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Abstract 

 

The risk of being diagnosed with cancer during our lifetime is estimated to be around 50%, 

and – although survival rates have vastly improved over the last few decades – cancer 

remains the second leading cause of death worldwide. Metastasis, the ability of cancer cells 

to spread and colonise throughout the body, is the major contributor to cancer mortality. 

Identification of suitable targets for the development of anti-metastatic therapeutics is 

challenging due to the complex nature of the metastatic process. Cancer cell motility and 

formation of invasive actin structures are vital for a multitude of steps in this metastatic 

cascade. The actin-bundling protein fascin has been found to be crucial for the formation 

of those invasive membrane protrusions and its expression correlates with aggressive 

metastatic cancers, however, fascin is not found in healthy epithelial tissue. Despite 

representing an attractive target, disruption of protein–protein interactions of structural 

proteins with traditional small-molecule drugs remains a difficult task in drug discovery. 

Therefore, this project aims at overcoming this challenge by recruiting the cell’s natural 

protein degradation mechanism to the scaffold protein in order to induce its targeted 

degradation by means of proteolysis-targeting chimeras (PROTACs). Selective degradation 

of the pro-metastatic target could impede assembly of invasive membrane protrusions, 

reduce invasiveness of cancer cells and thereby prevent formation of metastases.  

 

 

 

Chapter 1 discusses the process of metastasis and the role of cancer cell motility in the 

metastatic cascade. It goes on to describe actin-based cell membrane protrusions 

implicated with cell migration and invasion, and fascin’s involvement in the formation of 

invasive actin structures and cancer cell metastasis. Drug discovery efforts to develop a 

small molecule capable of inhibiting the actin-bundling activity of fascin are mentioned. 

The second part of Chapter 1 details the mechanisms behind cellular protein degradation 

and how it can be exploited therapeutically using PROTACs. Considerations to be taken into 

account when designing bi-functional degrader molecules are explained, and evaluation of 
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physicochemical properties of PROTACs are discussed. The last part of Chapter 1 briefly 

summarises the project’s aims and hypotheses. 

 

Chapter 2 describes the development of a HaloTag-based model system used to prove the 

concept for targeted protein degradation of fascin. The first part of Chapter 2 reports the 

modular design and synthesis of active compounds and mono-functional controls. The 

second part of Chapter 2 details biological assays used to determine compound activity as 

well as experiments assessing the effect on cell function and phenotype, emphasising the 

importance of using cell lines suitable for evaluating proposed outcomes. 

 

Chapter 3 details the design and synthesis of three series of fascin-targeting PROTACs 

based on different fascin ligands, as well as evaluation of physicochemical properties of the 

degrader molecules. The second part of Chapter 3 describes biological assays carried out 

to test activity of the compounds in different cell lines and their binding to fascin. It 

highlights difficulties encountered with cell permeability and attempted strategies to 

overcome these challenges.  

 

Chapter 4 concludes on the findings of the PhD project and proposes future work to be 

carried out.  

 

Chapter 5 describes experimental protocols for the biological and chemical components of 

this project.  

 

The appendix contains compound characterisation data as well as supplementary 

experimental data for biological experiments.  
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1 Introduction 

 

1.1 Cancer and metastasis 

1.1.1 Metastasis as major cause of cancer mortality  

During 2019, the year prior to the ongoing COVID-19 pandemic, around 18% of global 

deaths accounting for 10 million fatalities were attributed to cancer, making it the second 

leading cause of death worldwide after cardiovascular diseases (Figure 1.1 a).1,2 What is 

commonly referred to as cancer comprises of a large group of multifactorial diseases which 

are characterised by abnormal cell growth and can affect almost any part of the body 

(Figure 1.1 b).3  

  
Figure 1.1: a) Global causes of death recorded in 20191 and b) leading cancer types in 2020.4  

 

It is estimated that around 1 in 2 people will be diagnosed with cancer during their lifetime,5 

however, detection and treatment of cancer have vastly improved over the last decades. 

Although survival rates vary between different types of cancer, around 50% of all cancer 

patients across Europe survive for 10 or more years after diagnosis, compared to only 24% 

of patients 40 years ago.6 Metastasis, the ability of cancer cells from a primary tumour to 

invade and colonise at a distal site in the body, is a critical step in cancer progression and 

represents the primary cause of cancer mortality.7 Survival rates of cancer patients drop 

severely for all types of cancer when diagnosed in stage 4, once it has started metastasising 

(Figure 1.2).  
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Figure 1.2: 5-year survival rate for cancer patients by stage diagnosed  

for lung, bowel, breast and prostate cancer.6  

 

Despite extensive research efforts aimed at elucidating biological mechanisms behind 

metastasis and its drivers at molecular level, those efforts have failed to translate into 

successful therapeutic strategies for treatment and prevention of metastasis.8-11 This 

discrepancy is illustrated by an analysis revealing that less than 4% of the annual number 

of publications about cancer treatment between 1997 and 2017 were associated with anti-

metastatic therapeutics (Figure 1.3).12 In addition, anti-metastatic agents reaching the 

clinical trial stage run the risk of being perceived as not sufficiently efficient due to 

regulatory requirement being aimed more at cytotoxic drugs by prioritising decrease in 

tumour size rather than the ability to prevent formation of metastases.13,14  

 

Figure 1.3: Comparison of annual publications associated with  
cancer drugs vs publications about anti-metastatic drugs (1997–2017).12  
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In search for a suitable therapeutic target great care needs to be taken in order to identify 

a process common to metastasis, and at the same time not affecting any pathways crucial 

for healthy cells.15 This is further complicated by the genetically unstable and 

heterogeneous nature of metastatic cells, which can possess characteristics of the tissue of 

the primary tumour site, the invaded tissue as well as properties common to cancer and 

metastatic cells.16 Previously, metastasis was thought to only occur in late stages of disease 

progression, however, there is evidence that cancer cells can also detach early in the 

development of primary tumours.8 This emphasises the need for anti-metastatic 

therapeutics which can be administered in combination with cytotoxic agents. As such 

cancer growth can be inhibited at the same time as preventing metastasis, in order to 

improve survival rates of patients suffering from metastatic diseases.17,18  

 

1.1.2 Metastatic cascade  

The metastatic cascade describes the complex process by which cancer cells disseminate 

from the primary tumour into the adjacent tissue, travel through the circulatory or 

lymphatic system to then colonise at a distal site in the body, forming a secondary tumour 

(Figure 1.4).3 Many interdependent mechanisms are at play during metastasis: For cancer 

cells to be able to detach from the primary tumour (Figure 1.4 a), cells undergo epithelial–

mesenchymal transition (EMT), a process during which characteristics of adherent 

(epithelial) cells are lost and stem cell (mesenchymal)-like properties are acquired.8 As a 

result of this transition, cancer cells gain the ability to dissociate from neighbouring cells 

and the extracellular matrix (ECM) and develop structural features allowing for degradation 

of the surrounding tissue and invasion through the matrix away from the primary tumour 

(Figure 1.4 b).10 Invasion into connective tissue and the basement membrane, which acts 

as a mechanical barrier between the blood and lymphatic vessels, can either be achieved 

by individual cells or by cell clusters with cells at the leading edges “paving the way” for the 

trailing cell cohort.10 Once intravasation into the blood or lymphatic system is achieved, 

cells circulate throughout the body (Figure 1.4 c and d). However, circulation is highly 

inefficient and therefore rate-limiting for the formation of metastases: Of millions of cells 

disseminated from the primary tumour entering the blood or lymphatic vessels, only about 

0.01% are successful in surviving and colonising at a distal site.17 Upon dissociation from 

the matrix, circulatory cells are not able to facilitate intercellular communication essential 

for their growth and survival, which could lead to anoikis, programmed cell death upon loss 
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of cell–matrix interactions.18 In addition, hydrostatic shear forces of the circulatory system 

as well as recognition and elimination by components of the immune system pose further 

challenges circulating cancer cells need to withstand.10 However, by adhering to healthy 

cells, such as platelets, cancer cells can evade detection.19 This interaction with platelets is 

also thought to aid in the initial adhering of cancer cells to the walls of the vascular system, 

a process necessary for extravasation out of the circulatory system (Figure 1.4 e).18 Upon 

successful extravasation, colonisation in the surrounding tissue requires cancer cells to 

undergo mesenchymal–epithelial transition (MET) to revert to a more adherent phenotype 

(Figure 1.4 f). The regained ability to interact with the surrounding tissue and neighbouring 

cells activates cell proliferation and survival pathways essential for metastasis growth.10  

 

Figure 1.4: Metastatic cascade: a) Detachment of cancer cell from primary tumour, b) invasion into 
surrounding tissue, c) intravasation into circulatory system, d) circulation through body, e) extravasation 

and f) colonisation to form metastasis - adapted from 9.  

 

Although the metastatic cascade is a complex process, and interdependencies between the 

different stages are not yet fully elucidated, cell migration and invasion are key to multiple 

steps in metastasis. Similar cellular motility and functional transition processes can be 

observed for physiological activities, such as embryogenesis, wound healing and 

inflammation, indicating tumour cell invasion and migration to be regular cellular 

behaviours occurring in a dysregulated environment.20-22  
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1.1.3 Actin structures in cell migration and invasion  

Movement of cancer cells is mediated by the highly dynamic actin cytoskeleton and 

associated regulatory and structural proteins. Actin forms dynamic fibres (F-actin) through 

polymerisation of actin monomers (G-actin) at the (+) end of the filament and 

depolymerisation at the (-) end (Figure 1.5).23 

 
Figure 1.5: Actin polymerisation and depolymerisation. 

 

Whilst non-invasive membrane protrusions (lamellipodia, filopodia and podosomes) are 

also formed by healthy epithelial cells for cellular processes requiring cellular motility, such 

as embryonic development and tissue regeneration, metastatic cancer cells additionally 

develop invasive protrusions (invadopodia). The underlying arrangement of actin filaments 

by different actin-associated proteins determine the morphology of the membrane 

protrusions.24 Lamellipodia (Figure 1.6 a) are localised at the leading edges of cells and 

mediate cell locomotion and cell spreading by interacting with and attaching to their 

environment via adhesion proteins and pull the cell body forward when migrating. The thin 

sheet-like protrusions are formed by a mesh of actin filaments. Those highly branched 

structures are mediated by an actin nucleation protein which attaches to existing mother 

filaments and promotes formation of daughter filaments at a 70 ° angle.25 Thinner finger-

like structures, filopodia (Figure 1.6 b), can project out from lamellipodia at the leading 

edges and function as sensory organ detecting external signals like nutrient and 

chemoattractants.26 Filopodial protrusions are formed through elongating parallel actin 

filaments, which are cross-linked by actin-bundling proteins.27 Podosomes (Figure 1.6 c) are 

short-lived dot-like actin clusters at the ventral surface. Although little is known about the 

precise function of podosomes, they are thought to play a role in adhesion and transfer of 

membrane tension when lamellipodia extend forward.28 Pathological invadopodia (Figure 

1.6 d), which are localised at the ventral side of metastatic cancer cells, are long-lived stiff 

membrane protrusions capable of penetrating deep into the matrix and degrading 

surrounding tissue. Their main function is to facilitate invasion through the extracellular 

matrix by use of matrix metalloprotease (MMP) activity or mechanical force, and are 

considered to be crucial for several steps in the metastatic cascade.29  
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Figure 1.6: Cellular membrane protrusions and underlying actin structures:  
a) lamellipodia, b) filopodia, c) podosomes and d) invadopodia.30 

 

When migrating in response to external stimuli, cancer cells dynamically generate 

interconvertible actin structures underneath the cell membrane, leading to formation of 

lamellipodia and filopodia at the leading edge of the cell (Figure 1.7 a). The directional force 

generated by those structures, together with adhesion of leading cell edges to the cell 

surroundings, push the cell membrane into a forward direction (Figure 1.7 b). The cell body 

and the nucleus are then translocated by formation of stress fibres (Figure 1.7 c), before 

the trailing edge of the cell is pulled forward by retraction fibres (Figure 1.7 d).26 

 

Figure 1.7: Membrane protrusions and actin structures involved in cell migration: a) formation of protrusive 
structures (lamellipodia and filopodia) at leading edges of cell, b) adhesion of leading edges to surface, c) 
movement of cell body and nucleus through formation of stress fibres and d) retraction of trailing edge of 

cell by formation of retraction fibres – adapted from 26. 
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However, tumour cell invasion occurs in a three-dimensional (3D) environment, requiring 

cancer cells to move through the surrounding matrix. Metastatic cells achieve this invasive 

movement in two independent but interconvertible ways of migration, depending on the 

physical constitution of the surrounding matrix: through mesenchymal motility in stiffer 

matrices or through amoeboid motility in softer tissue (Figure 1.8 a).31 Mesenchymal-like 

cells display a more elongated morphology, which aligns with the direction of movement, 

and form invasive actin structures, such as invadopodia. The motility is path-generating 

through MMP-mediated degradation of the surrounding tissue as well as tractile force 

generated by contractability of the cell’s cytoskeleton and adhesion to the matrix.32 

Amoeboid-type motility, on the other hand, is protease-independent. Cells displaying an 

amoeboid-like morphology are more rounded and deformable, which allows them to 

squeeze through pores in the surrounding tissue, hence migrating in a path-finding manner 

(Figure 1.8 b). Due to weaker and more dynamic adhesion to the matrix, cell movement 

can proceed at a higher speed through amoeboid-type than with mesenchymal-type 

motility.33 Changes in matrix environment or in cell functionality, such as inhibition of 

protease activity, can trigger a transition in phenotype, hence allowing for compensatory 

escape through morphological plasticity.34 

 

Figure 1.8: Mesenchymal and amoeboid migration – adapted from 32. 

 

Invadopodia are solely found in invasive cancer cells and correlate with increased 

invasiveness and formation of metastasis. The invasive membrane protrusions drive 

metastatic spread through their essential function in several processes of the metastatic 

cascade, namely invasion, intravasation and extravasation.35 Preventing the formation or 

inhibiting the function of those structures could impede dissemination of cancer cells 

throughout the body and colonisation at a distal site.36 There is a set of components unique 

to invadopodia and crucial to their formation and function, which represent appealing 

targets for therapeutic interventions.37-40 However, identification of a suitable target is far 

from trivial, which is illustrated by the initially promising strategy of inhibiting invadopodia-

specific proteases. After extensive efforts to develop MMP inhibitors and favourable pre-
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clinical data, around 50 compounds failed during clinical trials, displaying considerable 

toxicity due to lack of protease specificity. Instead, the results indicated that inhibition of 

MMPs could even promote cancer metastasis due to overlapping functions of the 

proteases.41 Impeding formation of invadopodia by targeting processes associated with the 

actin cytoskeleton could be an anti-metastatic strategy alternative to inhibition of the 

proteolytic function.42 However, since actin-rich structures are also essential for motile 

processes in healthy cells, such as inflammation and wound healing, identification of 

components specific to invadopodia is imperative in order to prevent potential disastrous 

side effects.48 The actin-bundling protein, fascin, has been shown to have a unique role in 

actin cytoskeleton reorganisation and cell motility in invasive tumour cells hence could be 

a suitable drug target for anti-metastatic therapeutics.43 

 

1.1.4 Actin-bundling protein fascin as a potential drug target  

Fascins are structural proteins that bind and bundle actin filaments, forming dynamic and 

stable membrane protrusions and other specialised structures. In mammalian cells, three 

isoforms of fascin are known: fascin-1 (hereafter called fascin) which has been found to be 

crucial for invadopodia formation in epithelial cancer cells, retinal fascin-2 which is involved 

in formation of photoreceptor cells and testis-specific fascin-3 with unknown function in 

sperm-heads of late-stage spermatozoa.44 Fascin is only expressed in neuronal and 

connective tissue during embryonic development when cell motility is important but 

expression levels in healthy adult epithelial cells are negligible. It is highly upregulated in 

various types of cancers, and is used as a prognostic marker for metastasis. Expression 

levels of fascin correlate with aggressive, metastatic cancers exhibiting poor survival 

prognosis and have been implicated with cancer progression and metastasis.45 

 

Fascin is a 55 kD globular protein and consists of four β-trefoil domains.44 Two domains 

possess actin-binding sites (Figure 1.9 a), one at the N-terminus and one further towards 

the C-terminus. Fascin also binds microtubules (MT binding site in Figure 1.9 a) and is 

thought to contribute to focal adhesion dynamics and cell migration speed.46 Whilst 

phosphorylation usually activates protein function and signalling pathways, in the case of 

fascin, phosphorylation of the N-terminal binding site deactivates actin-binding. This 

negative regulation by phosphorylation is common to actin-binding proteins.30 Positively 

charged arginine and lysine residues in those actin-binding sites interact with negatively 
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charged actin filaments electrostatically.47 The interactions can be regulated by mono-

ubiquitination at the lysine residues within the actin binding sites, which sterically 

interferes with actin binding.48 Binding of actin by fascin is cooperative and the two actin-

binding sites are conformationally connected – binding of one actin filament likely stabilises 

the active configuration of fascin, enhancing binding of another actin filament at the other 

binding site. Similarly, impairment of one actin binding site leads to a conformational 

change that disables the other actin binding site.49 By binding to two adjacent actin 

filaments, fascin cross-links the filaments, forming rigid parallel bundles (Figure 1.9 b).46 

Bundling of about 10 to 30 actin filaments results in formation of membrane protrusions 

of about 60 to 200 nm in size (Figure 1.9 c).49  

 
Figure 1.9: a) Fascin structure and actin-binding sites, c) actin cross-linking and  

c) membrane protrusions formed by GFP-fascin.47  

 

In healthy cells, fascin is responsible for the formation of filopodia by cross-linking adjacent 

actin filaments that allow for cell communication and motility during embryonic 

development.50 In cancer cells, this bundling activity plays a crucial role in regulation of 

adhesion, migration and invasion by formation of filopodia as well as invadopodia. Fascin 

has been found to be particularly stable and exchange more slowly at invadopodia 

compared to other actin-based membrane protrusions, hence result in more stable 

structures capable of invading through the ECM.51 Knock-down of fascin resulted in cells 

forming fewer, smaller and more short-lived invadopodia, indicating that fascin is vital for 

invadopodia numbers and size, as well as their stability and lifetime.29 Non-cancerous 

epithelial cells transfected with fascin developed spikey membrane protrusions and 

reduced cell–cell contact was observed (Figure 1.10 a), whereas fascin-deficient cells 

exhibited a more rounded morphology with a smooth surface, and clustering of cells 

(Figure 1.10 b). Fascin-transfected cells also show greatly enhanced motility compared to 

their fascin-deficient counterparts.43 Similarly, overexpression of fascin in fascin-negative 

cancer cells augments their motility and ability to metastasise.44 It has been shown that 
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cancer cells acquire fascin during EMT, allowing them to change their morphology and 

increase motility and invasiveness.52  

 
Figure 1.10: Pig kidney epithelial cells: a) transfected with fascin and b) fascin-deficient.43  

 

Fascin expression levels are negligible in non-cancerous adult cells and genetic knock-down 

experiments have not been reported to cause significant growth or survival defects. 

Moreover, fascin was shown to have a key role in cell motility and adhesion in invasive 

cancer cells, and inhibition of its actin-bundling activity causes a dramatic decrease in 

formation of invadopodia and reduction in tumour cell invasion and proliferation.15 Taken 

together, those finding suggest fascin to present a promising target for anti-metastatic 

therapeutics.  

 

1.1.5 Inhibition of fascin’s actin-bundling activity  

A series of different compounds were developed to inhibit fascin’s actin-bundling activity. 

Initially, migrastatin, a macrolide natural product isolated from Streptomyces, and its 

synthetic analogue macroketone (Figure 1.11), were shown to inhibit tumour cell migration 

in vitro without knowledge of their biological target.53 In vivo studies carried out in mice 

showed reduction in metastases after treatment with macroketone, though metabolic 

instability of the compound was observed.53 Further studies identified macroketone and 

other analogues to inhibit fascin’s actin-bundling activity,54 however, the exact binding 

mode and mechanism remained somewhat elusive.55 Structural modifications of synthetic 

analogues in order to improve anti-metastatic activity as well as metabolic stability are the 

subject of further investigations.56,57  
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Figure 1.11: Migrastatin and synthetic analogue macroketone. 

 

FSCN-A (1.4) and FSCN-B (1.5) were developed as part of a drug development project at 

the Drug Discovery Unit at the Beatson Institute for Cancer Research, which was aimed at 

identifying compounds capable of inhibiting fascin’s actin-bundling activity. Using a 

fragment-based drug design approach, a virtual library of around two million fragments 

were screened and 1000 promising compounds were selected for assessment of binding 

affinities for fascin, yielding 53 hits.58,59 Hit fragment 1.1 was observed to bind in the same 

pocket as previously identified compound 1.2 (Figure 1.12).60 A virtual screen of 

commercial compounds and an in-house library identified analogues of compound 1.2. 

Binding to fascin of 100 promising compounds was assessed by surface plasmon resonance 

(SPR) and compound 1.3 was selected for further optimisation. Combining structural 

features of 1.2 and 1.3 and further modifications to improve fascin binding yielded FSCN-A 

(1.4) and FSCN-B (1.5).58,61 

 

Figure 1.12: Initial hit fragment 1.1, analogues 1.2 and 1.3 and  
optimised compounds FSCN-A (1.4) and FSCN-B (1.5). 
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Co-crystal structures with fascin revealed both compounds, FSCN-A (1.4) and FSCN-B (1.5), 

to bind to the same actin-binding site (Figure 1.13). Due to cooperativity between the two 

actin-binding sites (Chapter 1.1.4), binding of the compounds induces a global 

conformational change, thereby preventing fascin from binding to actin filaments and 

inhibiting its actin-bundling activity.59  

 

Figure 1.13: Co-crystal structure of fascin with FSCN-B (1.5) (PDB ID 6i18).  

