Figure 2-10). Kinase targets showing at least a 30% reduction (log2(Fold Change) 

cut-off at –0.5) in protein levels in treated samples compared to DMSO controls were 

prioritised for further analysis of isomer-dependent degradation (Figure 7-7). Remarkably, 

only four kinases (2.5% of the detected kinome), including GAK (Cyclin G-associated kinase), 

FAK (focal adhesion kinase), AURORA-A (Aurora kinase A) and TBK1 (TANK binding 

kinase 1), were found to be statistically significantly and consistently degraded by (E-

 

Figure 2-10 Volcano plots showing changes in protein levels with AP-PROTAC-2 treatment  

MDA-MB-231 cells were treated for 24 h with 100 nM AP-PROTAC-2 irradiated with either 457 nm (for 

E-enriched) or 365 nm (Z-enriched). The Z-treated cells received intermittent irradiation for 1 min every 

3 h during the first 17 h of treatment. The proteome was then analysed by multiplexed quantitative 

proteomics. The fold change in the relative abundance of 4,915 identified proteins when comparing treated 

samples and the DMSO control is plotted against significance, –log(p) (n = 3, false discovery rate FDR 

<5%). Blue dots: protein kinases identified. Red dots: significantly and differentially affected kinases. The 

dashed grey lines indicate p = 0.001 and the protein abundance was reduced by 30%. Images adapted with 

permission.110 
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enriched)-AP-PROTAC-2, while remaining unaffected by (Z-enriched)-AP-PROTAC-2 

(Figure 2-10, red dots, p < 0.001). Notably, FAK displayed the most pronounced degradation 

response, with approximately 50% of the kinase being degraded following treatment with (E-

enriched)-AP-PROTAC-2.  

2.7  Immunoblots verification of degraded kinase targets 

To validate the kinase targets identified in multiplexed quantitative proteomics, immunoblot 

analysis was conducted. MDA-MB-231 cells were subjected to AP-PROTAC-2 treatment, 

Figure 2-11. AP-PROTAC-2 differentially degrades FAK and AURORA-A on immunoblots 

(A) Immunoblots and (C) quantification of FAK, AURORA-A, and β-actin in MDA-MB-231 cells after 

4 h, 8 h, 12 h, or 16 h treatment with 100 nM AP-PROTAC-2 irradiated with 457 nm (E-enriched) or 

365 nm (Z-enriched) (with intermittent 365 nm irradiation every 3 h for Z-enriched flasks). (B) 

Immunoblots and (D) quantification of 16 h treatment with indicated concentrations of compounds. Blots 

shown are representative of three replicates. Bars represent the mean signal normalised to β-actin, reported 

as mean ± standard deviation (SD, n = 3). Images adapted with permission.110 
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and the protein levels of the identified kinases were evaluated using immunoblotting. To find 

optimal conditions for isomer-selective degradation, MDA-MB-231 cells were treated with 

either 100 nM (E-enriched)-AP-PROTAC-2 or (Z-enriched)-AP-PROTAC-2 for durations of 

4, 8, 12 or 16 hours (Figure 2-11A). In alignment with initial proteomics findings, whilst (E-

enriched)-AP-PROTAC-2 degraded 57% of FAK and 69% of AURORA-A by 16 h, (Z-

enriched)-AP-PROTAC-2 displayed significantly reduced activity, degrading FAK only up to 

35% and AURORA-A up to 27% (Figure 2-11C). However, no substantial degradation of GAK 

or TBK1 was observed at 100 nM concentration (Figure 7-8).  

In dose-response analysis undertaken at 16 h treatment (Figure 2-11B), (E-enriched)-AP-

PROTAC-2 achieved up to 85% Dmax for both FAK and AURORA-A, and up to 70% for 

TBK1, at 300 nM concentration. In comparison, (Z-enriched)-AP-PROTAC-2 required 

500 nM concentration to achieve degradation levels of up to 43% for FAK and 47% for 

AURORA-A, with no observed TBK1 degradation (Figure 2-11D, Figure 7-9). Through co-

treatment with the proteasome inhibitor bortezomib (BTZ), it was further verified that the 

degradation of FAK, TBK1 and AURORA-A by (E-enriched)-AP-PROTAC-2 is dependent 

Figure 2-12. Immunoblots and quantification for FAK, AURORA-A, TBK1, and β-actin in 

bortezomib (BTZ) pre-treated MDA-MB-231 cells  

Cells were pre-treated for 2 h with or without 10 μM BTZ, and then treated with 0.1% DMSO, 100 nM 

or 500 nM of (E-enriched)-AP-PROTAC-2 for 16 h. Bars represent the mean signal normalised to β-

actin, and were reported as the mean and SD of n = 3 biological replicates. Blots shown are representative 

of three replicates. 
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on the proteasome activity (Figure 2-12). Degradation of GAK was not observed under any 

tested condition using a commercially available GAK antibody, so the degradation of this 

kinase could not be confirmed by immunoblot (Figure 7-9C). 

2.8  In-cell Western 

In the pursuit of analysing multi-target protein degraders with improved throughput and 

efficiency, I employed the in-cell western assay to assess PROTAC-mediated degradation. This 

assay combines the specificity of western blotting with the reproducibility and throughput of 

an enzyme-linked immunosorbent assay (ELISA). The in-cell western assay offers rapid and 

accurate quantification of multiple proteins simultaneously, which could greatly reduce the 

analysis time during the development of multi-target PROTACs.  

The in-cell western assay was conducted on MDA-MB-231 cells using (E-enriched)-AP-

PROTAC-2. Since only the antibody for AURORA-A kinase had previously been validated 

for immunofluorescent analysis among the four identified kinase targets, the experiment only 

assessed AURORA-A levels post-treatment. MDA-MB-231 cells were treated with increasing 

concentrations of (E-enriched)-AP-PROTAC-2. Following treatment, the cells were fixed in 

the culture plate, permeabilised, and subjected to antibody incubation. The plate was incubated 

with primary antibody for AURORA-A and then incubated with fluorescent labelled secondary 

antibody along with a cell staining dye CellTag 520, which enabled signal normalisation to the 

Figure 2-13. In-cell western results  

MDA-MB-231 cells were treated with increasing doses of E-enriched-AP-PROTAC-2. After treatment, 

the cells in the plate were washed, fixed, permeabilised, and blocked, followed by incubation with 

antibodies and cell stain. Left: Image of in-cell western at 800 nm channel representing the AURORA-A 

signal. Right: Quantification of the AURORA-A signal normalised to cell number and was reported as the 

mean and SD of n = 4 biological replicates.  
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cell number. The in-cell western analysis was performed using the LI-COR ODYSSEY M 

system, with the AURORA-A signal and total cell number acquired using different wavelength 

channels. The AURORA-A signal was then normalised to the cell number, allowing for a 

quantitative evaluation of protein levels (Figure 2-12).  

This analysis further unveiled the dose-dependent degradation effects of E-enriched-AP-

PROTAC-2 on AURORA-A protein levels within MDA-MB-231 cells, aligning with our 

immunoblot results (Figure 7-9). At a concentration of 100 nM, treatment with AP-PROTAC-

2 resulted in significant degradation of 53% of the AURORA-A protein. Increasing the 

PROTAC concentration to 300 nM further enhanced protein degradation, reaching a plateau 

with a 60% reduction in AURORA-A levels. However, no further decrease was observed when 

the dose was increased to 1 μM. A higher PROTAC concentration of 5 μM led to a slight 

increase in protein levels compared to the 1 μM treatment, potentially indicating a trend that 

corresponds to the phenomenon known as the ‘hook effect’. However, there is a notable 

difference in the maximal degradation value Dmax, with a decrease from 85% on the blots to 

60% in the in-cell assay. This might be attributed to variations in cell permeability and the 

binding of the primary antibody. Also, the influence of antibody specificity on the results 

appears more pronounced in the in-cell western assay than on the blots. It is therefore necessary 

to include additional controls in the in-cell western assay, such as a potent AURORA-A 

PROTAC or siRNA tools for AURORA-A knockdown. Nonetheless, the in-cell western assay 

demonstrated a smaller standard deviation among replicate samples, suggesting greater 

reliability and reproducibility in the obtained results.  

2.9  Computational studies of the ternary complexc 

In collaboration with Prof. Dima Kozakov of Stony Brook University, we conducted 

computational studies to delve into the putative ternary complex of either (E)-AP-PROTAC-

2 or (Z)-AP-PROTAC-2 with FAK and CRBN using a novel half-linkers approach.191 Models 

of the protein-ligand complex were generated first, including the E3 ligase-ligand complex 

 

c The work presented in subsection 2.9 was conducted by Sergei Kotelnikov, Mikhail Ignatov, and Dima Kozakov from the 

Department of Applied Mathematics and Statistics and Laufer Center for Physical and Quantitative Biology, Stony Brook 

University, Stony Brook, NY, USA. 

https://pubs.rsc.org/en/results?searchtext=Author%3ADima%20Kozakov
https://pubs.rsc.org/en/results?searchtext=Author%3ASergei%20Kotelnikov
https://pubs.rsc.org/en/results?searchtext=Author%3AMikhail%20Ignatov
https://pubs.rsc.org/en/results?searchtext=Author%3ADima%20Kozakov
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based on the crystal structures of lenalidomide binds to CRBN, and the POI-ligand complex 

formed through a ligand docking model of CTx-0294885 to FAK kinase. Then, a large 

ensemble of PROTAC conformations was generated. Each conformation was then divided at 

the midpoint of the linker, resulting in two ‘half-linkers’ containing either the POI ligand or 

the E3 ligase ligand along with half of the linker and all conformations collectively formed the 

‘half-linker clouds’. After excluding clashing conformers, the E3 and POI complexes, together 

with the docked ligands and the generated half-linker clouds, were docked to each other. To 

generate energetically favourable ternary complex poses, the docking was performed by a 

modified version of the PIPER program employing the fast Fourier transform (FFT)-based 

docking approach. An additional ‘silent’ convolution term was introduced to efficiently 

exclude infeasible complex poses. 192,193 The structures where the half-PROTACs could 

successfully connect into a complete PROTAC underwent energy minimisation and clustering 

to produce complete ternary PROTAC complex models. 194 Our modelling demonstrated that 

the overall population of feasible low-energy complex conformations formed with the E isomer 

was significantly larger than that of the Z isomer (Figure 2-14, bottom left). As suggested by 

previous studies, the configurational volume of feasible low-energy ternary complex poses 

serves as a good indicator of PROTAC’s degradation efficiency.195 This modelling finding 

aligns with our empirical degradation efficiency observed with the E isomer.  

A representative putative complex model of CRBN/(E)-AP-PROTAC-2/FAK is shown in 

Figure 2-14. This model illustrates that (E)-AP-PROTAC-2 interacts with FAK and CRBN, 

forming a cooperative ternary complex. The kinase-binding moiety of CTx-0294885 is fully 

Figure 2-14. Structural model of the CRBN/(E)-AP-PROTAC-2/FAK complex 

Cyan - E3 ligase CRBN; pink - FAK; orange stick - (E)-AP-PROTAC-2. Bottom left: Overall population 

of feasible low energy complex conformations formed with the E isomer compared to the Z isomer of AP-

PROTAC-2. 
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enclosed by the FAK protein. The distances between the two linker attachment nitrogen atoms 

on the E3 ligase ligand and the kinase inhibitor were calculated, and a distance histogram was 

generated (Figure 2-15). The histogram indicated that the distances among the top-ranked 

ternary complexes formed with the E isomer ranged from 19.3 to 21.1 Å. In contrast, the 

distance in the ternary complex formed with the Z isomer was shorter due to the ring stacking 

in the cis conformation, which could give rise to steric clashes between the two proteins. These 

results also helped to explain why the Z isomer was less effective in stabilising the CRBN-

FAK lower energy conformation compared to the E isomer. 

2.10  Discussion and conclusion 

2.10.1 Potential optimisation of the immunoblot results  

In the multiplexed quantitative proteomics experiments, four kinases that exhibited differential 

degradation upon photoswitchable PROTAC treatment (100 nM for 24 h) were identified. 

However, with the similar treatment conditions (100 nM for 16 h), GAK degradation could not 

be confirmed by immunoblots, indicating that the conditions used in the immunoblots may not 

have been optimal for detecting GAK degradation.  

It is also important to consider the detection limit and sensitivity of the primary antibodies used 

in immunoblots. Reliable and reproducible immunoblot results depend heavily on the 

availability of high-quality, specific antibodies, which can significantly impact the dynamic 

Figure 2-15. Histogram of the distances between the linker attachment nitrogens for E and Z 

ETKDG-derived MMFF-optimised PROTAC conformers  
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range and accurate quantification of protein levels.196 In the study, I initially acquired three 

primary polyclonal antibodies for GAK, TBK1, and AURORA-A proteins from Invitrogen, 

but observed no degradation of these kinases with treatment. To investigate further, I tried 

monoclonal antibodies for TBK1 and AURORA-A proteins from Cell Signaling Technology. 

With these antibodies, I was able to consistently detect significant protein degradation under 

suitable conditions. This suggests that the failure to observe GAK degradation may have been 

due to the quality of the primary antibodies. Unfortunately, due to limited access to alternative 

commercial GAK antibodies, I was unable to further explore GAK protein degradation with 

immunoblot methods.  

In addition to antibody selection, it is crucial to optimise various steps and reagents in 

immunoblot procedures to ensure reliable and reproducible results. For instance, different 

blocking buffers can influence the intensity of the horseradish peroxidase (HRP) signal and the 

detection of the primary antibody. In the experiments, it was found that using 5% milk in TBS-

T as the blocking buffer reduced the background during imaging but required longer exposure 

times due to a weaker HRP signal. In contrast, the use of 3% bovine serum albumin (BSA) as 

the blocking buffer led to more nonspecific bands but a stronger HRP signal. Additionally, it 

is crucial to optimise the protein loading amount during immunoblotting to establish a linear 

relationship between protein quantity and the HRP signal readout.197 By carefully fine-tuning 

these parameters, it is possible to enhance the quality and reliability of immunoblot data. 

2.10.2 Comparison of AP-PROTAC-2 with reported photoswitchable PROTACs 

A summary of the photochemical properties and biological activities of representative 

photoswitchable PROTACs reported to date is provided in Table 5 (structures are illustrated in 

Figure 1-8), including a comparison with AP-PROTAC-2. The results highlight the superior 

photochemical properties of AP-PROTAC-2, made possible by the incorporation of the novel 

arylazopyrazole photoswitch. These characteristics include rapid photoisomerisation, allowing 

for quicker structural changes; an extended half-life of the Z isomer, ensuring stability for cell 

treatments; the capacity for multicycle photoswitching, enabling repeated activations; and a 

high PSS ratio of isomers, which facilitates accurate interpretation of degradation results from 

isomers. Collectively, these features underline the potential of arylazopyrazole-based 

photoswitches in the development of photoswitchable PROTACs, offering enhanced 

photoisomerisation kinetics and versatility to this emerging therapeutic modality.  
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Table 5. Summary of representative photoswitchable PROTACs   

PROTAC name 

[Ref.] 

Target 

Proteins, ligand 

Photoswitch type, 

location 

E3 ligase, 

ligand 

Degradation efficacy Irradiation 

method during 

cell treatment 

Z half-life PSS with 

irradiation 

(determined 

using various 

methods) 

Active 

isomer 

Reversibility 

for multiple 

cycles 

PhotoPROTAC 
107 

Targeting BRD2 with 

JQ1 

Ortho-F4-Azobenzene, 

as the PROTAC linker 

Targeting 

VHL with 

VH032 

Significant BRD2 degradation 

observed at 6.5 h with 50 nM 

trans-photoPROTAC-1 

treatment in Ramos cells 

Single initial 

irradiation 

Several 

days 

(37 °C) 

530 nm (30 min) 

to 68% Z; 

415 nm (30 min) 

to 95% E 

E Not 

determined 

PHOTAC-I-3 
108 

Targeting BRD4 with 

JQ1 

Azobenzene, the 

phthalimide on the E3 

ligase ligand was used 

to form the 

photoswitchable motif 

Targeting 

CRBN with 

lenalidomide 

Complete degradation of 

BRD2/3/4 with 1 μM 

treatment of PHOTAC-I-3 for 

4 h in RS4;11 cells 

Pulse irradiated 

for 100 ms every 

10 s 

t1/2 around 

8.76 h 

(37 °C) 

390 nm (5 min) 

to >90% Z; 

>450 nm (5 min) 

to >70% E 

Z Yes  

(>30 cycles) 

Azo-PROTAC-

4C 
109 

Targeting BCR-ABL 

with dasatinib 

Azobenzene, as the 

PROTAC linker 

Targeting 

CRBN with 

lenalidomide 

>90% Degradation of BCR-

ABL observed with 250 nM of 

Azo-PROTAC-4C treatment 

for 32 h in K562 cells 

UV-C light 

irradiation every 

4 h 

10.3 h at 

25 °C 

UV-C light or 

White light; PSS 

not determined 

E Yes (5 

cycles, with 

exposure to 

UV-C for 1 h 

or white light 

for 2 h) 

AP-PROTAC-1 
110,164 

Targeting BRD4 & 2 

with JQ1 

Arylazopyrazole, as 

the PROTAC linker 

Targeting 

CRBN with 

thalidomide 

86% Dmax for BRD4 and 

75% for BRD2 with 100 nM 

AP-PROTAC-1 treatment for 

6 h in HeLa cells 

Intermittent 

irradiation for 

1 min every 2 

hours 

> 5  h 

(37°C, 

water) 

365 nm (1 min) to 

85% Z; 457 nm 

(1 min) to 78 % E 

E Yes  

(20 cycles) 

AP-PROTAC-2 

(this work) 

Targeting 4 kinases with 

CTx-0294885: FAK, 

AURORA-A, TBK1, 

GAK 

Arylazopyrazole, as 

the PROTAC linker 

Targeting 

CRBN with 

lenalidomide 
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2.10.3 Conclusion 

In summary, the development of the first generation of arylazopyrazole PROTACs (AP-

PROTACs) has demonstrated the promising potential of the AAP photoswitchable linker 4 to 

be applied in bifunctional compounds as a versatile ‘plug and play’ switch to control biological 

outcomes. AP-PROTAC-2 exhibited favourable photoswitching characteristics, including a 

high abundance and extended stability of the Z isomer, rapid switching kinetics, and reliable 

reversibility over multiple cycles. This work introduced a new class of photoswitch and paved 

the way for the future development of novel light-responsive targeted therapeutics.  

The development of AP-PROTAC-2 represents an innovative stride in the field, being the first 

multi-target PROTAC with photoswitchable degradation activity. Quantitative proteomics 

analysis revealed that (E-enriched)-AP-PROTAC-2 significantly and selectively degraded 

only four protein kinases, while (Z-enriched)-AP-PROTAC-2 was much less active. The light-

switchable degradation of FAK, AURORA-A, and TBK1 was successfully validated with 

immunoblots. The exceptionally selective photoswitchable degradation observed with AP-

PROTAC-2 was hypothesised to arise from a combination of altered affinity for kinase 

binding and the ability to form a catalytically competent kinase/AP-PROTAC-2/CRBN 

ternary complex. Notably, both FAK and AURORA-A kinases—promising therapeutic targets 

in cancer—were successfully targeted in this study. AURORA-A, an essential mitotic kinase 

for cell cycle progression,198 and FAK, which plays important roles in tumour progression and 

metastasis, 199 both hold potential for anti-cancer therapeutic interventions. Several PROTACs 

targeting FAK have been reported, some of which have shown anti-cancer therapeutic potential 

by eliminating the non-enzymatic functions of FAK. 176,200  

This study not only explores the integration of a photoswitch into a multi-target PROTAC but 

also introduces exciting opportunities for the development of multi-targeted degraders. This 

can be achieved using readily available promiscuous inhibitors, leading to enhanced or 

synergistic target degradation. Overall, our findings contribute to the expanding field of 

PROTAC research and open avenues for the design and optimisation of multi-targeted 

degraders with improved therapeutic potential. 
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Chapter 3  Antibody-peptide degrader conjugates (Ab-

peptides): the use of peptide-based degraders as ADC 

payloads 

The previous chapter reported the development of photoswitchable multi-kinase PROTACs for 

light-responsive selective degradation of multiple kinases. While PROTAC degraders have 

shown efficacy across a wide range of drug targets, they often lack specificity for cancer cells 

overexpressing target proteins and exhibit limitations in tissue selectivity. Moreover, their 

relatively large size and challenging physicochemical properties can compromise aspects like 

oral bioavailability, cellular uptake, and in vivo pharmacokinetic (PK) properties.201,202 

To address some of these challenges, I turned to the antibody-drug conjugates (ADCs) platform 

as a strategy for delivering peptide-based degraders. In this chapter, our aim was to enhance 

the cellular uptake and specificity of PROTACs towards cancer cells by designing antibody-

peptide degrader conjugates. It was hypothesised that ADC technology can serve as a viable 

approach for delivering peptide-based degraders. 

3.1  Introduction 

The potential of ADC technology within the field of targeted protein degradation (TPD) was 

discussed in Section 1.5.4, with a focus on the development of antibody-PROTAC conjugates 

(Ab-PROTACs). These conjugates have demonstrated promise in inducing antigen-dependent 

target degradation through various ADC linker strategies. However, current antibody-

conjugated PROTAC payloads primarily consist of small molecule PROTACs, and their 

design, synthesis and optimisation for ADC conjugation have been proven challenging.  

The identification of small molecule ligands for novel E3 ligases has posed a significant 

obstacle in PROTAC development. Peptide-based ligands, with their promising discovery 

platforms, have emerged as attractive alternative therapeutic candidates. Although peptide-

based PROTACs show great potential for TPD, peptides often surpass the ‘rule of 5’ and have 

inherent limitations in their PK properties, including limited cell permeability, biological 

instability and susceptibility to proteolytic degradation.203 Among the limited examples of 
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peptide-based degraders, their target degradation efficacy falls short compared to small 

molecule-based PROTACs targeting the same POI (as outlined in Table 3). 