 

FSCN-B (1.5), which displayed a higher affinity for fascin when assessed by SPR, also 

showed improved inhibition of actin bundling whilst being less cytotoxic, compared to 

FSCN-A (1.4) (Table 1.1). FSCN-B (1.5) was also shown to inhibit tumour cell invasion in 

vitro.61  

 
Fascin binding 

SPR KD (μᴍ) 

Inhibition of actin bundling 

IC50 (μᴍ) 

Toxicity 

(μᴍ) 

FSCN-A (1.4)  0.97 1.40 > 1 

FSCN-B (1.5) 0.08 0.24 > 30 

Table 1.1: Activity of FSCN-A (1.4) and FSCN-B (1.5). 59,61 

 

FSCN-C (1.7) and analogues (Figure 1.14) were identified at Weill Cornell Medical College 

by screening chemical libraries for compounds capable of inhibiting fascin’s actin-bundling 

activity. Out of around 165,000 screened compounds, 15 were identified to display 

reproducible IC50 values of less than 10 μᴍ, and 1.6 was selected for further optimisation 

due to its drug-like structure.62 Generation of analogues of 1.6 by exploration of different 

head groups afforded FSCN-C (1.7), between others, which was then also tested in vitro 

and in vivo.63  
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Figure 1.14: Optimisation of FSCN-C (1.7). 

 

FSCN-C (1.7) showed improved activity over initial hit 1.6 in vitro when assessed in actin-

bundling and invasion assays, and decreased formation of metastases by around 95% at 

100 mg/kg in mice (Table 1.2). Co-crystal structures of FSCN-C (1.7) and analogues with 

fascin confirmed binding to the same actin-binding site as FSCN-A (1.4) and FSCN-B (1.5) 

(Figure 1.13).64 Further in vivo studies revealed that FSCN-C (1.7) not only inhibits tumour 

metastasis but also decreases tumour growth of certain cancer types in mice.65,66 

 

Fascin 

binding 

ITC KD (μᴍ) 

Inhibition of actin 

bundling 

IC50 (μᴍ) 

Inhibition of 

invasion 

IC50 (μᴍ) 

Decrease of 

metastasis in vivo 

at 100 mg/kg 

1.6 2 to 20 5 to 8 50 to 100 ~ 95% 

FSCN-C (1.7)  NR 0.2 ~10 ~ 95% 

Table 1.2: Activity of initial hit 1.6 and optimised analogue FSCN-C (1.7).62,63  

 

A recent in silico screen of around 1000 Food and Drug Administration (FDA)-approved and 

experimental drugs against fascin identified potential inhibitors for fascin’s activity.67,68 

Two FDA-approved drugs, raltegravir, an inhibitor of human immunodeficiency virus-1 

(HIV-1) integrase, and imipramine, an antidepressant (Figure 1.15), were selected for 

further in vitro actin-bundling and invasion assays, as well as in vivo assays using a Zebrafish 

larvae model, in which they showed promising preliminary activity.  

 

Figure 1.15: Raltegravir and imipramine. 
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However, despite extensive research efforts and promising results in vitro and in animal 

models, no anti-metastatic targeting the scaffold protein fascin has yet reached the clinical 

trials. One major challenge with drugging structural proteins is achieving inhibition of 

protein–protein interactions with a small-molecule drug.  

 

1.2 Targeted protein degradation 

1.2.1 Challenges in targeting protein–protein interactions  

Despite vital roles of structural proteins in healthy and pathological processes, targeting 

scaffold proteins, such as fascin, and modulating their protein–protein interactions (PPIs) 

using small-molecule drugs remains an ongoing challenge in drug discovery.69 Classical drug 

targets, like enzymes or receptors, possess of well-defined binding sites with specific 

interactions that can be exploited when modulating a protein’s function via a small 

molecule (Figure 1.16 a). PPIs, on the other hand, occur through contact of two or more 

proteins over large shallow surfaces, making it difficult for a small-molecule drug to disrupt 

this binding over a large interactive surface. Moreover, the cumulative affinity of protein–

protein binding is high due to the numerous interactions between the amino acids of the 

two proteins, further complicating disruption of this high-affinity interaction with a small 

molecule (Figure 1.16 b).70  

 

Figure 1.16: a) Inhibition of enzyme with small-molecule drug and b) protein–protein interaction.  

 

More recently, with the development of novel non-small-molecule therapeutics such as 

antibodies or peptides,71 several PPI-modulating drugs have reached clinical trials and 

some even the market.72 However, poor oral availability and adverse immune reactions 
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remain inherent challenges with these non-traditional therapeutic agents.69 Another 

potential therapeutic modality for structural proteins is targeted protein degradation. This 

strategy does not rely on inhibiting PPIs but instead induces degradation of a protein of 

interest (POI) through the cell’s natural protein degradation mechanism. Since the POI can 

be recruited for degradation by binding anywhere on the target, no functional binding site 

is required. In addition, by permanently degrading the POI, the therapeutic effect does not 

rely on transient and reversible inhibition of the PPI. Targeted protein degradation can 

therefore be used to access protein targets otherwise considered “undruggable” with 

small-molecule drugs, such as scaffolding proteins.73 Although this approach is widely 

explored for a variety of targets in the context of cancer74,75 and has recently reached the 

clinical trial stage,76,77 only few structural proteins have been targeted to date.78,79 

 

1.2.2 Natural degradation of endogenous proteins  

To maintain proper cell function, quality and quantity of the protein content within the cell 

needs to be regulated, and protein degradation plays a vital role in achieving cellular 

homeostasis. Degradation of surplus and aberrant proteins occurs through two major 

mechanisms: either the lysosomal pathway, through which proteins are degraded by 

hydrolytic enzymes in the acidic interior of the lysosome, or the ubiquitin–proteasome 

system (UPS), for which proteins are tagged for proteasomal degradation through an 

enzymatic cascade.80,81 Since targeted protein degradation takes advantage of the UPS, 

only this pathway will be described herein.  

To trigger the UPS cascade leading to protein degradation, a ubiquitin-activating enzyme 

(E1) activates ubiquitin, a small highly-conserved protein which serves as a cofactor for a 

variety of cellular processes, by catalysing the reaction between ubiquitin’s C-terminal 

carboxylate and adenosine triphosphate (ATP) to form a ubiquitin adenylate (Figure 1.17 

a). This ubiquitin adenylate then reacts with a cysteine residue of E1 to form a thioester. 

Through transthioesterification ubiquitin is transferred from E1 to a ubiquitin-conjugating 

enzyme (E2) (Figure 1.17 b). The ubiquitin ligase (E3) binds to the target protein and 

facilitates transfer of the activated ubiquitin from E2 to a lysine residue on the substrate by 

formation of an isopeptide bond with ubiquitin’s C-terminal glycine (Figure 1.17 c).82 This 

ubiquitin transfer occurs several times, building up a poly-ubiquitin chain on the protein 

(Figure 1.17 d), which is then recognised by the proteasome as a degradation signal. The 
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proteasome, a multi-subunit protease complex, subsequently unfolds and degrades the 

protein into non-functional peptide fragments (Figure 1.17 e).83  

 

Figure 1.17: Endogenous protein degradation through the ubiquitin-proteasome system (UPS): a) E1 
ubiquitin activation, b) ubiquitin transfer to E2, c) ubiquitin conjugation to protein, d) poly-ubiquitination 

and d) proteasomal degradation of ubiquitinated protein.  

 

Whereas only two E1 enzymes conjugate ubiquitin to around 40 E2 enzymes, substrate 

specificity is achieved through the interaction of E3 ligases with the target protein. 

Hundreds of different E3 ligases are encoded in the human genome and their expression is 

tissue-specific and can vary depending on the cellular context, conferring selectivity to the 

degradation process.84 

 

1.2.3 Targeted protein degradation  

Targeted protein degradation diverts the UPS-mediated degradation mechanism to a 

target protein by use of proteolysis-targeting chimeras (PROTACs) or molecular glues. 

PROTACs, which act as an adapter between the POI and the E3 ligase, are 

heterobifunctional molecules, consisting of two ligands, one for the E3 ligase and one for 

the POI, connected through a linker. By recruitment of both the POI and the E3 ligase, and 

formation of a ternary complex, the E3 ligase is brought in close proximity to the POI, 

inducing ubiquitination of the target and subsequent proteasomal degradation through the 

UPS pathway (Figure 1.18). The PROTAC, on the other hand, is released and can re-enter 

the catalytic degradation cycle by recruiting another copy of the POI.85 Recruitment of the 

UPS to a target protein can also be mediated via molecular glues. These small molecules 

are capable of stabilising interactions between two proteins that would not normally 
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interact, in this case the POI and an E3 ligase. Discovery of molecular glues for a specific 

target is currently still somewhat serendipitous, making it more difficult to achieve 

substrate specificity compared to PROTAC development.86  

 

Figure 1.18: PROTAC-mediated targeted protein degradation: a) PROTAC recruits POI and E3 ligase to form 
ternary complex, b) POI is polyubiquitinated, c) POI is degraded by the proteasome and d) PROTAC is 

recycled and can recruit more copies of the POI.  

 

Targeted protein degradation potentially offers advantages over traditional inhibitory 

small-molecule drugs. Since PROTACs are recycled and can act catalytically by recruiting 

several copies of the POI, lower systemic concentrations of the compound might be needed 

for therapy, reducing the risk of adverse off-target effects.87 Additionally, permanent 

degradation of the target leads to depletion of protein levels over time, and re-synthesis of 

the protein is required in order to restore its function, possibly leading to longer-lasting 

therapeutic effects when compared to transient inhibition of the target.88 As PROTACs do 

not modulate protein function but only require binding to the POI in order to initiate the 

ubiquitination cascade leading to proteasomal degradation, identification of an active site 

on the protein or development of a strongly binding ligand are not necessarily needed. 

Therefore, proteins previously deemed “undruggable” due to lack of well-defined pockets 

can be targeted.89,90 Target selectivity can be achieved through the choice of recruited E3 

ligase as well as adaptation of linker length to obtain optimal interaction between the POI 

and the E3 ligase.91,92  
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1.2.4 Considerations for PROTAC design  

The mechanisms by which targeted protein degradation proceed are complex and success 

is influenced by interdependencies of various factors, such as the target protein and the 

tissue type. Therefore, components involved in the development of PROTACs and their 

impact on inducing targeted degradation need to be carefully considered.  

 

E3 ligase ligands 

Even though more than 600 E3 ligases are found in the human body, only a handful are 

expressed in a wide range of tissues and for very few E3 ligases small-molecule ligands 

known to bind with high affinity and specificity are available.93 In the context of targeted 

protein degradation, particularly four E3 ligases have been exploited, namely von Hippel–

Lindau (VHL), cereblon (CRBN), mouse double minute-2 (MDM2) and inhibitor of apoptosis 

(IAP).94 However, identification of additional E3 ligases and development of suitable small-

molecule ligands for incorporation into PROTACs are currently heavily investigated.95,96 To 

date, the vast majority of successful PROTACs reported in literature target VHL and CRBN 

(Figure 1.19),97-100 hence for the purpose of this work, only ligands for VHL and CRBN E3 

ligases are discussed.  

 
Figure 1.19: Analysis of E3 ligases recruited by active PROTACs – based on 100.  

 

The ligand for VHL stems from a structure-guided design of a small molecule able to disrupt 

the interaction with its primary endogenous substrate hypoxia-inducible factor 1α (HIF1α). 

HIF1α is a transcription factor for regulating several genes related to sensing oxygen and 

hypoxic response. In its hydroxylated form, HIF1α is recognised by VHL, ubiquitinated and 

proteasomally degraded, hence the development of an inhibitor was centred around the 

hydroxyproline moiety crucial for HIF1α binding (Figure 1.20).101,102 Further structure-

activity relationship (SAR) studies produced VHL ligand 1 which is now widely incorporated 
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in PROTACs by attachment of a linker through the nitrogen atom at the tert-leucine 

moiety.102-104 Further optimisation of the ligand by incorporation of a cyclopropyl group to 

increase binding affinity yielded VH101, which allows for linker attachment through the 

phenol moiety.105-107 Although the VHL binding affinity for VH101 was determined to be 

higher than for VHL ligand 1, head-to-head comparisons between PROTACs featuring the 

two VHL ligands revealed that the efficacy of the E3 ligase recruiter is target-

dependent.103,104  

 

Figure 1.20: Development of VHL ligands based on hydroxyproline moiety crucial for on HIF1α binding.  

 

Decades after the pharmaceutical disaster leading to devastating developmental defects 

caused by thalidomide, a drug used to treat morning sickness in pregnant women, research 

directed towards elucidating the teratogenic mechanisms led to the discovery of 

thalidomide binding to CRBN E3 ligase.108 Furthermore, it was determined that 

phthalimide-based drugs racemise rapidly in vivo, implicating the in vivo-generated (S)-

thalidomide for the observed teratogenicity.109,110 However, both enantiomers bind to the 

CRBN E3 ligase and different phthalimide-based ligands, such as pomalidomide or 

lenalidomide, are currently successfully used in PROTAC design (Figure 1.21).99,111,112 

Recent studies suggest that linker attachment through a phenolic linkage compared to the 

pomalidomide nitrogen atom could improve solubility and reduce off-target effects caused 

by the immunomodulatory activity reported for phthalimide-based drugs (Figure 1.21).113-

115 

 
Figure 1.21: Phthalimide-based compounds: thalidomide, pomalidomide, lenalidomide and CRBN-binding 

moieties.  
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In direct comparisons of CRBN- and VHL-recruiting PROTACs, the CRBN E3 ligase seemed to 

be more promiscuous than the VHL E3 ligase, inducing degradation of a wider spectrum of 

targets.116 However, the choice of the E3 ligase also depends on the availability and 

expression levels in the different cell lines to be targeted. Varying the E3 ligase ligand could 

also provide the opportunity to modulate selectivity of a PROTAC towards a particular 

target.92,97 

 

Hydrophobic tags (HyTs) 

A strategy alternative to recruiting E3 ligases to induce targeted protein degradation, is 

conjugation of a hydrophobic tag (HyT) to a target protein. By binding of the PROTAC to the 

POI and exposure of the lipophilic residue, partial misfolding of the protein is mimicked.117 

Ubiquitination and subsequent degradation through the UPS is triggered by recruitment of 

a small molecule chaperone of the heat shock protein (HSP70) family which recognises 

exposed hydrophobic residues of denatured proteins.118 Several HyTs can be used for this 

approach, with adamantyl moieties being most widely explored (Figure 1.22).50,51 

 

Figure 1.22: Lipophilic moieties used as hydrophobic tags.  

 

Linkers 

The primary and most obvious function of the linker is to connect the POI and the E3 ligase 

ligands und bring the two proteins together once bound to the PROTAC. However, length 

and orientation of the linker functionality have been shown to greatly impact on the 

interaction between the two proteins and ultimately the efficacy to induce protein 

degradation.98 By bringing the POI and the E3 ligase into close proximity, the linker can 

stabilise protein–protein interaction for optimal presentation of the POI for ubiquitination 

to occur.119 Through this positive cooperativity, effective PROTACs can be developed based 

on compounds that only weakly bind to the POI.120 Additionally, linker choice can modulate 

target selectivity, to the extent of preferential degradation of one isoform of a target 

protein over another.114  
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The “hook effect”, a phenomenon inherent to three-component systems, is typically 

observed for high PROTAC concentrations. Preferential formation of unproductive binary 

(E3 ligase–PROTAC and PROTAC–POI) over ternary (E3 ligase–PROTAC–POI) complexes 

needed to induce degradation leads to reduced efficacy at higher compound 

concentrations (Figure 1.23). This effect can likely be mitigated through cooperative 

binding between the two proteins mediated by a suitable linker.121,122 

 

Figure 1.23: “Hook effect” at high PROTAC concentrations.  

 

Optimal linker length and composition are highly dependent on the individual system thus 

requires experimental optimisation.123 If the chosen linker is too short, steric clash between 

the two proteins, POI and E3 ligase, would impede interaction or even prevent both 

proteins from binding to the PROTAC at the same time. A linker that is too long would 

introduce a high degree of flexibility into the three-component system, disfavouring 

ubiquitination of the POI through the E3 ligase.124 By far, polyethylene glycol (PEG) and alkyl 

chains are most commonly used in PROTAC design due to their synthetic accessibility and 

the ease to adjust linker length. This tuneability allows for systematic determination of 

optimal linker size and conjugation sites on both ligands for a given target.125 Once a 

suitable linker length has been established, substitution of a flexible chain by more rigid 

bridging structures can have a favourable effect on PROTAC efficacy, essentially by locking 

the PROTAC into its optimal conformation and increasing selectivity for desired interactions 

with the proteins over other, unproductive interactions.105,126 

Linker composition may also impact on cell permeability and solubility, with the potential 

to improve bioavailability of the PROTAC.98 Despite the synthetic utility of PEG and alkyl 

chains (Figure 1.24), they may contribute to toxicity and metabolic instability of the 

compounds.127 More rigid moieties, such as alkynes, or saturated nitrogen heterocycles, 
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like piperazines and piperidines, could alleviate those issues at the same time as increasing 

solubility.128,129  

 

Figure 1.24: Commonly used linker motifs in PROTAC design.  

 

1.2.5 Evaluation of physicochemical properties  

The functionalities needed for PROTAC design inevitably result in a higher molecular weight 

compared to small-molecule drugs, and impact on properties and behaviour of the 

degraders. In an attempt to predict if compounds are likely to be cell permeable and orally 

bioavailable therapeutics prior to subjecting them to expensive and time-consuming in 

vitro and in vivo assays, different physicochemical properties can be evaluated: 

• Molecular weight (MW) = molecular mass of compounds in daltons (Da). A high 

molecular weight can impact negatively on other physicochemical properties and 

could complicate passive cellular uptake of the compound.  

• Calculated partition coefficient (cLogP) = measure of compound lipophilicity. 

Lipophilicity contributes to a compound’s ability to cross the cell membrane, 

however, high lipophilicity can impact negatively on aqueous solubility and could 

result in enhanced oxidative metabolism.94  

• Hydrogen bond donors (HBD) = number of hydrogen atoms bonded to either 

nitrogen or oxygen atoms and hydrogen bond acceptors (HBA) = number of oxygen 

and nitrogen atoms in delocalised systems. HBD and HBA contribute to the polar 

surface area of a compound. A large number of HBD and HBA can lead to a high cost 

of desolvation of complexed water molecules necessary for passive transport across 

the cell membrane.130 

• Number of rotatable bonds (NRotB) = single, acyclic bonds with both atoms bonded 

to at least one other non-terminal heavy atom. A high number of NRotB are 

considered unfavourable due to an increased entropic cost of binding. However, 

they can also have a favourable impact by conferring compounds the ability to 

selectively display of different polarities depending on environment (chameleonic 

effect).131 
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• Topological polar surface area (tPSA) = measure of compound polarity or 

hydrophilicity. A large tPSA can impact negatively on passive cell membrane 

permeability, however, also contributes positively to compound solubility.130,132 

 

Several metrics have been developed, with one of the most well-known being Lipinski’s 

“rule-of-5” (Ro5),133 which was developed as a guideline to define the chemical space in 

which drug-like molecules fall. The Ro5 was determined by assessing physicochemical 

properties associated with orally bioavailable drugs, such as MW, HBD, HBA and partition 

coefficient (logP) as a measure of compound lipophilicity (Table 1.3). Veber et al.130 

analysed a large set of drug candidates with oral bioavailability in rats, and found that 

properties such as NRotB and tPSA would be more meaningful indicators for predicting oral 

bioavailability (Table 1.3). However, both, Lipinski’s and Veber’s “rules”, mostly apply to 

traditional small-molecule drugs with a molecular weight under 500 Da. Owing to their 

necessary functionalities, essentially two small-molecule ligands conjugated by a linker, 

PROTACs fall far outwith those values, rendering the application of Lipinski’s and Veber’s 

guidelines to predict compound properties and behaviour difficult. More recently, as more 

non-traditional therapeutics, such as peptidomimetics and macrocycles, are developed and 

reach the market, Kihlberg’s “beyond rule-of-5” (bRo5)134,135 expanded the range of 

physicochemical properties to approved therapeutics and clinical candidates with 

molecular weights over 500 Da (Table 1.3). Although not designed as a set of “rules” but 

more specific to the context of targeted protein degradation, Maple et al.100 evaluated 

PROTACs reported in literature by their ability to induce degradation of the targeted 

proteins using a normalised degradation score (DegS). In doing so, analysis of 

physicochemical properties of the highest scoring PROTACs were analysed and could aid in 

the determination of optimal properties in degrader development. The average 

physicochemical properties for highest scoring PROTACs (Maple set, PROTACs with DegS ≥ 

4) fall in the space between the Lipinski’s Ro5/Veber’s and Kihlberg’s bRo5 (Table 1.3), 

indicating those average values could be a good starting point to compare properties of 

newly developed PROTACs against.  
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 MW (Da) cLogP HBD HBA NRotB tPSA (Å²) 

Lipinski (Ro5)133 / 

Veber130 
≤ 500 ≤ 5 ≤ 5 ≤ 10 ≤ 10 ≤ 140 

Kihlberg (bRo5)134,135 ≤ 1000 -2 ≤ x ≤ 10 ≤ 6 ≤ 15 ≤ 20 ≤ 250 

Maple set (PROTACs 

with DegS ≥ 4)100 
985 5.36 4.13 13.3 24.6 208 

Table 1.3: Optimal physicochemical properties as defined by Lipinski/Veber, Kihlberg and Maple. 