I hypothesised that peptide-based degraders could serve as effective ADC payloads and aimed 

to develop antibody-peptide degrader conjugates, referred to as Ab-peptide (Figure 3-1). Ab-

peptide consists of a monoclonal antibody, an ADC linker, and the peptide degrader payload. 

This design aimed to leverage ADC internalisation mechanisms to specifically deliver peptide-

based degraders into antigen-positive cells, enhancing cellular uptake and inducing protein 

degradation. Following ADC internalisation and subsequent linker cleavage, the released 

peptide payloads could cross the lysosome membrane and enter the cytosol. This proposed 

design could overcome the potential challenges typically encountered by peptides attempting 

direct penetration of the cell membrane. By achieving a higher proportion of peptide degraders 

within cells, the intracellular protein degradation effect could be amplified. This approach 

might also enable the recruitment of novel drug targets and effectors beyond the currently 

available options.  

 

Figure 3-1. The structure and characteristics of a devised antibody-peptide degrader conjugate  

The core components including antibody, ADC linker, and peptide payload along with their key functions 

are demonstrated. 

To validate the feasibility of utilising ADC technology for peptide-based degrader delivery, 

our research was envisioned to progress through three stages. (i) Initially, I intended to 

conjugate known peptide-based PROTACs to monoclonal antibodies using established 

technologies previously described for cytotoxic payloads. The assessment would evaluate 

whether the antibody conjugation strategy enhances the cellular delivery and target 

engagement of the peptide degraders. (ii) If this initial stage proved successful, the subsequent 

phase would focus on developing a novel bifunctional degrader from reported peptide ligands 

and a small molecule E3 ligand. (iii) Finally, the aim was to explore a ‘plug and play’ approach, 

Peptide degrader payload

Reported peptide degraders targeting different proteins and 

diseases.

Antibody

Align with specific disease contexts of protein targets. Targeting 

HER2 with trastuzumab or targeting EGFR with Cetuximab. 

ADC Linker

Different payload release mechanisms: protease-cleavable, 

disulphide cleavable, and non-cleavable.
Linker

Ab-peptide degrader
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employing the de novo mRNA display ligand discovery platform. This would allow the 

development of a broad array of new peptide-based degraders targeting various protein targets, 

designed specifically for antibody conjugation to produce Ab-peptide degraders conjugates, 

thereby expanding the scope and potential applications of TPD. 

This chapter summarised my efforts in the initial stage, providing proof-of-concept for the 

hypothesis. I designed and synthesised three previously reported peptide-based degraders, 

evaluating their potential as ADC payloads with the integration of various ADC linkers.  In 

vitro assessments of resulting Ab-peptide were then conducted to identify any enhancements 

in target protein degradation compared to unconjugated peptide controls. The goal was to 

validate the feasibility of ADCs as delivery mechanisms for peptide-based degraders and assess 

the potential advantages of Ab-peptide in terms of PK and cellular uptake over unconjugated 

counterparts. 

3.2  Peptide synthesis 

Peptides were synthesised using the standard fluorenylmethoxycarbonyl (Fmoc) solid-phase 

peptide synthesis (SPPS) method, as depicted in Figure 3-2 and detailed in Section 5.1.3. Linear 

peptides were constructed on insoluble resin support through stepwise coupling of Fmoc-

protected amino acids, using either an automatic microwave-assisted peptide synthesiser or 

manual synthesis in a fritted syringe. The first step was the loading of the first Fmoc-protected 

amino acid onto the resin. The Fmoc-protected N-terminus of the resin-bound peptides was 

then deprotected with piperidine, before coupling with the subsequent amino acid in the peptide 

sequence. During SPPS, amino acids with protecting groups were used to prevent unwanted 

reactions, and orthogonal protecting groups were employed to enable selective deprotection 

and cyclisation of peptides on the resin.  When necessary, a small-scale peptide cleavage (mini-

cleavage) was performed, and a liquid chromatography-mass spectrometry (LC-MS) analysis 

was conducted on the cleaved residue to verify the peptide product. After completing peptide 

chain elongation, the peptides were cleaved from the resins using a cleavage cocktail 

containing trifluoroacetic acid (TFA). The crude peptides were subsequently purified using 

high-performance liquid chromatography (HPLC) and analysed by LC-MS. 
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Figure 3-2. Fmoc-based solid-phase peptide synthesis (Fmoc-SPPS) used in this chapter 

3.3  ADC linkers 

The ADC linker is a critical component in ADC design, connecting the monoclonal antibody 

to the cytotoxic payload. Its stability in circulation is crucial to prevent premature and non-

specific release of the cytotoxic payload, which could lead to off-target toxicity and reduced 

ADC efficacy. The linker is responsible for the efficient and specific release of the cytotoxic 

payload-linker metabolite. Achieving an optimal balance between conjugate stability and 
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efficient payload release presents a major challenge in linker design. 204 Therefore, the design 

of the linker requires careful consideration to ensure the successful targeted delivery of the 

cytotoxic payload. The ADC linker consists of three main parts: the linker-antibody attachment, 

the trigger, and the linker-drug attachment. The linker-antibody attachment is key in 

determining the bioconjugation method and the drug-to-antibody ratio (DAR).205 The linker-

drug attachment defines the nature of the payload metabolite that is produced, potentially 

influencing off-target toxicity.  

ADC linkers can be classified as non-cleavable and cleavable. Non-cleavable linkers lack a 

chemical trigger and release the payload only when the antibody and linker are metabolised 

and degraded after ADC internalisation and entry into the lysosome. Cleavable linkers contain 

a chemical trigger in their structure, allowing for specific linker cleavage. Disulphides and 

dipeptides are common cleavable linkers in ADCs currently in clinical development.141 The 

valine-citrulline (VC) dipeptide linker, which can be cleaved by lysosomal enzymes such as 

cathepsin B,206 is widely used in approved ADCs and clinical trials. In protease-cleavable ADC 

linker designs, a self-immolative spacer, para-amino benzyloxycarbonyl (PABC), is often 

employed between the protease-cleavable peptide and the cytotoxic payload. When protease 

cleaves the dipeptide, the PABC spacer undergoes fragmentation, releasing the payload 

without any appendage from the linker.207 Other cleavage triggers include acid-cleavable 

triggers, GSH-cleavable triggers, and novel mechanisms like Fe (II)-cleavable triggers, photo-

responsive-cleavable triggers, and biorthogonal cleavable triggers.208 In this chapter, three 

types of ADC linkers were selected and provided by our collaborator ADC Therapeutics, and 

were employed in the Ab-peptide development. Here, their potential influence on the overall 

ADC performance was discussed (Figure 3-3).  

Linker 1 (L1) is a protease-cleavable maleimidocaproyl (mc) linker, which comprises a 

maleimidocaproyl spacer and a newer generation protease-cleavable dipeptide, valine-alanine 

(VA). Recent studies have demonstrated that VA exhibits improved hydrophilicity and stability 

compared to VC when coupled with the monomethyl auristatin E (MMAE) payload.209 We 

selected the VA dipeptide due to its cost-effectiveness, ease of synthesis, and potential to 

reduce ADC aggregation in comparison to VC. The carboxylic acid on Linker 1 allows peptide 

payload attachment through amide bond formation, and the maleimide moiety enables 

bioconjugation through Michael addition from the thiol of cysteine residues on the monoclonal 

antibody.210 During the linker cleavage of ADC-peptide conjugates containing Linker 1, the 
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protease was presumed to cleave the amide bond between the VA dipeptide and the peptide 

payload, resulting in payload release with a free amine and without additional appendage 

(Figure 3-3A). 

Linker 2 (L2), a GSH-cleavable disulphide linker, features a carbonate moiety facilitating 

nucleophilic substitution of amines from the peptide payload, forming a carbamate on the 

linker-peptide construct. This construct can be conjugated to the monoclonal antibody through 

disulphide bond formation with the cysteine residue on the antibody.211 During the cleavage 

process of Ab-peptide conjugates containing Linker 2, the disulphide bond was anticipated to 

be first reduced by GSH, then the remaining portion of the linker undergoes self-immolation 

to release the peptide payload with a free amine (Figure 3-3B).  

Linker 3 (L3) is a non-cleavable linker that incorporates a maleimide moiety and a PEG linker 

and is not susceptible to protease cleavage. ADCs using non-cleavable linkers generally 

Figure 3-3. ADC linkers used in this study and their predicted intracellular ADC catabolism and 

payload release mechanism 

Predicted intracellular payload release mechanism of antibody-peptide conjugates derived from linker-

peptides with (A) Linker 1, (B) Linker 2 (The exact cellular compartment in which disulphide reduction 

occurs is uncertain), and (C) Linker 3. 
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demonstrate improved plasma stability and reduced systemic toxicity from premature payload 

release.212 The carboxylic acid functionality of Linker 3 enables attachment to the free amine 

on the peptide payload via amide bond formation. The peptide payloads on Ab-peptide 

containing Linker 3 can only be released following the lysosomal metabolism of the antibody, 

during which a cysteine residue on the linker remains attached to the released payload (Figure 

3-3C).  

The stability of these three linkers in pure TFA was assessed using LC-MS, with all linkers 

proving stable after a one-hour incubation in TFA (Section 7.2.1). This stability enables the 

coupling of linkers to peptides on solid resin support during synthesis and the peptide cleavage 

from the resin using TFA-containing cocktails. Solution-phase reactions were avoided to 

reduce potential side reactions of the linkers with the peptide side chains. In the synthesis of 

linker-peptide constructs, ADC linkers were coupled to the free amine on resin-bound peptides, 

serving as the synthetic handle for antibody bioconjugation. Subsequently, these linker-peptide 

constructs were cleaved from the resin and purified using HPLC for further reactions.  

3.4  Targeting ERα with trastuzumab-conjugated peptide-based PROTACs  

3.4.1 TD-PROTAC: a peptide-based PROTAC degrading ERα 

The estrogen receptor (ER) family is crucial in regulating various physiological processes, and 

ERα, a prominent subtype, is often overexpressed in breast cancer cells, driving estrogen-

dependent proliferation. This makes ERα a promising target for breast cancer therapy.213,214 

Selective estrogen receptor modulators (SERMs) and selective estrogen receptor degraders 

(SERDs) represent two classes of drugs targeting ERs, commonly used in the treatment of 

hormone-dependent breast cancers. While SERMs like tamoxifen and raloxifene are employed 

to treat ER-positive breast cancer, their therapeutic potential is often limited by the 

development of endocrine resistance during treatment.215 SERDs, such as fulvestrant, induce 

proteasomal degradation of ERα and show promise in treating advanced or metastatic ER-

positive breast cancer. Despite being the first FDA-approved SERD, fulvestrant suffers from 

limitations such as poor oral bioavailability and high toxicity.216 To overcome these limitations, 

bifunctional ERα PROTACs have been developed by coupling ERα ligands to E3 ligands. This 

approach holds promise for targeted ERα degradation and overcoming treatment resistance 

developed in traditional ER-targeted therapies. ARV-471, the first ERα PROTAC in clinical 



85 

trials, represents a positive step towards more effective and tolerable breast cancer 

treatments.217 

Jiang et al. reported the development of a peptide-based PROTAC targeting ERα, named TD-

PROTAC.218 This peptide PROTAC consists of an N-terminal aspartic acid cross-linked 

stabilised ERα peptide modulator (TD-PERM) and a hydroxyproline-containing pentapeptide 

IYP(OH)AL, which binds to the VHL E3 ligase.219 N-terminal aspartic acid cross-linking (TD 

strategy, Figure 3-9) was employed to constrain peptides into helical structures to develop 

 

Figure 3-4 Structure of peptides and the immunoblot studies of TD-PROTAC  

(A) ERα levels in T47D cells after treatment with TD-PROTAC for 24 h. (B) ERα levels in T47D cells 

after treatment with 20 μM TD-PROTAC for varying time intervals. (C) ERα levels in T47D cells after 

treatment with different peptides at 20 μM for 24 h. (D) ERα levels in T47D cells after treatment with 

20 μM TD-PROTAC with or without 10 μM MG-132 for 6 h and immunoprecipitation-Western blot 

analysis of the ubiquitinated ERα levels. Images adapted with permission from Jiang et al..218 

PERM-1
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peptidomimetic estrogen receptor modulators (TD-PERM). This technique enhanced both the 

stability and cell permeability of the peptide.220 In their study, TD-PROTAC labelled with 

fluorescein isothiocyanate (FITC) engaged with ERα in a fluorescence polarisation assay and 

demonstrated satisfactory cell permeability in MCF-7 and T47D cells in flow cytometry 

analysis and immunofluorescence assays. Immunoblot experiments revealed that TD-

PROTAC induced ERα, VHL and proteasomal-dependent degradation of ERα, with a DC50 of 

approximately 20 μM (Figure 3-4). TD-PROTAC significantly reduced transcription of ERα 

downstream genes and inhibited the proliferation of ERα-positive breast cancer cells compared 

to the control peptide modulator TD-PERM. Subsequent in vivo studies of TD-PROTAC 

revealed its antitumour activity in the MCF-7 xenograft animal model. This study highlights 

the potential of peptide-based PROTACs, like TD-PROTAC, as a valuable strategy for 

inducing targeted protein degradation in cancer therapy. 

3.4.2 Design of Ab-peptide degrader conjugates: trastuzumab-TD-PROTAC conjugates 

With the encouraging findings from Jiang et al., I decided to develop antibody-TD-PROTAC 

conjugates as our primary strategy to validate our hypothesis. The peptidomimetic ER 

modulator PERM binds to the carboxyterminal ligand-binding domain (LBD) of ERα through 

the hydrophobic interaction with the LXXLL consensus sequence in the groove.221 In the 

crystal structure of the first-generation peptidomimetic modulators PERM-1 in complex with 

ERα, it was observed that the N-terminal lysine resides was in an exposed, solvent-accessible 

position, suggesting its potential suitability as a site for conjugation to an ADC linker (Figure 

3-5). Therefore, I redesigned the TD-PROTAC peptide, introducing an N-terminal lysine to 

 

Figure 3-5. X-ray structure of ERα in complex with PERM-1 

PDB:1PCG, 2.70 Å.270 The X-ray structure showcases the ligand-binding domain (LBD) of estrogen 

receptor alpha (ERα) bound to the peptidomimetic modulator PERM-1. The N-terminal lysine is positioned 

at the lower left of this figure, and the C-terminal glutamine is positioned at the upper right. The image was 

created with PyMOL. 
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replace the N-terminal arginine on TD-PROTAC to create an analogue named Lys-rp-

TD-PROTAC (Figure 3-6). For ADCs incorporating Linker 1 and Linker 2, cleavage of the 

ADC linker would result in the release of the peptide payload, exposing the lysine residue with 

a free side chain. The flexible nature of lysine's side chain could also serve as a spacer, 

potentially reducing steric hindrance during protease-mediated cleavage of the dipeptide.  

In terms of the monoclonal antibody selection, I decided to conjugate the linker-peptides to 

trastuzumab (Herceptin), an antibody targeting the human epidermal growth factor receptor 2 

(HER2). Given that approximately 20% of breast cancer patients exhibit HER2 overexpression, 

trastuzumab or its ADC derivatives have demonstrated notable improvements in the overall 

survival rates of patients with HER2-positive metastatic breast cancer.222,223 An ADC targeting 

HER2 could help to establish the proof-of-concept for the hypothesis.  

Figure 3-6. Structure of peptide PROTACs and the proposed structure of an antibody-peptide 

conjugate  

(A) Structure of TD-PROTAC. Residues in orange engage with VHL E3 ligase, residues in blue engage 

with ERα. (B) Structure of TD-PROTAC’s analogue, Lys-rp-TD-PROTAC. (C) The proposed structure 

of an antibody-peptide conjugate derived from the TD-PROTAC analogue. The N-terminal lysine residue 

is connected to the Val-Ala ADC linker, which is then conjugated to a cysteine residue on the antibody 

through a thiol bond.  
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3.4.3 Synthesis of the reported peptide-PROTAC (TD-PROTAC) 

The synthesis of the reported TD-PROTAC began with the synthesis of complete linear 

peptides using the Fmoc-based SPPS method, incorporating appropriate orthogonal protecting 

groups in the automated microwave peptide synthesiser. In the construction of the N-terminal 

aspartic acid cross-linked stabilising structure of TD-PROTAC, Fmoc-Asp-O(All) (aspartic 

acid with a free side chain and an allyl-protected C-terminal) and Fmoc-Dap(Alloc)-OH were 

incorporated in the linear peptide synthesis (Figure 3-7). The allyl ester and allyl carbamate on 

the resin-bound linear peptides were removed using a palladium catalyst. The resulting 

carboxylic acid and amine side chains were cyclised using coupling reagents. After the final 

deprotection step to remove the N-terminal Fmoc group, the peptides were cleaved and purified. 

This led to the successful synthesis and purification of TD-PROTAC (Figure 7-14) and it was 

used in subsequent cellular studies.  

 

Figure 3-7. Schematic representation of synthetic routes of TD-PROTAC 

Reagents and conditions. Fmoc-SPPS: Fmoc amino acids, DIC, Oxyma, DMF. Allyl/alloc deprotection: 

Pd(PPh3)4 (0.1 eq.), 1,3-dimethylbarbituric acid (4 eq.) in DCM for 2 h and repeated overnight. Cyclisation: 

PyBOP (2 eq.)/HOBt (2 eq.)/ N-Methylmorpholine (2.4 eq.) in DMF for 5 h twice. Fmoc deprotection: 20% 

piperidine in DMF, 10 min twice. Peptide cleavage: TFA:TIPS:H2O:thioanisole (91:3:3:3 v/v/v/v) cocktail, 

10 mL for 0.05 mmol peptide, 3 h. Protected amino acids were used during Fmoc-SPPS (not shown on the 

resin-bound sequence). 

However, during the synthesis and purification of TD-PROTAC, a significant amount of a by-

product was observed. To understand the origin of this by-product, I performed a manual 

stepwise synthesis of the linear peptide. In the course of the synthesis,the peptide formed on 

the resin was analysed by mini cleavage and LC-MS. These investigations revealed that the 

by-product’s formation occurred after coupling arginine to the allyl ester-protected aspartic 

Fmoc-Arg-(Asp-OAll)-Ile-Leu-(Dap(Alloc))-Arg-Leu-Leu-Gln-AHX-Leu-Ala-Pro(OH)-Tyr-Ile-NH-RESIN

TD-PROTAC

Ile-Leu-Dap-Arg-Leu-Leu-Gln-AHX-Leu-Ala-Pro(OH)-Tyr-Ile-NH2O
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I. Allyl/Alloc group deprotection
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IV. Peptide cleavage from the resin
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acid residue on the peptide. Further analysis showed that the by-product formation was 

attributed to the formation of aspartimides.  

Aspartimide formation is a widely recognised and problematic side reaction in Fmoc-SPPS. 

Such by-products can significantly reduce the overall synthetic yield and may result in chain 

termination of the peptide synthesis.224,225 In our proposed mechanism for the formation of 

aspartimides, facilitated by the base introduced during Fmoc removal or peptide coupling, the 

secondary amine within the isoleucine residue nucleophilically attacked the ester group on the 

aspartic acid residue (Figure 3-8, Asp-O(All)).226 In this process, allyl alcohol was cleaved, 

and its mass corresponded to the observed mass difference between the expected product and 

the by-product (Section 7.2.2). 

 

Figure 3-8. The proposed mechanism for aspartimide formation during the synthesis of TD-PROTAC 

linear peptide  

Arg was protected by Pbf protecting group which was not shown. 

To mitigate the formation of the aspartimide by-product and increase the synthetic yield of 

peptides including TD-PROTAC, its analogue Lys-rp-TD-PROTAC, and the yield of the 

linker-peptide constructs following the coupling of ADC linkers, a modification was 

implemented within our synthetic strategy. Specifically, I synthesised the linear peptide until 

the aspartic acid residue and paused the chain elongation. I then performed the deprotection 

and cyclisation of the Asp and Dap residue. This was meticulously performed to ensure 

complete cyclisation, confirmed by mini-cleavage and LC-MS analysis that showed a 

negligible presence of aspartimide. Finally, the coupling of the final residue was performed 

(Figure 3-9). This strategy avoided direct contact between the aspartyl peptide and the 

piperidine, thereby efficiently preventing the generation of the undesired aspartimide by-

product.227  

D/L-Aspartimide by-product
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Figure 3-9. A modified synthetic route to precursors of TD-PROTAC and its analogues 

Figure redrawn from Zhao et al.220 

3.4.4 Immunoblot profiling of TD-PROTAC in vitro 

In the paper of Jiang et al., TD-PROTAC was shown to degrade the targeted protein ERα in a 

dose and time-dependent manner, with a DC50 lower than 20 μM in the T47D cell line.218 An 

immunoblot study was conducted in the MCF-7 cell line, where TD-PROTAC exhibited 

reduced degradation activity, as detailed in their supplementary information. Both the T47D 

and MCF-7 cell lines are ER-positive breast cancer cell lines that do not express HER2. 

Considering that our ADC design involves targeting HER2 with the monoclonal antibody 

trastuzumab, I sought to validate the degradation activity of TD-PROTAC in a HER2-positive 

cell line. Accordingly, I selected the BT-474 cell line as an additional model to test 

TD-PROTAC's degradation activity, alongside the T47D and MCF-7 cell lines.A dose-

dependent immunoblot analysis of TD-PROTAC in these three cell lines was conducted 

following the procedure described in the paper.  

Briefly, the purified and freeze-dried TD-PROTAC peptide was dissolved in DMSO to 

prepare a 40 mM stock solution, which was then diluted into the cell growth medium for 

treatment. After a 24-hour compound treatment, the cells were washed, and the proteins were 

extracted and analysed using gel electrophoresis and western blotting techniques. The band 

signals of immunoblots were quantified to give the ERα protein levels post-treatment (Figure 

3-10). Surprisingly, no statistically significant degradation of the ERα protein was observed in 

any of the three cell lines. 