 

Despite potential challenges with respect to oral bioavailability, several PROTACs have 

reached phase I and even phase II of human clinical trials, with more in the pipeline 

approaching the clinic.136 Structural detail of those compounds could further contribute to 

understanding optimal physicochemical properties for PROTAC development, however, 

most structures have not been disclosed to the public yet. Recently, Arvinas revealed 

structures of two PROTACs currently in phase II clinical trials: ARV-110, a CBRN-recruiting 

androgen receptor degrader, and ARV-471, a CBRN-recruiting oestrogen receptor degrader 

(Figure 1.25).76,77 

 

Figure 1.25: Arvinas PROTACs in clinical trials.76,77 
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When comparing physicochemical properties of ARV-110 and ARV-471 with the average 

values of PROTACs with DegS ≥ 4 (Maple set), it is noticeable that the values for the clinical 

PROTACs lie well below the values reported for the Maple set, even complying with 

Lipinski’s/Veber’s guidelines for drug-like small molecules for all parameters despite their 

molecular weights (Table 1.4 a). Though it should be noted that both Arvinas PROTACs 

target CRBN, and CRBN-recruiting PROTACs display on average lower cLogP values, fewer 

NRotB and HBD compared to VHL-recruiting PROTACs (Table 1.4 b),100 mostly due to more 

favourable physicochemical properties of the CRBN ligand compared to the VHL ligand. This 

general difference in physicochemical properties between CRBN-recruiting and VHL-

recruiting PROTACs highlights one of the major challenges in PROTAC development: 

Properties of the degraders are partially dictated by inherent properties of the ligands 

involved, somewhat restricting improvement of overall properties of the compounds.94  

 

 MW (Da) cLogP HBD HBA NRotB tPSA (Å²) 

a) Arvinas PROTACs in clinical trials 

ARV-11076 812 3.34 2 11 10 181 

ARV-47177 724 4.92 2 5 7 96 

b) Maple set (PROTACs with DegS ≥ 4)100 

All PROTACs 985 5.36 4.13 13.3 24.6 208 

CRBN PROTACs  1047 6.36 4.46 13.0 28.0 205 

VHL PROTACs  896 3.91 3.77 13.6 19.3 213 

Table 1.4: Comparison of a) Arvinas PROTACs in clinical trials and b) Maple set PROTACs with DegS ≥ 4.  
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Despite progress in computational methods to model interactions between proteins and 

PROTAC and a growing knowledge base on targeted protein degradation, compound 

development relies on experimental optimisation informed by structural insights since 

optimal PROTAC design is highly dependent on the protein target and tissue type. 

 

1.3 Project aims and hypotheses 

The overall aim of this project was to develop PROTACs capable of inducing degradation of 

fascin. A library of PROTACs based on different fascin ligands would be synthesised and 

their biological activity assessed (Figure 1.26). Different in vitro assays would be used to 

confirm binding of the PROTAC to fascin, engagement of the UPS and selective degradation 

of the target through the PROTAC mechanism. The effect of degrading fascin on invasive 

and migratory ability of cancer cells would be probed with different functional and 

phenotype assays. It was hypothesised that through targeted degradation of fascin, 

formation of invasive cellular structures by bundling of actin filaments would be abolished, 

and cancer cell invasion could be prevented. Development of a PROTAC able to induce 

selective degradation of fascin could pave the way in the development of a therapeutic 

capable of containing metastatic spread. 

 
Figure 1.26: Summary of project aims and hypotheses. 
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2 HaloTag model system: proof-of-concept for targeted 

protein degradation of a fascin fusion protein using 

HaloPROTACs 

 

In order to probe the possibility of engaging the UPS to fascin and induce protein 

degradation via the PROTAC mechanism, a proof-of-concept with a model system based on 

a tagged version of fascin was carried out. The well-studied103,137,138 high-affinity and high-

specificity interaction of the protein tag, HaloTag, with the corresponding synthetic ligand 

would allow for validation of fascin as a suitable target for selective protein degradation 

prior to development of fascin-targeting PROTACs.139  

 

2.1 HaloTag model system 

2.1.1 HaloTag as high-affinity protein tag 

The HaloTag protein was developed from the bacterial dehalogenase DhaA, which catalyses 

hydrolytic cleavage of carbon–halogen bonds of aliphatic halogenated compounds.140 The 

enzyme was modified to irreversibly bind to a haloalkane ligand, by substituting the 

histidine residue (His272) (Figure 2.1 a) to a phenylalanine residue (Phe272) thereby 

rendering the enzyme unable to regenerate its catalytic triad in the active site and trapping 

the intermediate as irreversible covalent adduct (Figure 2.1 b).141  

 
Figure 2.1: Hydrolytic cleavage of carbon–halogen bond of halogenated alkane in active site of bacterial 

dehalogenase with catalytic triad (Trp107, Asn41 and Asp106) with a) regeneration of catalytic triad 
through His272 in wild-type dehalogenase (WT DhaA) and b) trapping of intermediate as irreversible 

covalent adduct by substituting His272 for Phe272 in modified HaloTag.141 
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The high specificity of the relatively small protein tag HaloTag (33 kDa) is attributed to its 

enzymatic mode of action, which is not found in mammalian cells, and the unique shape of 

the binding pocket (Figure 2.2 a).141 HaloTag can easily be fused to different POIs (Figure 

2.2 b), and the HaloTag ligand (HTL) can be incorporated in a variety of chemical probes, 

allowing for this high-affinity system to be used for different biorthogonal purposes, such 

as labelling with fluorescent probes, protein purification by pull-down or studying 

interactions between proteins and in protein complexes.142  

 

Figure 2.2: HaloTag a) binding pocket with covalently attached chloroalkane ligand and b) fusion to POI.141 

 

2.1.2 Targeted degradation of HaloTag-fascin fusion protein 

In this project, the HaloTag functionality was used to probe targeted degradation of a 

HaloTag–fascin fusion protein induced by HaloPROTACs (HPs). Instead of binding to the POI 

via a small-molecule ligand, HaloPROTACs carry a haloalkane moiety which would 

covalently attach to the HaloTag portion of the fusion protein. Then – analogous to the 

PROTAC mechanism previously described (Chapter 1.2.3) – recruitment of the UPS through 

the E3 ligase ligand would induce poly-ubiquitination of the fusion protein and subsequent 

degradation by the proteasome (Figure 2.3). Due to covalent attachment of HaloPROTAC 

to fusion protein, the HaloPROTAC would not be recycled and the catalytic nature of the 

mechanism would be lost.103 



HaloTag model system | 42  

 
Figure 2.3: Targeted degradation of HaloTag fusion protein induced by HaloPROTAC. 

 

2.2 Design and synthesis of HaloPROTACs  

2.2.1 Design of HaloPROTACs and mono-functional controls 

The design of the compounds was based on HaloPROTACs reported to induce degradation 

of green fluorescent protein (GFP)–HaloTag fusion proteins, either by recruiting the VHL E3 

ligase103 or by acting as a hydrophobic tag (HyT).138 The compounds were comprised of 

three components: the HaloTag ligand (HTL) which covalently binds to the HaloTag portion 

of the fusion protein, a ligand recruiting the cellular degradation machinery and a linker 

connecting the two ligands (Figure 2.4). The HTL moiety, a hexyl chloride, would be 

conserved across all HaloPROTAC compounds since it was developed specifically for the 

HaloTag system.141 To allow for direct comparison between the activity of the compounds, 

linkers of similar length and composition would be chosen for conjugation of the two 

ligands. It was decided to incorporate PEG-based linkers due to their flexibility, permitting 

optimal orientation of the proteins for ubiquitination, and their composition which could 

potentially aid with cell permeability as well as solubility of the compounds (Chapter 

1.2.4).98 A range of ligands recruiting the cellular degradation machinery would be selected 

in order to assess any differences in activity, depending on which degradation pathway 

would be targeted. Therefore, different ligands which were developed to recruit either VHL 

or CRBN E3 ligase, or an adamantyl moiety acting as a HyT were chosen (Chapter 1.2.4). 
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Figure 2.4: Design of HaloPROTACs. 

 

To be able to carry out control experiments verifying that any potential degradation is 

induced through the PROTAC mechanism, a library of mono-functional control compounds 

would be synthesised (Figure 2.5). Mono-functional HaloTag control compounds would 

feature active E3 ligase ligands, however, lack the chlorine atom on HTL, in order to 

demonstrate covalent attachment to HaloTag was required for degradation. Mono-

functional E3 ligase control compounds, on the other hand, would be able to bind to 

HaloTag through the HTL but would carry inactive E3 ligase control ligands to probe that 

engagement of the E3 ligases was needed to induce degradation. For VHL, the inactive 

control would be cis-hydroxyproline epimers of the active ligands and for CRBN a 

methylated version of the active ligand – both of which are widely used for control 

experiments in the PROTAC context.120,143  
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Figure 2.5: Design of mono-functional controls. 

 

2.2.2 Synthetic strategy 

The envisioned synthetic strategy was centred around a modular synthesis by which active 

HaloPROTACs and mono-functional controls could be easily accessed through reliable 

reactions from common intermediates. The combination of different modular components, 

such as HTL–linker fragments, would result in a diverse but also comparable compound 

library. In order to achieve this, first desymmetrisation of a PEG linker by mono-addition of 

HTL or its inactive equivalent (noHTL) would yield common linker fragments (Figure 2.6). 

Through functionalisation of the alcohol, different handles could be introduced, allowing 

for subsequent coupling to active E3 ligase ligands, HyT or negative control ligands.  

 
Figure 2.6: Proposed modular synthesis of HaloPROTACs and mono-functional controls. 
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2.2.3 Synthesis of E3 ligase ligands and inactive control ligands 

Before establishing the HaloPROTAC library using aforementioned approach, the required 

E3 ligase ligands and their corresponding inactive control ligands needed to be synthesised. 

 

VHL ligands and inactive epimer controls  

Whereas VHL ligand VHL-1 (2.1) was commercially obtained, the inactive epimer control 

cisVHL-1 (2.2) (Figure 2.7) had been synthesised by another member of the group. Adapting 

a literature procedure102 for active ligand VHL-1 (2.1) by incorporating cis- instead of trans-

4-hydroxy-L-proline resulted in the desired inactive cis-hydroxyproline configuration of the 

control ligand cisVHL-1 (2.2). Active VHL ligand VHL-2 (2.3) and the corresponding inactive 

epimer control cisVHL-2 (2.4) (Figure 2.7) were prepared following a route similar to the 

literature precedent.105  

 
Figure 2.7: Active VHL ligands VHL-1 (2.1) and VHL-2 (2.3) and  

corresponding inactive control ligands cisVHL-1 (2.2) and cisVHL-2 (2.4). 

 

Common precursor amine 2.6 for active VHL ligand VHL-2 (2.3) and the corresponding 

inactive control ligand cisVHL-2 (2.4) were synthesised following a modified literature 

precedent.105 Nitrile 2.5 was accessed from 4-bromo-2-hydroxybenzonitrile and 4-

methylthiazole through a palladium-catalysed carbon–hydrogen activation reaction (Table 

2.1). Subsequently, nitrile 2.5 was reduced to amine 2.6 using lithium aluminium hydride. 

Although TLC analysis of the reaction mixture indicated complete consumption of the 

starting material, the isolated yield of 62% after basic aqueous work-up and purification by 

column chromatography was lower than expected (entry 1 in Table 2.1). Recovery of the 

product from the aqueous phase as well as subsequent purification by column 

chromatography proved to be challenging due to the highly polar nature of amine 2.6, 
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hence different work-up conditions were attempted. It was hypothesised that the 

orientation of the amine and the phenol moieties could result in metal ion chelation by 2.6, 

complicating extraction and purification. Therefore, addition of potassium sodium tartrate 

(Rochelle’s salt, entry 2 in Table 2.1) could be able to counteract any possible chelating 

activity. Although this strategy increased the crude yield to 89%, TLC analysis of the crude 

product indicated purification by column chromatography was necessary, lowering the 

isolated yield to 54%. Next, careful dropwise addition of accurate amounts of water and 

15% aqueous sodium hydroxide solution to quench the remaining lithium aluminium 

hydride (Fieser work-up,144 entry 3 in Table 2.1), followed by removal of the inorganic 

precipitate by filtration through celite was attempted. TLC and nuclear magnetic resonance 

(NMR) analysis confirmed satisfactory purity, however, only 70% of the product was 

obtained. This was thought to be due to the celite and the inorganic precipitate forming a 

dense pad through which filtration was difficult. By using the same method for work-up 

method, however, filtering the precipitate through a small amount of cotton wool (Fieser 

work-up144, entry 4 in Table 2.1), a quantitative yield of the product was obtained and 

adequate purity was confirmed by TLC and NMR analysis.  

 
 

 Work-up method Filtration 2.6 yield (crude) 2.6 yield (column) 

1  Basic aqueous work-up105 Celite pad 75%  62% 

2 Rochelle’s salt None 89%  54% 

3 Fieser work-up144 Celite pad 70%  Not required 

4 Fieser work-up144 Cotton wool Quantitative  Not required 

Table 2.1: Optimisation of work-up for reduction of nitrile 2.5 to amine 2.6. 

 

From common intermediate 2.6, active VHL ligand VHL-2 (2.3) and inactive control ligand 

cisVHL-2 (2.4) were synthesised through a sequence of deprotection and amide coupling 

reactions (Scheme 2.1). The conditions employed for the amide coupling reactions – using 

hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) as amide coupling 

reagent and ethyl 2-cyano-2-(hydroxyimino)acetate (OxymaPure) as additive – were 

previously optimised within the group in order to reduce the formation of undesired side 

product formed by competitive nucleophilic attack of the phenol moiety of intermediate 
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2.6.145 OxymaPure is an additive used in carbodiimide-mediated peptide bond formation 

as a safer alternative developed to replace traditional benzotriazole-based additives which 

were reported to display potentially explosive properties.146 Using this strategy, common 

amine intermediate 2.6 was coupled with N-Boc-trans-4-hydroxy-L-proline (trans-Hyp) to 

obtain trans fragment 2.7a and with N-Boc-cis-4-hydroxy-L-proline (cis-Hyp) for cis 

fragment 2.7b, with both coupling reactions yielding around 50%. Acidic deprotection of 

the tert-butyl carbamate to give the corresponding amine salts was followed by coupling 

to the carboxylic acid of N-Boc-L-tert-leucine, affording the trans fragment 2.8a and the cis 

fragment 2.8b in comparable yields. After another iteration of acidic deprotection of the 

tert-butyl carbamate and coupling to 1-fluorocyclopropanecarboxylic acid, both the active 

VHL ligand VHL-2 (2.3) and its inactive counterpart cisVHL-2 (2.4) were isolated in good 

yields, 74% and 62%, respectively. The HATU/OxymaPure-mediated amide coupling 

reactions afforded slightly improved yields compared to yields reported in literature using 

HATU/benzotriazole-based additives (55%)105 and HATU without additive (52%).103 

 
Scheme 2.1: Synthesis of active VHL ligand VHL-2 (2.3) and inactive epimer control ligand cisVHL-2 (2.4) 

 from common intermediate 2.6. 
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CRBN ligands and inactive methylated controls  

Both active CRBN ligands CRBN-1 (2.9) and CRBN-2 (2.11) (Figure 2.8) were synthesised 

over two steps following slightly differing procedures. Subsequent N-methylation of the 

glutarimide yielded inactive control ligands MeCRBN-1 (2.10) and MeCRBN-2 (2.12).  

 
Figure 2.8: Active CRBN ligands CRBN-1 (2.9) and CRBN-2 (2.11) and  

corresponding inactive control ligands MeCRBN-1 (2.10) and MeCRBN-2 (2.12). 

 

Complete consumption of 3-fluorophthalic anhydride and L-glutamine, as well as formation 

of a single new product was confirmed by TLC after heating the reaction to 90 °C for 16 

hours (Table 2.2). However, addition of 4 M aqueous hydrochloric acid, stirring of the 

solution for a further 16 hours at room temperature and subsequent filtration of the 

precipitate – as described in the precedented procedure99 – afforded phthalimide 2.13 in 

only around 40% yield. Liquid chromatography–mass spectrometry (LCMS) analysis of the 

aqueous filtrate confirmed considerable amounts of phthalimide 2.13 remained in the 

aqueous phase. In an attempt to extract the remaining product, solid lithium chloride (5% 

w/w) was added to the aqueous filtrate and left to stir for an additional 16 hours at room 

temperature, resulting in further precipitation of phthalimide 2.13 and increasing the 

overall yield up to around 70%. Alternatively, extracting the aqueous phase with ethyl 

acetate after filtration of the precipitate resulted in a similar increase in yield. 

Initially, the cyclisation reaction of phthalimide 2.13 to obtain the glutarimide product 

CRBN-1 (2.9) was carried out following the procedure reported in literature,99 using N,N′-

carbonyldiimidazole (CDI) as coupling reagent and catalytic amounts of 4-

dimethylaminopyridine (DMAP). However, monitoring of the reaction by TLC showed 

formation of two major product which were identified as the desired active CRBN ligand 

CRBN-1 (2.9) and undesired imidazole adduct 2.9b in (entry 1 in Table 2.2) and isolated in 

equal yields. Attempting to suppress the formation of side product 2.9b, the cyclisation 
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reaction was carried out at a higher concentration, however, this approach resulted in 

increased formation of side product 2.9b instead (entry 2 in Table 2.2). The increased 

reaction concentration favoured an intermolecular nucleophilic aromatic substitution 

(SNAr) reaction with displacement of the fluorine atom of the fluorophthalimide of CRBN-

1 (2.9) by imidazole which is generated as by-product in CDI-mediated coupling reactions. 

Similarly, increasing DMAP loading led to considerable formation of side product 2.9b, 

however, low yields of product CRBN-1 (2.9) (entry 3 in Table 2.2), possibly due accelerated 

release of imidazole. Finally, with decreased DMAP loading and careful monitoring of the 

reaction by TLC for formation of side product 2.9b, an increase of the isolated yield of 

product CRBN-1 (2.9) to 55%, whilst minimising formation of the imidazole adduct 2.9b, 

was achieved. With this approach, it was possible to increase the yield to 55%, from 25% 

reported in literature.99 

Through optimisation of extraction methods and reaction conditions, CRBN ligand CRBN-1 

(2.9) was synthesised in a 40% yield over two steps compared to a 13% yield precedented 

in literature.99 Although L-glutamine was employed in the reaction, epimerisation during 

the synthesis could not be ruled out. However, due to previously described in vivo 

racemisation of phthalimide compounds (Chapter 1.2.4) inclusion of the ligand as a mixture 

of enantiomers into PROTACs was considered to be inconsequential.  

 
 

 Reaction conditions CRBN-1 (2.9) yield 2.9b yield Ratio 2.9 : 2.9b 

1  
DMAP (10 mol%), MeCN (1.0 M), 

reflux, 16 h 
39% 38% 1 : 1 

2 
DMAP (10 mol%), MeCN (1.6 M), 

reflux, 16 h. 
10% 52% 1 : 6 

3 
DMAP (20 mol%), MeCN (1.0 M), 

reflux, 16 h. 
6% 49% 1 : 9 

4 

DMAP (4 mol%), MeCN (1.0 M), 

reflux, 6 h (monitored by 

TLC/LCMS) 

55% 20% 3 : 1 

Table 2.2: Optimisation of cyclisation reaction conditions to reduce formation of side product 2.9b. 
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The corresponding inactive methylated control ligand MeCRBN-1 (2.10) was by N-

methylation of the glutarimide functionality of CRBN-1 (2.9) using iodomethane and 

potassium carbonate as base following a literature precedent (Scheme 2.2).147 

 

Scheme 2.2: Synthesis of inactive methylated control ligand MeCRBN-1 (2.10). 

 

Although it was possible to achieve a three-fold increase of the overall yield for the 

synthesis of CRBN-1 (2.9) compared to the literature procedure, a higher yielding and more 

convenient alternative route was sought for the CRBN-2 (2.11). Adapting a literature 

precedent,114 commercially available cyclised analogue of glutamine, aminoglutarimide, 

was employed in the synthesis (Scheme 2.3). Acidic deprotection of the tert-butyl 

carbamate, followed by condensation with 4-hydroxyisobenzofuran-1,3-dione afforded 

phenol intermediate 2.14 in 93% yield over two steps. This was a significant increase in 

yield compared to the glutamine-based synthesis of CRBN-1 (2.9). Through alkylation of 

phenol 2.14 with tert-butyl bromoacetate active CRBN ligand CRBN-2 (2.11) was afforded. 

 
Scheme 2.3: Synthesis of active CRBN ligand CRBN-2 (2.11). 

 

The corresponding inactive methylated control MeCRBN-2 (2.12) was prepared by N-

methylation of the glutarimide employed previously to generate inactive methylated 

control MeCRBN-1 (2.10) in excellent yield (Scheme 2.4).  

 

Scheme 2.4: Synthesis of inactive methylated control ligand MeCRBN-2 (2.12). 
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2.2.4 Synthesis of HaloPROTACs and mono-functional controls 

VHL HaloPROTACs and mono-functional controls 

With the active ligands and the inactive control ligands in hand, HaloPROTACs and 

corresponding mono-functional controls could be synthesised. The synthesis of the VHL 

HaloPROTACs and mono-functional controls was based on modified procedures reported 

in literature.103,137 Firstly, common linker fragments were generated by mono-

functionalisation of pentaethylene glycol (Scheme 2.5 a). This was achieved by mono-

alkylation with either 1-chloro-6-iodohexane to afford active HTL–linker fragment 2.15a or 

with 1-bromohexane for the inactive noHTL–linker fragment 2.15b. By employing five 

equivalents of pentaethylene glycol to favour mono-alkylation, the yield for HTL-linker 

fragment 2.15a could be increased from 30% to 79%. Using the same strategy, quantitative 

yield was achieved for noHTL–linker fragment 2.15b. The alcohol of fragments 2.15a and 

2.15b allowed for introduction of different functional handles, either by oxidation to the 

carboxylic acid for coupling to the amine moiety on VHL ligand VHL-1 (2.1) and inactive 

control ligand cisVHL-1 (2.2) (Scheme 2.5 b) or activation for alkylation at the phenol 

moeity of VHL ligand VHL-2 (2.3) and inactive control ligand cisVHL-2 (2.4) (Scheme 2.5 c).  

With a two-step oxidation protocol (Scheme 2.5 b) alcohols 2.15a and 2.15b were 

converted to the corresponding carboxylic acids 2.17a and 2.17b in good yields via 

aldehydes 2.16a and 2.16b, without the need for purification of the intermediates. 

Subsequent HATU-mediated amide coupling reactions of the carboxylic acid linker 

fragments 2.17a or 2.17b with the amine moiety of active VHL ligand VHL-1 (2.1) or inactive 

control ligand cisVHL-1 (2.2) afforded active VHL HaloPROTAC VHL-HP-1 (2.18) in 77% yield, 

mono-functional epimer control cisVHL-ctrl-1 (2.19) in 51% yield and mono-functional HTL 

control noHTL-VHL-ctrl-1 (2.20) in 68% yield. For cellular testing, the compounds were 

further purified using semi-preparative reverse-phase high-performance liquid 

chromatography (RP-HPLC) resulting in final yields of 30% to 40%.  

For alkylation at the phenol moiety of VHL ligand VHL-2 (2.3) and inactive control ligand 

cisVHL-2 (2.4) (Scheme 2.5 c), the alcohol of linker fragments 2.15a and 2.15b was activated 

by mesylation to afford mesylates 2.21a and 2.21b in excellent yields. Subsequent ether 

formation with VHL-2 (2.3) and cisVHL-2 (2.4) was carried out using a carbonate base to 

afford active VHL HaloPROTAC VHL-HP-2 (2.22) in 47% yield prior to purification with RP-

HPLC, mono-functional epimer control cisVHL-ctrl-2 (2.23) in 92% yield and mono-

functional HTL control noHTL-VHL-ctrl-2 (2.24) in 89% yield. Since recovery of the active 

VHL HaloPROTAC VHL-HP-2 (2.22) from the aqueous phase proved difficult, it was decided 
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to avoid aqueous work-up conditions for the two mono-functional control compounds 

cisVHL-ctrl-2 (2.23) and noHTL-VHL-ctrl-2 (2.24). Instead, volatile components were 

removed in vacuo and the residues were purified by column chromatography, followed by 

semi-preparative RP-HPLC, resulting in yields comparable to the first set of compounds.  

 

Scheme 2.5: Synthesis of VHL HaloPROTACs and mono-functional controls.  
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CRBN HaloPROTACs and mono-functional controls 

Azido-tetraethylene glycol intermediate 2.25 was readily available in sufficient quantities, 

hence the synthesis of CRBN HaloPROTACs and corresponding mono-functional controls 

was based on this building block. As for the synthesis of the VHL-recruiting compounds, 

common linker fragments were synthesised as a first step (Scheme 2.6 a). Azide 2.25 was 

reduced using palladium-catalysed hydrogenation to yield aminoalcohol linker 2.26 in 

excellent yield. The amine was protected using di-tert-butyl dicarbonate yielding 

carbamate 2.27 prior to alkylation of the alcohol with either 1-chloro-6-iodohexane for 

HTL–linker fragment 2.28a and with 1-bromo-hexane for noHTL–linker fragment 2.28b. 

Both alkylation reactions proceeded in moderate yields, 33% for HTL–linker fragment 2.28a 

and 28% for noHTL–linker fragment 2.28b, possibly due to N-alkylation at the amide 

functionality of protected linker fragment 2.27 leading to the formation of a di-alkylated 

side product. As sufficient quantities of the desired products were obtained any further 

optimisation of this transformation was deprioritised. 

After acidic deprotection of the carbamates 2.28a and 2.28b to the corresponding amine 

salts, those could be employed for SNAr reactions with the fluorinated CRBN ligand CRBN-

1 (2.9) and the methylated control ligand MeCRBN-1 (2.10) (Scheme 2.6 b), as well as for 

amide coupling reactions with deprotected CRBN ligand CRBN-2 (2.11) and the 

corresponding control ligand MeCRBN-2 (2.12) (Scheme 2.6 c). SNAr reactions with CRBN 

ligand CRBN-1 (2.9) and the methylated control ligand MeCRBN-1 (2.10) afforded active 

CRBN HaloPROTAC CRBN-HP-1 (2.29), mono-functional methylated control MeCRBN-ctrl-

1 (2.30) and mono-functional HTL control noHTL-CRBN-ctrl-1 (2.31) in moderate yields, and 

further purification with semi-preparative RP-HPLC yielded the compounds in 7% to 29% 

(Scheme 2.6 b). HATU-mediated amide coupling reactions with CRBN-2 (2.11) and the 

corresponding control ligand MeCRBN-2 (2.12) proceeded good yields, and after further 

semi-preparative RP-HPLC purification afforded active CRBN HaloPROTAC CRBN-HP-2 

(2.32), mono-functional methylated control MeCRBN-ctrl-2 (2.33) and mono-functional 

HTL control noHTL-CRBN-ctrl-2 (2.34) in final yields between 34% and 62%.  
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Scheme 2.6: Synthesis of CRBN HaloPROTACs and mono-functional controls. 
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HyT HaloPROTACs  

Active HyT HaloPROTAC HyT-HP-1 (2.36) was accessed by mono-functionalising 

tetraethylene glycol via substitution of 1-bromoadamantane using triethylamine and 

catalytic amounts of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to afford Hyt–linker 

fragment 2.35 (Scheme 2.7), following a literature precedent.148 The chlorohexane moiety 

was introduced analogously to the previously described syntheses of HTL–linker fragments, 

affording HyT HaloPROTAC HyT-HP-1 (2.36) in a 41% yield. HyT HaloPROTAC HyT-HP-2 

(2.37) (Scheme 2.7) had been previously synthesised within the group.149  

 

Scheme 2.7: Synthesis of HyT HaloPROTAC. 

 

2.3 Biological testing of HaloPROTACs 

2.3.1 Cloning of HaloTag–fascin fusion protein 

Before carrying out biological testing assessing activity of the synthesised HaloPROTACs, a 

plasmid for the expression of a HaloTag–fascin fusion protein in different cell lines needed 

to be designed and constructed. It was decided to append HaloTag at the N-terminus of 

fascin (Figure 2.9) since N-terminal fusion was shown to not interfere with the actin-binding 

activity of fascin of a GFP–fascin fusion protein previously established and used in 

functional assays.29  
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Figure 2.9: Fascin’s N-terminus and actin-binding sites (PDB ID 6i18). 

 

Based on a collaborator’s results obtained with a HaloTag7 fusion protein,150 it was decided 

to employ the same destination vector to construct the HaloTag–fascin fusion. HaloTag7 

was initially developed as an optimised protein tag with improved solubility and expression 

for protein purification,151 however, HaloTag7 is also widely employed in HaloPROTAC-

mediated protein degradation studies.103,117,137 The desired plasmid was established using 

In-Fusion cloning, a technique which is used for high-throughput screening applications due 

to its high accuracy and efficiency.152 Compared to traditional cloning, no restriction 

enzymes or ligation is required: Polymerase chain reaction (PCR) amplification with 

specifically designed primers introduced complementary 15 base pair (bp) extensions on 

both, the insert and the linearised vector, allowing for direct annealing of the homologous 

ends (Figure 2.10). Generated clones were screened using agarose gel electrophoresis and 

clones of the correct size were submitted for sequencing, before bacterial transformation 

and purification of the plasmids for expression in different cells lines.  

 

Figure 2.10: In-Fusion cloning process. 
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2.3.2 Cell line selection and expression of HaloTag–fascin fusion protein 

Different cell lines were then selected, and expression of the necessary E3 ligases, namely 

VHL (~ 18 kDa) and CRBN (~ 55 kDa), was confirmed using western blot analysis (Figure 

2.11). The human ovarian cancer cell line SK-OV-3 was selected since PROTAC-mediated 

degradation recruiting both CRBN and VHL has been reported in literature in this cell 

line.128,153 Human fibrosarcoma cell line, HT-1080, is commonly used in functional assays to 

study invasive and migratory behaviour,154,155 experiments which were planned to be 

conducted for this project as well. MIA-PaCa-2, a human pancreatic cancer cell line, was 

one of the cell lines employed for assessment of fascin activity in the Machesky Lab and 

was known to form pronounced filopodia, hence deemed appropriate for use. Although 

not a cancer cell line, mouse embryonic fibroblasts, MEF, were selected since they had 

previously been used to establish a fascin knock-out cell line and to study the actin 

cytoskeleton in phenotype assays in the Machesky Lab.  

 

Figure 2.11: Western blot analysis of MEF, MIA-PaCa-2, SK-OV-3 and HT-1080 cell lysates to confirm 
expression of a) CRBN E3 ligase (~ 55 kDa) and b) VHL E3 ligase (~ 18 kDa) with GAPDH (~36 kDa) as loading 

control.  

 

Cells were then transfected with the HaloTag–fascin plasmid using electroporation, 

incubated overnight to allow for expression of the fusion protein, lysed and the cell lysate 

was analysed by western blotting to confirm protein levels were adequate for further 

experiments. Since a primary antibody for fascin was used for visualisation, the blots 

revealed two bands – one for the fusion protein and one for the endogenous protein, 

confirming expression of the latter in the selected cell lines at the same time (Figure 2.12). 

It has to be noted that transfection with the plasmid was tolerated less well by MIA-PaCa-

2 and MEF cells compared to SK-OV-3 and HT-1080 cells. 
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Figure 2.12: Western blot analysis to confirm HaloTag–fascin expression in different cell lines: a) workflow of 
western blot analysis and b) western blot analysis of MEF, MIA-PaCa-2, SK-OV-3 and HT-1080 cell lysates 

confirming expression of HaloTag–fascin fusion protein (~ 110 kDa) and endogenous fascin (~ 55 kDa) with 
GAPDH (~36 kDa) as loading control 

 

All four cell lines were then used to carry out degradation assays in order to assess any 

potential differences, as cell line- and tissue-specific degradation profiles have been 

reported in the literature.156,157 Additionally, due to their differences in phenotype and 

function, each cell line could prove useful for different aspects of the project. 

 

2.3.3 HaloTag–fascin degradation assays with HaloPROTACs 

Dose-response assays 

To assess activity of the synthesised HaloPROTACs, degradation assays were carried out. 

Cells were transfected with the plasmid and incubated overnight to allow for expression of 

the fusion protein (Figure 2.13). Cells were then treated with the compounds at 

concentrations ranging from 0.01 μᴍ to 10 μᴍ, similar to degradation experiments 

reported in the literature.103,137,158 After a 24-hour incubation period, cells were lysed and 

the lysate was resolved by western blotting. Treatment with appropriate primary 

antibodies for fascin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading 

control, and fluorescent secondary antibodies allowed for visualisation and quantification 

of protein levels.  

 

Figure 2.13: Degradation assay workflow: transfection of cells with plasmid by electroporation, treatment 
with HaloPROTACs at different concentrations, cell lysis, resolution of lysate by western blotting, 

visualisation by treatment with appropriate antibodies and quantification of protein levels. 
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Treatment with both VHL HaloPROTACs, VHL-HP-1 (2.18) and VHL-HP-2 (2.22), resulted in 

a decrease in protein levels compared to the DMSO-treated control treated in SK-OV-3 and 

HT-1080 cells (Figure 2.14). VHL HaloPROTAC VHL-HP-1 (2.18) appeared to be slightly more 

active in both cells lines with reaching maximum degradation of around 70% at 1 μᴍ in SK-

OV-3 cells and 80% at 0.1 μᴍ in HT-1080 cells. Protein levels were observed to increase at 

higher concentrations (10 μᴍ) due to the “hook effect” observed for degrader compounds 

(Chapter 1.2.4).103 For MIA-PaCa-2 and MEF cells, no decrease in protein levels could be 

observed, and the results were inconsistent, potentially due to those cell lines not 

tolerating transfection with the plasmid well.  

 

Figure 2.14: Quantification of western blot analysis - HaloTag–fascin levels 24 hours after treatment with 
increasing concentrations of VHL HaloPROTACs a) VHL-HP-1 (2.18) and b) VHL-HP-2 (2.22). 

Examples of western blots of dose-response assays in SK-OV-3 cells with c) VHL-HP-1 (2.18) and d) VHL-HP-2 
(2.22). Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 

0.001). 

 

Results obtained for dose-response assays with CRBN HaloPROTACs CRBN-HP-1 (2.29) and 

CRBN-HP-2 (2.32) were irreproducible with no clear indication of a decrease in protein 

levels in any of the cell lines (Figure 2.15). Solely higher concentrations of CRBN-HP-1 (2.29) 

in MIA-PaCa-2 cells resulted in a slight decrease in protein levels, albeit by less than 30%.  
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Figure 2.15: Quantification of western blot analysis - HaloTag–fascin levels 24 hours after treatment with 
increasing concentrations of CRBN HaloPROTACs a) CRBN-HP-1 (2.29) and b) CRBN-HP-2 (2.32).  

Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 

 

The lack of activity of HyT HaloPROTAC HyT-HP-1 (2.36) was clearly observable in all tested 

cell lines (Figure 2.16). It was hypothesised that the polar oxygen atom adjacent to the 

adamantyl moiety could interfere with the ability of HyT-HP-1 (2.36) acting as a HyT. Hyt 

HaloPROTAC HyT-HP-2 (2.37), which features an additional methylene group between the 

adamantyl moiety and the polar amide, appeared to induce a decrease in protein levels by 

around 30% at 0.1 μᴍ concentration in SK-OV-3 cells and around 20% at 1 μᴍ in MIA-PaCa-

2 cells, however, the decrease was not statistically significant.  

 

Figure 2.16: Quantification of western blot analysis - HaloTag–fascin levels 24 hours after treatment with 
increasing concentrations of HyT HaloPROTACs a) HyT-HP-1 (2.36) and b) HyT-HP-2 (2.37).  

Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 

 

Since no activity for any of the compounds was observed in MEF cells, the cell line was 

abandoned, and for the remaining three cell lines, time-course assays were carried out to 

assess the timeframe of degradation of the fusion protein. When transiently transfecting 
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cells with plasmid DNA, the genetic material is not integrated into the cell’s genome. Due 

to decay of the plasmid and loss of the genetic material as cells proliferate, expression of 

the fusion protein is temporary and protein levels decrease over time.159 To determine how 

long the fusion protein would be expressed, protein levels were analysed 24 hours after 

transfection until 96 hours post-transfection (Figure 2.17). Whereas after 48 hours, around 

50% of protein levels could be detected in SK-OV-3 cells, expression level decreased more 

rapidly in HT-1080 and MIA-PaCa-2 cells, with only around 20% to 25% protein detectable. 

This more rapid decrease in protein levels in HT-1080 and MIA-PaCa-2 cells could be 

explained by a faster proliferation rate of those two cell lines compared to SK-OV-3 cells. 

However, sufficient quantities of the fusion protein were observable 96 hours post-

transfection in all cell lines, albeit at low levels, hence it was deemed appropriate to carry 

out time-course assays up to 96 hours after transfection.  
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Figure 2.17: Quantification of western blot analysis – HaloTag–fascin expression levels in different cell lines 
over time after transfection with plasmid.  

Error bars represent SEM. 

 

Cells were transfected with the plasmid, as previously described, and incubated with 1 μᴍ 

of the compounds for indicated times, ranging from 2 hours to 72 hours. Protein levels 

were determined and normalised against a DMSO-treated control for each time point to 

account for decrease in expression levels of the fusion protein over time. Both VHL 

HaloPROTACs, VHL-HP-1 (2.18) and VHL-HP-2 (2.22), induced degradation of HaloTag–

fascin after 4 to 8 hours in SK-OV-3 cells (Figure 2.18), whereas in HT-1080 cells degradation 

commenced later, after 16 to 24 hours (Figure 2.18). In both cell lines, both VHL 

HaloPROTACs induced sustained degradation up to 90% beyond 72 hours. For MIA-PaCa-2 

cells, a decrease in protein levels was not observed until 72 hours and, similar to dose-

response assays, the results were inconsistent, possibly due difficulties with tolerability of 

transfection with the plasmid.  



HaloTag model system | 62  

 

Figure 2.18: Quantification of western blot analysis - HaloTag–fascin levels at different time points 
after treatment with 1 μᴍ of VHL HaloPROTACs a) VHL-HP-1 (2.18) and b) VHL-HP-2 (2.22);  

c) Example of western blot of time-course assay with VHL-HP-1 (2.18) in SK-OV-3 with DMSO 
control (-) and treated cells (+) for each time point.  

Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 

 

Despite the lack of activity of CRBN HaloPROTACs CRBN-HP-1 (2.29) and CRBN-HP-2 (2.32) 

for any concentration in dose-response assays, time-course assays were attempted in order 

to determine if degradation would occur at a later time point. Alternatively, potential 

metabolic instability of the compounds could have led to recovery of protein levels after 

24 hours.92 However, as for dose-response assays, no reproducible decrease in protein 

levels was observed in any of the cell lines at the tested concentrations. (Figure 2.19).  

 
Figure 2.19: Quantification of western blot analysis - HaloTag–fascin levels at different time points after 

treatment with 1 μᴍ of CRBN HaloPROTACs a) CRBN-HP-1 (2.29) and b) CRBN-HP-2 (2.32).  
Error bars represent SEM. 
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Similarly, activity of HyT PROTAC HyT-HP-2 (2.37), for which inconclusive results were 

obtained in the dose-response assays, was assessed in time-course studies. Unfortunately, 

data obtained did again not offer clear indication of a decrease in protein levels for any of 

the cell lines tested (Figure 2.20). Due to the clear lack of activity of HyT PROTAC HyT-HP-1 

(2.36) in dose-response assays, time-course experiments for this compound were 

deprioritised.  

 

Figure 2.20: Quantification of western blot analysis - HaloTag–fascin levels at different time points after 
treatment with 1 μᴍ of HyT HaloPROTAC HyT-HP-2 (2.37).  

Error bars represent SEM. 

 

2.3.4 Intracellular engagement assays 

Attempting to elucidate if the underlying cause for the lack of activity of CRBN and HyT 

HaloPROTACs could be found with lack of cell permeability of the compounds, competition 

assays with active VHL HaloPROTAC VHL-HP-1 (2.18) were carried out. It was hypothesised 

that if the inactive compounds were cell permeable, they would bind to the HaloTag 

portion of the fusion protein, essentially inhibiting it, thereby preventing active 

HaloPROTAC VHL-HP-1 (2.18) from binding and inducing protein degradation, which would 

result in a rescue of protein levels. Hence if after co-treatment with 1 μᴍ of active VHL-HP-

1 (2.18) and increasing concentrations from 0.1 μᴍ to 100 μᴍ of the inactive HaloPROTACs, 

protein levels would be rescued, this would provide some evidence for the inactive 

compounds being cell permeable and the lack of activity would be caused by other factors. 

Treatment with active VHL-HP-1 (2.18) expectedly decreased protein levels by 70% to 80%, 

in line with previous dose-response assays (Figure 2.21). Titration of CRBN HaloPROTACs 

CRBN-HP-1 (2.29) and CRBN-HP-2 (2.32), and HyT HaloPROTACs HyT-HP-1 (2.36) and HyT-

HP-2 (2.37) resulted in rescue of HaloTag–fascin levels at higher concentrations, with 

reaching full recovery of protein levels at the highest concentration of 100 μᴍ. Based on 

the obtained results, cell permeability was ruled out as a constraint for activity of CRBN and 
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HyT HaloPROTACs. Other factors could impede activity, such as suboptimal linker lengths 

which could hinder recruitment of the E3 ligase or prevent optimal exposure of the HyT 

necessary to induce degradation of the POI.120,138  
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Figure 2.21: Quantification of western blot analysis – HaloTag–fascin levels for intracellular engagement 
assay by co-treatment of 1 μᴍ VHL-HP-1 (2.18) and increasing concentrations of CRBN HaloPROTACs CRBN-

HP-1 (2.29) and CRBN-HP-2 (2.32), and HyT HaloPROTACs HyT-HP-1 (2.36) and HyT-HP-2 (2.37) 

 

It was decided to proceed with further experiments using the two VHL HaloPROTACs which 

showed activity in SK-OV-3 and HT-1080 cells, based on the reproducible results and 

consistent degradation obtained for those compounds and the ease of handling of the two 

selected cell lines.  

 

2.3.5 Control assays to confirm PROTAC-mediated mechanism 

Next, control assays were carried out in order to confirm that the observed decrease of 

HaloTag–fascin protein levels after treatment with VHL HaloPROTACs VHL-HP-1 (2.18) and 

VHL-HP-2 (2.22) was indeed mediated by the proposed PROTAC mechanism resulting in 

proteasomal degradation of the fusion protein.  

 

Competition with mono-functional controls 

Similar to the competition assays carried out to confirm intracellular engagement of the 

inactive HaloPROTACs (Chapter 2.3.4), control assays with mono-functional control 

compounds were performed. Two sets of control compounds had previously been 

synthesised for each active compound: Mono-functional VHL epimer controls cisVHL-ctrl-

1 (2.19) and cisVHL-ctrl-2 (2.23) which would bind to the HaloTag portion of the fusion 

protein but not the VHL E3 ligase (Figure 2.22 a), blocking the active HaloPROTACs from 

binding to the fusion protein. Mono-functional HaloTag control compounds noHTL-VHL-
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ctrl-1 (2.20) and noHTL-VHL-ctrl-2 (2.24), on the other hand, would recruit the VHL E3 

ligase but not bind to the fusion protein (Figure 2.22 b), essentially inhibiting the E3 ligase.  

  

Figure 2.22: a) Mono-functional VHL epimer control compounds cisVHL-ctrl-1 (2.19) for VHL-HP-1 (2.18) and 
cisVHL-ctrl-2 (2.23) for VHL-HP-2 (2.22)  

b) Mono-functional HaloTag control compounds noHTL-VHL-ctrl-1 (2.20) for VHL-HP-1 (2.18) and noHTL-
VHL-ctrl-2 (2.24) for VHL-HP-2 (2.22).  

 

First, confirmation that the mono-functional control compounds themselves would not 

induce any decrease in fusion protein levels at the concentrations tested was obtained 

(Figure 2.23). Compound concentrations above 10 μᴍ were not tolerated by the cell lines 

tested.  

 

Figure 2.23: Quantification of western blot analysis - HaloTag–fascin levels 24 hours after treatment with 
increasing concentrations of mono-functional controls cisVHL-ctrl-1 (2.19), cisVHL-ctrl-2 (2.23), noHTL-VHL-

ctrl-1 (2.20) and noHTL-VHL-ctrl-2 (2.24) in a) SK-OV-3 cells and b) HT-1080 cells.  