Interestingly, Dai et al. from another research group, reported the development of cyclic 

peptide PROTACs targeting ERα in 2020.228 Without reference to the report in 2018 by Jiang 
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et al., the authors designed an identical peptide PROTAC to TD-PROTAC, named I-2 and 

characterised it in the MCF-7 cell line. They showed that at a concentration of 10 μM, I-2 

degraded ERα to 70% compared to the control treatment (Figure 3-11). This finding suggests 

the potential reproducibility of the degradation effect observed with TD-PROTAC, or I-2. In 

their further ERα PROTAC design, Dai et al. introduced the unnatural amino acid neopentyl 

glycine (Npg, L-tert-Leucine) to replace Leu, and the resulting peptide I-6 exhibited 

improved degradation activity.  

 

Figure 3-10. In vitro testing of TD-PROTAC in three cell lines 

Immunoblots and quantification of ERα level after 24 h treatment with DMSO control or increasing dose 

of TD-PROTAC in (A) T47D cell line, (B) MCF-7 cell line, and (C) BT-474 cell line with cell growth 

medium supplemented with 10% FBS. Condition ‘0’ represents the cells were treated with 0.1% DMSO in 

the medium. Bars represent the mean signal normalised to GAPDH, reported as mean ± standard deviation 

(SD, n = 3). One-way ANOVA analysis was performed, and all treated groups were not significantly 

different (ns) from the control group.  
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It was hypothesised that the observed discrepancies in degradation activity could potentially 

be attributed to variations in the specific cell systems utilised. Such differences can exert a 

profound influence on PROTAC efficacy, thereby leading to diverse degradation outcomes 

across distinct cell lines.229 This inherent variability is also evident in the findings of these two 

studies, where TD-PROTAC demonstrated varying degradation activities within the T47D 

and MCF-7 cell lines, as well as with I-2. Further investigations are needed to understand the 

observed differences in TD-PROTAC activity. Techniques to increase cell permeability, such 

as electroporation,230 could be useful in validating whether the lack of ERα degradation is due 

 

Figure 3-11. Structure of peptides and the immunoblot studies of ERα peptide-based PROTACs from 

Dai et al.  

(A) ERα levels in MCF-7 cells after treatment with different compounds (I-1 to I-6) at 10 μM for 12 h. (B) 

Quantification of ERα levels in (A). Images adapted with permission from Dai et al..228 
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to differences in cell permeability of our chosen cell model, peptide target engagement, or other 

factors.  

Another potential factor that could contribute to the inconsistencies in degradation activity is 

the variation in the salt form of the peptides. Peptides are typically prepared as trifluoroacetate 

(TFA) salts if a TFA cocktail was used during peptide cleavage or if the peptides were purified 

by HPLC using solvent systems with TFA as the mobile phase additive. Upon closer 

examination, it was ascertained the reported peptides TD-PROTAC and I-2 were cleaved and 

purified using TFA-based protocols, and both reports did not mention any subsequent 

counterion exchange step, implying that these peptides were also in the form of TFA salts. 

Furthermore, in spite of the potential toxicity of residual TFAs to cells, there was no observable 

cell death during our peptide treatments. 

Despite the challenges encountered during the initial in vitro testing of TD-PROTAC, I 

decided to proceed with the synthesis of linker-peptide constructs of TD-PROTAC that 

incorporate ADC linkers and to prepare antibody-peptide conjugates. Our hypothesis was that 

antibody-mediated internalisation might enhance the cellular uptake of the peptide payload and 

achieve more robust degradation of the target protein.  

3.4.5 Synthesis of ADC linker-peptide constructs 

The modified synthetic route was implemented to synthesise TD-PROTAC analogues 

integrated with ADC linkers (referred to as ‘linker-peptides’, Figure 3-12). Specifically, the 

residues Asp and Dap were cyclised prior to further peptide chain elongation. This adjustment 

significantly reduced the aspartimide by-product observed in the resin cleavage mixture. I 

began by synthesising a cyclised peptide analogue, cut14-cyc-TD, which lacked the final N-

terminal amino acid. The peptide cut14-cyc-TD was then coupled to a side chain Fmoc-

protected lysine, Boc-Lys(Fmoc)-OH, forming the analogue Fmoc-Lys-rp-TD. After 

deprotecting the Fmoc group on the lysine side chain, the exposed primary amine was coupled 

to three selected ADC linkers. Linker 1 and Linker 3 were coupled to the primary amines on 

the lysine side chain of the cyclic peptide through amide coupling reactions. For Linker 2, the 

carbonate moiety on the linker reacted with the amine on the lysine side chain, forming a 

carbamate ester on the resulting linker-peptide construct. Following confirmation of successful 

linker attachment to the cyclic peptides on resin by mini-cleavage, the linker-peptides were 

cleaved from the resin and purified. I successfully prepared and characterised three linker-
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peptide constructs, QZ-014, QZ-015 and QZ-016 (Section 7.2.3), each with a different ADC 

payload release mechanism. 

Figure 3-12. Schematic representation of synthetic routes of linker-peptide constructs 

Reagents and conditions for linker coupling. L1-peptide (QZ-014): L1 (1.5 eq.), HATU (1.5 eq.), DIPEA 

(5 eq.), dry DMF, N2, RT, 48 h. L2-peptide (QZ-016): L2 (1.15 eq.), pyridine (2.5 eq.), HOBt (2 eq.), dry 

DMF, N2, RT, 18 h. L3-peptide (QZ-015): L3 (1.5 eq.), HATU (1.5 eq.), DIPEA (5 eq.), dry DMF, N2, 

RT, 30 h. Protected amino acids were used during Fmoc-SPPS (not shown on the sequences), including 

Fmoc-Arg(Pbf)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Hyp(tBu)-OH, Boc-Lys(Fmoc)-OH.  

Fmoc-(Asp-OAll)-Ile-Leu-(Dap(Alloc))-Arg-Leu-Leu-Gln-AHX-Leu-Ala-Pro(OH)-Tyr-Ile-NH-RESIN

cut14-cyc-TD
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3.4.6 Conjugation of trastuzumab to linker-peptide constructsd 

The conjugation of the monoclonal antibody trastuzumab to the linker-peptide constructs was 

performed by our collaborator, ADC Therapeutics (Table 6). Successful conjugation was 

achieved only with the non-cleavable L3-peptide construct QZ-015, giving the first antibody-

peptide degrader conjugate, HER2-15, with an average drug-to-antibody (DAR) ratio of 3.8 as 

determined using hydrophobic interaction chromatography (HIC). However, no conjugation 

was observed for L1-peptide QZ-014 and L2-peptide QZ-016 in small-scale experiments, 

despite varying concentrations of the reducing agent and different peptide-to-antibody ratios 

were employed. 

Table 6. Conditions employed in small-scale test bioconjugation of trastuzumab to linker-peptide 

constructs.  

Peptide Antibody (1 eq.) TCEP (eq.) Peptide (eq.) 
Drug-to-antibody 

(DAR) Results 

QZ014 

Trastuzumab 

1.5 5 No conjugation 

3 7 No conjugation 

8 12 No conjugation 

QZ016 

1.5 5 No conjugation 

3 7 No conjugation 

8 12 No conjugation 

QZ015 

2.0 12 DAR 3.3 

2.3 12 DAR 4.0 

2.3 9 DAR 2.0 

 2.3 10.8 DAR 3.8* 

DAR was determined using hydrophobic interaction chromatography (HIC). *Conjugates with a DAR of 

3.8 were used in the subsequent immunoblot analysis.  

To assess the reactivity of QZ-014 and QZ-016, N-acetyl cysteine (NAC) assays were 

conducted by incubating the peptides with an excessive amount of NAC. If the maleimide and 

disulphide functionalities on the linker-peptides were available for reaction, the thiol group on 

the cysteine moiety could engage in the nucleophilic attack on the maleimide of QZ-014 or 

 

d Bioconjugation and NAC assays were conducted by Dr Alina Chrzastek et al., ADC Therapeutics, Translation & 

Innovation Hub Building Imperial College White City Campus, 84 Wood Lane, London, W12 0BZ. 
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react with the disulphide on QZ-016, leading to a detectable mass shift evident in the LC-MS 

analysis. However, in these NAC assays, neither of the peptides displayed reactivity with NAC 

(Figure 7-27). Reactivity assays of the ADC linker starting material, incubating N-acetyl-L-

cysteine methyl ester with Linker 1 or Linker 3, demonstrated reactivity between the two 

linkers and the thiol (data not shown). 

Further investigations are required to unravel the discrepancy in bioconjugation reactivity. 

Although the synthesised linker-peptides are detected with the expected correct mass, due to 

the limited peptide material I was unable to confirm the presence of reactive groups on the 

linker-peptides, specifically the maleimide in QZ-014 or the disulfide in QZ-016, using 

spectroscopic methods such as Nuclear Magnetic Resonance (NMR) spectroscopy or Infrared 

(IR) spectroscopy. Here, possible causes of the failed antibody conjugation were discussed and 

potential solutions were proposed: 

Impurities or residual reagents: Conjugation efficiency could have been affected by 

impurities or residual reagents from the previous synthesis and purification steps. The use of a 

palladium catalyst to remove the Alloc and Allyl protecting groups might have compromised 

the stability and reactivity of the cysteine residues on the monoclonal antibody during 

bioconjugation. A potential improvement could involve further purification of the linker-

peptide constructs with chromatography to remove impurities that might interfere with the 

conjugation process. Alternatively, other orthogonal protecting groups could be employed for 

the peptide synthesis to avoid the use of the palladium catalyst, such as ivDde and Dmab which 

can be removed by 2% hydrazine.  

Peptide hydrophobicity: The high proportion of hydrophobic residues in both TD-PROTAC 

and the linker-peptides makes these peptides very hydrophobic. During antibody conjugation, 

the hydrophobic nature of the linker and payload could induce antibody aggregation and 

precipitation. In contrast, the successful conjugation with QZ-015, which incorporates the 

hydrophilic PEG Linker 3, suggests that increased hydrophilicity might facilitate successful 

conjugation by mitigating hydrophobic interactions.231 One potential improvement could be to 

adopt alternative linkers with increased hydrophilicity. 

Peptide conformations and potential incompatibilities: Potential peptide folding might have 

made the maleimide or disulfide moiety inaccessible for cysteine thus leading to the failed 
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conjugation. Interactions or incompatibilities between QZ-014 or QZ-016 solution 

conformations and the antibody could also hinder the conjugation process.  

Multiple factors could contribute to the failed conjugations and further investigation would 

improve results and guide future studies. However, given the constrained timeframe, I 

proceeded with the characterisation of the HER2-15 conjugate. 

3.4.7 Immunoblot profiling of antibody-peptide conjugate HER2-15 

With the only successfully conjugated Ab-peptide HER2-15, I proceeded to conduct cell 

treatment experiments to assess its degradation activity on ERα. BT-474 cells were treated with 

increasing concentrations of HER2-15, followed by subsequent immunoblot analysis (Figure 

3-13). The quantified results showed a statistically significant degradation of ERα following 

treatment with 100 nM of HER2-15, reducing ERα levels to 64% compared to the control 

group treated with buffer in the growth medium. In direct contrast to the synthesised parent 

peptide, TD-PROTAC, which displayed no statistically significant degradation activity in our 

previous experiments despite its reported DC50 being below 20 μM, HER2-15 exhibited much 

improved degradation efficacy. However, no further significant reduction of ERα levels was 

observed with increased doses of HER2-15. These findings suggest that while cells may have 

responded to HER2-15 treatment at specific doses or timepoints, the changes in protein levels 

were not significant enough to be quantified under the tested conditions, and no dose-dependent 

degradation pattern was observed. While further studies on the degradation mechanism of 

  

Figure 3-13 In vitro testing of HER2-15 (trastuzumab-QZ-015 conjugate) in BT-474 cell line 

Immunoblots and quantification of ERα levels after a 24 h treatment with buffer control and increasing 

doses of HER2-15 in the BT-474 cell line with cell growth medium supplemented with 5% FBS. Condition 

‘0’ represents cell treatment with 10% ADC buffer in the medium. ADC buffer: 30 mM Histidine, 175 mM 

sucrose, 0.02% Tween 20, pH 6. Bars represent the mean signal normalised to GAPDH, reported as mean 

± standard deviation (SD, n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 from unpaired t-test when 

compared with the control group. Data not marked with a P value were not significantly different from the 

control group. 
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HER2-15 are required, these promising results motivated us to synthesise additional Ab-

peptide constructs to validate our hypothesis and expand the scope of our investigation. 

3.4.8 Summary 

This section outlined my efforts on the selection of the cyclic peptide-based PROTAC targeting 

ERα, known as TD-PROTAC, as our starting point to validate our hypothesis. The successful 

synthesis and characterisation of TD-PROTAC were achieved, and peptide synthetic yield 

was improved with synthetic route optimisation. However, no significant ERα degradation was 

observed in in vitro assays upon TD-PROTAC treatment.  

Subsequently, I synthesised three linker-peptide conjugates, each with distinct payload release 

mechanisms, including a peptide-cleavable maleimide linker, a disulfide-reducible linker, and 

a non-cleavable linker. However, challenges were encountered during the antibody conjugation 

process, leading to successful conjugation only with the non-cleavable linker-peptide construct, 

resulting in our first Ab-peptide, HER2-15. 

The cellular treatment with HER2-15 demonstrated an improved efficacy in target protein 

degradation compared to the parent peptide TD-PROTAC. This promising result underscored 

the potential of antibody-mediated delivery to enhance the degradation efficacy of peptide 

degraders. The next steps involved further exploration and optimisation of the design with 

additional ADC-peptide PROTAC conjugates to refine this approach. 
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3.5  Targeting CREPT with cetuximab-conjugated peptide-based 

PROTACs  

In the previous section, I described the work to redesign TD-PROTAC into an Ab-peptide 

degrader conjugate which showed enhanced degradation efficacy. Given the challenges 

encountered during the synthesis of TD-PROTAC, I decided to simplify our synthetic 

approach and selected a linear peptide PROTAC, PRTC. This peptide targets CREPT (the cell 

cycle-related and expression-elevated protein in tumour) and is also known as RPRD1B 

(regulation of nuclear pre-mRNA domain containing 1B). 

3.5.1 PRTC: A linear peptide-PROTAC targeting CREPT for pancreatic cancer 

treatment 

CREPT is highly expressed in many human tumours, particularly in pancreatic cancer. It plays 

a crucial role in tumorigenesis by regulating the transcription of cell-cycle-related genes, 

including RNA polymerase II (RNAPII).232 Furthermore, CREPT enhances the transcriptional 

activity of the Wnt/β-catenin pathway, thus promoting cell proliferation and invasion.233 

However, the lack of available CREPT inhibitors presents a significant challenge for studying 

CREPT’s function. 

Ma et al. reported the design and characterisation of a CREPT-targeting peptide PROTAC 

(PRTC, Figure 3-14).234 Initially, they investigated the role of CREPT overexpression in 

pancreatic cancer and confirmed its promotion of cell proliferation in the Panc-1 cell line, a 

widely used pancreatic cancer cell line. They then discovered that CREPT forms homodimers 

in vitro. Based on this finding, they designed a CREPT peptide ligand (CL) derived from a 21-

amino acid α-helical leucine-zipper-like motif located on the C-terminus coiled-coil terminus 

(CCT) domain of CREPT. The CREPT-targeting PROTAC, named PRTC, was developed by 

coupling CL to a 6-aminohexanoic acid (AHX) linker, which was then connected to the VHL 

binding pentapeptide IYP(OH)AL. To improve cell permeability, a cell-penetrating peptide 

(CPP), RRRRK, was added to the C-terminus of the peptide. 

In microscale thermophoresis experiments, FITC-labelled PRTC exhibited association with 

GST-tagged CREPT with a Kd of approximately 0.34 μM. Immunoblot analysis of PRTC 

treatment in Panc-1 cells showed that PRTC induces the ubiquitination and proteasome-

dependent degradation of endogenous CREPT protein in a dose and time-dependent manner, 
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with a DC50 of 10 μM. PRTC demonstrated inhibitory effects on tumour cell proliferation, 

colony formation, and migration in vitro. It also exhibited significant anti-tumour activity in a 

xenograft mouse model.  

These findings highlight the promising potential of PRTC as a specific and effective approach 

to degrade CREPT proteins and inhibit tumorigenesis. PRTC serves as a promising peptide-

PROTAC to test our hypothesis, offering advantages such as a favourable DC50 value and a 

relatively straightforward synthetic process. 

 

Figure 3-14. Schematic diagram of CREPT-targeting peptide PROTAC PRTC and its immunoblot 

studies 

(A) Schematic diagram of PRTC design. (B) Immunoblot analysis of CREPT following a 24 h incubation 

with various dosages of PRTC in Panc-1 cells. (C) Immunoblot analysis of CREPT in Panc-1 cells treated 

with 10 μM PRTC for different durations. (D) Immunoblot analysis of CREPT following a 24 h incubation 

with PRTC in Panc-1 cells, co-treated with proteasome inhibitor MG132. Images adapted with permission 

from Ma et al..234 

3.5.2 Design of cetuximab-PRTC conjugates and peptide synthesis 

The peptide PROTAC PRTC displayed promising degradation activity towards CREPT. With 

its relatively straightforward synthesis compared to other peptide degrader constructs, I aimed 

to convert PRTC into an ADC payload by coupling ADC linkers. A detailed analysis of the 

crystal structure of the VHL/ElonginB/ElonginC (VBC) complex, bound to the 

hydroxyproline-containing 20-residue destruction sequence of HIF-1α,235 revealed that 

modifications to residues adjacent to the VHL binding pentapeptide sequence (Leu-Ala-

Pro(OH)-Tyr-Ile) would not hinder its VHL recruitment (Figure 3-15). Interestingly, PRTC's 

VHL-binding sequence, IYP(OH)AL, is the reverse of HIF-1α's sequence. The N-terminal 

(B) (D)(C)

(A)
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amine of the peptide, following the isoleucine residue from the VHL binding sequence, was 

selected as the attachment point for the ADC linker. 

 

Figure 3-15. Co-crystal structure of the HIF-1α peptide bound to the VHL/ElonginB/ElonginC (VBC) 

complex 

PDB: 1LM8,235 1.85 Å. VHL is depicted in blue, ElonginC in light orange, and ElonginB in red. The 

hydroxyproline-containing 20-residue destruction sequence of HIF-1α is presented as sticks, with the 

pentapeptide VHL ligand highlighted in magenta. The image was produced using PyMOL. 

While the reported PRTC peptide possesses a free C-terminal carboxylic acid, I followed the 

previously established peptide synthesis protocols using the TentaGel resin, which produces 

peptide with a C-terminal amide after resin cleavage. The peptide chain elongation was carried 

out using a microwave-assisted peptide synthesiser, leading to the synthesis of a PRTC 

analogue, named QZ-017, featuring a C-terminal amide instead of the free C-terminal 

carboxylic acid present on PRTC.  

For the synthesis of linker-peptide constructs, 6-aminocaproic acid (AHX) was introduced as 

a spacer following the N-terminal isoleucine residue. This spacer could potentially minimise 

hindrances during protease cleavage of the VA dipeptide. Based on the challenges encountered 

during the antibody conjugation of our previous study of TD-PROTAC, I designed two linker-

peptide constructs for PRTC: one with Linker 1 (QZ-019) and the other combining Linker 3 

with the VA dipeptide (QZ-021) (Figure 3-16). The peptide chain elongation process was 

conducted using the synthesiser up to the AHX spacer. Thereafter, manual coupling was 

performed to introduce the linkers to the resin-bound peptides. Specifically, Linker 1 was 

coupled to AHX-modified QZ-017 to give QZ-019. For QZ-021, the alanine and valine 

residues were first coupled to AHX-modified QZ-017, followed by the coupling of Linker 3. 

Leu-Ala-Pro(OH)-Tyr-Ile

VHL

ElonginC

ElonginB
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After the final deprotection of the Fmoc group on the N-terminus, the linker-peptides were 

cleaved and purified. 

In terms of selecting the antigen target for ADC production, I chose the Epidermal Growth 

Factor Receptor (EGFR). EGFR is a prominent ADC target and a member of the epidermal 

growth factor receptor tyrosine kinase family (ErbB family) alongside HER2.236,237 It plays a 

crucial role in regulating various cellular processes, including growth, proliferation, and 

migration.238 Its overexpression is detected in approximately 90% of pancreatic cancer cases 

which is correlated with a poor prognosis.239 Given that PRTC specifically targets CREPT 

degradation for pancreatic cancer treatment and has been previously assessed in the EGFR-

expressing Panc-1 human pancreatic cancer cell line, EGFR was an ideal antigen for the 

antibody-PRTC conjugates. To achieve this, the EGFR antibody cetuximab was employed for 

the conjugation process. 

 

Figure 3-16. Structures of PRTC analogue QZ-017, linker-peptide conjugates QZ-019 and QZ-021 



103 

3.5.3 In vitro immunoblot profiling of PRTC analogue QZ-017  

After the successful synthesis of the PRTC analogue QZ-017, I proceeded to evaluate its 

degradation activity in Panc-1 cells using gel electrophoresis and western blotting techniques 

(Figure 3-17). Surprisingly, treatments with QZ-017 at concentrations of 10 μM and 20 μM 

showed no significant degradation of the CREPT protein. A noticeable reduction in CREPT 

levels to 80% of the control was observed at 20 μM treatment, but was found to be statistically 

not significant. Increasing the concentration to 100 μM did not result in significant degradation 

(Figure 3-18, QZ-017 treatment). This observed efficacy contrasts markedly with the original 

PRTC study, where a DC50 of 10 μM was reported, with near-complete degradation of CREPT 

at 20 μM.  

Considering that our modifications to QZ-017 from the original PRTC were primarily focused 

on the C-terminus cell-penetrating peptide, the pronounced shift in degradation efficacy was 

unexpected. Despite this, I decided to proceed with the antibody conjugation and subsequent 

ADC testing stages.  

 

Figure 3-17. In vitro testing of PRTC analogue QZ-017 in Panc-1 cells 

Immunoblots and quantification of CREPT levels following a 24 h treatment with either DMSO control 

or increasing doses of QZ-017 in Panc-1 cells. The ‘0’ condition indicates cells treated with 0.1% DMSO 

in the medium. Bars represent the mean signal normalised to β-actin, reported as mean ± standard 

deviation (SD, n = 3). Unpaired t-test was performed, and all treated groups were not significantly 

different (ns) from the control group.  
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3.5.4 Conjugation of cetuximab to linker-peptide constructse 

In collaboration with ADC Therapeutics, the monoclonal antibody cetuximab was conjugated 

to linker-peptide constructs (Table 7). Successful conjugation was only achieved for QZ-021. 

By adjusting the peptide-to-antibody ratio, our collaborators generated two cetuximab-QZ021 

ADC conjugates with drug-to-antibody ratios (DAR) of 4.2 and 7.8, denoted as EGFR-21 (D4) 

and EGFR-21 (D8) respectively. We also conducted the conjugation of the linker-peptides to 

antibody B12, which lacks specific binding to EGFR, producing the negative control antibody-

peptide conjugates, B12-21 (D4) and B12-21 (D8). 

Table 7. Bioconjugation conditions employed for cetuximab to linker-peptide constructs 

Peptide Antibody (1 eq. ) TCEP (eq.) Peptide (eq.) 
Drug-to-antibody 

(DAR) Results 

QZ-019 

Cetuximab 

1.5 5 No conjugation 

3 7 No conjugation 

8 12 No conjugation 

40  20 No conjugation 

QZ-021 

1.5 5 DAR 2.0 

3 8 DAR 4.2* 

8 12 DAR 7.8** 

DAR was determined using hydrophobic interaction chromatography (HIC). *Conjugates with a DAR of 

4.2 were denoted as DAR4 or D4. ** Conjugates with a DAR of 7.8 conjugates were denoted as DAR8 or 

D8. Both conjugates were used in subsequent immunoblot analyses. 

However, despite multiple adjustments to the concentration of the reducing agent and the 

peptide-to-antibody ratio, the conjugation of QZ-019 was unsuccessful. QZ-019 was 

developed using ADC Linker 1, integrated with a maleimidocaproyl (mc) spacer and a VA 

dipeptide structure, while QZ-021 employed Linker 3 and coupled with the VA dipeptide. 

These results reminded us of our previous antibody conjugation results described in Section 

3.4.6, where the ERα targeting PROTAC TD-PROTAC showed similar successful 

conjugation exclusively with Linker 3-peptide constructs, but failed to conjugate with Linker 

1 and 2 constructs. Given the distinct structural differences and varying lengths between the 

 

e Bioconjugation was conducted by Dr Alina Chrzastek et al., ADC Therapeutics, Translation & Innovation Hub Building 

Imperial College White City Campus, 84 Wood Lane, London, W12 0BZ. 
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payload peptides TD-PROTAC and PRTC, we speculate that the observed conjugation 

challenges were associated with the specific linkers used.  

In comparing Linker 1 and Linker 3, their differing hydrophobic properties were evident. It 

was hypothesised that the conjugation failure of constructs with Linker 1 could be attributed to 

the hydrophilicity. Utilising a PEG-based ADC linker, as seen with Linker 3, appeared to 

enhance the hydrophilic attributes of the payload, thereby facilitating the successful 

conjugation of QZ-021. As discussed in Section 3.4.6, during ADC production, the 

hydrophobic nature of both the payload and the linker can contribute to ADC aggregation. Such 

aggregation might induce adverse effects, including an increased propensity for ADC clearance 

from the bloodstream. This could reduce ADC circulation time, and potentially limit their 

therapeutic efficacy.240 In specific scenarios, the inclusion of hydrophilic linkers with 

polyethylene glycol (PEG) groups demonstrated efficacy in addressing issues linked to ADC 

aggregation, leading to the development of more potent ADCs.241,242 My results further 

underscore the pivotal influence of a linker's physicochemical attributes, particularly its 

hydrophilicity, on the successful outcome of the conjugation process. 

3.5.5  Immunoblot profiling of cetuximab-PRTC conjugate EGFR-21 

Having achieved successful conjugation of the Ab-peptides EGFR-21 (D4) and EGFR-21 

(D8), I proceeded to conduct cell treatment experiments to assess their degradation activity. 

Panc-1 cells were subjected to increasing doses of ADCs for 24 hours. For comparison, the 

cells were also treated with B12 ADC controls (D4 or D8), the monoclonal antibody cetuximab, 

B12, and the unconjugated parent peptide QZ-017.  

Following the treatment, cell lysates were processed for gel electrophoresis and 

immunoblotting (Figure 3-18). When evaluating CREPT protein levels, no reduction was 

observed with EGFR-21 (D4) treatment. In contrast, treatment with 500 nM of EGFR-21 (D8) 

resulted in a significant decrease of CREPT levels to 56% compared to buffer treatment. 

However, increasing the dose to 3 μM did not result in further reduction, suggesting that 

CREPT degradation is not dose-dependent within the tested concentration range. Notably, none 

of the control treatments reduced CREPT levels. 
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When assessing the level of the ADC antigen EGFR, significant EGFR degradation was 

observed upon treatment with both EGFR-21 (D4) and EGFR-21 (D8). Treatments of 100 nM, 

500 nM, and 3 μM EGFR-21 (D4) reduced the EGFR levels to 35%, 33%, and 29% 

respectively. The EGFR-21 (D8) treatments showed similar results, decreasing EGFR levels 

to 30%, 24%, and 31% at the respective doses. Interestingly, the control treatments did not 

affect the levels of CREPT or EGFR. Cetuximab and B12 caused a minor EGFR reduction to 

86%, B12-21 (D4) had a negligible impact, whereas B12-21 (D8) reduced EGFR levels to 72%. 

These reductions in EGFR levels were not found to be significant in unpaired t-tests.  

 

Figure 3-18. In vitro testing of EGFR-21 (cetuximab-QZ021 conjugate) in Panc-1 cells 

Immunoblots and quantification of CREPT and EGFR levels after 24 h treatment with the indicated 

compounds in Panc-1 cell line. D4 represents DAR4 ADCs, and D8 represents DAR8 ADCs. Condition ‘0’ 

represents cell treatment with 10% ADC buffer in the medium. ADC buffer: 30 mM Histidine, 175 mM 

sucrose, 0.02% Tween 20, pH 6. Blots are representative of three replicates. Bars represent the mean signal 

normalised to β-actin, reported as mean ± standard deviation (SD, n = 3). Unpaired t-tests were performed. 

*P < 0.05, **P < 0.01, and ***P < 0.001 from unpaired t-tests when compared with the control 10% ADC 

buffer treatment group. Data not marked with a P value were not significantly different from the control 

group.  
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Literature has highlighted the differential internalisation rates of cell surface antigens 

influenced by ADC treatments as compared to the unconjugated antibody.138 In some instances, 

ADCs have shown enhanced internalisation efficacy.243,244 Diving deeper into EGFR as an 

ADC antigen, certain antibody bindings have been noted to shift EGFR's internalisation route 

away from its typical receptor-mediated endocytosis involving clathrin.245,246 Specifically, 

under cetuximab treatment, EGFR internalisation was seen to bypass clathrin and dynamin, 

leaning instead on actin polymerisation – indicating the activation of micropinocytosis, known 

to amplify receptor internalisation efficiency.247 This differential internalisation could 

potentially underlie the pronounced EGFR degradation observed following our ADC 

treatments. 

A small reduction of EGFR levels to 71% upon cells treatment with 100 μM QZ-017 was 

observed. Although this result did not reach statistical significance, it is worth noting the 

documented role of CREPT in enhancing the transcriptional activity of the Wnt/β-catenin 

pathway233 and the known interplay between EGFR and Wnt/β-catenin signalling 

pathways.248,249 This result could suggest a potential relationship between CREPT expression 

and EGFR in specific cellular contexts. Nonetheless, QZ-017's degradation activity on CREPT 

wasn't comparable to PRTC, rendering it suboptimal for in-depth CREPT and EGFR 

interaction investigations. Future research should prioritise the use of potent CREPT degraders 

to deepen our understanding of complex regulatory mechanisms governing these pathways. 

3.5.6 Immunoblot analysis of the degradation mechanism of EGFR-21 

To investigate the mechanism of EGFR and CREPT degradation, I conducted EGFR-21 (D4) 

or EGFR-21 (D8) treatment in combination with the covalent proteasome inhibitor bortezomib 

(BTZ). It was hypothesised that if the observed decrease in protein level was facilitated through 

the PROTAC mechanism, specifically the proteasomal pathway, then co-treatment with BTZ 

would attenuate the degradation of the target protein. 

The cells were first treated with 10 µM BTZ for 2 h, followed by treatment with 1 µM BTZ 

alongside the ADCs for an additional 24 h (Figure 3-19). Contrary to our expectations, BTZ 

co-treatment did not significantly rescue the degradation of either EGFR or CREPT (in one-

way ANOVA). Specifically, with EGFR-21 (D4) treatment, the CREPT levels decreased to 

86% post-treatment without BTZ, contrasting with 97% with BTZ. For EGFR-21 (D8), 

CREPT levels decreased to 71%, as opposed to 65% with BTZ. When subjected to the 
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monoclonal antibody cetuximab, CREPT levels were reduced to 84% without BTZ and to 75% 

with BTZ. When assessing the level of EGFR, BTZ also did not rescue EGFR degradation 

when co-treated with EGFR-21 (D4), EGFR-21 (D8), or cetuximab. These results indicate 

that the proteasome has a limited role in both CREPT and EGFR degradation with EGFR-21 

treatment. This suggests that, instead of relying on the UPS proteasomal degradation system, 

other degradation pathways were involved in mediating the observed degradation process.  

 

Figure 3-19. In vitro testing of EGFR-21 (cetuximab-QZ021 conjugate) in Panc-1 cell line with co-

treatment of the proteasome inhibitor bortezomib (BTZ)  

Immunoblots and quantification of CREPT and EGFT levels after 24 h treatment with buffer control or 

0.5 μM of EGFR-21, with or without BTZ co-treatment in Panc-1 cell line. For BTZ co-treatment, cells 

were pre-treated with 10 μM of BTZ for 2 h, and then washed and treated with 1 μM of BTZ and the ADCs 

for 24 h. Condition ‘0’ represents cell treatment with 10% ADC buffer in the medium. Blots shown are 

representative of three replicates. Bars represent the mean signal normalised to β-actin, reported as mean ± 

standard deviation (SD, n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 from one-way ANOVA when 

compared with the control group. Data not marked with a p-value were not significantly different compared 

to the control group.  
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Surprisingly, a co-treatment of cells with 10% buffer and BTZ significantly reduced EGFR 

levels to 61%, suggesting that proteasomal inhibition with BTZ might facilitate EGFR 

degradation. The multiubiquitination of the EGFR kinase domain is known to be associated 

with ligand-mediated endocytosis and endosomal sorting processes, highlighting its crucial 

role in the regulation of EGFR internalisation.250 This may explain why EGFR is particularly 

sensitive to changes within the ubiquitin-proteasome system. 

Beyond the proteasome, other degradation pathways, such as lysosomal degradation, might 

played a pivotal role in modulating CREPT and EGFR protein degradation. To explore the 

potential role of lysosomal degradation, future experiments should consider co-treatments with 

lysosomal inhibitors. Such inhibitors include the anti-malarial drug chloroquine, which can 

inhibit lysosomal functions by preventing autophagosome-lysosome fusion and impeding 

lysosomal acidification. 251,252 

3.5.7 Summary 

In summary, QZ-017, an analogue of the CREPT peptide PROTAC PRTC, was successfully 

synthesised. However, in vitro characterisations showed that the degradation activity of QZ-

017 did not align with that of PRTC. Nonetheless, QZ-017 was successfully conjugated to 

cetuximab through ADC linkers. Ab-peptide conjugate EGFR-21 were successfully produced, 

with a drug-to-antibody ratio of 4 or 8. Cell treatments revealed significant CREPT degradation 

with EGFR-21 (D8) treatment and EGFR degradation with both EGFR-21 (D4) and (D8) 

treatment. Notably, these degradation effects were found to be proteasome-independent, 

suggesting the involvement of alternative degradation pathways. While the mechanisms remain 

unclear, these promising outcomes have encouraged further validation of the antibody-peptide 

degrader concept. 

Here, I also highlighted several compelling observations beyond the initial research objectives. 

These insights offer invaluable directions for upcoming research in antibody-degrader 

conjugates: 

The impact of ADC linker: The choice of ADC linker crucially affects antibody conjugation 

success. It was noted that PEG-based Linker 3 showed a higher conjugation rate with TD-

PROTAC and PRTC analogues, underscoring the need for careful linker design and 

optimisation in subsequent research. 
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The antigen levels and ADC efficacy: The observed decrease in EGFR levels following ADC 

treatment poses challenges regarding optimal antibody-mediated peptide payload delivery. 

Increased receptor internalisation due to ADC administration may limit available receptors on 

the cell surface, potentially compromising the peptide payload delivery efficiency. Future 

research should investigate strategies to optimise receptor availability and payload efficacy.  

Opportunities in antigen degradation: Our findings suggest that peptide-loaded ADCs could 

degrade cell-surface antigens like EGFR. This presents a promising opportunity for harnessing 

ADCs as targeted degradation tools for membrane proteins. While the exact mechanism behind 

this ADC-mediated EGFR degradation remains unclear, discrepancies in internalisation rates 

from the payload conjugation could be a contributing factor. Research into ADC internalisation 

dynamics and trafficking, using techniques such as confocal microscopy, could be useful to 

determine the underlying mechanism. Other potential studies could investigate the conjugation 

of mAbs with varying peptide sequences, exploring factors contributing to EGFR degradation. 

This exploration could include peptides with or without E3 ligase or specific protein target 

binding sequences, fluorophores, as well as peptide sequences varying in their physicochemical 

properties.  

EGFR degradation with antibody-based strategies: The concept of inducing EGFR 

degradation via an antibody-based reagent aligns with LYTAC technology.40 The LYTAC 

study achieved EGFR degradation using a LYTAC, comprised of cetuximab and GalNAc 

ligands. They confirmed that LYTAC's GalNAc ligands effectively recruited the liver-specific 

lysosome-targeting receptor, asialoglycoprotein receptors (ASGPR), leading to clathrin-

mediated LYTAC endocytosis. This prompts speculation that EGFR-21 might interact with 

additional proteins to aid ADC-EGFR complex internalisation.  

A more recent publication reported the conjugation of cetuximab with the CRBN recruiter 

pomalidomide to create an cetuximab-based ‘PROTAC’ for EGFR degradation.253 This 

strategy is similar to our proposal of antibody-peptide degrader conjugates, initially aimed at 

leveraging ADC technology and the UPS for targeted protein degradation. While the authors 

claimed that their degrader functions as a PROTAC, their did not provide evidence 

demonstrating the proteasome dependency of the observed EGFR degradation.  
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The interplay between CREPT and EGFR: Our preliminary data suggest a possible 

correlation between CREPT expression and EGFR levels. Advancing the development of 

potent CREPT degraders or using RNAi techniques could help validate this correlation.  

To conclude, our work underscores the potential of peptide-based degraders as payloads in 

antibody-drug conjugates to enhance the degradation of the targeted protein. Together with the 

directions suggested, these findings offer fresh avenues for developing novel targeted protein 

degradation strategies. 
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3.6  Targeting bromodomains with peptide-based protein degraders 

through direct proteasome recruitment 

3.6.1 Novel strategy for protein degradation through direct 26S proteasome recruitment 

In the later stages of our project, we came across a study by Bashore et al. that detailed a 

peptide-based protein degradation method termed chemical inducers of degradation (CIDEs).47 

CIDEs are bifunctional molecules consisting of a cyclic peptide ligand that binds to the 

proteasome, a PEG linker, and a bromodomain ligand. Unlike PROTACs, CIDEs do not rely 

on the ubiquitin-proteasome system for targeted protein degradation. Instead, they directly 

recruit the 26S proteasome subunit PSMD2 to the target protein, inducing proteasomal 

degradation. This approach eliminates the need for target ubiquitination and the formation of a 

ternary complex with an E3 ligase, suggesting its versatility as a degradation strategy across a 

wider range of protein targets. 

Bashore et al. first developed a potent ligand for the PSMD2 subunit of the 26S proteasome. 

Using mRNA display, they screened cyclic peptides and identified a peptide named MC1 with 

an IC50 of around 5 nM and a Kd value of 1.3 nM for PSMD2 (Figure 3-20C). The specificity 

of MC1's interaction with PSMD2 was validated through pull-down and quantitative 

proteomics experiments, wherein MC1biotin showed significant enrichment of 26S subunits in 

comparison to control samples. To delve deeper into the MC1-PSMD2 interaction, the authors 

examined the Cryo-EM structure of an engineered complex of PSMD2 with two fragment 

antigen-binding (Fab) ‘chaperones’ in the presence of MC1. This analysis highlighted the 

importance of the HRYxGW motif on MC1 in the interaction (Figure 3-20A and B), which 

was further supported by mutagenesis studies. 

The authors identified the valine residue (V4, Figure 3-20C) as an appropriate solvent-exposed 

amino acid residue on MC1 for substitution with an alkyne-bearing residue, which then served 

as a synthetic handle for subsequent click chemistry. Following that, the alkyne-substituted 

MC1 peptide was conjugated to a BRD4 ligand (BETi)254 using PEG linkers of varying lengths 

(Figure 3-20D). These resulting CIDEs exhibited high binding affinity to PSMD2 and BRD4, 

as demonstrated in AlphaScreen and NanoBret assays, respectively. Pulldown experiments 

confirmed that CIDEs could promote ternary complex formation between PSMD2 and BRD4. 

Subsequent immunoblot degradation analysis further revealed that the most potent degrader, 
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Figure 3-20. Targeted degradation via direct 26S proteasome recruitment  

(A) The structure of PSMD2 (teal) in complex with two Fabs (grey) and macrocycle MC1 (orange). (B) 

Interactions between MC1 and PSMD2 with a close-up look at the key interacting residues HRYxGW. (C) 

Schematic of MC1 and four amino acids chosen as conjugation points. AcF, acetyl l-phenylalanine. (D) 

The Click-based strategy used to conjugate a BRD4 ligand (BETi) with various linkers to each macrocycle 

via a propargyl-serine introduced at each of the positions highlighted in (C). The structure of L-CIDE is as 

shown when n = 6. (E) Degradation of BRD4 observed by western blotting in HEK293 cells treated with 

L-CIDE for 20 h, but not with D-CIDE, where D-amino acids were employed. Images adapted with 

permission from Bashore et al..47 

(B)

(D)

(C)

(A)

(E)
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L-CIDE (V4-P6), achieved a DC50 of 0.73 μM in HEK293 cells following 20 h of compound 

treatment (Figure 3-20E). 

These findings underscore the potential of CIDEs as a promising technique for targeted protein 

degradation through direct recruitment of the proteasome. This method has several advantages 

over the PROTAC approach, as the CIDE mechanism does not necessitate the formation of a 

ternary complex or the multiple ubiquitin transfer processes required by PROTACs. This 

innovative strategy provides an alternative approach to validate our hypothesis and design Ab-

peptide constructs. The improved DC50 of L-CIDE also reinforced our confidence in the 

feasibility of employing antibody-mediated delivery for such constructs. Conjugating 

antibodies to L-CIDE may lead to more robust cellular protein degradation outcomes compared 

to the peptide-PROTACs that were previously investigated. 

3.6.2 Synthesis of QZ-027, an analogue of the reported peptide degrader 

In the study of Bashore et al., the recruitment of BRD4 was achieved using a BET 

bromodomain inhibitor referred to as ‘BETi’, which has exhibited greater potency in engaging 

BRD4 compared to the more commonly utilised BET inhibitor JQ1.254–256 However, due to 

time constraints and the synthetic challenges posed by the 14-step synthetic route to BETi, I 

chose to use the commercially available JQ1 for BRD4 recruitment, rather than synthesising 

BETi. To prepare an azide-functionalised BRD4 ligand from the commercially available (+)-

JQ1 ligand, the Boc protecting group on the JQ1 ligand was removed, resulting in a carboxylic 

acid form (JQ1-COOH). This ligand was then coupled to a PEG6 azide linker to generate 

JQ1-azide (Figure 3-21). 

For the substitution of the V4 valine on the MC1 peptide, O-propargyl serine was used and 

manually coupled during the linear peptide synthesis process. After chloro-acetylation at the 

N-terminus, the peptides were cleaved from the resin exposing the deprotected cysteine residue. 

Subsequently, the peptide was dissolved in an aqueous solution under appropriate pH 

conditions to enable in-solution cyclisation between the deprotected cysteine and the chloro-

acetylated N-terminus. The resulting cyclised alkyne-bearing MC1 macrocycle, QZ-026, was 

confirmed through LC-MS analysis and used directly without further purification. By 

employing the copper-catalysed azide-alkyne cycloadditions (CuAAC) method, QZ-026 was 

subjected to click chemistry with JQ1-azide to produce the CIDE analogue ‘CIDE-JQ1’, 

referred to as QZ-027. 
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Figure 3-21. Schematic representation of synthetic routes of CIDE analogue CIDE-JQ1 (QZ-027)  

Reagents and conditions. N-chloroacetylation: chloroacetic anhydride (10 eq.)/DIPEA (10 eq.) in DMF, 1 h. 

Cyclisation: peptide was dissolved in 50% MeCN in water, pH 8-9, RT, overnight. CuAAC: QZ-026 (1 eq.), 

JQ1-azide (1 eq.), copper (II) sulphate pentahydrate (0.2 eq.), (+)-sodium L-ascorbate (1 eq.), 10% DMF, 

20% MeCN in water, RT, 24 h. Protected amino acids were used during Fmoc-SPPS (not shown on the 

sequences), including Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Tyr(tBu)-OH, 

Fmoc-Sar-OH (Fmoc-N-methylglycine), Fmoc-Ser(Propargyl)-OH. 