 

Then, cells were incubated with 1 μᴍ of the active VHL HaloPROTACs, VHL-HP-1 (2.18) or 

VHL-HP-2 (2.22), and increasing concentrations from 0.1 μᴍ to 10 μᴍ of the corresponding 

mono-functional control compound before analysing protein levels by western blotting 

after 24 hours (Figure 2.24). Each mono-functional control for either of the active VHL 

HaloPROTACs was able to rescue of protein levels. Interestingly, rescue of protein levels 
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was more pronounced for VHL epimer control compounds cisVHL-ctrl-1 (2.19) and cisVHL-

ctrl-2 (2.23). This can be explained by the covalent attachment of the control compounds 

to HaloTag, thereby permanently impeding the active HaloPROTACs from binding. HaloTag 

control compounds noHTL-VHL-ctrl-1 (2.20) and noHTL-VHL-ctrl-2 (2.24), on the other 

hand, reversibly inhibit the VHL E3 ligase, allowing for recruitment of VHL to the covalent 

PROTAC–fusion protein complex and its subsequent degradation to occur.  

 

Figure 2.24: Quantification of western blot analysis – HaloTag–fascin levels 24 hours after co-treatment of 1 
μᴍ of active VHL HaloPROTACs VHL-HP-1 (2.18) and VHL-HP-2 (2.22) and increasing concentrations of 
mono-functional VHL epimer controls cisVHL-ctrl-1 (2.19) and cisVHL-ctrl-2 (2.23) and mono-functional 

HaloTag controls noHTL-VHL-ctrl-1 (2.20) and noHTL-VHL-ctrl-2 (2.24) in a) SK-OV-3 and b) HT-1080 cells. 
Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 

 

Inhibition of proteasome 

PROTAC-induced protein degradation is mediated by the proteasome (Chapter 1.2.3), 

hence rescue of protein levels through inhibition of the proteasome would confirm 

degradation to proceed via the PROTAC mechanism.128,160 Different proteasome inhibitors 

are available, each of which acting through a distinct mechanism.161 MG132 (Cbz-Leu-Leu-

Leucinal), a synthetic peptide aldehyde, is a well-studied reversible and cell-permeable 

proteasome inhibitor. It acts by forming a hemiacetal with the hydroxyl moiety of the 

proteasome’s N-terminal threonine, which is the catalytic nucleophile in the active site 

crucial for the proteasome’s peptide cleavage activity (Figure 2.25).162 

 

Figure 2.25: Proteasome inhibitor MG132 and its mechanism of action.161  

 



HaloTag model system | 67  

For the control assays, the proteasome was inhibited by pre-treating SK-OV-3 and HT-1080 

cells with 0.5 μᴍ of MG132 for 4 hours, before addition of 1 μᴍ of active VHL HaloPROTACs, 

VHL-HP-1 (2.18) or VHL-HP-2 (2.22), and analysis of protein levels after a 24-hour 

incubation period. Higher concentrations of MG132 were not tolerated by the cells, 

indicating that proteasome function is crucial for cell survival.163 Pre-treatment with the 

proteasome inhibitor rescued protein levels in both cell lines for both VHL HaloPROTACs 

(Figure 2.26), confirming degradation was mediated proteasomally. Interestingly, 

increased HaloTag–fascin levels were observed after treatment with the inhibitor 

compared to the DMSO-treated control, providing evidence for significant degradation of 

the fusion protein through the proteasomal pathway even without PROTAC treatment.  

Taken together, the control experiments confirmed degradation of the HaloTag–fascin 

fusion protein proceeded via the PROTAC mechanism through recruitment of the UPS by 

VHL HaloPROTACs VHL-HP-1 (2.18) and VHL-HP-2 (2.22) and subsequent proteasomal 

degradation of the fusion protein. Next, the effect of PROTAC-mediated degradation of the 

fusion protein could be determined with functional and phenotype assays. 
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Figure 2.26: Quantification of western blot analysis – HaloTag–fascin levels 24 hours after inhibition of 
proteasome with MG132 and treatment with 1 μᴍ of active VHL HaloPROTACs VHL-HP-1 (2.18) and VHL-

HP-2 (2.22) or DMSO in SK-OV-3 and HT-1080 cells. 
Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 

 

2.3.6 Fascin knock-down trials 

Due to presence of endogenous fascin in the cell lines employed for the experiments, a 

fascin knock-out cell line needed to be established in order to determine the effect of 

absence of the endogenous protein. In addition, expression of the HaloTag–fascin fusion 

protein in a fascin knock-out cell line would allow for assessment of functionality of the 

fusion protein, and the effect of its selective degradation on cell function and phenotype. 

As an initial trial, transient genetic knock-down using small interfering RNA (or silencing 
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RNA, siRNA) was carried out to probe the effect on cell function, specifically on the 

migratory and invasive ability of the cells, in order to then establish which cell line might 

be suitable for generation of a stable knock-out cell line. siRNA, double-stranded (ds) non-

coding RNA of 20 to 24 bp length, acts through the RNA interference (RNAi) pathway.164 

Essentially, it interferes with expression of the targeted gene by inducing degradation of 

messenger RNA (mRNA) after transcription, thus preventing its translation (Figure 2.27). 

Assembly of the ds siRNA with RNA-inducing silencing complex (RISC) activates the 

complex. Through unwinding of the ds siRNA and cleavage of the sense strand, the anti-

sense strand can now bind to the target mRNA, inducing its cleavage and degradation. 

However, the effect is of temporary nature, and expression of the HaloTag–fascin fusion 

protein would not be possible due to interference with its transcription through the same 

pathway.165  

 

Figure 2.27: RNA interference pathway.  

 

SK-OV-3 and HT-1080 cells were treated with four commercially obtained siRNAs and a 

non-targeting siRNA control, and fascin levels were analysed with western blotting 48 hours 

after treatment. Three out of the four siRNAs resulted in a knock-down of fascin of over 

80% compared to the untreated control in both cell lines (Figure 2.28), and siRNA07 and 

siRNA08 were chosen for further assays.  

 

Figure 2.28: Western blot analysis to confirm fascin knock-down with siRNAs in SK-OV-3 and HT-1080 cells.  
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Functional assays were then carried out to assess the impact of fascin knock-down on cell 

functionality. Following a protocol employed by the Drug Discovery Unit at the Beatson 

Institute for Cancer Research to assess activity of the compounds developed as part of their 

drug discovery projects,59,61 cells were treated with siRNA07 and siRNA08 as well as with 

fascin ligand B FSCN-B (1.5) for which inhibition of invasion was reported. 

 

Proliferation assay 

First, the impact of the different treatments on cell proliferation was assessed since 

impairment of cell growth could impact on migratory and invasive behaviour of the cells. 

For proliferation assays, SK-OV-3 and HT-1080 cells were seeded at low density and then 

treated with siRNA control, siRNA07 and siRNA08, as well as 10 μᴍ and 30 μᴍ of fascin 

ligand B FSCN-B (1.5). Proliferation was monitored hourly over 70 hours on an automated 

microscope, and the rate of proliferation of treated cells was compared against untreated 

control cells (Figure 2.29). Cell confluence, the percentage of well surface covered by cells, 

was used as a measure for proliferation, and the normalised proliferation index was 

determined by normalising cell confluence at the respective time points against initial cell 

confluence to account for any variability in initial cell seeding. For SK-OV-3 cells (Figure 2.29 

a and b), treatment with siRNA08 impacted negatively on proliferation, resulting in a 

significantly slower cell growth compared to cells treated with the siRNA control. All other 

conditions were tolerated well by SK-OV-3 cells, and did not result in slowed proliferation. 

HT-1080 cells (Figure 2.29 c and d) were observed to be faster proliferating than SK-OV-3 

cells, however, tolerated treatment less well: All conditions, including treatment with the 

siRNA control, resulted in slower cell growth. The impact after treatment with fascin ligand 

B FSCN-B (1.5) was less pronounced than siRNA treatment, with siRNA08 again resulting in 

the most significant impairment of cell growth.  
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Figure 2.29: Normalised proliferation index based on cell confluence a) over 70 hours for SK-OV-3 cells,  
b) at t = 70 h for SK-OV-3 cells: untreated ctrl  

c) over 70 hours for HT-1080 cells and b) at t = 70 h for HT-1080 cells. 
Error bars in a) and c) represent SEM. Whiskers in b) and d) represent minimum and maximum. Unpaired t-

test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001).  
Normalised proliferation index at t = 70 h calculated as mean ± SEM (Appendix 1). 

 

Wound healing assays 

Next, wound healing assays were carried out in order to assess the ability of the cells to 

migrate or invade into a wound to close it. For the assays, cells were seeded at full 

confluency and grown until forming a uniform monolayer of cells, before a wound was 

scratched into the cell layer (Figure 2.30).166 For invasion assays, a matrix overlay was 

inserted into the wound through which the cells would invade, whereas for migration 

assays no overlay was added. Cells were treated and monitored over time to then analyse 

wound closure for the different conditions compared to a control condition.  

 

Figure 2.30: Wound scratch assay workflow.  
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Wound closure can then be assessed by the rate by which the wound closes or by the 

increase in relative wound density over time.167 Wound closing rates are established as a 

function of changes in wound width over time, hence assessing how fast cell boundaries 

move towards each other into the wound to close it. However, this cell movement is not 

always uniform and cell boundaries, and therefore wound width, can be difficult to 

determine. This is particularly important for invasion assays for which cells move through 

a three-dimensional matrix, potentially displaying changes in morphology or forming 

invasion tracts or networks through the matrix, making it difficult to establish wound 

boundaries. Relative wound density is a measure that not only assesses the wound area 

but also takes into account any changes that occur outside of the wound as a results of cell 

movement. As such, it is self-normalising for overall changes in cell density or cell 

morphology and can be used as a robust metric to assess wound healing.  

 

In wound healing assays assessing cell migration, HT-1080 cells generally displayed a faster 

increase in relative wound density over time (Figure 2.31 c and d), and a faster wound 

closing rate, compared to SK-OV-3 cells (Figure 2.31 a and b). This could be explained by 

faster proliferation of HT-1080 cells compared to SK-OV-3 cells, as also observed in 

aforementioned proliferation assays. Treatment with siRNA08 slowed wound closure by 

round 30% for SK-OV-3 from 52 ± 0.67 μm/h for the untreated control cell to 38 ± 1.1 μm/h, 

however, the slower rate for siRNA08 treatment was not significant when compared to 

siRNA control treatment (Figure 2.31 d). For HT-1080 cells, siRNA08 treatment slowed 

wound closure by around 20%, from 110 ± 6.6 μm/h for the untreated control to 89 ± 2.4 

μm/h (Figure 2.31 d). Treatment of HT-1080 cells with 30 μᴍ of fascin ligand B FSCN-B (1.5) 

resulted in a small decrease in wound closing rate of around 10%. Taken together, the 

findings obtained from the migration assay were in line with the effects observed for 

proliferation.  
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Figure 2.31: Wound healing assay – migration: a) relative wound density (%) over time for SK-OV-3 cells, b) 
wound closing rate (μm/h) at t = 6 h for SK-OV-3 cells, c) relative wound density (%) over time for HT-1080 

cells, b) wound closing rate (μm/h) at t = 4 h for HT-1080 cells. 
Error bars in a) and c) represent SEM. Whiskers in b) and d) represent minimum and maximum. Unpaired t-

test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Wound closing rate calculated as 
mean ± SEM (Appendix 1). 

 

For invasion assays, a matrix overlay was inserted into the wound through which cells 

would need to invade in order to close the wound. Since fascin has been shown to modulate 

the invasive ability of cancer cells, inhibition of its function or its knock-down would be 

expected to slow invasion through the matrix.61 Matrigel is commonly used as matrix to 

model the basement membrane when evaluating invasiveness of cancer cells.168,169 

Whereas untreated HT-1080 cells achieved full wound closure after 24 hours (Figure 2.32 

c), full closure was not observed for untreated SK-OV-3 even after 72 hours (Figure 2.32 a). 

Since this effect appeared to be greater than the effect observed for migration assays, it 

was hypothesised to not only be due to a slower proliferation rate but due to a reduced 

invasiveness of SK-OV-3 cells compared to HT-1080 cells. Despite this, treatment with 

siRNA07 and fascin ligand B FSCN-B (1.5) showed a greater effect upon wound closure rate 

for SK-OV-3 than for HT-1080 cells. Other than treatment with siRNA08, which exhibited 

unexpected effects in previous assays, inhibition of fascin’s activity or its knock-down did 

not result in any significant change in wound closure rate for HT-1080 cells (Figure 2.32 d). 
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For SK-OV-3 cells, wound closure decreased significantly by around 45% after treatment 

with siRNA07, from 14 ± 3.9 μm/h for the untreated control to 7.6 ± 2.1 μm/h, whereas 

treatment with 10 μᴍ of fascin ligand B FSCN-B (1.5) slowed wound closure by 60% to 5.7 

± 1.8 μm/h. 

 

Figure 2.32: Wound healing assay – invasion: a) relative wound density (%) over time for SK-OV-3 cells, b) 
wound closing rate (μm/h) at t = 36 h for SK-OV-3 cells, c) relative wound density (%) over time for HT-1080 

cells, b) wound closing rate (μm/h) at t = 12 h for HT-1080 cells. 
Error bars in a) and c) represent SEM. Whiskers in b) and d) represent minimum and maximum. Unpaired t-

test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Wound closing rate calculated as 
mean ± SEM (Appendix 1). 

 

Despite their seemingly less invasive phenotype, SK-OV-3 cells were deemed appropriate 

for generation of a fascin knock-out cell line to be used for further experiments with the 

HaloTag model system. This was based on the results obtained for SK-OV-3 cells indicating 

that inhibition of fascin’s activity or its absence would impact on the cells’ functionality, an 

effect which was not observed for the more invasive HT-1080 cells.  

 

2.3.7 Generation of fascin knock-out cell line 

Individual genes can be permanently deactivated, or knocked-out, using different 

techniques, however, for this project, it was decided to use the CRISPR (clustered regularly 

interspaced short palindromic repeats)-Cas9 gene editing system due to its ease of 
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execution. Emmanuelle Charpentier and Jennifer Doudna were awarded the 2020 Nobel 

Prize in Chemistry for their work on this method which has undoubtedly revolutionised 

gene editing.170 CRISPR-Cas9 was discovered as be part of the bacterial adaptive immune 

response to infections by viruses (bacteriophages), and has been adapted for use in gene 

editing to induce ds breaks at specific sites in the DNA.171 Relying on RNA–DNA recognition, 

the interaction is highly specific, can be adapted to virtually any genomic target and 

potential off-target effects can be predicted more easily.172 Cas9, a nuclease, is complexed 

with synthetic guide RNA (gRNA) specific for the target DNA sequence to be cleaved by the 

nuclease (Figure 2.33 a). Through RNA–DNA recognition, the nuclease is guided to the site 

of cleavage, and induces a ds break in the DNA. Repair of this ds break can now proceed in 

one of two ways (Figure 2.33 b). Non-homologous joining of ends is mediated via the cell’s 

natural repair mechanisms and is prone to result in insertion or deletion of nucleotides. 

Such insertions or deletions would shift codons which, by either encoding for incorrect 

amino acids or prematurely introducing stop codons, would result in production of a non-

functional protein and as such disrupting, or knocking out, the gene. By supplying the cell’s 

natural repair mechanisms with donor DNA to be used as a repair template, additional 

genetic information can be added via homology-directed repair, thereby repairing a gene 

or introducing a novel gene function (knock-in).173  

 

Figure 2.33: Gene editing through a) CRISPR-Cas9 inducing a double-strand break in the DNA and b) 
subsequent repair by either non-homologous end joining (knock-out) or homology-directed repair (knock-in) 

– adapted from 173. 
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For the design of a gRNA sequence for successful genetic knock-out, several considerations 

have to be taken into account. The targeted region on the gene to be knocked out should 

be protein coding (exon) in order to prevent it being spliced out, or removed. To obtain the 

best results, the region should be at either the start of the gene towards the 5’ end so that 

disruption of the entire sequence is induced, or it should code for an essential domain of 

the protein in order to render it non-functional. In addition, the region needs to be adjacent 

to a protospacer adjacent motif (PAM) sequence which is necessary for Cas9 to initiate, and 

it should be unique compared to the remainder of the genome to avoid any off-target 

effects.174 

 

The common approach to deliver Cas9 and the gRNA into the cell is via viral vectors, usually 

resulting in integration into the cell’s genome and stable expression of Cas9. This method 

was deemed unpractical for the purpose of this project since a permanently expressed Cas9 

would also target the introduced plasmid DNA due to homology with the endogenous 

protein, thereby preventing expression of the HaloTag–fascin fusion protein.175 However, 

through transient transfection with a plasmid specially designed to express the necessary 

components for CRISPR–Cas9 gene editing, knock-out of only the gene encoding for 

endogenous fascin could be achieved.176 Due to the transient nature of plasmid DNA, Cas9 

would essentially disappear over time, which would make it possible to express the fusion 

protein once knock-out of the endogenous protein was achieved. Moreover, this approach 

would prevent the nuclease from interfering with cell function through potentially 

prolonged off-target activity, an issue occasionally encountered with stably expressed 

Cas9.176  

 

Using this approach, appropriate gRNA oligonucleotides would be cloned into a Cas9–GFP 

vector, and the obtained plasmid DNA would be transformed in bacteria. Generated clones 

would be submitted for sequencing to confirm insertion of the gRNA, before bacterial 

transformation and purification of the plasmids for expression (Figure 2.34). Cells would be 

transfected with the plasmid and allowed to express GFP as selection marker before 

submitting them for fluorescence-activated cell sorting (FACS) and collection of cells 

displaying appropriate fluorescence. From the collected pool, individual cells would be 

grown into single clone populations before confirming knock-out by western blotting.176  
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Figure 2.34: CRISPR–Cas9 workflow of generating a fascin knock-out cell line using gRNA–Cas9–GFP 
plasmids.  

 

The plasmid for transient expression of Cas9 was established by cloning two suitable gRNA 

oligonucleotides which had previously been designed and successfully employed in the 

Machesky Lab, into a Cas9–GFP vector. Cas9 and GFP marker would be expressed as 

individual proteins, to ensure full function of the nuclease once assembled with gRNA after 

expression in the cells.176 

 

Figure 2.35: gRNA–Cas9–GFP plasmid expression in cell with subsequent assembly and activation of Cas9. 

 

From cells transfected with either of the two plasmids, populations displaying appropriate 

fluorescence compared to the GFP-only control (“GFP+” in Figure 2.36 a) were used to 

generation of single cells clones. Out of the eleven clone populations, only one was 

determined to exhibit complete fascin knock-out (#9 in Figure 2.36 b) and was selected for 

further experiments. Unexpectedly, one clone population displayed 200% fascin protein 

levels compared to the wild-type control (#8 in Figure 2.36 b), possibly due to genomic 

rearrangement after the ds break was induced,177 and was also chosen for subsequent 

assays to assess impact of fascin overexpression. Fascin levels of the selected clone 

populations were verified by western blotting before conducting experiments.  
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Figure 2.36: a) FACS (GFP fluorescence vs. side scatter) of untransfected control cells, control cells 
transfected with GFP–Cas9 plasmid, cells transfected with fascin gRNA1–Cas9–GFP plasmid and with fascin 

gRNA2–Cas9–GFP plasmid. Cells in ”GFP+” range were collected to generate single cell clones and  
b) Western blot analysis to determine fascin levels of single cell clone populations.  

 

Analogous to the assays for fascin knock-down using siRNA, proliferation and wound 

healing assays were carried out with the generated fascin knock-out cell line and the cell 

line expressing 200% fascin to assess the impact of absence and overexpression of the 

endogenous protein, respectively. Additionally, effects of expressing the HaloTag–fascin 

fusion protein as well as its degradation using VHL HaloPROTAC VHL-HP-1 (2.18) were 

assessed.  

 

Proliferation assay 

For the proliferation assays, wild-type SK-OV-3 cells, fascin knock-out cells, cells expressing 

200% fascin as well as cells transfected with the HaloTag–fascin fusion protein were seeded 

at a low density, and treated with VHL HaloPROTAC VHL-HP-1 (2.18), as indicated (Figure 

2.37). Unlike the proliferation assay carried out for the fascin knock-down trials, cells were 

treated with a cell permeable nuclear dye to be able to assess cell count instead of relying 

on confluence as a measure for proliferation. Cell count is a more accurate metric for 

proliferation since, compared to confluence, it is not impacted by any changes in 

morphology or size of the cells which could be caused by absence of fascin or presence of 

the fusion protein.178 Cells were then monitored hourly over 94 hours on an automated 

microscope and the normalised proliferation index was determined by normalising cell 

numbers at the respective time points against initial cell numbers. Overexpression of fascin 
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significantly increased proliferation by around 40%, whereas knock-out of fascin did not 

impact on cell growth compared to the wild-type control cells (Figure 2.37 b). Interestingly, 

expression of HaloTag–fascin in fascin knock-out cells slowed proliferation by around 30% 

compared to knock-out cells not expressing the fusion protein, which could be an indication 

of the fusion protein not being fully functional or even interfering with cell function. 

Treatment with 1 μᴍ of VHL HaloPROTAC VHL-HP-1 (2.18) did not exert any significant 

effect. 

 

Figure 2.37: Normalised proliferation index based on cell numbers a) over 94 hours and b) at t = 94 h for SK-
OV-3 WT cells, cells overexpressing fascin and fascin KO cells, transfected with the HaloTag–fascin fusion 

protein and treated with 1 μᴍ of VHL-HP-1 (2.18), as indicated.  
Error bars in a) represent SEM. Whiskers in b) represent minimum and maximum. Unpaired t-test was 

applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Normalised proliferation index calculated as 
mean ± SEM (Appendix 1). 