3.6.3 Immunoblot profiling of QZ-027 in vitro 

Following the successful synthesis and purification of QZ-027, cellular immunoblot 

degradation assays in HEK293 cells were conducted. The cells were treated with increasing 

concentrations of QZ-027, ranging from 0.5 μM to 5 μM for a duration of 24 h. After the 

treatment, the cell lysates underwent immunoblot analysis to quantify the protein levels of the 

BRD4 long isoform (BRD4L, Figure 3-22). Surprisingly, QZ-027 failed to induce BRD4L 

degradation even at the highest concentration of 5 μM. 

These results are in contrast with those reported by Bashore et al., where 600 nM L-CIDE 

treatment reduced BRD4L levels to around 60%. Moreover, higher concentrations of L-CIDE 

led to dose-dependent degradation, resulting in a Dmax of 34% with 5 μM treatment. The 

QZ-027 CIDE-JQ1

Ac-Phe-Pro-Asp-Ser(propargyl)-Sar-Leu-His-Arg-Tyr-Trp-Gly-Trp-Asp-Cys-Gly-NH2

Cyclised Alkyne-MC1 (QZ-026)

I. Peptide cleavage from the resin

II. Cyclisation

I. Fmoc-SPPS

II. Fmoc deprotection

III. N-chloroacetylationLinear Alkyne-MC1

ClAc-Phe-Pro-Asp-Ser(Propargyl)-Sar-Leu-His-Arg-Tyr-Trp-Gly-Trp-Asp-Cys(mmt)-Gly-NH-RESIN

CuAAC with JQ1-azide
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difference in efficacy between L-CIDE and our analogue, QZ-027, might be attributed to the 

substitution of the BRD4 ligand from BETi to JQ1.  

My results suggest that the choice of the target protein ligand within CIDEs significantly 

impacts their degradation efficacy. While small molecule PROTACs targeting BRD4 through 

the JQ1 ligand have demonstrated success in many instances in the literature, it is important to 

acknowledge that the mechanisms of CIDEs fundamentally differ from those of PROTACs.257 

The CIDE mechanism might require a more stringent formation of the POI/CIDE/proteasome 

complex or a more potent POI ligand than JQ1. The results also suggest a potential limitation 

in the scope for ligand modification within CIDE design, which could potentially restrict the 

applicability of this protein degradation approach. However, a more comprehensive 

investigation is needed to confirm these observations. 

 

Figure 3-22. In vitro testing of CIDE-JQ1 QZ-027 in HEK293 cell line 

Immunoblots and quantification of the BRD4 long isoform (BRD4L) levels after 24 h treatment with either 

DMSO control or increasing dose of QZ-027. Condition ‘0’ represents the cells were treated with 0.1% 

DMSO in the medium. Bars represent the mean signal normalised to β-actin, reported as mean ± standard 

deviation (SD, n = 3). Unpaired t-test was performed, and all treated groups were not significantly different 

(ns) from the control group. 

3.6.4 Design and synthesis of linker-peptide constructs for QZ-027 

In the pursuit of developing linker-peptide constructs, the C-terminus of the peptide was 

determined as the optimal attachment point for ADC linkers. Since the peptides were screened 

with mRNA attached to the C-terminus during the mRNA display selection, the modifications 

to the C-terminus of MC1 would not significantly impact its binding to the PSMD2 subunit. 

The C-terminal glycine residue was substituted with lysine, where the lysine side chain could 

serve as a coupling site for the ADC linker. The lysine side chain was protected by the ivDde 

protecting groups (PGs), which could be later removed using hydrazine. For the ADC linker, 

Linker 3 in combination with the VA dipeptide was selected, based on the previous successful 

conjugation experiences. This linker enables the thioester bond-based conjugation of the 
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antibody to the linker-peptide and permits protease cleavage adjacent to the dipeptide. As a 

result, protease cleavage of the ADC would reveal the free lysine side chain.  

The existing synthetic route was modified to synthesise the linker-peptide construct. 

Orthogonal side chain-protected amino acids, Lys-(ivDde) and Cys-(Mmt), were used for the 

linear peptide synthesis (Figure 3-23). The cyclisation of MC1 peptide was performed on resin 

first, which involved the deprotection of Cys-(Mmt) and on-resin cyclisation of cysteine to the 

N-terminus. This on-resin cyclisation strategy avoided the interaction between nucleophilic 

cysteine and the maleimide moiety on the ADC linker. Subsequently, ivDde deprotection was 

Figure 3-23. Schematic representation of synthetic routes of MC1 analogue with ADC linker, QZ-

028  

Reagents and conditions. Mmt deprotection: cleavage solution (TFA:TIPS:DCM, 5:5:90 v/v/v) 2 mL, 

2 min, 25 times, vigorous shaking, RT. On-resin cyclisation: 1% DIPEA in DMF, 10 min, then 1% DBU 

in DCM, RT, 30 min. IvDde deprotection: 5% v/v hydrazine in DMF, 2 mL, 20 min, 5 times, shaking, RT. 

ADC linker coupling: the peptide was coupled to alanine and valine first, and then coupled with L3 

(1.5 eq.), HATU (1.5 eq.), DIPEA (5 eq.), dry DMF, N2, RT, 30 h. Protected amino acids were used during 

Fmoc-SPPS (not shown on the sequences), including Fmoc-Asp(OtBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-

Tyr(tBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-His(Boc)-OH. 

ClAc-Phe-Pro-Asp-Ser(Propargyl)-Sar-Leu-His-Arg-Tyr-Trp-Gly-Trp-Asp-Cys(Mmt)-Lys(ivDde)-NH-RESIN

QZ-028 L3-VA-K-MC1

Ac-Phe-Pro-Asp-Ser(propargyl)-Sar-Leu-His-Arg-Tyr-Trp-Gly-Trp-Asp-Cys-Lys(ivDde)-NH-RESIN

Cyclised Alkyne-K-MC1

I. IvDde deprotection

II. ADC linker coupling

III. Peptide cleavage from the resin

I. Fmoc-SPPS

II. Fmoc deprotection

III. N-chloroacetylationLinear Alkyne-MC1-Lys

I. Mmt deprotection

II. On-resin cyclisation
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carried out, and the ADC linker was coupled to the exposed lysine side chain of the resin-bound 

cyclic peptide. After linker coupling, the peptide was cleaved from the resin to give QZ-028, 

an MC1 analogue featuring ADC Linker 3 and an alkyne handle. The successful synthesis of 

QZ-028 was confirmed by LC-MS analysis, and it was used without further purification.  

Small-scale click reactions between QZ-028 and JQ1-azide were conducted with varying 

conditions, including different copper reagents, ligands, and solvents (Table 8). Unfortunately, 

the expected product mass adduct was not detected in the LC-MS analysis of the resulting 

reaction mixtures, indicating that the attempted click reaction was unsuccessful. Given these 

results and the failure of QZ-027 in replicating the degradation activity of the reported degrader 

L-CIDE, along with time constraints, I decided to temporarily suspend further exploration of 

this approach. 

Table 8. Attempted CuAAC conditions to conjugate QZ-028 (1 eq.) and JQ1-azide (1 eq.). 
 

Copper reagent Ligands/reduction 

agent 

Solvent Condition Results 

1 Copper(I) iodide (2 eq.) (+)-sodium ascorbate  

(4 eq.) 

1 mL of 10% DMF, 

20% MeCN in water 

RT, 24 h No desired product 

mass in LC-MS 

2 Copper (II) sulphate 

pentahydrate (1 eq.) 

(+)-sodium ascorbate  

(4 eq.) 

1 mL of 10% DMF, 

20% MeCN in water 

RT, 3 h, then  

60 °C, 3 h 

No desired product 

mass in LC-MS 

3 Copper (II) sulphate 

pentahydrate (2 eq.) 

(+)-sodium ascorbate  

(6 eq.) 

0.5 mL of 10% DMF, 

20% MeCN in water 

RT, 24 h No desired product 

mass in LC-MS 

4 Tetrakis(acetonitrile) 

copper(I) 

hexafluorophosphate  

(3 eq.) 

Tris(hydroxypropyl-

triazolylmethyl)amine  

(THPTA) ligand (10 eq.) 

0.5 mL DMF, pH 8 RT, 24 h No desired product 

mass in LC-MS 

3.6.5 Summary 

The use of bifunctional peptide-small molecule chimeras, known as CIDEs, for the direct 

recruitment of the 26S proteasome offers exciting opportunities for targeted protein 

degradation. I explored the potential of L-CIDE, a peptide degrader with a superior DC50 

compared to previous peptide-based PROTACs, as a payload for antibody-peptide degrader 

conjugates (Ab-peptides). An analogue of the reported BRD4 degrader L-CIDE, QZ-027, was 

synthesised, substituting the BETi ligand in CIDE with the commercially available BRD4 

ligand JQ1. Unfortunately, QZ-027 did not exhibit a degradation efficacy comparable to L-

CIDE. Furthermore, difficulties were encountered in synthesising linker-peptide constructs 

with click reaction. These challenges prompted the suspension of this study due to time 

constraints. 
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In summary, my attempts to replicate the reported degradation efficacy of L-CIDE with the 

designed analogue QZ-027 and to generate linker-peptide constructs for ADC-peptide 

conjugates were unsuccessful. These outcomes raise questions regarding the applicability and 

generalisability of the CIDE method for the degradation of other protein targets. The limited 

scope of targeted protein degradation demonstrated in the paper, which focused exclusively on 

a single protein target within a single cell line, underscores the need for further investigations 

to understand CIDEs' viability across diverse targets and cellular environments. 

3.7  Conclusion 

In this chapter, I focused on the conversion of three peptide-based protein degraders into linker-

peptide constructs, followed by their integration into novel antibody-peptide degrader 

conjugates (Ab-peptides). Our intent was to investigate whether Ab-peptide could overcome 

the permeability challenges faced by peptides through antibody-mediated internalisation and 

achieve enhanced protein degradation. After navigating peptide synthesis challenges, I 

synthesised three analogues of the reported peptide degrader and conducted in vitro evaluations. 

However, none of the analogues exhibited significant efficacy in degrading the target protein. 

This raised our questions on the in vitro efficacy of these reported peptide-based degraders and, 

more broadly, the reliability and reproducibility of results reported in the literature.  

Attempts were made to conjugate these five linker-peptide constructs to antibodies and produce 

Ab-peptides. Despite the efforts, successful conjugation was only achieved with two linker-

peptides. Further analysis and comparison of the linker structures revealed the vital role played 

by hydrophilic ADC linkers. Notably, the in vitro examinations of the successfully conjugated 

ADCs unveiled a moderate degradation efficacy against the PROTAC targets ERα and CREPT. 

Additionally, the EGFR ADCs demonstrated proteasome-independent degradation of the ADC 

antigen EGFR. These compelling findings offer valuable insights into ADC-mediated surface 

antigen internalisation and present opportunities for the development of antigen degradation 

tools harnessing ADC internalisation. 

In conclusion, these findings highlight the potential of peptide-based degraders as ADC 

payloads. However, further investigations into the mechanisms of action of these degrader 

conjugates are necessary. Advancing the development of peptide degraders with enhanced 

degradation efficacy will substantially benefit the future development of antibody-peptide 

conjugates leading to more potent and efficient antibody-facilitated protein degradation.  
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Chapter 4  Conclusion, Limitations and Future Directions 

4.1  Conclusion 

Targeted protein degradation using PROTACs represents an innovative therapeutic strategy 

with the potential to revolutionise the treatment of various diseases. Significant achievements 

have already been made in this field, particularly in effectively targeting a broad range of 

proteins. To enable conditional activation of PROTAC-mediated degradation, I developed two 

novel bifunctional degrader approaches: photoswitchable multi-kinase PROTACs (AP-

PROTAC-2) and antibody-peptide degrader conjugates (Ab-peptides).  

AP-PROTAC-2 is the first example of a multi-target PROTAC with photoswitchable 

degradation activity, exhibiting superior photochemical properties compared to previous 

examples of photoswitchable PROTACs. It also exemplifies the successful application of the 

arylazopyrazole photoswitch 4 for targeted protein degradation. The multi-kinase inhibitor 

warhead of AP-PROTAC-2 enables binding and simultaneous degradation of multiple protein 

kinases, while exhibiting minimal cell toxicity. Light-mediated switchable degradation of FAK, 

AURORA-A, and TBK1 was validated using multiplexed whole-cell proteomics and 

immunoblot experiments. These encouraging results of AP-PROTAC-2 provided fresh 

insights into the development of novel light-responsive degraders with spatiotemporal control 

over multiple kinases.  

To enhance the tissue and cell selectivity of PROTACs and overcome limitations encountered 

with small molecule PROTACs in ligand development for new E3 ligases and undruggable 

protein targets, the peptide-based degrader designs were integrated with ADC technology to 

design Ab-peptide degrader conjugates (Ab-peptides). Attempts were made to reproduce 

peptide-mediated degradation with synthesised degrader analogues; however, these peptide 

analogues were found inactive under the experimental conditions. Subsequently, three types of 

novel Ab-peptides targeting different proteins incorporating various ADC linker strategies 

were developed. Two Ab-peptides were produced and exhibited moderate degradation of target 

proteins in in vitro degradation assays. Overall, these results demonstrated the significant 

potential of Ab-peptides for targeted protein degradation. 

This thesis offers valuable insights into designing conditional targeted protein degradation 

using PROTACs with enhanced activation precision and selectivity. Photoswitchable 
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PROTACs combined with promiscuous inhibitors could induce spatiotemporal controlled 

selective degradation, and they have the potential to serve as light-responsive chemical biology 

tools to investigate the functions of specific protein kinases within the kinome. The Ab-peptide 

degrader conjugates could drive innovation in ADC research, and if successful, these 

approaches might not only enable targeted protein degradation but also advance other cellular 

manipulations with antibody-delivered bifunctional peptides. 

4.2  Limitations and future perspectives 

Multi-kinase degradation with Photoswitchable PROTAC (AP-PROTACs) 

While AP-PROTAC-2 has shown significant promise, our study has several limitations with 

numerous opportunities for improvement. This thesis presents only one instance of AP-

PROTAC, employing only one multi-target inhibitor, recruiting one E3 ligase, and offering no 

further variations in linker length and design. Further optimisation through medicinal chemistry 

is essential and could be pivotal in enhancing the efficacy of the design. Potential explorations 

might encompass the introduction of alternative multi-target inhibitors or targeting diverse 

protein families, thereby broadening the PROTAC target scope and potentially uncovering 

synergistic effects. The incorporation of alternative E3 ligases could foster ternary complex 

formation and enhance protein degradation. Refinements in linker design might include 

adjustments in lengths, structures, and functionalities. Utilising optimal photoswitch designs 

could enhance the photochemical attributes of the PROTACs. Moreover, further medicinal 

chemistry efforts could potentially enable the photoswitching between the protein targets. For 

example, with the E/Z isomerisation, the two PROTAC isomers could degrade distinct sets of 

protein kinases. 

In the cellular treatment, the manual intermittent irradiation of compounds was time-

consuming and could introduce variability in the results. For treatments with light-responsive 

compounds, I recommend implementing an automated LED device for compound irradiation. 

This would improve consistency and precision when modulating the light-responsive 

characteristics of AP-PROTACs. Additionally, conducting in vitro reversible photoswitching 

experiments would provide more insights into the mechanism of the switchable degradation. 

In the multiplexed proteomics experiments, degradation levels of the four identified kinase 

targets varied between approximately 30% to 50% degradation compared to the control after 
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treatment with 100 nM of (E-enriched)-AP-PROTAC-2. A more extensive set of cellular 

treatment conditions should be explored to identify optimal degradation conditions. 

Refinements that might improve the kinase coverage and profiling involve using additional cell 

lines or optimising protein preparation protocols after treatment. It is also advised to adopt 

proteomics workflows with increased multiplexing capabilities. This would enable a thorough 

analysis of AP-PROTACs' degradation profiles. Implementing techniques such as ELISA for 

preliminary screening before western blotting would increase the throughput and guide 

subsequent medicinal chemistry refinements. Employing methods like KINOMEscan to assess 

PROTAC target engagement would shed light on the selectivity profiles upon 

photoisomerisation. 

In conclusion, AP-PROTAC-2 marks a considerable leap in the field of photoswitchable 

PROTACs. By addressing the current limitations and exploring the suggested future directions, 

there is significant potential to not only develop more potent and selectively light-responsive 

PROTACs but also to unveil their clinical potential. 

Antibody-peptide degrader conjugates (Ab-peptides) 

The exploration of Ab-peptides underscores the potential of peptide-based PROTACs as ADC 

payloads. However, several challenges were encountered and require exploration across 

various aspects. To begin with, it is crucial to understand why the synthesised analogue did not 

replicate the efficacy achieved by the reported peptide-based PROTACs, TD-PROTAC, and 

PRTC. One potential approach could involve reaching out to the authors of the publications 

and requesting access to the compounds or cell stocks necessary for reproducing their results. 

For the Ab-peptides generated, both HER2-15 and EGFR-21 have demonstrated moderate in 

vitro target protein degradation. However, it was noted that the targeted proteins, ERα and 

CREPT, are primarily located in the nucleoplasm.232,258 Investigating the precise degradation 

pathways responsible for such proteasome-independent degradation of nuclear proteins is 

necessary. Moreover, these results contradict our initial design hypothesis, which proposed that 

following the ADC internalisation, the peptide payloads would be released into the cytosol and 

initiate UPS-mediated target degradation.  

To fully comprehend the observed antigen and targeted protein degradation, a thorough 

investigation is required to probe the target engagement of Ab-peptides and unveil the 
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degradation mechanism. Evaluations should encompass degradation assays under various 

conditions and in multiple cell lines, including antigen-negative cell lines. Detailed mechanistic 

studies are necessary to ascertain the potential involvement of lysosomes, autophagosomes, or 

other degradation pathways. Fluorescence microscopy could offer invaluable insights into the 

internalisation of ADCs, potential lysosomal trafficking, and the localisation and engagement 

of ADCs with their respective proteins or antigen targets. This might require the development 

of fluorescent antibodies specific to the antigen or the targeted protein, or the development of 

fluorescent-conjugated ADCs. It is also essential to evaluate the physicochemical properties of 

ADCs such as employing in vitro stability assessments.  

Linker optimisation for Ab-peptides is another key aspect. Employing a range of linker 

strategies and designing bespoke ADC linkers for peptide payloads may enhance the stability, 

specific payload release, and degradation efficacy of the ADCs. Moreover, this could increase 

the success rate of antibody conjugation with linker-peptide payloads. An in vitro protease 

cleavage test on the ADCs would be insightful to assess the cleavage efficiency of the peptide 

payloads. 

To unlock the potential of Ab-peptides, the development of more potent peptide-based 

degraders is important. This involves the optimisation of peptide degraders with an emphasis 

on improving their target engagement and permeability. Evaluating ADC efficacy in 

permeabilised cells or adopting peptide delivery methods such as electroporation or polymer 

carrier systems, could enhance the intracellular delivery efficiency and ensure robust target 

engagement. 

Moving beyond the initial aim of developing Ab-peptides, there are opportunities to extend 

this antibody-based approach to develop tools for cell-surface protein degradation, 

complementing proteasome-independent protein degradation strategies like LYTAC 

technology. To achieve this, it is important to elucidate effective EGFR degradation and study 

the degradation pathway involved with additional designs of antibody-peptide conjugates. This 

may necessitate experimenting with a diverse range of peptide payloads and alternative 

antibodies, allowing for the development and analysis of ADCs with a structure-activity 

relationship (SAR) approach, much like methods used in medicinal chemistry. Alternatively, 

employing antibody fragments such as nanobodies or single-chain variable fragments (scFvs), 

would be helpful to deconvolute the antigen-mediated internalisation process of the antigen. 
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Such pursuits could deepen our understanding of the observed EGFR degradation and provide 

proof-of-concept for this proposed novel degradation strategy. 

In conclusion, these preliminary studies of the novel Ab-peptide degrader conjugates have 

yielded promising results. The primary emphasis moving forward will be to delve deeper into 

the degradation mechanisms involved. Subsequently, the upcoming phase will centre on the 

employment or screening of novel peptide binders, aiming to develop Ab-peptides to 

effectively degrade neosubstrates. 
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Chapter 5  Materials and methods 

5.1  Chemistry 

5.1.1 Materials and instrumentations 

All reagents were purchased from commercial sources (Sigma-Aldrich, Merck, Fluorochem 

UK) unless otherwise stated and were used as supplied without further purification. The multi-

kinase inhibitor CTx-0294885 was provided by GlaxoSmithKline Medicines Research Centre, 

Stevenage, or synthesised by Jennifer R. Baker and Adam McCluskey with flow chemistry 

approaches as previously described.259 Analytical thin-layer chromatography (TLC) silica gel 

60 F254 (Merck) was used and visualized with UV light (254 nm) or appropriate TLC stain to 

monitor the reactions. Flash column chromatography with silica gel Geduran® Si 60 (0.040-

0.063 mm, Merck) was performed for general compound purification. Nuclear Magnetic 

Resonance (NMR) spectra were recorded on a BRUKER AV-400 spectrometer at 400 MHz 

(1H-NMR) and 101 MHz (13C-NMR) in deuterated solvents at 298 K. Chemical shifts are given 

in parts per million (ppm), coupling constants J are given in Hertz (Hz), and spin multiplicities 

are given as follows: s (singlet), d (doublet), dd (doublet of a doublet), t (triplet), q (quartet), m 

(multiplet) or br (broad). Spectra were analysed with MestReNova 12. High-resolution mass 

spectrometry (HRMS) data were acquired by the Imperial Mass Spectrometry service. 