 

Random migration 

In addition, movement of individual cells was tracked hourly over 24 hours to reveal if any 

condition would confer a motility advantage, which could in turn impact on wound closure. 

To compare the cells’ intrinsic migratory ability non-directed random migration (Figure 2.39 

a) as well as migration velocity (Figure 2.39 b) were determined.179 Although 

overexpression of fascin did not impact on velocity, the cells displayed a more motile 

behaviour in terms of their distance travelled from the initial start point. Knock-out of fascin 

resulted in a 35% increase in velocity compare to wild-type control cells, and expression of 

HaloTag–fascin resulted in a further increase of around 20%. However, knock-out of the 

endogenous protein and expression of the fusion protein did not noticeably impact on the 

cells’ migratory patterns. Treatment with 1 μᴍ of VHL HaloPROTAC VHL-HP-1 (2.18) 

reduced motility and velocity, however, only in cells not transfected with the fusion 
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protein. For cells transfected with the fusion protein and then treated with VHL-HP-1 (2.18) 

this effect was not observable.  

 

Figure 2.38: Random migration for 10 individual cells over 24 hours: a) migratory paths from common 
starting point and b) migratory velocity for SK-OV-3 WT cells, cells overexpressing fascin and fascin KO cells, 
transfected with the HaloTag–fascin fusion protein and treated with 1 μᴍ of VHL-HP-1 (2.18), as indicated.  
Whiskers represent minimum and maximum. Unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 

0.01, ***: p ≤ 0.001). Velocity calculated as mean ± SEM (Appendix 1). 

 

Wound healing assays 

Similar to the proliferation assays, in the wound healing assays assessing cell migration 

(Figure 2.39), cells overexpressing fascin displayed a faster increase in relative wound 

density, with the wound closing rate showing a boost of 30% compared to the wild-type 

control cells (Figure 2.39 a), which could be explained by a faster rate of proliferation. 

However, conversely to results from the proliferation and random migration assays, knock-

out of the endogenous protein exerted a significant effect, leading to a 40% decrease in 

wound closing rate. Pleasingly, expression of HaloTag–fascin resulted in rescue of some 

migratory activity – the wound closing rate increased by 35% compared to knock-out cells 

but remained 20% slower than the wild-type control. Again, treatment with 1 μᴍ of VHL 

HaloPROTAC VHL-HP-1 (2.18) did not impact on wound closure. 
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Figure 2.39: Wound healing assay – migration: a) relative wound density (%) over time, b) wound closing 
rate (μm/h) at t = 6 h and c) images of wound area at t = 0 h and 12 h for SK-OV-3 WT cells, cells 

overexpressing fascin and fascin KO cells, transfected with the HaloTag–fascin fusion protein and treated 
with 1 μᴍ of VHL-HP-1 (2.18), as indicated. 

Error bars in a) and c) represent SEM. Whiskers in b) and d) represent minimum and maximum. Unpaired t-
test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Wound closing rate calculated as 

mean ± SEM (Appendix 1). 

 

For wound healing assays assessing invasiveness of the cells, a Matrigel overlay (4 mg/mL) 

was inserted into the wound and wound closure was monitored hourly over 94 hours 

(Figure 2.40). The effect of fascin overexpression was striking, with a wound closing rate 

being 250% higher than for the wild-type cells (Figure 2.40 b), showcasing increased levels 

of fascin did indeed confer invasive ability, even to a less invasive cell line. Although it was 

hypothesised that knock-out of fascin would slow invasive ability of the cells, surprisingly, 

an increase in wound closing rate by around 60% compared to the wild-type cells was 

observed. Expression of the fusion protein accelerated wound closure further, leading to 

150% faster wound closure compared to the wild-type control. Unfortunately, treatment 

with VHL HaloPROTAC VHL-HP-1 (2.18) did not significantly impact on wound closure.  
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Figure 2.40: Wound healing assay – invasion with Matrigel overlay (4 mg/mL): a a) relative wound density 
(%) over time and b) wound closing rate (μm/h) at t = 48 h and c) images of wound area at t = 0 h and 94 h 
for SK-OV-3 WT cells, cells overexpressing fascin and fascin KO cells, transfected with the HaloTag–fascin 

fusion protein and treated with 1 μᴍ of VHL-HP-1 (2.18), as indicated. 
Error bars in a) and b) represent SEM. Whiskers in b) represent minimum and maximum. Unpaired t-test was 
applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Wound closing rate calculated as mean ± SEM 

(Appendix 1). 

  

A second wound healing assay assessing cell invasion was carried out, however, using a 

Matrigel/collagen I mixture as matrix overlay through which cells would migrate (Figure 

2.41). Whereas Matrigel can be used to mimic the softer basement membrane, collagen I 

is a surrogate for the stiffer stromal portion of the extracellular matrix. Reports in literature 

suggested that collagen I would be a preferred matrix for ovarian cancer cells to adhere 

to,180 even promoting a more mesenchymal-like invasive behaviour by providing a stiffer 

environment (Chapter 1.1.3).181 However, the contrary outcome was observed: even 

though the same general pattern as for the previous invasion assay was noticeable, wound 

closing of wild-type cells, cells overexpressing fascin and fascin knock-out cells proceeded 

at a 30% to 40% slower rate through the Matrigel/collagen I overlay compared to the rates 

observed for the assay using solely Matrigel. The rates of wound closure for cells expressing 

HaloTag–fascin, however, were comparable between the two matrices.  
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A study assessing invasive behaviour of different ovarian cancer cell lines found SK-OV-3 

cells to be one of the two most invasive cell line in assays using a Matrigel matrix, however, 

SK-OV-3 cells did not to invade into a matrix containing collagen I.182 For invasion through 

collagen I, MMP activity, specifically collagenase MT1-MMP, is required, and SK-OV-3 cells 

were shown to have very low expression levels of this particular MMP, explaining the lack 

of invasiveness observed.155 For invasion through Matrigel, MMPs are not required since 

the cells can move through the matrix by physical force without the need for degradation 

of the surrounding tissue.183 Those literature reports support the observed significant drop 

in wound closing rate when switching from Matrigel to a Matrigel/collagen I mixture for 

the wound healing assays with SK-OV-3 cells.  

 

 

Figure 2.41: Wound healing assay – invasion with Matrigel/collagen I overlay (2 mg/mL each): a) relative 
wound density (%) over time and b) wound closing rate (μm/h) at t = 48 h and c) images of wound area at t 

= 0 h and 94 h for SK-OV-3 WT cells, cells overexpressing fascin and fascin KO cells, transfected with the 
HaloTag–fascin fusion protein and treated with 1 μᴍ of VHL-HP-1 (2.18), as indicated. 

Error bars in a) and b) represent SEM. Whiskers in b) represent minimum and maximum. Unpaired t-test was 
applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Wound closing rate calculated as mean ± SEM 

(Appendix 1). 
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Phenotype studies 

In an attempt to gain more insights into the results obtained through aforementioned 

functional assays, phenotype studies were carried out. Firstly, to assess changes in 

morphology, fluorescence microscopy images of cells stained with phalloidin to reveal actin 

structures were obtained by Nikki Paul at the Beatson Institute for Cancer Research (Figure 

2.42). In SK-OV-3 wild-type cells, filopodia protruding out of lamellipodia at the leading 

edges and retraction fibres at the retracting edges of the cells were observed (Figure 2.42 

a). Overexpression of fascin resulted in formation of a higher number of filopodia but also 

an increased amount of stress fibres was visible, with cells generally appearing larger 

compared to wild-type cells (Figure 2.42 b). This could be an indication for overexpression 

of fascin resulting in a higher cell tension which could increase the tractile force of the cells. 

This stiffer morphology could contribute to a more mesenchymal-like motility,32 leading to 

an improved ability to move through matrices (Chapter 1.1.3) – this would explain the 

observations of increased invasiveness obtained from functional assays. Fascin knock-out 

cells appeared to display a more disordered and less rounded morphology (Figure 2.42 c) 

which could be an indication of a more amoeboid-like phenotype.33 This change in 

morphology could also offer an explanation for the unexpectedly faster wound closing rate 

compared to the wild-type control observed in functional assays: this increased 

invasiveness could stem from a more amoeboid-type motility (Chapter 1.1.3). Fascin knock-

out cells expressing the HaloTag–fascin fusion protein also seemed to display a more 

disordered phenotype than the wild-type control, however, appearing to form a higher 

number of filopodia (Figure 2.42 d) which disappear upon treatment with VHL HaloPROTAC 

VHL-HP-1 (2.18) (Figure 2.42 e). 
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Figure 2.42: Fluorescence microscope images with actin staining: a) SK-OV-3 WT, b) 200% fascin, c) fascin 

KO, d) fascin KO expressing HaloTag–fascin, e) fascin KO expressing HaloTag–fascin treated with VHL-HP-1.  

 

Then, to determine localisation of fascin in wild-type cells and of the HaloTag–fascin fusion 

protein in transfected fascin knock-out cells, fluorescence microscopy with fascin staining 

was performed by Nikki Paul at the Beatson Institute for Cancer Research (Figure 2.43). 

Fascin was localised to filopodia formed at the leading edges of SK-OV-3 wild-type cells, 

though SK-OV-3 cells exhibited a low number of filopodia in general (Figure 2.43 a). 

Overexpression of fascin also resulted in formation of more and thicker filopodia, and the 

cells appeared to be bigger in size compared to wild-type cells (Figure 2.43 b). Images of 

fascin knock-out cells expectedly only displayed autofluorescence or secondary antibody 
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background (Figure 2.43 c). Some fluorescence was detected in knock-out cells transfected 

with HaloTag–fascin, although the fusion protein did not seem to localise at the cell edges 

and significant localisation at filopodia was not observed (Figure 2.43 d). The lack of 

localisation could either indicate that the fusion did not displaying the same functionality 

as the endogenous protein, or that expression levels were insufficient for adequate 

visualisation. For knock-out cells transfected with HaloTag–fascin and treated with VHL-

HP-1 (2.18) only background fluorescence of the cells was observed (Figure 2.43 e), 

providing further evidence for degradation of the fusion protein by the HaloPROTAC. 
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Figure 2.43: Fluorescence microscope images with fascin staining: a) SK-OV-3 WT, b) 200% fascin, c) fascin 
KO, d) fascin KO expressing HaloTag–fascin, e) fascin KO expressing HaloTag–fascin treated with VHL-HP-1.  
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2.4 Summary of HaloTag model system 

Prior to attempting to degrade endogenous fascin, in order to probe the possibility of 

engaging the UPS to fascin and induce protein degradation via the PROTAC mechanism, a 

proof-of-concept using a HaloTag model system was carried out. For this model system, a 

series of HaloPROTACs and corresponding mono-functional control were synthesised and 

a HaloTag–fascin fusion protein was cloned. Using different biological assays, activity of the 

compounds as well as effect of degradation of the fusion protein on cell function and 

phenotype were assessed.  

 

2.4.1 Synthetic summary  

E3 ligase ligands 

Active VHL ligand VHL-2 (2.3) and inactive control ligand cisVHL-2 (2.4) were synthesised 

over seven steps with overall yields of 12% and 8%, respectively, from commercially 

available starting materials via common amine intermediate 2.6 (Figure 2.44). 

 

Figure 2.44: Summary of the synthesis of active VHL ligand and inactive control ligand. 

 

Through optimisation of reaction conditions, active CRBN ligand CRBN-1 (2.9) was 

generated from L-glutamine and fluorophthalic anhydride in improved yields (40% over two 

steps) compared to yields reported in literature.99 In an attempt to increase yields further, 

the cyclised glutamine analogue aminoglutarimide was employed in the synthesis of active 

CRBN ligand CRBN-2 (2.11) – resulting in an improved overall yield of 55% over two steps 

(Figure 2.45). The corresponding inactive methylated control ligands MeCRBN-1 (2.10) and 
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MeCRBN-2 (2.12) were generated in excellent yields of 85% and 96%, respectively, from 

the active counterparts.  

 

Figure 2.45: Summary of the synthesis of active CRBN ligands and inactive control ligands. 

 

HaloPROTACs 

A total of five active HaloPROTACs and eight mono-functional control compounds were 

synthesised using a modular approach. For the VHL-recruiting compounds, common linker 

fragments 2.15a and 2.15b were accessed from pentaethylene glycol in excellent yields 

(Figure 2.46). Differential functionalisation of the common intermediates and subsequent 

coupling with active ligands as well as inactive control ligands generated two active VHL-

targeting HaloPROTACs and the four corresponding mono-functional control compounds 

with overall yields of 15% to 38%. 
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Figure 2.46: Summary of the synthesis of VHL HaloPROTACs and mono-functional control compounds. 

 

Similarly, for CRBN-recruiting compounds intermediates 2.28a and 2.28b were prepared 

over three steps in 20% to 24% yield (Figure 2.47). Two active CRBN HaloPROTACs and four 

mono-functional control compounds were accessed in 2% to 12% overall yields from the 

common intermediates.  
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Figure 2.47: Summary of the synthesis of CRBN HaloPROTACs and mono-functional control compounds. 

 

In addition, HyT HaloPROTAC HyT-HP-1 (2.36) was synthesised over two steps in a 20% 

overall yield (Figure 2.48). 

 

Figure 2.48: Summary of the synthesis of HyT HaloPROTAC. 
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2.4.2 Summary of biological testing 

In order to assess the activity of the synthesised HaloPROTACs, a plasmid for a HaloTag–

fascin protein was cloned and expressed in different cell lines. Degradation assays with 

increasing concentrations of the compounds as well as time-course assays were carried 

out. Both VHL HaloPROTACs VHL-HP-1 (2.18) and VHL-HP-2 (2.22) were found to induce 

reproducible and sustained degradation of the fusion protein in two cell lines, SK-OV-3 and 

HT-1080 (Figure 2.49 a and b). Control assays with the corresponding mono-functional 

control compounds and proteasome inhibition confirmed degradation of the fusion protein 

was mediated via the PROTAC mechanism.  

 

Figure 2.49: Quantification of western blot analysis - HaloTag–fascin levels for dose-response and time-
course assays in SK-OV-3 and HT-1080 cells for a) VHL-HP-1 (2.18) and b) VHL-HP-2 (2.22). 

 

Prior to generation a fascin knock-out cell line for further functional and phenotype assays, 

fascin knock-down trials using siRNAs were carried out with SK-OV-3 and HT-1080 cells. The 

results indicated that the impact of absence of the endogenous protein would be more 

pronounced for SK-OV-3 than for HT-1080 cells. Based on these findings, a SK-OV-3 fascin 

knock-out cell line was established using the CRISPR–Cas9 technique. By cloning and 

expression of two CRISPR–Cas9 plasmids containing GFP as selection marker and 

subsequent generation of single clone cell populations, SK-OV-3 fascin knock-out cells and 

cells overexpressing fascin were obtained. Functional assays assessing invasive properties 

of fascin knock-out cells, knock-out cells expressing the HaloTag–fusion protein and cells 

overexpressing the endogenous protein provided unexpected results in wound-healing 

experiments. Although it was expected that knock-out of endogenous fascin would impair 

invasion through matrices, a faster wound closure rate was observed for fascin knock-out 

cells compared to wild-type control cells. It was hypothesised that knock-out of the 
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structural protein would lead to an amoeboid-type mode of migration through a 3D 

environment, thereby increasing the invasive ability of the fascin knock-out cells (Figure 

2.50). Expression of the HaloTag–fusion protein further augmented the observed 

invasiveness, similar to overexpression the endogenous protein. Degradation of the fusion 

protein induced by treatment with VHL HaloPROTAC VHL-HP-1 (2.18) did not seem to exert 

any significant effect on cell invasion. 

 

Figure 2.50: Wound healing assay – wound closing rate(μm/h) at t = 48 h for SK-OV-3 WT cells, cells 
overexpressing fascin and fascin KO cells, transfected with the HaloTag–fascin fusion protein and treated 

with 1 μᴍ of VHL-HP-1 (2.18), as indicated: a) through Matrigel overlay (4 mg/mL) and b) through 
Matrigel/collagen I overlay (2 mg/mL each). 

 

Fluorescence images visualising the actin cytoskeleton of the cells showed that fascin 

knock-out cells displayed a more disordered and less rounded phenotype, which provided 

further evidence for an amoeboid-type morphology of the cells (Figure 2.51 a). Based on 

the results obtained, it was hypothesised that overexpression of the endogenous protein 

as well as its knock-out resulted in generation of more invasive cells compare to wild-type 

control cells through two different mechanisms. Overexpression of fascin would lead to a 

mesenchymal-like stiffer morphology, whereas knock-out would results in an amoeboid-

like flexible phenotype of the cells (Chapter 1.1.3), both of which would confer an 

advantage to invade through the matrices used in the assays compared to the WT control 

cells.32 Expression of the fusion protein resulted in formation of pronounced actin 

structures, which disappeared after treatment with VHL HaloPROTAC VHL-HP-1 (2.18). 

Fluorescence images to determine localisation of fascin also supported the 

aforementioned findings. Additionally, no clear localisation of the fusion protein could be 

determined for the transfected cells which could indicate low expression levels of the 

protein after transient transfection (Figure 2.51 b).  
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Figure 2.51: Fluorescence microscope images with a) actin and b) fascin staining of SK-OV-3 WT, 200% 

fascin, fascin KO, fascin KO expressing HaloTag–fascin, fascin knock-out expressing HaloTag–fascin treated 
with VHL-HP-1. Images obtained by Nikki Paul. 
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3 Fascin-targeting PROTACs: compound design, chemical 

synthesis and evaluation of biological activity 

 

3.1 PROTAC design 

3.1.1 Design of compounds 

For the design of fascin-targeting PROTACs, a similar strategy as for the HaloPROTACs was 

planned (Figure 3.1). Different compound series would be based on previously described 

fascin ligands FSCN-A (1.4), FSCN-B (1.5) and FSCN-C (1.7) (Chapter 1.1.5) as fascin-

recruiting components. Although best results were obtained for VHL-recruiting 

HaloPROTACs in the model system, it was decided to generate both, compounds recruiting 

CRBN E3 ligase and VHL E3 ligase, as well as HyTs, as degradation could be modulated by 

distinct E3 ligases in different cell lines (Chapter 1.2.4).92,97 Similarly, since the linker can 

impact on interactions between the POI and the E3 ligase (Chapter 1.2.4) and optimal 

length and composition need to be determined experimentally,98 different PEG-based 

linkers would be explored within each compound series.  

 

Figure 3.1: Design of fascin-targeting PROTACs. 
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3.1.2 Evaluation of physicochemical properties 

In order to evaluate physicochemical properties of potential PROTACs assessing their 

likelihood to be cell permeable, a set of guidelines was developed based on an analysis of 

active PROTACs reported in literature (Chapter 1.2.5).14 Physicochemical properties were 

calculated in line with the analysis prepared by Maple et al.14 to allow for direct comparison 

with highest scoring, i.e. most active, PROTACs (“Maple set (PROTACs with DegS ≥ 4)” in 

Table 3.1). Similarly, the classification boundaries (“good” (green), “acceptable” (yellow) 

and “bad” (red) in Table 3.1) were defined based on the results of the analysis and on 

recommendations for optimal physicochemical properties of PROTACs.94,100  

 MW (Da) cLogP HBD HBA NRotB tPSA (Å²) 

Maple set (PROTACs 

with DegS ≥ 4)100 
985 5.36 4.13 13.3 24.6 208 

Metrics for evaluation of physicochemical properties 

Good (green)  < 900 < 4 < 4 < 10 < 20 < 200 

Acceptable (yellow) 900 - 1100 4 - 6 4 - 6 10 - 15 20 - 28 200 - 250 

Bad (red) > 1100 > 6 > 6 > 15 > 28 > 250 

NB: MW, HBD, HBA, NRotB and tPSA were determined using ChemDraw v20.1 and cLogP was calculated 
using SwissADME, with molecules submitted in their neutral form.184 

Table 3.1: Metrics used to evaluate calculated physicochemical properties.  

 

It should be noted that physicochemical properties of PROTACs will be partially dictated by 

the properties of both involved ligands, which already display properties of traditional 

small-molecule drugs, hence only limited optimisation of properties may be possible.94 

Other factors, like ternary complex formation and cooperativity effects, are crucial for 

PROTAC activity and can drive compound efficacy (Chapter 1.2.4), however, the impact of 

those effects can only be determined experimentally.185 Therefore, evaluation of 

physicochemical properties should only be regarded as a rough guideline in the design of 

PROTACs. 
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3.2 1st series PROTACs (based on FSCN-A (1.4)) 

The 1st series of PROTACs was based on FSCN-A (1.4) due to availability of the ligand, which 

was kindly provided by the Drug Discovery Unit of the Beatson Institute for Cancer 

Research. As part of a previous drug discovery programme,186 fluorescent probes were 

generated by functionalisation at the piperazine moiety, a modification which was shown 

to not interfere with the fascin-binding ability of the compound, hence it was decided to 

attach the linker at this position. This was supported by computational docking studies of 

fascin ligand A FSCN-A (1.4) into actin-binding site 1 of a fascin co-crystal structure (PDB ID 

6i18), showing the piperazine moiety to be protruding outwards of the protein (Figure 3.2). 

Moreover, the piperazine could be easily functionalised by either alkylation or amide bond 

formation.  

 

Figure 3.2: Potential linker attachment point for FSCN-A (1.4) docked into fascin crystal structure PDB ID 
6i18.  

 

3.2.1 Synthetic strategy for 1st series PROTACs 

The synthetic strategy was based on a convergent synthesis using a modular approach to 

generate an inventory of E3 ligase ligand–linker fragments (Figure 2.6). The fragments 

could then be functionalised and coupled to different POI ligands, allowing for a fast 

synthesis of a diverse library of PROTACs. To achieve this, different commercially available 

PEG-based linkers would be desymmetrised and coupled to CRBN and VHL ligands. Further 

functionalisation of the fragments would allow for coupling to fascin ligand A FSCN-A (1.4), 

generating the 1st series of fascin-targeting PROTACs.  
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Figure 3.3: Proposed modular synthesis of E3-ligase ligand–linker library and 1st series PROTACs. 