5.1.2 Synthesis 

(9H-fluoren-9-yl)methyl (4-aminobenzyl)carbamate (1) 

A solution of 4-(aminomethyl)aniline (1.39 mL, 12.3 mmol) in DCM 

(80 mL) was combined with DIPEA (2.14 mL, 12.3 mmol) and the 

mixture was cooled to 0 °C. A solution of 9-fluorenylmethyl N-succinimidyl carbonate (Fmoc-

OSu, 4.14 g, 12.3 mmol) in DCM (30 mL) was slowly added. The reaction mixture was stirred 

for 16 h at room temperature.  The resulting milky solution was washed with water (80 mL) 

and the organic layer was concentrated under vacuum. The crude product was purified through 

flash column chromatography (30% to 80% ethyl acetate in n-hexane) to yield the desired 

product 1 as a beige solid (3.50 g, 83%). 1H NMR (400 MHz, DMSO-d6) δ 7.92 – 7.85 (m, 

2H), 7.73 – 7.63 (m, 3H), 7.45 – 7.37 (m, 2H), 7.36 – 7.26 (m, 2H), 6.92 – 6.87 (m, 2H), 6.52 
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– 6.47 (m, 2H), 4.96 (s, 2H), 4.31 (d, J = 7.0 Hz, 2H), 4.21 (t, J = 6.9 Hz, 1H), 4.00 (d, J = 6.1 

Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 156.2, 147.5, 143.9, 140.8, 128.1, 127.6, 127.0, 

126.7, 125.2, 120.1, 113.7, 65.2, 46.8, 43.6. HRMS (ESI) m/z: calculated for C22H21N2O2
+, 

345.1603; found 345.1590.  

(9H-fluoren-9-yl)methyl(4-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)benzyl) 

carbamate (2) 

A solution of aniline 1 (500 mg, 1.45 mmol) in acetic acid 

(5.0 mL) was combined with HCl (1.40 mL, 37%) and the 

solution was then cooled to 0 °C. A solution of sodium nitrite 

(200 mg, 2.90 mmol) in water (2.0 mL) was added. The resulting reaction mixture was 

stirred at 0 °C for 1 h, then a solution of acetylacetone (193 μL, 1.88 mmol) and sodium 

acetate (476 mg, 5.81 mmol) in ethanol (5.0 mL) was added. The bright yellow solution 

obtained was allowed to warm up to room temperature. After 3 h, the mixture was 

combined with ethyl acetate (20 mL) and then washed with 0.5 M sodium bicarbonate 

(3 × 10 mL) and brine (3 × 10 mL). The organic layer was dried over Na2SO4, filtered, 

and concentrated. The resulting crude product was further purified by flash column 

chromatography (40 % ethyl acetate in hexane) to afford diketone 2 as an orange solid 

(442 mg, 67%). 1H NMR (400 MHz, CDCl3) δ 14.75 (s, 1H), 7.83 – 7.76 (m, 2H), 7.65 

– 7.59 (m, 2H), 7.47 – 7.26 (m, 8H), 5.23 (s, 1H), 4.51 (d, J = 6.8 Hz, 2H), 4.39 (d, J = 

6.1 Hz, 2H), 4.24 (t, J = 6.7 Hz, 1H), 2.63 (s, 3H), 2.51 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ 198.1, 197.2, 156.6, 143.9, 141.4, 141.0, 136.4, 133.3, 128.9, 127.8, 127.1, 

125.1, 120.1, 116.6, 66.8, 47.4, 44.6, 31.8, 26.8. HRMS (ESI) m/z: calculated for 

C27H26N3O4
+, 456.1923; found 456.1919. 

(9H-fluoren-9-yl)methyl(E)-(4-((1-(2-hydroxyethyl)-3,5-dimethyl-1H-pyrazol-4-

yl)diazenyl)benzyl)carbamate (3) 

Diketone 2 (150 mg, 0.329 mmol) was dissolved in a mixture 

of DCM (5.0 mL) and methanol (5.0 mL). 2-Hydrazinoethanol 

(34 μL, 0.493 mmol) was added, and the mixture was stirred 

at 50 °C for 2 h. DCM (5.0 mL) and 1 M aqueous hydrochloric acid (5.0 mL) were added to 

the crude mixture. The extracted organic layer was washed with aq. HCl (1 M, 3 × 5.0 mL), 

dried over Na2SO4 and concentrated to yield alcohol 3 as a yellow solid (151 mg, 93%). 1H 
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NMR (400 MHz, CDCl3) δ 7.80 – 7.72 (m, 5H), 7.64 – 7.57 (m, 2H), 7.45 – 7.29 (m, 5H), 5.13 

(s, 1H), 4.49 (d, J = 6.8 Hz, 2H), 4.44 (d, J = 6.1 Hz, 2H), 4.28 – 4.23 (m, 3H), 4.09 – 4.04 (m, 

2H), 2.63 (s, 3H), 2.55 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 152.9, 144.0, 141.5, 141.3, 

128.2, 127.9, 127.2, 125.1, 122.4, 120.2, 106.4, 61.4, 50.3, 47.5, 44.9, 19.2, 13.9, 10.0. HRMS 

(ESI) m/z: calculated for C29H30N5O3
+, 496.2349; found 496.2341. 

(E)-2-(4-((4-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino) 

methyl)phenyl)diazenyl)-3,5-dimethyl-1H-pyrazol-1-yl) acetic acid (linker 4) 

A solution of alcohol 3 (150 mg, 0.303 mmol) in DMSO 

(4.0 mL) was added Dess–Martin periodinane (DMP, 

381 mg, 0.898 mmol). The solution was stirred for 16 h at room temperature. A solution 

of sodium chlorite (50 mg, 0.559 mmol) and NaH2PO4 (55 mg, 0.93 mmol) in water 

(0.50 mL) was added to the mixture, followed by the addition of 2-methylbut-2-ene 

(100 μL, 0.93 mmol). The solution was stirred for 16 h at room temperature. Water 

(20 mL) was added, and the mixture was filtered to remove the DMP by-product. The 

filtrate was extracted with ethyl acetate (5 × 10 mL), and the combined organic layer 

was dried over Na2SO4, filtered, and concentrated under vacuum. The product was 

purified by flash column chromatography (3% – 7% methanol in DCM) and freeze-

dried to yield linker 4 as a yellow solid (82 mg, 54%). 1H NMR (400 MHz, DMSO-d6) 

δ 7.96 – 7.87 (m, 3H), 7.75 – 7.66 (m, 4H), 7.46 – 7.39 (m, 2H), 7.37 – 7.31 (m, 4H), 

4.74 (s, 2H), 4.41 – 4.35 (m, 2H), 4.30 – 4.21 (m, 3H), 2.51 (s, 3H), 2.38 (s, 3H). Only 

E isomer was observed. 13C NMR (101 MHz, DMSO-d6) δ 169.6, 156.9, 152.6, 144.4, 

141.6, 141.2, 140.7, 135.0, 128.2, 128.1, 127.5, 127.5, 125.6, 121.8, 120.6, 65.8, 52.4, 

47.3, 44.0, 14.3, 10.0. HRMS (ESI) m/z: calculated for C29H28N5O4
+, 510.2141; found 

510.2128. 

4-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)amino)-4-

oxobutanoic acid (5) 

To a solution of lenalidomide (100 mg, 0.386 mmol) in DMF 

(4.0 mL), succinic anhydride (57.9 mg, 0.579 mmol) was added. The solution was 

stirred at 60 °C for 24 h, then Et2O (30 mL) was added, and the mixture was stored at 

0 °C overnight for 18 h. A white precipitate was observed and collected by gravity 

filtration to yield carboxylic acid 5 as a white solid (138 mg, 99%). 1H NMR (400 MHz, 
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DMSO-d6) δ 12.18 (s, 1H), 11.04 (s, 1H), 9.88 (s, 1H), 7.87 – 7.77 (m, 1H), 7.55 – 7.45 

(m, 2H), 5.16 (dd, J = 13.3, 5.1 Hz, 1H), 4.43 – 4.27 (m, 2H), 3.00 – 2.90 (m, 1H), 2.66 

– 2.58 (m, 3H), 2.58 – 2.52 (m, 2H), 2.43 – 2.26 (m, 1H), 2.09 – 1.98 (m, 1H). 13C NMR 

(101 MHz, DMSO-d6) δ 174.3, 173.4, 171.6, 170.8, 168.3, 134.2, 134.1, 133.1, 129.1, 

125.5, 119.4, 52.0, 46.9, 31.7, 31.1, 29.4, 23.1. HRMS (ESI) m/z: calculated for 

C17H18N3O6
+, 360.1195; found 360.1194.  

 

Figure 5-1. Synthesis of AP-PROTAC-2 

 

 (E)-N1-(4-((1-(2-(4-(4-((5-chloro-4-((2-(methylcarbamoyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazin-1-yl)-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-4-

yl)diazenyl)benzyl)-N4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)succinimide (AP-

PROTAC-2) 

Carboxylic acid 4 (90 mg, 0.176 mmol) was dissolved in a mixture of DMSO (2.0 mL) 

and DMF (2.0 mL). Amine CTx0294885 (77 mg, 0.176 mmol), HATU (100 mg, 

0.264 mmol) and DIPEA (122 μL, 0.704 mmol) were added to the mixture. The mixture 

was stirred at room temperature for 16 h. Water (20 mL) was added to the resulting 

mixture and the solution was extracted with ethyl acetate (5 × 20 mL). The combined 

organic layer was washed with brine, dried over Na2SO4 and concentrated under vacuum. 

The crude material was purified by flash column chromatography (2%–8% methanol in 

DCM) to afford intermediate 6 as an orange solid (100 mg) which was used in the 

subsequent step without further characterisation.  
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To a solution of intermediate 6 (100 mg, 0.108 mmol) in DMF (2.0 mL), piperidine 

(0.011 mL, 0.108 mmol) was added. The reaction mixture was stirred at room 

temperature for 16 h. HATU (62 mg, 0.162 mmol), DIPEA (0.075 mL, 0.149 mmol) 

and lenalidomide derivative 5 (39 mg, 0.108 mmol) were added to the reaction mixture. 

The mixture was stirred at room temperature for 16 h. The crude mixture was added 

water (20 mL) and extracted with ethyl acetate (5 × 20 mL). The combined organic layer 

was washed with brine, dried over Na2SO4, filtered, concentrated under vacuum, and 

freeze-dried. The crude was purified by flash column chromatography (3%–7% 

methanol in DCM) to give the desired product AP-PROTAC-2 as a yellow solid 

(12.5 mg, 6.8% yield over two steps). 1H NMR (400 MHz, DMSO-d6) δ 11.61 (s, 1H), 

11.03 (s, 1H), 9.27 (s, 1H), 8.80 – 8.75 (m, 2H), 8.55 – 8.49 (m, 1H), 8.17 (s, 1H), 7.90 

– 7.81 (m, 1H), 7.79 – 7.72 (m, 1H), 7.70 – 7.62 (m, 2H), 7.56 – 7.42 (m, 5H), 7.42 – 

7.35 (m, 2H), 7.27 – 7.23 (m, 1H), 7.18 – 7.08 (m, 1H), 7.00 – 6.89 (m, 2H), 5.22 (s, 

2H), 5.18 – 5.03 (m, 1H), 4.43 – 4.24 (m, 4H), 3.73 – 3.60 (m, 4H), 3.21 – 3.16 (m, 2H), 

3.13 – 3.06 (m, 2H), 2.98 – 2.84 (m, 1H), 2.81 (d, J = 4.5 Hz, 3H), 2.71 – 2.52 (m, 5H), 

2.48 (s, 3H), 2.37 (s, 3H), 2.34 – 2.23 (m, 1H), 2.05 – 1.96 (m, 1H). The Z isomer was 

detected in the sample, and its presence was determined to be 12% based on the 

integration of representative pyrazole methyl proton peaks: 2.02 (s, 3H), 1.38 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.9, 171.3, 171.1, 170.7, 168.9, 167.8, 164.7, 

158.0, 154.9, 154.7, 152.0, 146.2, 141.2, 141.1, 140.5, 139.4, 134.5, 133.9, 133.5, 132.9, 

132.7, 131.5, 128.6, 128.0, 127.9, 125.0, 121.8, 121.3, 121.2, 120.5, 118.9, 116.5, 104.4, 

70.5, 51.5, 50.5, 49.5, 49.1, 46.4, 44.2, 41.8, 41.6, 31.3, 31.2, 30.5, 26.3, 22.7, 13.9, 9.6. 

MS (MALDI-TOF) m/z: calculated for C53H55ClN15O7
+, 1048.4; found 1049.0.  

 

Figure 5-2. Synthesis of JQ1-azide 

(S)-N-(20-azido-3,6,9,12,15,18-hexaoxaicosyl)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-

thieno[3,2-f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetamide (JQ1-azide) 
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A solution of Boc deprotected JQ1 ligand, JQ1-COOH (13.6 mg, 0.034 mmol), HATU 

(19.4 mg, 0.051 mmol) and DIPEA (23.7 μL) was stirred in dry DMF (2.0 mL) under nitrogen 

for 10 min. A solution of 20-azido-3,6,9,12,15,18-hexaoxaicosan-1-amine (PEG6-azide, 

13.1 mg, 0.0374 mmol) in 1.0 mL DMF was added to the mixture, and the resulting solution 

was stirred at room temperature for 4 h. The reaction mixture was added water (20 mL) and 

extracted with ethyl acetate (50 mL), washed with water, brine and then water (5 × 20 mL 

each). The organic layer was dried over Na2SO4, filtered, and concentrated under vacuum. The 

crude product JQ1-azide was used in the subsequent step without further characterisation or 

purification. 

CuAAC reaction to synthesise CIDE analogue, CIDE-JQ1 (QZ-027) 

 

Copper (II) sulphate pentahydrate (0.5 mg, 0.0017 mmol, 0.2 eq.) and (+)-sodium L-ascorbate 

(1.7 mg, 0.0085 mmol, 1 eq.) were dissolved in 1 mL of water containing 10% DMF and 20% 

MeCN. Then alkyne-MC1 QZ-026 (16 mg, 0.0085 mmol, 1 eq.) was added to the solution with 

stirring, followed by the addition of JQ1-azide (approximately 0.0085 mmol). The resulting 

mixture was stirred at room temperature for 24 h. The progress of the reaction was monitored 

using analytical LC-MS, and once completed, the reaction mixture was freeze-dried. The 

desired product QZ-027 was purified using preparative LC-MS (5.5 mg, 24.7%, Figure 7-22). 
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5.1.3 Peptide synthesis 

5.1.3.1 Materials and instrumentation 

For peptide synthesis, Fmoc-Dap(Alloc)-OH was purchased from Iris Biotech. Boc-

Lys(Fmoc)-OH was purchased from BACHEM. Fmoc-Cys(Mmt)-OH was purchased from 

Sigma-Aldrich. Fmoc-Asp-OAll, Fmoc-Sar-OH, Fmoc-Lys(ivDde), Fmoc-L-Ser(Propargyl)-

OH, Chloroacetic anhydride, Trifluoroacetic acid (TFA) of peptide grade, Triisopropyl silane 

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

(HATU), and N,N-Diisopropylethylamine (DIPEA) were from Fluorochem. Tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) was from TCI chemicals. All other 

Fmoc-protected amino acids and Oxyma pure were from CEM (Buckingham, UK). TentaGel 

S RAM resin was obtained from Rapp Polymere (Tübingen, Germany). For ADC linkers, (6-

(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) hexanoyl)-L-valyl-L-alanine (MC-Val-Ala-OH, 

Linker 1) was purchased from MedChemExpress, 2-methyl-2-((5-nitropyridin-2-

yl)disulfaneyl)propyl (4-nitrophenyl) carbonate (Linker 2) was purchased from Pharmaron, 

and 1-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-3,6,9,12-tetraoxapentadecan-15-oic acid (Mal-

PEG4-acid, Linker 3) was purchased from BROADPHARM. 

Linear peptides were synthesised using the Liberty BlueTM Automated Microwave Peptide 

Synthesizer connected to HT12 resin loader from CEM. Peptides were analysed or purified 

with (1) LC-MS that is composed of a Waters high-performance liquid chromatography (HPLC) 

system, a 2767 autosampler, 515 pump, 2998 photodiode array (PDA) detector (200-600 nm) 

and a 3100-electrospray ionisation (ESI) mass spectrometer with MassLynx 4.1 software. 

Peptide separations were performed on Waters XBridge C18 columns (130 Å, 5 µm, 

4.6 mm × 100 mm for analytical runs and 130 Å, 5 µm, 19 mm × 100 mm for preparative runs), 

using an injection volume of 20 μL and a flow rate of 1.2 mL/min. The gradient used was: 

5% or 20% to 98% MeCN in water with 0.1% formic acid over 12 min, 98% MeCN for 

3 min, and re-equilibration to the starting eluent for 3 min (eq5 or eq20 gradient); (2) 

Shimadzu LC-20AR preparative HPLC system that with a Shimadzu SIL-10AP autosampler, 

Shimadzu FRC-10A fraction collector, two Shimadzu LC-20 AR pumps and Phenomenex 

Aeris Peptide XB-C18 column (150 mm × 21 mm, 5 μm, 100 Å) column coupled to a 

Shimadzu SPD-20A UV/Vis detector (90-900 nm). The injection volumes were 1 to 5 mL, and 

the flow rate was 20 mL/min. Detection at 220 nm and 280 nm was used for isolating the 
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desired products. The gradient used was: 10% to 40% eluent B (MeCN with 0.08% TFA) 

in eluent A (water with 0.1% TFA) over 23 min, 40% to 95% eluent B in eluent A for 

1 min, 95% eluent B in eluent A for 3 min and re-equilibration to the starting eluent for 

3 min (10-40-95, 30 min gradient). Ultra-pure water was used for HPLC solutions 

preparation, obtained from a Millipore Elix Q-Gard purification system. After HPLC 

purification of cleaved peptides, the pure peptides were lyophilised using an Alpha 2-4 LD 

Plus freeze-dryer (Christ).  

5.1.3.2 General protocols for solid phase peptide synthesis 

The linear peptides were synthesised using Fmoc solid phase peptide synthesis (SPPS) methods 

on a 50 µm scale, employing TentaGel S RAM resin (207 mg, 0.24 mmol/g) as the solid 

support.260 Dry resins were allowed to swell in DMF (20 mL) for 10 min before the synthesis. 

The amino acid sequence was input into the embedded software of Liberty Blue, which 

calculated the required quantities of reagents for the synthesis. After preparing and loading the 

designated concentrations and quantities of reagents onto the Liberty Blue instrument, 

automated peptide synthesis was initiated. The synthesis was carried out under standard 

microwave settings as directed by the Liberty Blue instrument's instructions (Table 9).261 

The procedure involved swelling resins in DMF (10 mL) for 10 min prior to synthesis. The 

synthesis began with Fmoc deprotection of the resin using 10% piperidine in DMF 

supplemented with Oxyma pure (0.1 M). This was followed by a resin washing step, and a 

coupling step using a 5-fold molar excess of the desired Fmoc-protected amino acid (1.25 mL, 

250 μmol, 0.2 M solution in DMF) which was preactivated with 5 eq. Oxyma Pure (0.5 mL, 

250 μmol, 0.5 M solution in DMF) and 10 eq. DIC (1 mL, 500 μmol, 0.5 M solution in DMF). 

For amino acids such as Fmoc-Arginine or unnatural amino acids, the coupling step was 

repeated. The cycle of Fmoc deprotection and amino acid coupling was repeated until the 

desired peptide sequence was completed. A final Fmoc deprotection step was performed to 

afford peptides with free N-terminal amines, and the N-terminus was modified if required.  

Upon completion of Liberty Blue peptide synthesis, the linear peptides were transferred to a 

fritted syringe and washed with DMF (3 × 5 mL) then DCM (3 × 5 mL) and stored at -20 ℃ 

or used in the subsequent synthesis steps. Prior to the next reaction, peptide-bound resins were 

removed from -20 ℃ freezer storage and gently agitated in 5 mL DMF for 10 min to ensure 

appropriate swelling. 
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Table 9. Microwave methods used 

Standard deprotection 

Stage Temp 

(℃) 

Power 

(W) 

Time 

(s) 

Delta 

T 

1 75 155 15 2 

2 90 30 50 1 

Standard Coupling 

Stage Temp 

(℃) 

Power 

(W) 

Time 

(s) 

Delta 

T 

1 75 170 15 2 

2 90 30 110 1 

Histidine Coupling 

Stage Temp 

(℃) 

Power 

(W) 

Time 

(s) 

Delta 

T 

1 25 0 120 2 

2 50 35 240 1 

5.1.3.3 Test mini cleavage 

To monitor peptide reactions on the solid phase, a test mini-cleavage of peptides on the resin was 

performed. A small quantity of peptide-loaded resins (approximately 50 beads) was transferred 

into an Eppendorf tube. A freshly prepared cleavage cocktail (TFA:TIPS:H2O, 95:2.5:2.5 v/v/v, 

100 μL) was added to the tube, and the mixture was shaken at 50 ℃ for 30 min. The liquid in 

the Eppendorf tube was evaporated under nitrogen, and the residue was dissolved in LC-MS 

grade solution (water with 5% or 20% MeCN and 0.1% formic acid, 100 μL). The Eppendorf 

tube was subjected to centrifugation in a bench-top centrifuge (8000 rpm, 1 min) and the 

resulting supernatant was analysed by LC-MS. 

5.1.3.4 N-chloro-acetylation 

The resin (0.05 mmol) was agitated with a solution of chloroacetic anhydride (85.5 mg, 

0.5 mmol, 10.0 eq.) and DIPEA (87.0 μL, 0.5 mmol, 10.0 eq.) in 5 mL DMF at room 

temperature for 1 h. Reaction completion was monitored with a Ninhydrin test or a test mini 

cleavage and LC-MS analysis. The resins were subsequently washed with DMF (3 × 5 mL) 

and DCM (3 × 5 mL).  

5.1.3.5 Peptide cleavage from resins 

The peptide-loaded resins (0.05 mmol) were subjected to thorough washing with DMF 

(3 × 5 mL), DCM (3 × 5 mL), followed by the addition of methanol (3 × 5 mL) to shrink the 
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resin (as residual DMF might interfere with the acidolysis of TFA). The washed resins were 

then transferred into a 24 mL fritted syringe, to which 10 mL of freshly prepared cleavage 

cocktail (TFA: TIPS: H2O: thioanisole, 91:3:3:3 v/v/v/v) was added. The mixture was agitated 

at room temperature for 2 to 3 hours. The supernatant was collected by filtration into a 50 mL 

centrifuge tube, and the resins were rinsed with cleavage cocktail (2 × 2 mL). The filtrate was 

evaporated under nitrogen for an hour to remove excess TFA. The cleaved content was 

precipitated with the addition of 20 mL cold diethyl ether. The crude peptide precipitate was 

vigorously agitated and centrifuged at 4000 rpm for 5 min. The ether supernatant was discarded, 

and the peptide precipitate was further washed twice with cold ether. The precipitate was 

dissolved in a suitable aqueous buffer and then lyophilised.  

5.1.3.6 Cyclisation in solution 

The cleaved peptide (approximately 0.05 mmol) was dissolved in 10 mL of 50% MeCN in 

water, and the pH was adjusted to 8 - 9 by dropwise addition of NaOH (0.1 M) and HCl (0.1 M). 

The mixture was stirred overnight, and the completion of the reaction was monitored with LC-

MS. Subsequently, the peptide solution was lyophilised and purified by HPLC if needed.  

5.1.3.7 Cyclisation on resin 

The N-terminal chloro-acetylated resins were first washed with a DIPEA solution (10 mL, 

1% (v/v) in DMF), followed by the addition of a 1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) 

solution (10 mL, 1% (v/v) in DCM). The reaction was agitated at room temperature for 30 min. 

Completion of the reaction was monitored through mini-cleavage and LC-MS analysis. Upon 

completion, the resins were washed with DMF (3 × 5 mL) and then DCM (3 × 5 mL) and were 

either directly used in the cleavage step or stored at -20 ℃. 

5.1.3.8 Deprotection of iVDde protecting group 

Peptide-bound resins were treated with a freshly prepared solution of hydrazine monohydrate 

(5% v/v DMF, 2 mL) for 5 × 20 min at room temperature with shaking. Deprotection efficiency 

was monitored by performing a mini-cleavage followed by LC-MS analysis and the reaction 

was repeated if necessary. Upon completion, the resins were washed with DMF (3 × 5 mL) and 

then DCM (3 × 5 mL). 
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5.1.3.9 Deprotection of Cysteine Mmt protecting group 

The peptide-loaded resins were treated with a freshly prepared Mmt cleavage solution (TFA: 

TIPS: DCM, 5:5:90 v/v/v, 2 mL) for 25 times at room temperature with vigorous agitation for 

2 min each. Successful removal of the Mmt group was indicated by the complete loss of the 

intense yellow colour (originating from the cleaved methoxytrityl group) in the used cleavage 

solution. After completion, the resins were washed with DMF (3 × 5 mL) and DCM (3 × 5 mL). 

5.1.3.10 Deprotection of Alloc and Allyl protecting groups and cyclisation 

The allyl ester and allyl carbamate on the resin-bound peptide were removed with the addition 

of a solution of Pd(PPh3)4 (0.1 eq.) and N,N-dimethylbarbituric acid (4 eq.) in DCM followed 

by gentle shaking at room temperature for 2 h. The deprotection was repeated overnight to 

ensure complete removal. Cyclization via the amide bond was carried out on the resin with the 

addition of a solution of PyBOP (2 eq.), HOBt (2 eq.) and N-Methylmorpholine (2.4 eq.) in 

DMF for 5 h twice. Upon completion, the resins were washed with DMF (3 × 5 mL) and DCM 

(3 × 5 mL). 

5.1.3.11 Manual peptide synthesis 

For amino acids Fmoc-Ser(propargyl)-OH and Boc-Lys(Fmoc)-OH, manual coupling was 

performed in a fritted syringe. The Fmoc group was deprotected using 20% piperidine in DMF 

and agitated for 10 min. The resin was then washed with DMF (3 × 5 mL) and DCM (3 × 5 

mL). The deprotection step was repeated to ensure complete deprotection. For the resulting 

resins with free N-terminus, a solution of Fmoc-protected amino acid (3 eq.), HATU (3 eq.) 

and DIPEA (6 eq.) in DMF were added to the tube and the tube was agitated for 30 min. The 

coupling efficiency was checked with the Ninhydrin test, and repeated if incomplete coupling 

was indicated. Excess reagents were drained, and the resin was washed with DMF (3 × 5 mL) 

and DCM (3 × 5 mL). 

5.1.3.12 Ninhydrin test 

The Ninhydrin test was employed to qualitatively determine the presence of primary amines 

on resin-bound peptides. Three reagents were prepared as follows: Reagent A: 6.6 mg of KCN 

was dissolved in 10 mL of distilled water, and 1 mL of the prepared KCN solution was 
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dissolved in 49 mL of pyridine. Reagent B: 1.0 g of ninhydrin was dissolved in 20 mL of n-

butanol. Reagent C: 40 g of phenol was dissolved in 20 mL of n-butanol. 

To perform the test, 10-15 resin beads were transferred to a test tube. Three drops of each 

reagent (A, B, and C) were added to the tube with the resin, as well as to an empty reference 

tube. The tubes were heated to 95 ℃ for 5 min. If the beads remained colourless, no primary 

amine was detected. If the beads were colourless but the solution turned dark blue, a small 

amount of primary amine was present. If the beads turned blue and the solution became light 

to intense blue, almost all primary amine was present on the resin, indicating a failed coupling. 

5.2  Photoswitching properties characterisation 

5.2.1 Instrumentation 

UV-Vis spectra were acquired using an Agilent Cary 60 UV-Vis spectrometer 

(wavelength range: 190 – 1100 nm, resolution: 1.5 nm, Light source: Xenon Flash Lamp 

80 Hz) equipped with a temperature controller. Polystyrene semi-micro cuvettes (1.5 mL, 

1 cm) sealed with parafilm were used in the measurement. Data analysis was conducted using 

WinUV software. LC-MS spectra were obtained on a Waters HPLC system with ESI mass 

spectrometer as previously described. Compounds were separated employing the eq20 

gradient. For compound irradiation, custom-made boxes (by Dr. Charlie Saunders, 

WaveyTech Ltd) installed with 25 mW LED light bulbs with wavelengths of 365 nm, 

405 nm, and 457 nm were used. 

5.2.2 LC-MS method for PSS determination 

A solution of the compound in the LC-MS solvent was prepared. The sample was irradiated at 

the specified wavelength for a designated period. LC-MS chromatograms of the sample 

following irradiation were recorded with minimised exposure to ambient light. Compound 

isomer peaks were identified based on mass spectra and integrated to determine the PSS ratio 

at that specific wavelength. 

5.2.3 UV-Vis spectroscopy determination of the PSS of linker 4 

The photostationary state ratios at 365 nm and 457 nm were calculated using Fischer’s 

method.165  This calculation was based on the assumption that the ratio of quantum yields of 

the two isomers (ΦE/ΦZ) does not differ at the two selected wavelengths. 
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𝑎2 = (
∆1

𝐷E1
−

∆2

𝐷E2
)/ [1 +

∆1

𝐷E1
− 𝑛(1 +

∆2

𝐷E2
)] 

𝑎1 = 𝑛𝑎2, n = 
𝐷𝑜𝑏𝑠𝑑 1𝜆𝑚𝑎𝑥

−𝐷𝐸𝜆𝑚𝑎𝑥

𝐷obsd 2𝜆𝑚𝑎𝑥
−𝐷𝐸𝜆𝑚𝑎𝑥

 

∆ = 𝐷𝑜𝑏𝑠𝑑 − 𝐷𝐸 

Where 𝑎1and 𝑎2 are the PSS ratios of the less stable Z isomer at wavelength 1 and 2. 𝐷𝑜𝑏𝑠𝑑 is 

the observed absorbance, 𝐷𝐸  is the absorbance of a solution containing only the more stable 

trans (E) isomer. Here, the ‘non-irradiated’ spectrum of linker 4 solution prepared freshly 

from a DMSO stock stored protected from light was assumed to contain only trans (E) 

isomer and used in the calculation. 𝜆𝑚𝑎𝑥  is the wavelength where the maximal absorption 

difference is found for the trans (E) isomer and cis (Z) isomer, which is at 341 nm.  

For linker 4, 𝜆𝑚𝑎𝑥 was 341 nm. 

To calculate PSS of linker 4 at 365 nm irradiation, for wavelength 1 (340 nm) and wavelength 

2 (365 nm), 

𝑛 = 
𝐷𝑜𝑏𝑠𝑑 1𝜆𝑚𝑎𝑥

−𝐷𝐸𝜆𝑚𝑎𝑥

𝐷obsd 2𝜆𝑚𝑎𝑥
−𝐷𝐸𝜆𝑚𝑎𝑥

= 
0.00994−0.10608

0.00983−0.10608
= 0.9989 

∆1

𝐷E1
 =  

𝐷𝑜𝑏𝑠𝑑 1 − 𝐷𝐸1

𝐷E1
=  

0.01083 − 0.10685

0.10685
= −0.8986 

∆2

𝐷E2
 =  

𝐷𝑜𝑏𝑠𝑑 2 − 𝐷𝐸2

𝐷E2
=  

0.00323 − 0.06033

0.06033
= −0.9465 

𝑎2 = 0.999      𝑎1 = 𝑛𝑎2 = 0.998 

Therefore, at 365 nm PSS there is 99% Z-4 in the solution. 

To calculate PSS of linker 4 at 457 nm irradiation, for wavelength 1 (450 nm) and wavelength 

2 (457 nm), 

𝑛 = 
𝐷𝑜𝑏𝑠𝑑 1𝜆𝑚𝑎𝑥

−𝐷𝐸𝜆𝑚𝑎𝑥

𝐷obsd 2𝜆𝑚𝑎𝑥
−𝐷𝐸𝜆𝑚𝑎𝑥

= 
0.10683−0.11293

0.10061−0.11293
= 0.495 

∆1

𝐷E1
 =  

𝐷𝑜𝑏𝑠𝑑 1 − 𝐷𝐸1

𝐷E1
=  

0.01087 − 0.01053

0.01053
= 0.0323 
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∆2

𝐷E2
 =  

𝐷𝑜𝑏𝑠𝑑 2 − 𝐷𝐸2

𝐷E2
=  

0.00788 − 0.00893

0.00893
= −0.1177 

𝑎2 = 0.251      𝑎1 = 𝑛𝑎2 = 0.124 

Therefore, at 457 nm PSS there are 25% Z-4 and 75% E-4 in the solution. 

5.2.4 NMR spectroscopy determination of PSS of linker 4 

1H NMR spectra (400 MHz, DMSO-d6) were recorded for compound 4, following irradiation 

with 457 nm or 365 nm LED light for the indicated time. The irradiation protocol involved 457 

nm for 5 minutes, followed by another 5 minutes of 457 nm, then 365 nm irradiation for 3 

minutes, succeeded by 5 minutes of 365 nm, followed by two further cycles of 10 minutes each. 

To minimise light exposure, the samples were handled under foil protection. Peaks 

corresponding to the methyl groups on E/Z isomers were integrated.  

5.2.5 UV-Visible spectroscopy determination of thermal half-life 

A solution containing 12 μM AP-PROTAC-2 in 0.1% DMSO in water was irradiated with 

365 nm LED light for 3 min. Following irradiation, the solution was incubated at 37 °C in a 

UV-Vis spectrophotometer temperature control chamber for 24 h. UV-Vis spectra were 

recorded every 30 min during the incubation. It was assumed that the compound achieved the 

same conversion ratio with irradiation as observed in the LC-MS experiment (80% E with 

457 nm and 90% Z with 365 nm irradiation).  

The percentage of Z isomer was plotted against time (Figure 2-7E), and an exponential 

trendline was fitted to the data: 

[𝑍] = [𝑍]0𝑒−𝑘𝑡,  y = 0.847𝑒−6.08×10−6𝑥  (R2 = 0.9707) 

From the rate constant k, the thermal half-life of the Z isomer was calculated as follows:  

 t1/2 =
𝑙𝑛2

𝑘
= 31.7 ℎ 
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5.3  Bioconjugationf 

5.3.1 Conjugation methods for peptide-based PROTACs 

HER2-15 (DAR 4) 

Trastuzumab (12 mg, 7.5 mg/mL) in PBS was reduced with TCEP (50 mM in water, 4.3 eq.). 

The mixture was incubated at 22 °C for 1.5 h. Following that, QZ-015 (10 mM in DMA, 20 eq.) 

was added and incubated at 22 °C for 1.0 h. The crude conjugate was subjected to analysis with 

HIC-HPLC for DAR determination and SEC-HPLC for monomeric content. The final 

conjugate underwent buffer exchange (30 kDa MWCO, Sartorius vivaspin) into Formulation 

Buffer (30 mM Histidine, 175 mM Sucrose, 0.02% PS20, pH 6.0), and filtered (Millex-GV 

0.22 µm). 

EGFR-21 (DAR 4 and DAR 8) 

Cetuximab (10 mg, 2.0 mg/mL) in PBS was reduced with TCEP (10 mM in diH2O, 3.5 eq. for 

DAR 4 and 8 eq. for DAR 8). The mixture was incubated at 22 °C for 1.5 h. Following that, 

QZ-021 (10 mM in DMA, 8 eq. for DAR 4 and 12 eq. for DAR 8) was added and incubated at 

22 °C for 1.0 h. The crude conjugate was analysed with HIC-HPLC for DAR determination 

and SEC-HPLC for monomeric content. The final conjugate underwent buffer exchange 

(30 kDa MWCO, Sartorius vivaspin) into Formulation Buffer (30 mM Histidine, 175 mM 

Sucrose, 0.02% PS20, pH 6.0), and filtered (Millex-GV 0.22 µm). 

B12-21 (DAR 4 and DAR 8) 

B12 (10 mg, 2.2 mg/mL) in PBS was reduced with TCEP (10 mM in diH2O, 3 eq. for DAR 4 

and 5 eq. for DAR 8). The mixture was incubated at 22 °C for 1.5 h. Following that, QZ-021 

(10 mM in DMA, 8 eq. for DAR 4 and 12 eq. for DAR 8) was added and incubated at 22 °C 

for 1.0 h. The crude conjugate was analysed with HIC-HPLC for DAR determination and SEC-

HPLC for monomeric content. The final conjugate underwent buffer exchange (30 kDa 

 

f Bioconjugation was conducted by Dr Alina Chrzastek et al., ADC Therapeutics, Translation & Innovation Hub Building 

Imperial College White City Campus, 84 Wood Lane, London, W12 0BZ. 
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MWCO, Sartorius vivaspin) into Formulation Buffer (30 mM Histidine, 175 mM Sucrose, 0.02% 

PS20, pH 6.0), and filtered (Millex-GV 0.22 µm). 

5.3.2 Determination of new molecular weight (MW) of the ADC: 

MW of ADC = MW of mAb + (DAR x MW of payload) 

EC280 of ADC = EC280 of mAb + (DAR x EC280 of payload) 

 MW (Da) EC280 (M-1 cm-1) 

Cetuximab  145423.2  217440 

B12 148052.3 220420 

Trastuzumab 145531.5 215380 

QZ-015 2079.52 1210 

QZ021 4611.52 2669 

5.3.3 HIC and SEC analysis 

Hydrophobic Interaction Chromatography (HIC) 

Column TSKgel Butyl-NPR (2.5 µm, 4.6 mm x 3.5 mm) 

Mobile Phase A: 50 mM NaPi, pH 7, 1.5 M AS 

B: 50 mM NaPi, pH 7, 20% IPA 

Gradient 0%-100% B over 15 min 

Flow rate 1.2 mL/min 

Detection UC (DAD): 214 nm, 230 nm, 254 nm, 330 nm 

Column Oven 30 °C 

Autosampler 10 °C 

Injection volume 20 µL/ 4 µg 

HIC Methods: 

Time (min) 0.0 2.0 12.0 12.0 14.0 14.0 

%A 100 100 0 0 0 100 

%B 0 0 100 100 100 0 

Size-exclusion chromatography (SEC) 

Method name SEC Method (10 min isocratic) 

Column Acquity BEH SEC 200A (1.7 µm 4.6x150 mm) 

Mobile Phase A: 0.2 M Potassium Phosphate,  

 pH 6.8, (15% IPA, 0.2 M KCl) 

Gradient 100% A over 10 min 

Flow rate 0.35 mL/min 

Detection UC (DAD): 214 nm, 230 nm, 254 nm, 330 nm 

Column Oven 30 °C 

Autosampler 10 °C 

Injection volume 1 µL/ 1 µg 
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SEC methods:  

Time (min) 0.0 10.0 

%A 100 0 

%B 0 100 

 

5.4  Biology 

5.4.1 Cell culture and treatment 

Cells were obtained from the Francis Crick Institute cell bank. MDA-MB-231 and MCF-

7 cells were cultured in low glucose Dulbecco's Modified Eagle’s Medium (DMEM, 

Sigma, D6046) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco). T47D cells 

were cultured in RPMI 1640 Medium (Gibco, 11875-093) supplemented with 10% FBS. 

HEK293, BT-474 and Panc-1 cells were cultured in high glucose DMEM (Gibco, 61965-

026) supplemented with 10% FBS. All cells were grown in a humidified incubator at 37 °C, 

with 5% CO2. The cells were seeded at a density of 3 × 105 cells per well in a 6-well plate 

and allowed to adhere for 24 h. Subsequently, the cells were treated with the specified 

compounds and duration. Stocks were prepared in DMSO with dry compound and peptide, 

based on their dry weight, and then diluted to the desired concentration using the cell 

growth medium. For light-responsive compounds, the cell plates were irradiated for 1 

minute using either 365 nm or 457 nm LED light. 

5.4.2 Cell lysis 

Following cell treatment, cells were washed twice with PBS, and then the respective cold 

lysis buffer was added. The cell suspensions were collected into eppendorf tubes and lysed 

on ice for 30 min. The collected suspensions were then centrifuged for 10 min at 17,000 g, 

4 °C, after which the supernatant was collected. Protein concentration was determined 

using the DCTM Protein assay kit (BIO-RAD) with a bovine serum albumin standard curve 

in lysis buffer and the sample concentration was normalised. The lysates were used in the 

subsequent steps, such as immunoblotting, proteomics sample preparation, or stored at 

−80 °C.  

MDA-MB-231 cells were lysed with PBS lysis buffer (1% Triton-X, 0.1% SDS, 1xPBS 

in Milli-Q purified water, pH 7.4) with freshly added protease inhibitor (cOmplete, EDTA-
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free). HEK293, BT-474, MCF-7, T47D and Panc-1 cells were lysed using RIPA buffer 

(Sigma, R0278) supplemented with protease inhibitor. 

5.4.3 Immunoblotting 

Lysates containing an equal amount of proteins (10 μg- 20 μg) were mixed at a ratio of 3:1 

with 4x Laemmli protein sample buffer (supplemented with 10% 2-mercaptoethanol, BIO-

RAD) and denatured at 95 °C for 10 min. Samples were resolved using Mini-

PROTEAN® TGX™ Precast 7.5% gels (50 min, 160 V) and then wet transferred onto a 

nitrocellulose membrane. The membrane was blocked for 1 h at room temperature with 5% 

skimmed milk in Tris-buffered saline with 0.1 % Tween-20 (TBS-T). Primary antibodies 

were diluted in 5% milk in TBS-T and incubated with the membrane at 4 °C overnight. 

The membrane was washed with TBS-T (3 × 10 min), cut and incubated with appropriate 

IgG H&L HRP-conjugated secondary antibodies for 1 h at RT. The membrane was washed 

with TBST (3 × 10 min), and the bands were detected by chemiluminescence using the 

western HRP substrate (Merck Immobilon Crescendo). The images were captured using 

ImageQuant Las 4000 and processed with ImageJ software. Primary antibodies used (1:1000 

dilution): BRD4 (Cell Signalling Technology #13440), FAK (Cell Signalling Technology 

#3285), TBK1 (Cell Signalling Technology #3504), AURORA-A (Cell Signalling Technology 

#4718), GAK (Invitrogen #PA5-99201), ERα (Cell Signalling Technology #8644),  

CREPT/RPRD1B (Cell Signalling Technology #74693), EGFR (Cell Signalling Technology 

#4267), HER2 (Cell Signalling Technology #4290), β-actin (SIGMA-ALDRICH, A1978, 

1:2500), GAPDH (Abcam, ab9485, 1:2500). Secondary antibodies used (1:10,000 dilution): 

Goat-α-mouse IgG (H+L) HRP conjugate (R-05071-500), Goat-α-rabbit IgG (H+L) HRP 

conjugate (R-05072-500). Blots were quantified with ImageJ and plotted with GraphPad Prism 

9. 

5.4.4 In-cell western 

The in-cell western assay was conducted using the CellTag 520 Stain ICW Kits following the 

manufacturer's instructions. Cells were cultured in a 96-well plate (96-well ICW, 926-19156, 

LI-COR) and treated with media-containing compounds. After cell treatment, cells were fixed 

directly without washing using a 3.7% formaldehyde solution for 20 min at room temperature 

without agitation, followed by permeabilization with 0.1% Triton X-100 solution for 20 min 

with gentle agitation. Subsequently, cells were blocked using the Intercept (TBS) Blocking 
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Buffer provided in the kit for 1.5 h with gentle agitation. Cells were incubated with antibody 

dilutions in the blocking buffer at 4 °C overnight (AURORA-A, Cell Signalling Technology 

#4718, rabbit, 1:100; β-actin, SIGMA-ALDRICH, A1978, mouse, 1:200). The following day, 

the cells were washed with 0.1% Tween 20 in TBS for 5 min, repeated for four times. 