 

3.2.2 Synthesis of 1st series amide PROTACs 

E3 ligase ligand–linker fragments 

For the first set of compounds, mono-protected diamine linkers 3.1a and 3.1b of different 

lengths, which were readily available in sufficient quantities, were used (Figure 3.4).  

 

Figure 3.4: Linkers used to generate E3 ligase ligand-linker library. 

 

To access VHL ligand–linker fragments 3.3a and 3.3b, mono-protected diamine linkers 3.1a 

and 3.1b were extended by opening of succinic anhydride, generating longer linker 

fragment 3.2a in a 96% yield (Scheme 3.1 a). Shorter linker fragment 3.2b had previously 

been synthesised using a similar protocol in a 95% yield. The generated carboxylic acid 

functionalities of linker fragments 3.2a and 3.2b were then available for HATU-mediated 

amide coupling with the amine of VHL ligand VHL-1 (2.1), affording shorter VHL ligand-

linker fragment 3.3a in a 21% yield. Longer VHL–linker fragment 3.3b had previously been 

synthesised in a 50% yield. To obtain CRBN ligand–linker fragments 3.4a and 3.4b, mono-
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protected diamine linkers 3.1a and 3.1b were reacted with fluorinated CRBN ligand CRBN-

1 (2.9) via SNAr alkylation to generate longer CRBN ligand–linker fragment 3.4a in 42% and 

shorter CRBN ligand-linker fragment 3.4b in 53% yield, respectively (Scheme 3.1 b).  

 

Scheme 3.1: Synthesis of E3 ligase ligand–linker fragment library. 

 

Fascin ligand A fragment 

Fascin ligand A fragment 3.5 was accessed by extending the piperazine moiety of fascin 

ligand A FSCN-A (1.4) via opening of succinic anhydride (Scheme 3.2).187 The obtained 

carboxylic acid could then be coupled with the amine moiety of the previously generated 

E3 ligase ligand–linker fragments. To assess the impact of functionalisation through an 

amide bond at the piperazine moiety on binding to fascin, fascin ligand A control FSCN-A-

ctrl (3.6) was synthesised by capping the carboxylic acid as a methyl amide in a 25% yield. 

The control compound was purified using semi-preparative RP-HPLC, and the 

trifluoroacetate anion was exchanged to obtain the hydrochloride salt compatible with 

biological testing.  
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Scheme 3.2: Synthesis of fascin ligand A fragment 3.5 and control FSCN-A-ctrl (3.6). 

 

1st series amide PROTACs 

The tert-butyl carbamate protecting groups on the E3 ligase ligand–linker fragments 3.3a, 

3.3b, 3.4a and 3.4b were removed under acidic conditions. The corresponding amine salts 

were then coupled with fascin ligand A fragment 3.5 using HATU-mediated amide coupling 

conditions (Scheme 3.3). Subsequent purification by semi-preparative RP-HPLC and 

exchange of trifluoroacetate for chloride anions yielded the 1st series amide PROTACs. 

Whereas fascin ligand A amide VHL PROTAC 1 FSCN-A-VHL-1 (3.7) was obtained in a 23% 

yield, fascin ligand A amide VHL PROTAC 2 FSCN-A-VHL-2 (3.8) was not generated in 

sufficient quantities for full characterisation and subsequent biological testing due to poor 

mass recovery after purification. Re-synthesis of the compound was not attempted due to 

unavailability of linker 3.1b. It was decided to carry out initial testing of the remaining 1st 

series PROTACs, and in case of successful results, FSCN-A-VHL-2 (3.8) would be re-

synthesised. Fascin ligand A amide CRBN PROTACs FSCN-A-CRBN-1 (3.9) and FSCN-A-

CRBN-2 (3.10) were generated in yields of 11% and 6% after purification with semi-

preparative RP-HPLC and anion exchange, respectively.  
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Scheme 3.3: Synthesis of 1st series amide PROTACs. 

 

During synthesis and purification of the 1st series amide PROTACs, poor aqueous solubility 

of the compounds was observed. Additionally, it was hypothesised that the high number 

of amide bonds present in the compounds could impact negatively on cell permeability and 
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intracellular stability,14 hence alternative approaches to synthesise analogues with 

potentially improved properties were sought.  

 

3.2.3 Synthesis of 1st series alkylation PROTACs 

Instead of functionalisation of the piperazine through formation of an amide bond, 

alkylation of piperazine nitrogen atom was proposed. This strategy would decrease the 

number of amide bonds in the compounds at the same time as potentially improving 

aqueous solubility.  

 

Fascin ligand A alkylation VHL PROTACs 

Following a modified literature procedure,98 mono-protected linker 3.11 was synthesised 

from pentaethylene glycol by dropwise addition of tert-butyl bromoacetate to an excess of 

the diol to promote mono-substitution, introducing a tert-butyl ester as masked carboxylic 

acid (Scheme 3.4). Subsequent activation the alcohol of mono-protected linker 3.11 by 

mesylation afforded mono-protected mesylated linker 3.12 in excellent yield. Alkylation of 

the piperazine moiety of fascin ligand A FSCN-A (1.4) with activated linker 3.12 yielded 

protected fragment 3.13. After deprotection under acidic conditions to expose the 

carboxylic acid and subsequent HATU-mediated amide coupling with the amine of VHL 

ligand VHL-1 (2.1), the crude product was purified by column chromatography on silica gel 

and semi-preparative RP-HPLC. Anion exchange afforded fascin ligand A alkylation VHL 

PROTAC FSCN-A-VHL-3 (3.14) as a bis-hydrochloride salt in 25% yield. 
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Scheme 3.4: Synthesis of fascin ligand A alkylation VHL PROTAC FSCN-A-VHL-3 (3.14). 

 

Click chemistry, such as copper-catalysed azide–alkyne cycloaddition (CuAAC), can be used 

as a potential approach to quickly establish diverse compound libraries.188 In order to probe 

the feasibility of this strategy, fascin ligand A alkylation VHL PROTAC FSCN-A-VHL-4 (3.19) 

was synthesised from fascin ligand A–azide fragment 3.17 and VHL ligand–alkyne fragment 

3.18 (Scheme 3.5). Following a modified literature procedure,188 azide fragment 3.17 was 

synthesised over three steps from ethylene glycol. Di-tosylation of ethylene glycol 

proceeded in almost quantitative yield to afford di-tosylate 3.15 and subsequent mono-

substitution with sodium azide yielded azide 3.16. Although the mono-substitution was 

low-yielding and some of the di-tosylate starting material was recovered, a sufficient 

quantity of the product was obtained to proceed with the synthesis and optimisation of 

the reaction was deprioritised. N-alkylation of the piperazine moiety of fascin ligand A 

FSCN-A (1.4) afforded azide fragment 3.17 in excellent yield. For alkyne fragment 3.18, 

HATU-mediated amide bond formation between the amine of VHL ligand VHL-1 (2.1) and 

the carboxylic acid of the commercially obtained alkyne linker was carried out. Click 

reaction between azide fragment 3.16 and alkyne fragment 3.18 was performed under 

standard CuAAC conditions, using catalytic amounts of copper(II) sulfate powder and 

sodium ʟ-ascorbate for its activation. A small amount of water was added to 



Fascin-targeting PROTACs | 102  

tetrahydrofuran as solvent for better solubilisation of the copper catalyst.188 Purification 

by semi-preparative RP-HPLC and subsequent anion exchange of the resulting 

trifluoroacetate salt afforded fascin ligand A alkylation VHL PROTAC FSCN-A-VHL-4 (3.19) 

as bis-hydrochloride salt in 29% yield. 

 
Scheme 3.5: Synthesis of fascin ligand A alkylation VHL PROTAC FSCN-A-VHL-4 (3.19). 

 

Fascin ligand A alkylation CRBN PROTAC 

For fascin ligand A alkylation CRBN PROTAC FSCN-A-CRBN-3 (3.22), a mono-protected 

aminoalcohol linker was activated to generate mesylate 3.20, which was subsequently used 

for N-alkylation at the piperazine moiety of fascin ligand A VHL-1 (2.1) (Scheme 3.6). Acidic 

deprotection of both fascin ligand A–linker fragment 3.21 and CBRN ligand CRBN-2 (2.11), 

unmasked the amine and carboxylic acid, which were then subjected to HATU-mediated 

amide coupling conditions. Fascin ligand A alkylation CRBN PROTAC FSCN-A-CRBN-3 (3.22) 

was generated as bis-hydrochloride salt in 17% yield after purification by semi-preparative 

RP-HPLC and anion exchange.  
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Scheme 3.6: Synthesis of fascin ligand A alkylation CRBN PROTAC FSCN-A-CRBN-3 (3.22). 

 

Fascin ligand A alkylation HyT PROTAC 

HyT-linker fragment 2.35, which had previously been generated for the synthesis of HyT 

HaloPROTAC HyT-HP-1 (2.36), was activated by mesylation to obtain fragment 2.35, 

followed by alkylation of the piperazine nitrogen of fascin ligand A FSCN-A (1.4) (Scheme 

3.7). Fascin ligand A alkylation HyT PROTAC FSCN-A-HyT-1 (3.24) was afforded in 32% yield 

as bis-hydrochloride salt after purification by semi-preparative RP-HPLC and anion 

exchange. 

 
Scheme 3.7: Synthesis of fascin ligand A alkylation HyT PROTAC FSCN-A-HyT-1 (3.24). 

 

3.2.4 Physicochemical properties of 1st series PROTACs 

Generally, calculated physicochemical properties for the 1st series PROTACs were 

suboptimal, especially for the initial set of amide PROTACs (Table 3.2). Particularly 
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noteworthy is the high tPSA and large number of HBA, due to the large number of amide 

bonds present in the molecules. Decrease of the number of amide bonds in the alkylation 

series resulted in a lower tPSA, as anticipated. A shorter linker length led to a decrease in 

NRotB but also an improved tPSA, which can be seen by comparing properties of longer 

linker amide PROTAC FSCN-A-CRBN-1 (3.9) and shorter linker amide analogue FSCN-A-

CRBN-2 (3.10). This can be explained by fewer polar and flexible ethylene glycol units in 

shorter-length linkers. The lipophilicity of all compounds was in the acceptable range, with 

CRBN PROTACs FSCN-A-CRBN-1 (3.9) and FSCN-A-CRBN-3 (3.22) displaying excellent 

values, showcasing the effect the E3 ligase ligand can exert upon PROTAC properties. 

 

 MW (Da) cLogP HBD HBA NRotB tPSA (Å²) 

FSCN-A (1.4) 508 3.74 2 5 6 77 

1st series amide PROTACs 

FSCN-A-VHL-1 (3.7) 1472 5.07 6 18 49 319 

FSCN-A-CRBN-1 (3.9) 1215 3.73 4 16 37 275 

FSCN-A-CRBN-2 (3.10) 1067 4.05 4 12 27 238 

1st series alkylation PROTACs 

FSCN-A-VHL-3 (3.14) 1199 5.71 4 14 33 226 

FSCN-A-VHL-4 (3.19) 1324 5.42 4 17 38 263 

FSCN-A-CRBN-3 (3.22) 1042 3.32 3 14 26 227 

FSCN-A-HyT-1 (3.24) 819 6.17 1 8 19 105 

Good (green): MW < 900, cLogP < 4, HBD < 4, HBA < 10, NRotB < 20, tPSA < 200 
Bad (red): MW > 1100, cLogP > 6, HBD > 6, HBA > 15, NRotB > 28, tPSA > 250 

Table 3.2: Physicochemical properties of 1st series PROTACs. 

 



Fascin-targeting PROTACs | 105  

3.3 2nd series PROTACs (based on FSCN-B (1.5)) 

With the intent of synthesising compounds with more favourable properties, attention was 

shifted to fascin ligand B FSCN-B (1.5). It was hypothesised that incorporating FSCN-B (1.5) 

as fascin-recruiting component could impact positively on PROTAC properties since the 

ligand was shown to have considerably higher solubility and affinity for fascin, whilst 

displaying lower cellular toxicity, compared to fascin ligand A FSCN-A (1.4) (Chapter 

1.1.5).59 Again, leveraging insights from the development of fluorescent probes based on 

fascin ligand B FSCN-B (1.5),186 and supported by a co-crystal structure of the ligand with 

fascin (Figure 3.5), linker attachment at the solvent-exposed piperidine was rationalised.  

 

Figure 3.5: Potential linker attachment point for FSCN-B (1.5) co-crystallised with fascin (PDB ID 6i18).  

 

3.3.1 Synthetic strategy for 2nd series PROTACs 

Based on the overall higher yielding synthetic routes of the 1st series alkylation PROTACs 

compared to the 1st series amide PROTACs, it was decided to follow a similar approach for 

the 2nd series PROTACs. First, a fascin ligand B–linker fragment library would be generated 

by activating PEG-based linkers, followed by alkylation of fascin ligand B FSCN-B (1.5) 

(Figure 3.6). The fragments could then be coupled to E3 ligase ligands and HyTs to obtain a 

library of fascin ligand B-based PROTACs. 



Fascin-targeting PROTACs | 106  

 

Figure 3.6: Proposed modular synthesis of fascin ligand B–linker library and 2nd series PROTACs. 

 

3.3.2 Synthesis of fascin ligand B FSCN-B (1.5) 

As a first step, fascin ligand B FSCN-B (1.5) needed to be synthesised following a modified 

literature precedent.59 Enaminone 3.25 was accessed as a 1:1 mixture of E and Z isomers 

in adequate yield by reacting N,N-dimethylformamide dimethyl acetal (DMFDMA) with 

dimethyl 3-oxoglutarate (Scheme 3.8). Tert-butyl 4-hydrazinopiperidine-1-carboxylate 

hydrochloride was neutralised in situ before addition of enaminone 3.25 to the reaction 

mixture. One major product was obtained in 68% to 82% yield, however, it could not be 

established with certainty if desired pyrazole regioisomer 3.26a or undesired regioisomer 

3.26b was obtained. Formation of pyridone 3.26c, as reported in literature,189 was however 

not observed. LCMS analysis of the crude material displayed one major and one minor 

peak, both containing the same molecular weight corresponding to pyrazoles 3.26a and 

3.26b. 2D NOESY NMR analysis provided some evidence for the desired regiosomer 3.26a, 

indicating that the protons of the methylene group were close in space to the piperidine 

protons, however, the analysis was not finally conclusive. It was rationalised that formation 

of pyrazole regioisomer 3.26a would proceed through a thermodynamically favoured 

pathway with the non-substituted nitrogen of the hydrazine reacting first.190 Despite the 
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structural uncertainty, it was decided to proceed with the synthesis of fascin ligand B FSCN-

B (1.5) with the aim of fully elucidating the structure at a later stage in the synthesis.  

 

Scheme 3.8: Synthesis of pyrazole 3.26a or 3.26b. 

  

Reaction of Bredereck’s reagent with pyrazole 3.26a afforded enaminone 3.27 in 

quantitative yield (Scheme 3.9). Subsequent addition of 3,4-dichlorobenzylamine under 

acidic catalysis resulted in the substitution product 3.28 in 63% yield but, unexpectedly, the 

annulated product 3.29 was also obtained in 28% yield. Full annulation was achieved by 

subjecting substitution product 3.28 to sodium methoxide in methanol under reflux for 2 

hours. Ester saponification of 3.29 unmasked the carboxylic acid of 3.30 which was then 

coupled to 4-aminopyridine using a HATU-mediated amide coupling protocol to afford 

protected fascin ligand B 3.31 in excellent yield. Fascin ligand B FSCN-B (1.5) was obtained 

in quantitative yield after deprotection of the piperidine under acidic conditions, followed 

by neutralisation of the resultant salt.  
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Scheme 3.9: Synthesis of fascin ligand B FSCN-B (1.5). 

 

In order to conclusively confirm the structure of fascin ligand B FSCN-B (1.5), the compound 

was purified by semi-preparative RP-HPLC, followed exchange of trifluoroacetate to 

chloride anions. Crystals were generated using a two-solvent recrystallisation. Subsequent 

analysis by X-ray diffraction confirmed the correct pyrazole regioisomer was in fact 

obtained (Figure 3.7).  

      
Figure 3.7: X-ray model of fascin ligand B FSCN-B (1.5). 
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With fascin ligand B FSCN-B (1.5) in hand, synthesis of the 2nd series PROTACs could 

commence. It was envisioned to generate matched pairs of each, VHL-recruiting and CRBN-

recruiting PROTACs, as well as a matched pair of HyTs, featuring a shorter and a longer 

linker, in order to probe the impact of linker length on the ability to induce targeted fascin 

degradation.  

 

3.3.3 Synthesis of 2nd series PROTACs 

VHL PROTACs 

First, attention was turned to VHL-recruiting PROTACs. Whereas longer mono-protected 

activated linker 3.12 was available from the synthesis of 1st series VHL PROTAC FSCN-A-

VHL-3 (3.14), shorter analogue 3.33 was synthesised using the same protocol (Scheme 

3.10). Diethylene glycol was mono-functionalised with tert-butyl bromoacetate affording 

mono-tert-butyl ester 3.32 in a yield comparable to the longer linker analogue 3.11. This 

was followed by activation of the alcohol by mesylation affording linker fragment 3.33 in 

excellent yield. Subsequently, the piperidine nitrogen of fascin ligand B FSCN-B (1.5) was 

alkylated with activated longer linker 3.12 and activated shorter linker 3.33, generating 

fascin ligand–linker fragments 3.34a and 3.34b in comparable yields. After acidic 

deprotection to expose the corresponding carboxylic acids, which were thencoupled to the 

amine moiety of VHL ligand VHL-1 (2.1) using HATU-mediated amidation. Purification by 

semi-preparative RP-HPLC and anion exchange yielded longer linker PROTAC FSCN-B-VHL-

1 (3.35) in 44% and shorter linker PROTAC FSCN-B-VHL-2 (3.36) in 32% as bis-hydrochloride 

salts. 
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Scheme 3.10: Synthesis of fascin ligand B VHL PROTACs FSCN-B-VHL-1 (3.35) and FSCN-B-VHL-2 (3.36). 

 

CRBN PROTACs 

For the corresponding CRBN-recruiting PROTACs and HyTs, aminoalcohol linkers were 

required. Shorter linker 3.39 was commercially available, however, longer linker analogue 

3.38 needed to be synthesised by converting a mono-activated PEG linker into azide 3.37, 

followed by hydrogenation of the azide to obtain aminoalcohol linker 3.38 in excellent 

yield (Scheme 3.11). 

 

Scheme 3.11: Synthesis of aminoalcohol linker 3.38 and commercial aminoalcohol linker 3.39 used for 
synthesis of CRBN and HyT PROTACs.  
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Initially, it was planned to synthesise fascin ligand B–linker fragments which could then be 

coupled to both, CRBN ligand CRBN-1 (2.9) via SNAr and adamantylacetic acid through 

amide coupling reactions. To do so, the amine moiety of aminoalcohol linker 3.38 was 

protected using di-tert-butyl dicarbonate to yield protected linker 3.39. Then the alcohol 

was activated by mesylation to allow for subsequent N-alkylation of the piperidine of fascin 

ligand B FSCN-B (1.5) (Scheme 3.12 a). After acidic deprotection of fragment 3.41, SNAr at 

CRBN ligand CRBN-1 (2.9) was attempted. However, the reaction failed to generate 

sufficient quantities of CRBN PROTAC FSCN-B-CRBN-1 (3.42) for full characterisation and 

biological testing. Instead of optimising attempted route A, an alternative synthesis was 

pursued for which protection and deprotection of the amine moiety of aminoalcohol linker 

3.38 was to be avoided, aiming to improve the overall yield (Scheme 3.12 b). Therefore, 

CRBN ligand–linker fragment 3.43 was established via SNAr reaction of CRBN ligand CRBN-

1 (2.9) with aminoalcohol linker 3.38. However, this reaction proceeded in low yield, with 

recovery of some of the unreacted CRBN ligand CRBN-1 (2.9). Since sufficient amounts of 

CRBN ligand–linker fragment 3.43 was generated, the synthesis was carried forward by 

activation of the alcohol moiety via mesylation which proceeded in moderate yield to 

afford activated fragment 3.44. Subsequent N-alkylation of fascin ligand B FSCN-B (1.5), 

followed by purification by semi-preparative RP-HPLC and anion exchange afforded CRBN 

PROTAC FSCN-B-CRBN-1 (3.42) as bis-hydrochloride salt in adequate yield. 
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Scheme 3.12: Synthesis of fascin ligand B CRBN PROTAC FSCN-B-CRBN-1 (3.42). 

 

Due to the low-yielding SNAr reactions encountered in the synthesis of longer linker CRBN 

PROTAC FSCN-B-CRBN-1 (3.42), a different strategy was pursued for the synthesis of 

shorter linker analogue FSCN-B-CRBN-2 (3.47) (Scheme 3.13). After acidic deprotection to 

expose the carboxylic acid of CRBN ligand CRBN-2 (2.11) and HATU-mediated amide 

coupling with aminoalcohol linker 3.39, CRBN ligand–linker fragment 3.45 was generated 

in acceptable yield. The alcohol was activated through mesylation for subsequent alkylation 

of fascin ligand FSCN-B (1.5), generating the shorter linker CRBN PROTAC analogue. 

Purification of semi-preparative RP-HPLC and anion exchange yielded FSCN-B-CRBN-2 

(3.47) as bis-hydrochloride salt in 9%. 
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Scheme 3.13: Synthesis of fascin ligand B CRBN PROTAC FSCN-B-CRBN-2 (3.47). 

 

HyT PROTACs 

The amine moiety of fascin ligand B–linker fragment 3.41, which had been generated 

previously in the synthesis of CRBN PROTAC FSCN-B-CRBN-1 (3.42), was deprotected under 

acidic conditions. Coupling with 1-adamantylacetic acid using HATU and subsequent 

purification by semi-preparative RP-HPLC and anion exchange, afforded longer linker HyT 

PROTAC FSCN-B-HyT-1 (3.48) as a bis-hydrochloride salt in 29% yield (Scheme 3.14). 