Fluorescent labelled secondary antibodies and cell stain were diluted in Intercept T20 Antibody 

Diluent and incubated with the cells for 1 h at room temperature with gentle agitation 

(IRDye 800CW Goat anti-Rabbit Secondary Antibody, IRDye 680RD Goat anti-Mouse 

Secondary Antibody, 1:800; CellTag 520, 1:500). After careful removal of liquid from the 

wells, cells were washed four times. The plate was imaged using 520 nm, 700 nm and 800 nm 

channels on the Odyssey M Imaging System.  

5.4.5 Cell toxicity assay 

MDA-MB-231 cells were seeded in a 96-well plate (7000 cells/well) and grown in low glucose 

DMEM with 10% FBS overnight. The following day, the media was replaced with media 

containing the compound and SYTOX™ Green Nucleic Acid Stain (dye, 250 nM final 

concentration). For control, cells were treated with media containing 0.1% DMSO without dye, 

0.1% DMSO with dye, 2 µg/mL puromycin and dye, and 2 µg/mL puromycin in 0.1% DMSO 

with dye. The cell plate was incubated at 37 °C with 5% CO2 in the incubator. Phase and green 

fluorescence were imaged every 2 h over 3 days using the Incucyte Live-Cell Analysis Systems. 

5.5  Proteomics 

5.5.1 Sample preparation 

Lysates of treated cells (100 μg, 100 μL) were reduced and alkylated by the addition of 

TCEP (to a final concentration of 5 mM) and chloroacetamide (CAA, to a final 

concentration of 15 mM) for 45 min at room temperature under vigorous shaking. Proteins 

were precipitated by adding 2 sample volumes of methanol, 0.5 volume of chloroform and 

1 volume of purified water. The mixture was vortexed and centrifuged at 6,000 rpm for 

2 min resulting in pellets of precipitated proteins. Pellets were washed with 3 sample 

volumes of methanol by vortexing and sonicating, then centrifuged at 8,000 rpm for 4 min. 

The supernatant was discarded, and the washing procedure was repeated an additional four 

times. The protein precipitate was air-dried for 5 min and redissolved in 100 μL of 50 mM 

HEPES pH 8.0 using sonication and vortexing. The protein solution was digested with 
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trypsin protease (0.4 μg, 1:250 to protein, Pierce™ 90057) and incubated overnight in a 

thermoshaker with 800 rpm shaking at 37 °C. Trypsin digestion was quenched with the 

addition of 0.5% TFA. A peptide quantification assay (Pierce Fluorometric Peptide Assay) 

was performed. The same volume of peptide digest from each condition was aliquoted and 

dried with a SpeedVac Vacuum concentrator. The dried peptide samples were labelled 

with tandem mass tags (TMT10plex ref 90110, Thermo Scientific) for 2 h at room 

temperature. The TMT labelling reaction was quenched with the addition of 5% 

hydroxylamine and the samples were vortexed for 5 min and centrifuged at 8,000 rpm for 

4 min at room temperature. An equal volume of supernatant from each condition was 

combined into a single Eppendorf. The combined peptides were fractionated (Pierce high 

pH Reversed-Phase Peptide Fractionation kit) into 8 fractions and dried with a SpeedVac 

Vacuum concentrator. The dried fractions were resuspended in 2% MeCN and 0.5% 

trifluoroacetic acid in water to achieve a concentration of approximately 1 μg/μL.  

5.5.2 LC-MS/MS and data analysis 

Prepared peptide sample fractions were run using a Thermo Fisher Q-Exactive LC-MS/MS 

equipped with a Thermo EASY-SPRAY column (500 mm x 75 μm inner diameter, 2 μm 

particle size) as previously described.190,262 The data obtained were processed using MaxQuant 

version 1.6.17.0, where peptides from the MS/MS spectra were searched in the human 

proteome database (UniProt accessed January 2021) for identification. Further analysis of the 

data was performed using Perseus 1.6.15.0, Microsoft Office Excel 365, and GraphPad Prism 

9. A minimum of 2 unique peptides were selected for protein identification. The mass 

spectrometry proteomics data has been deposited in the ProteomeXchange Consortium via the 

PRIDE263 partner repository with the dataset identifier PXD036224. 
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5.6  Computational modelling of PROTAC ternary complexg 

The computational modelling of the PROTAC ternary complex was described in detail by 

Ignatov et al.. 191 In brief, the structural modelling approach partitions the PROTAC-complex 

sampling problem into several steps. The process begins with a template-based protein-small-

molecule docking protocol ClusPro LigTBM, which orients the half-PROTAC ligands with 

the corresponding proteins.264,265 The PROTAC molecule is bisected in the middle atom of the 

linker, and conformers of the PROTAC halves were generated by the ETKDG method and 

relaxed with MMFF.266,267 The resulting half-PROTACs are aligned to the respective protein-

ligand complex models and filtered for clashes. The middle atom positions of the remaining 

conformations were then projected to grids. Next, to find energetically favourable protein-

protein complex poses, the FFT-based docking program PIPER was used with an additional 

‘silent’ term.192,193,268 This term convolves the grids and ensures that the middle atoms on both 

sides overlap during the docking. Consequently, this term partially accounts for PROTAC 

accessible conformations and helps efficiently filter out unfeasible protein-protein complex 

poses. Structures in which the half-PROTACs can be successfully joined to form a complete 

PROTAC are relaxed by Amber energy minimisation and clustered to generate complete 

ternary PROTAC complex models.194  

  

 

g Computational modelling was conducted in collaboration with Sergei Kotelnikov, Mikhail Ignatov, and Dima Kozakov 

from the Department of Applied Mathematics and Statistics and Laufer Center for Physical and Quantitative Biology, Stony 

Brook University, Stony Brook, NY, USA. 

https://pubs.rsc.org/en/results?searchtext=Author%3ASergei%20Kotelnikov
https://pubs.rsc.org/en/results?searchtext=Author%3AMikhail%20Ignatov
https://pubs.rsc.org/en/results?searchtext=Author%3ADima%20Kozakov
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Chapter 7  Appendix 

7.1  Chapter 2 Additional data 

7.1.1 NMR spectra of Chapter 2 compounds 

(9H-fluoren-9-yl)methyl (4-aminobenzyl)carbamate (1) 

1H NMR (400 MHz, DMSO-d6)  
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13C NMR (101 MHz, DMSO-d6) 
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(9H-fluoren-9-yl)methyl(4-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)benzyl)carbamate (2) 

1H NMR (400 MHz, CDCl3) 
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13C NMR (101 MHz, CDCl3) 
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(9H-fluoren-9-yl)methyl(E)-(4-((1-(2-hydroxyethyl)-3,5-dimethyl-1H-pyrazol-4-

yl)diazenyl)benzyl)carbamate (3) 

1H NMR (400 MHz, CDCl3)
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13C NMR (101 MHz, CDCl3) 
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(E)-2-(4-((4-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino) methyl)phenyl)diazenyl)-3,5-

dimethyl-1H-pyrazol-1-yl) acetic acid (linker 4) 

1H NMR (400 MHz, DMSO-d6), >99.9% E isomer 
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13C NMR (101 MHz, DMSO-d6) 
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4-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)amino)-4-oxobutanoic acid (5) 

1H NMR (400 MHz, DMSO-d6) 
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13C NMR (101 MHz, DMSO-d6) 
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 (E)-N1-(4-((1-(2-(4-(4-((5-chloro-4-((2-(methylcarbamoyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazin-1-yl)-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-4-

yl)diazenyl)benzyl)-N4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)succinimide (7, 

AP-PROTAC-2)  

1H NMR (400 MHz, DMSO-d6) 
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1H NMR (400 MHz, DMSO-d6), zoomed in 

 

Representative pyrazole methyl proton peaks: E isomer: 2.48 (s, 3H), 2.37 (s, 3H). Z 

isomer: 2.02 (s, 3H), 1.38 (s, 3H). 
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13C NMR (101 MHz, DMSO-d6)  
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7.1.2 NMR spectroscopy determination of PSS of linker 4 
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7.1.3 LC-MS chromatograms 

  

25% E

75% Z365 nm, 3 min

>99% ENon-irradiated

Figure 7-1 LC-MS chromatograms of AAP linker 4 

Top: LC-MS chromatograms of a solution of 1 mM AAP linker 4 in 40% acetonitrile in water with 0.1% 

formic acid, recorded without irradiation or after irradiated with 365 nm LED for 3 min. Bottom: Positive 

mass profile at 10.8 min and 12.1 min after irradiation.  
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UV

MS-

MS+

Z

E

Figure 7-2. LC-MS chromatograms of AP-PROTAC-2 

LC-MS chromatograms of a 0.1 mM solution of AP-PROTAC-2 in water with 20% acetonitrile, non-

irradiated, and exposed to ambient light. Bottom: Positive mass profile at 9.06 min and 9.91 min.  
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Figure 7-3. LC-MS chromatograms of AP-PROTAC-2, after 8 min of 457 nm irradiation  

LC-MS chromatograms of a 0.1 mM solution of AP-PROTAC-2 in water with 20% acetonitrile, after 8 min 

of 457 nm irradiation. The area under the curve of the diode array showed a PSS of 80% E and 20% Z. 

20% Z

80% E
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90% Z

10% E

Figure 7-4. LC-MS chromatograms of AP-PROTAC-2 with irradiation, after 8 min of 457 nm 

irradiation and followed by 8 min of 365 nm irradiation  

LC-MS chromatograms of a 0.1 mM solution of AP-PROTAC-2 in water with 20% acetonitrile, after 8 

min of 457 nm irradiation and followed by 8 min of 365 nm irradiation. The area under the curve of the 

diode array showed a PSS showed a PSS of 90% Z and 10% E. 
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7.1.4 UV-Vis spectra 

 

Figure 7-5 UV-Vis spectra of a solution of CTx-0294885 in DMSO (ca. 10 μM) 

For comparison, the spectra of E or Z-enriched AP-PROTAC-2 were plotted in the same graph. 

7.1.5 Cytotoxicity assay of AP-PROTAC-2 

 

Figure 7-6 Cytotoxicity assays of AP-PROTAC-2 

MDA-MD-231 cells were treated with 10 nM, 100 nM, 500 nM of (E-enriched)-AP-PROTAC-2, kinase 

inhibitor CTx-0294885, lenalidomide, or 0.1% DMSO and puromycin (2 μg/mL). The signal of SYTOX™ 

Green Nucleic Acid Stain over cell phase area was plotted against time of treatment.  
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7.1.6 Fold change plot in proteomics analysis of AP-PROTAC-2 

 

Figure 7-7 Fold change plot in proteomics analysis of AP-PROTAC-2 

Fold change (FC) of (E-enriched)-AP-PROTAC-2 treated sample versus DMSO control group (E-

enriched−DMSO) plotted against Fold change of (Z-enriched)-AP-PROTAC-2 treated sample versus 

DMSO control (Z-enriched−DMSO). Highlighted are possible proteins differentially degraded with (E-

enriched) or (Z-enriched)-AP-PROTAC-2 treatment. 
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7.1.7 Immunoblots 

 

Figure 7-8. Immunoblots and quantification of GAK and β-actin in MDA-MB-231 cells after 

treatment 

Immunoblots and quantification of GAK and β-actin in MDA-MB-231 cells after 4 h, 8 h, 12 h, or 16 h 

treatment of 100 nM (E-enriched)-AP-PROTAC-2 or (Z-enriched) isomer (with intermittent irradiation 

every 3 h for Z isomer treated cells). Bars represent mean signal normalized to β-actin, reported as the mean 

and SD of n = 3 biological replicates. 
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Figure 7-9. Immunoblots and quantification of FAK, AURORA-A, TBK1, GAK in MDA-MB-231 cells 

after treatment  

(A) Immunoblots and (B) quantification of FAK, TBK1, AURORA-A, and β-actin in MDA-MB-231 cells 

after 16 h treatment of indicated concentrations of compounds. (C) Immunoblots and (D) quantification of 

GAK, and β-actin in the same treatment. Bars represent mean signal normalized to β-actin, reported as the 

mean and SD of n = 3 biological replicates. 
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7.2  Chapter 3 Additional data 

7.2.1 LC-MS spectra of ADC linkers in TFA 

 

Figure 7-10 LC-MS spectra of ADC linker 1 in 20% MeCN in water with 0.1% formic acid with eq20 

gradient  

Left: before incubation with TFA; Right: Compounds were incubated in pure TFA for 1 h with shaking and 

recorded LC-MS spectra in 20% MeCN in water with 0.1% formic acid with eq20 gradient.   

After incubation in TFA for 1 h

MS+ at Rt = 6.2 min MS+ at Rt = 5.9 min
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Figure 7-11. LC-MS spectra of ADC linker 2 in 20% MeCN in water with 0.1% formic acid with eq20 

gradient  

Left: before incubation with TFA; Right: Compounds were incubated in pure TFA for 1 h with shaking and 

recorded LC-MS spectra in 20% MeCN in water with 0.1% formic acid with eq20 gradient.   

 

Figure 7-12. LC-MS spectra of ADC linker 3 in 20% MeCN in water with 0.1% formic acid with eq20 

gradient  

Left: before incubation with TFA; Right: Compounds were incubated in pure TFA for 1 h with shaking and 

recorded LC-MS spectra in 20% MeCN in water with 0.1% formic acid with eq20 gradient.    

MS+ at Rt = 13.5 min MS+ at Rt = 13.4 min

After incubation in TFA for 1 h

MS- at Rt = 2.8 min

After incubation in TFA for 1 h

MS- at Rt = 2.8 min
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7.2.2 Investigation of aspartimide formation during the synthesis of TD-PROTAC 

 

Figure 7-13. Investigation of aspartimide formation during synthesis of TD-PROTAC 

LC-MS spectra of the cleaved mixture in synthesis of TD-PROTAC and m/z search for the desired product.  

  

The desired peptide [M+2H]2+ = 891

MS-

MS+

By-produc [M+2H]2+ = 933
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7.2.3 HPLC traces and LC-MS spectra of peptides in Chapter 3 

 

Figure 7-14. TD-PROTAC peptide characterisation 

 (A) Chemical structure of TD-PROTAC. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS positive and negative spectra. 

  

TD-PROTAC

Synthetic yieldFound m/zCalculated 

MW

Chemical formulaPeptide

4.9 mg, 5.5%1781.34 ([M+H]+)

1779.34 ([M+H]-)

1780.20C83H142N24O19TD-PROTAC

MethodPurity by HPLCHPLC Rt/minPeptide

eq597.4%6.01TD-PROTAC

(A) (B)

(C)
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Figure 7-15. QZ-014 peptide characterisation 

 (A) Chemical structure of QZ-014. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS positive spectra. 

  

QZ-014

Synthetic yieldFound m/zCalculated MWChemical formulaPeptide

5.8 mg, 5.5%706.50 ([M+3H]3+),

1058.63 ([M+2H]2+)

2115.60C101H167N25O24QZ-014

MethodPurity by HPLCHPLC Rt/minPeptide

eq589.0%6.22QZ-014

(A) (B)

(C)
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Figure 7-16. QZ-015 peptide characterisation 

 (A) Chemical structure of QZ-015. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS positive spectra. 

  

Synthetic yieldFound m/zCalculated MWChemical formulaPeptide

6.5 mg, 6.3%694.04 ([M+3H]3+),

1040.77 ([M+2H]2+)

2079.52C98H163N23O26QZ-015

QZ-015

MethodPurity by HPLCHPLC Rt/minPeptide

eq592.2%6.19QZ-015

(A) (B)

(C)
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Figure 7-17. QZ-016 peptide characterisation 

 (A) Chemical structure of QZ-016. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS positive spectra. 

  

Peptide Chemical formula Calculated MW Found m/z Synthetic yield

QZ-015 C93H152N24O23S2 2038.50 680.59 ([M+3H]3+),

1020.40 ([M+2H]2+)

9.8 mg, 9.6%

Peptide HPLC Rt/min Purity by HPLC Method

QZ-016 7.04 93.0% eq5

QZ-016(A) (B)

(C)
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Figure 7-18 QZ-017 peptide characterisation 

 (A) Chemical structure of QZ-017. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS positive spectra. 

  

Synthetic yieldFound m/zCalculated MWChemical formulaPeptide

5.6 mg, 2.8%800.98 ([M+5H]5+)

1001.09 ([M+4H]4+)

1334.37 ([M+3H]3+)

4000.81C179H312N56O47QZ-021

MethodPurity by HPLCHPLC Rt/minPeptide

eq596.2%3.84QZ-017

PRTC-amide

QZ-017
(A)

(B)

(C)
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Figure 7-19. QZ-019 peptide characterisation 

 (A) Chemical structure of QZ-019. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS positive spectra. 

  

L1-AHX-PRTC

Synthetic yieldFound m/zCalculated MWChemical formulaPeptide

12.2 mg, 5.4%1120.42 ([M+4H]4+),

896.44 ([M+5H]5+),

747.32 ([M+6H]6+)

4477.38C203H348N60O53QZ-019

MethodPurity by HPLCHPLC Rt/minPeptide

eq598.6%4.21QZ-019

QZ-019

(A)

(B)

(C)
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Figure 7-20. QZ-021 peptide characterisation 

 (A) Chemical structure of QZ-021. (B) HPLC chromatogram using eq5 gradient. (C) LC-MS 

chromatograms using eq20 gradient, UV trace, MS negative spectra. 

  

Synthetic yieldFound m/zCalculated MWChemical formulaPeptide

31.5 mg, 13.7%1536.31 ([M-3H]3-)4611.52C208H358N60O57QZ-021

MethodPurity by HPLCHPLC Rt/minPeptide

eq598.4%4.25QZ-021

Mal-PEG4-VA-AHX-PRTC

QZ-021
(A)

(B)

(C)
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Figure 7-21. QZ-026 crude peptide characterisation 

Chemical structure of QZ-026 and the LC-MS chromatograms of the crude peptide using eq20 gradient, UV 

trace, MS positive spectra. 

  

QZ026 Cyclised Alkyne-MC1, crudeQZ026

Peptide Chemical formula Calculated MW Found m/z

QZ-026 C89H111N23O22S 1887.07 944.39 ([M+2H]2+)

1887.67 ([M+H]1+)



205 

 

Figure 7-22. QZ-027 peptide characterisation 

 (A) Chemical structure of QZ-027. (B)  LC-MS chromatograms using eq20 gradient, UV trace, MS positive 

spectra. 

  

QZ-027 CIDE-JQ1

Synthetic yieldFound m/zCalculated MWChemical formulaPeptide

24.7%874.32 ([M+3H]3+)

1310.58 ([M+2H]2+)

2620.35C122H156ClN31O29S2QZ-027

(B)

(A)
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Figure 7-23. QZ-028 crude peptide characterisation 

Chemical structure of QZ-028 and LC-MS chromatograms using eq20 gradient, UV trace, MS positive and 

negative spectra. 

 

 

  

Peptide Chemical formula Calculated MW Found m/z

QZ-028 C116H155N27O31S 2455.73 1227.35 ([M-2H]2-)

1229.94 ([M+2H]2+)

QZ-028

ES- ES+

QZ-028 Crude
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7.2.4 Characterisation of ADCs in Chapter 3 

 

Figure 7-24. Trastuzumab-QZ015 (HER2-15) ADC characterisation with hydrophobic interaction 

chromatography (HIC) 

Conditions: (A) TCEP (2.0 eq.), Linker-peptide (12 eq.), giving ADCs with DAR 3.3. (B) TCEP (2.3 eq.), 

Linker-peptide (12 eq.), giving ADCs with DAR 4. (C) TCEP (2.3 eq.), Linker-peptide (10.8 eq.), giving 

ADCs with DAR 3.8; MW: 153018 Da; EC280: 219736; Abs 0.1%: 1.436; Concentration: 5.85 mg/ml; DAR 

(PLRP): 3.6; Monomer (SEC): 93.5%; Endotoxin level: 0.121 EU/mg; Buffer: 30 mM Histidine, 175 mM 

Sucrose, PS20 0.02%, pH 6.   
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Figure 7-25. B12-21 ADC characterisation data 

Formulation Buffer: 30 mM Histidine, 175 mM Sucrose, 0.02% PS20, pH 6. 

  

B12-21 DAR 8
(8 eq., TCEP, 12 eq. payload)
DAR (HIC): 7.1
Monomer (SEC): 99.3%
Concentration: 7.23 mg/mL in FB
Volume: 1.36 mL
Amount: 9.8 mg
MW: 180794.05
EC280: 239370 M-1 cm-1

Abs 0.1% (=1 g/l) = 1.324
Endotoxin level: 0.209 EU/mg
Storage: -20°C or below

B12-21 DAR 4
(3 eq., TCEP, 8 eq. payload)
DAR (HIC): 4.9
Monomer (SEC): 99.4%
Concentration: 4.93 mg/mL in FB
Volume: 2.1 mL
Amount: 10.4 mg
MW: 171110.86
EC280: 233765 M-1 cm-1

Abs 0.1% (=1 g/l) = 1.366
Endotoxin level: 0.203 EU/mg
Storage: -20°C or below
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Figure 7-26. EGFR-21 ADC characterisation data 

Formulation Buffer: 30 mM Histidine, 175 mM Sucrose, 0.02% PS20, pH 6. 
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7.2.5 Investigation of antibody conjugation: NAC assay of QZ-015 

 

Figure 7-27. Structure and MS positive spectra of QZ-015 before and after reaction with NAC.  
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7.3  Reprint Permissions 

Permissions to reproduce published figures and data are included in this section. 

Chapter 1 

Section 1.1 to 1.4 
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Figure 1-9D  

  

Figure 1-13  
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Chapter 2 

Chapter 2 was based on the author’s previous publication licensed under a Creative Commons 

Attribution 3.0 Unported Licence. 

 

Figure 2-1B  

  

  

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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Figure 2-2B 

 

Figure 3-4 
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Figure 3-11 

  

Figure 3-14 

 

  



216 

Figure 3-20 
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