 

Scheme 3.14: Synthesis of fascin ligand B HyT PROTAC FSCN-B-HyT-1 (3.48). 
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For the shorter linker analogue, HyT–linker fragment 3.49 was generated first by coupling 

of aminoalcohol linker 3.39 with adamantylacetic acid in order to avoid protection-

deprotection of the amine moiety (Scheme 3.15). This was followed by mesylation of the 

alcohol to yield activated fragment 3.50 which could then be used for alkylation of the 

piperidine moiety of fascin ligand B FSCN-B (1.5). Shorter linker HyT PROTAC FSCN-B-HyT-

2 (3.51) was yielded in 38% as bis-hydrochloride salt after purification with semi-

preparative RP-HPLC and anion exchange.  

 

Scheme 3.15: Synthesis of fascin ligand B HyT PROTAC FSCN-B-HyT-2 (3.51). 

 

3.3.4 Physicochemical properties of 2nd series PROTACs 

The physicochemical properties of the 2nd series PROTACs were comparable, albeit slightly 

improved, to those of the 1st series alkylation PROTACs (Table 3.3). This can be explained 

by both parent compounds, fascin ligand A FSCN-A (1.4) and fascin ligand B FSCN-B (1.5), 

displaying similar properties, with fascin ligand B FSCN-B (1.5) exhibiting marginally lower 

lipophilicity. Interestingly, although fascin ligand B FSCN-B (1.5) was calculated to have a 

higher tPSA than fascin ligand A FSCN-A (1.4), the 2nd series PROTACs displayed generally 

lower tPSA values. Expectedly, the shorter linker PROTAC set featured slightly fewer HBA, 

a smaller tPSA and fewer NRotB compared to the longer linker analogues due to a reduced 

number ethylene glycol units. A similar trend as for the 1st series PROTACs could be 

observed, with CRBN-recruiting PROTACs FSCN-B-CRBN-1 (3.42) and FSCN-B-CRBN-2 (3.47) 

displaying improved lipophilicity due to the inherent properties of the CRBN ligand itself.  

Overall, properties of the 2nd series PROTACs, especially those of the shorter linker 

analogues, seemed to be in the range of properties reported for active PROTACs (Maple 

set), indicating that this series could be cell-permeable. 
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 MW (Da) cLogP HBD HBA NRotB tPSA (Å²) 

FSCN-B (1.5) 497 2.95 2 6 6 89 

2nd series long linker PROTACs 

FSCN-B-VHL-1 (3.35) 1188 4.98 4 15 33 238 

FSCN-B-CRBN-1 (3.42) 1017 3.32 3 14 26 222 

FSCN-B-HyT-1 (3.48) 937 5.53 2 11 27 156 

2nd series short linker PROTACs 

FSCN-B-VHL-2 (3.36) 1056 4.72 4 12 24 210 

FSCN-B-CRBN-2 (3.47) 943 2.62 3 13 20 221 

FSCN-B-HyT-2 (3.51) 805 5.18 2 8 18 128 

Good (green): MW < 900, cLogP < 4, HBD < 4, HBA < 10, NRotB < 20, tPSA < 200 
Bad (red): MW > 1100, cLogP > 6, HBD > 6, HBA > 15, NRotB > 28, tPSA > 250 

Table 3.3: Physicochemical properties of 2nd series PROTACs. 

 

3.4 3rd series PROTACs (based on FSCN-C (1.7)) 

The 3rd series PROTACs were based on a different set of fascin ligands which were reported 

to display in vitro63 as well as in vivo65,66 activity against fascin (Chapter 1.1.5). Occupying 

the same actin-binding site as the previous two ligands, co-crystal structures showed that 

fascin ligand C FSCN-C (1.7) can adopt two different conformations in the binding site.64 

Since no experimental data for functionalisation of the ligand was available, in silico docking 

studies were carried out to rationalise potential linker attachment points (Figure 3.8). For 

both conformations, the 5-position of the furan moiety as well as 5-position of the indazole 

moiety (red arrows in Figure 3.8) appeared to be solvent-exposed in the docking results as 

well as the reported co-crystal structures of analogues of the compound, providing some 
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evidence that linker attachment at those two positions would likely not interfere with the 

fascin-binding ability of the ligand.  

 

Figure 3.8: Potential linker attachment points for both binding conformations of FSCN-C (1.7) docked into 
fascin (PDB ID 6i18).  

 

3.4.1 Synthetic strategy for 3rd series PROTACs 

In contrast to the synthetic strategies employed for the previous two series, the proposed 

synthesis for the 3rd series PROTACs would be based on linker attachment at two different 

positions of the ligand. Functionalisation of the 5-position at the furan moiety or at the 5-

position of the indazole moiety would introduce handles for linker attachment (Figure 3.9). 

Subsequent coupling to different PEG-based linkers would afford a set of fascin ligand C–

linker modules. Attachment of E3 ligase ligands or HyTs would results in a diverse 3rd series 

of fascin-targeting PROTACs. With linker attachment at different positions, the impact on 

binding and activity of the compounds could be directly compared and the optimal 

attachment point and linker length could be determined.  
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Figure 3.9: Proposed functionalisation of FSCN-C (1.7) and modular synthesis of 3rd series PROTACs. 

 

3.4.2 Synthesis of fascin ligand C and functionalised analogues 

Since direct introduction of handles on parent compound FSCN-C (1.7) was deemed 

unpractical, functionalised analogues would be generated to allow for linker attachment 

(Figure 3.10): Analogue 3.52 would feature a furfuryl alcohol moiety for subsequent 

alkylation and bromo-analogue 3.53 could be used for palladium-catalysed carbon–

nitrogen bond formation at the indazole moiety.  

 

Figure 3.10: Parent compound fascin ligand C FSCN-C (1.7) and functionalised analogues 3.52 and 3.53. 

 

Following a modified literature procedure,191 the alcohol handle for analogue 3.52 was 

introduced by subjecting methyl 2-methylfuran-3-carboxylate to Vilsmeier–Haack 

conditions and the resulting furfural 3.54 was reduced using sodium borohydride to afford 

alcohol 3.55 in excellent yield (Scheme 3.16). Methyl ester 3.55 was then saponified 
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yielding furoic acid 3.56a. The non-functionalised analogue 3.56b, which would be used for 

synthesis of parent compound FSCN-C (1.7) and bromo-analogue 3.53, was generated by 

direct saponification of the methyl 2-methylfuran-3-carboxylate starting material in 

quantitative yield.  

 

Scheme 3.16: Synthesis of furoic acids 3.56a and 3.56b. 

 

Alkylation of 1H-indazol-3-amine or 5-bromo-1H-indazol-3-amine with 4-

(trifluoromethyl)benzyl bromide was carried out following a modified literature 

precedent.64 Deprotonation of the indazole was achieved by use of potassium hydroxide 

and the desired mono-alkylated products 3.57a and 3.57b were afforded in good yields 

following slow dropwise of 4-(trifluoromethyl)benzyl bromide (Scheme 3.17). Hastier 

addition of 4-(trifluoromethyl)benzyl bromide resulted in formation of significant amounts 

of undesired di-alkylated side product 3.57c. 

 

Scheme 3.17: Synthesis of mono-alkylation fragments 3.57a and 3.57b. 

 

Amidation reactions of acids 3.56a and 3.56b with amines 3.57a and 3.57b to obtain parent 

compound FSCN-C (1.7) as well as the functionalised analogues 3.52 and 3.53 were first 

attempted for parent compound FSCN-C (1.7) using propanephosphonic acid anhydride 

(T3P) as coupling agent (entry 1 in Table 3.4).64 Although only 30% of the product was 

obtained, with recovery of most of the unreacted amine starting material 3.57a, sufficient 

quantity of parent compound FSCN-C (1.7) material was generated for purification by semi-

preparative RP-HPLC and biological testing. For functionalised analogue 3.52, HATU-

mediated amide coupling conditions were trialled (entry 2 in Table 3.4), resulting in a slight 
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improvement in yield to 43%, again with recovery of the majority of the unreacted amine 

starting material 3.57a. TLC analysis indicated disappearance of the acid starting material 

3.56a, suggesting formation of the activated ester was taking place. Due to the inactivated 

nature of the amine nucleophile 3.57a, competing attack by the alcohol of 3.56a was 

hypothesised to occur. However, when subjecting acid 3.56b lacking the alcohol moiety 

and amine 3.57b to the same HATU-mediated amide coupling conditions, bromo-analogue 

3.53 was obtained in a comparable yield (entry 3 in Table 3.4). This suggested that 

competing attack of the alcohol was inconsequential, and the root cause of the low yields 

was to be found with the unreactive nature of the amine, hence further amide coupling 

conditions were trialled.  

An amide coupling protocol reported in literature192 using EDC∙HCl, HOBt and DMAP which 

was developed for deactivated amines was attempted (entry 4 in Table 3.4). Theoretically, 

initial reaction of the carboxylic acid with EDC∙HCl and HOBt would form a reactive HOBt 

ester, and subsequent attack of DMAP would generate a highly reactive acyl iminium 

intermediate which would then be sufficiently activated for attack by electron-deficient 

amines. However, subjecting acid 3.56b and amine 3.57b to these conditions afforded 

amide 3.53 in only 25% yield, hence was lower yielding than the previously attempted 

HATU-mediated coupling conditions. Next, a borate ester-based amide coupling protocol 

which was reported to afford high yields for highly functionalised substrates and 

challenging coupling reactions was tried.193,194 Using borate ester B(OCH2CF3)3 and elevated 

temperatures, it was possible to improve the yield of product 3.53 (entry 5 in Table 3.4), 

however, purification by column chromatography proved difficult due to the acid starting 

material eluting together with the product, requiring several purification steps to obtain 

the product in a 59% yield in adequate purity.  

Finally, a recent addition to the amide coupling reagent repertoire, chloro-N,N,N′,N′-

tetramethylformamidinium hexafluorophosphate (TCFH) and N-methylimidazole (NMI),195 

was attempted. Reaction of TCFH and NMI with the carboxylic acid would generate a highly 

reactive acyl imidazolium intermediate which was reported to display high reactivity 

towards non-nucleophilic amines. Subjecting acid 3.56b and amine 3.57b to the 

formadinium-based amidation conditions afforded product 3.53 in quantitative yield, along 

with recovery of unreacted amine starting material 3.57b which was added in a slight 

excess. Using acetonitrile as solvent allowed for facile work-up of the reaction by removal 

of volatile components in vacuo, removing the need for a lengthy aqueous work-up 
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involving several washes with aqueous lithium chloride solution as needed for reactions 

carried out in DMF.  

 

 Acid Amine Coupling conditions 
Product 

(yield / yield BRSM) 
Ref 

1 3.56b 3.57a 
T3P (50% in ethyl acetate), Et3N 

CH2Cl2, rt, 16 h 

FSCN-C (1.7) 

(30% / 90% BRSM) 
64 

2 3.56a 3.57a 
HATU, DIPEA 

DMF, rt, 16 h 

3.52 

(43% / 90% BRSM) 
 

3 3.56b 3.57b 
HATU, DIPEA 

DMF, rt, 16 h 

3.53 

(43% / 91% BRSM) 
 

4 3.56b 3.57b 
EDC∙HCl, HOBt, DMAP, DIPEA 

MeCN, 40 °C, 16 h 

3.53 

(25% / 70% BRSM) 
192 

5 3.56b 3.57b 
B(OCH2CF3)3 

MeCN, 100 °C, 16 h 

3.53 

(59% / 80% BRSM) 
193,194 

6 3.56b 3.57b 
TCFH, NMI 

MeCN, rt, 16 h 

3.53 

(quant) 
195 

Table 3.4: Optimisation of amidation conditions. 

 

3.4.3 Synthesis of 3rd series PROTACs 

VHL PROTACs 

Alkylation of functionalised fascin ligand C analogue 3.52 with activated linker 3.12, which 

was previously synthesised, was initially attempted using triethylamine, however, the 

reaction failed to proceed. The use of a slight excess of the much stronger base sodium 

hydride in order to deprotonate the alcohol moiety of 3.52 prior to addition of activated 

linker 3.12 was also unfruitful. Increasing the equivalents of sodium hydride resulted in the 

formation of a major product, which was, however, not the expected protected fascin 

ligand C–linker fragment 3.58 (Scheme 3.18). Analysis by NMR and LCMS confirmed 

deprotected fragment 3.59 was instead afforded in 28% yield. It was hypothesised that 

protected fragment 3.58 was obtained in the reaction, with deprotection occurring when 

the remaining sodium hydride was quenched by slow addition of water, generating 
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hydroxide anions capable of hydrolysing the tert-butyl ester to expose the corresponding 

carboxylic acid. Having obtained carboxylic acid fragment 3.59 directly, it could then be 

coupled to the amine moiety of VHL ligand VHL-1 (2.1), yielding fascin ligand C VHL PROTAC 

FSCN-C-VHL-1 (3.60) in 32% after purification by semi-preparative RP-HPLC.  

 

Scheme 3.18: Synthesis of fascin ligand C VHL PROTAC FSCN-C-VHL-1 (3.60). 

 

Attachment of an aminoalcohol linker through the bromoindazole functionality of fascin 

ligand C analogue 3.53 was first attempted with Ullmann-type coupling conditions reported 

for aryl halide compounds using catalytic amounts of copper(I) iodide and diethylene glycol 

as ligand,196,197 however, formation of product 3.61a was not observed (entry 1 in Table 

3.5). Palladium-catalysed carbon–nitrogen cross-coupling reactions have been extensively 

studied for a variety of different substrates, and the BrettPhos Pd G3 precatalyst has been 

reported to show improved yields for cross-coupling reactions between aryl halides and 

amine substrates featuring alcohol functionalities.198,199 Following a modified literature 

procedure,200 bromide 3.53 and the aminoalcohol linker were subjected to palladium-

catalysed cross-coupling conditions using lithium bis(trimethylsilyl)amide (LiHMDS) as 

base, however, only decomposition of the starting materials was observed (entry 2 in Table 

3.5). Literature suggested that optimisation of the cross-coupling conditions might be 

necessary, depending on the nature of the substrate.198,201 Hence, the use of sodium tert-
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butoxide as base was attempted instead, which yielded cross-coupled product 3.61b in 11% 

(entry 3 in Table 3.5). Intending to improve the yield further, a solvent screen (entries 4, 5 

and 6 in Table 3.5) was carried out, hoping to increase solubilisation of the tert-butoxide 

base. As expected, more polar solvents, DMA and tert-butanol (entries 5 and 6 in Table 3.5) 

resulted in slightly improved yields of the product. Next, attention was turned to the base 

used in the cross-coupling reaction. According to optimisation of the reaction conditions 

for highly-functionalised substrates, a milder inorganic base, such as caesium carbonate, 

could be beneficial.200 An additional solvent screen using caesium carbonate as base was 

carried out (entries 7, 8 and 9 in Table 3.5), and expectedly, more polar solvents, such as 

DMA and tert-butanol (entries 8 and 9 in Table 3.5), again performed better – most likely 

due to higher solubility of the base in those solvents. Despite a further slight improvement, 

the yields remained far from optimal.  

 

 

 

Catalyst / 

Ligand 
Base 

Solvent / 

Temperature 

Product 

(yield) 
Ref 

1 
CuI (5 mol%) 

Diethylene glycol (2 equiv) 

K3PO4 

(2 equiv) 

i-PrOH [0.5 M] 

80 °C 

3.61a 

(not observed) 
196,197 

2 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

LiHMDS 

(3.4 equiv) 

Dioxane [0.3 M] 

100 °C 

3.61a 

(not observed) 
200 

3 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

NaOt-Bu 

(2.4 equiv) 

Dioxane [0.2 M] 

100 °C 

3.61b 

(11%) 
198 

4 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

NaOt-Bu 

(2.4 equiv) 

Toluene [0.2 M] 

110 °C 

3.61b 

(4%) 
198 

5 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

NaOt-Bu 

(2.4 equiv) 

DMA [0.2 M] 

110 °C 

3.61c 

(9%) 
201 

6 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

NaOt-Bu 

(2.4 equiv) 

t-BuOH [0.2 M] 

110 °C 

3.61c 

(18%) 
201 

7 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

Cs2CO3 

(2.4 equiv) 

Toluene [0.2 M] 

110 °C 

3.61c 

(traces) 
200 

8 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

Cs2CO3 

(2.4 equiv) 

DMA [0.2 M] 

110 °C 

3.61c 

(13%) 
200 

9 
BrettPhos Pd G3 (5 mol%) 

BrettPhos (5 mol%) 

Cs2CO3 

(2.4 equiv) 

t-BuOH [0.2 M] 

110 °C 

3.61c 

(21%) 
200 

Table 3.5: Optimisation of carbon–nitrogen cross-coupling. 
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A sufficient quantity of fascin ligand C–linker fragment 3.61c was obtained to proceed with 

the synthesis. Initially, a two-step oxidation protocol was planned to convert the alcohol of 

3.61c to the corresponding carboxylic acid. The carboxylic acid could then be used for 

amide coupling with the amine moiety of VHL ligand VHL-1 (2.1) to obtain proposed VHL 

PROTAC 3.63 (Scheme 3.19). However, subjecting alcohol 3.61c to Parikh–Doering 

oxidation conditions failed to yield the expected aldehyde 3.62 and decomposition of the 

starting material was observed. Oxidation attempts using Dess–Martin periodinane (DMP) 

were also unfruitful, with almost complete recovery of starting material 3.61c. 

 

Scheme 3.19: Attempted oxidation of alcohol 3.61c to obtain aldehyde 3.62  
and proposed route to VHL PROTAC 3.63. 

 

Failing to oxidise alcohol 3.61c to aldehyde 3.62, an alternative route was sought: 

Activation of the alcohol 3.61c could generate mesylate 3.64 which could then be used for 

ether formation with the phenol moiety of VHL ligand VHL-2 (2.3) to afford proposed VHL 

PROTAC 3.65 (Scheme 3.20). Attempts to activate alcohol 3.61c, however, failed to produce 

mesylate 3.64, resulting in decomposition of the starting material instead. Ultimately, it 

was not possible to obtain proposed VHL PROTAC 3.65 due the challenges of the carbon–

nitrogen cross-coupling reaction and the difficulties in subsequent alcohol 

functionalisation.  
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Scheme 3.20: Attempted activation of alcohol 3.61c to obtain mesylate 3.64  
and proposed route to VHL PROTAC 3.65. 

 

3.4.4 Physicochemical properties of 3rd series PROTAC 

Calculated physicochemical properties 

Physicochemical properties of the 3rd series PROTAC FSCN-C-VHL-1 (3.60) were comparable 

to the 2nd series long linker VHL PROTAC FSCN-B-VHL-2 (3.36) owing to a similar linker 

length (Table 3.6). Due to increased lipophilicity of the parent compound FSCN-C (1.7), the 

corresponding PROTAC also displayed a higher cLogP value compared to the 2nd series 

PROTACs. Overall, although properties were suboptimal, they were still close to the values 

reported for active PROTACs. 
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 MW (Da) cLogP HBD HBA NRotB tPSA (Å²) 

FSCN-C (1.7) 399 4.44 1 7 6 54 

3rd series PROTAC 

FSCN-C-VHL-1 (3.60) 1106 5.79 4 17 35 220 

Good (green): MW < 900, cLogP < 4, HBD < 4, HBA < 10, NRotB < 20, tPSA < 200 
Bad (red): MW > 1100, cLogP > 6, HBD > 6, HBA > 15, NRotB > 28, tPSA > 250 

Table 3.6: Physicochemical properties of 3rd series PROTAC. 

 

3.5 Biological testing of fascin-targeting PROTACs 

3.5.1 Chemical structures of tested PROTACs  

In total, 14 fascin-targeting PROTACs based on three fascin ligands were synthesised and 

subjected to biological assays to assess their activity in vitro. The chemical structures of 

PROTACs from all three series are summarised here: 1st series PROTACs based on FSCN-A 

(1.4) (Figure 3.11), 2nd series PROTACs based on FSCN-B (1.5) (Figure 3.12) and 3rd series 

PROTAC based on FSCN-C (1.7) (Figure 3.13). 
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Figure 3.11: 1st series PROTACs based on FSCN-A (1.4). 
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Figure 3.12: 2nd series PROTACs based on FSCN-B (1.5). 

 

 

Figure 3.13: 3rd series PROTAC based on FSCN-C (1.7). 
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3.5.2 Determination of fascin’s half-life 

Since the turnover of the target protein through endogenous cellular mechanisms 

influences PROTAC efficacy, estimating a protein’s half-life can be beneficial.202 Protein 

half-lives can be approximated by inhibiting protein synthesis and comparing protein levels 

against control cells.203 Inhibition of protein synthesis can be achieved by treating cells with 

cycloheximide, a bacterial fungicide, which interferes with the translocation step, i.e. the 

movement of tRNA and mRNA in relation to the ribosome, and essentially stalls elongation 

of the polypeptide produced by the ribosome (Figure 3.14).204 However, it has to be noted 

that cycloheximide-mediated inhibition of protein synthesis also impacts on components 

involved in the natural degradation of the POI, as well as on synthesis and degradation of 

the loading control protein used to normalise protein levels, hence data obtained through 

this method should be treated as a rough approximation of the protein half-life observed 

under normal growth conditions.205 

 

Figure 3.14: Cycloheximide structure and mode of action - adapted from 206. 

 

To obtain an approximation of fascin’s half-life, SK-OV-3 and HT-1080 cells were treated 

with cycloheximide at concentrations ranging from 10 μg/mL to 1 mg/mL for 24 hours to 

determine the optimal concentration for inhibition of protein synthesis whilst not impairing 

cell viability (Figure 3.15 a). Whereas decrease in fascin levels was only observed at higher 

concentration of cycloheximide (500 μg/mL and 1 mg/mL) in SK-OV-3 cells, a decrease was 

noticeable for concentrations of 50 μg/mL and above in HT-1080 cells. Concentrations 

higher than 1 mg/mL were not tolerated by either cell line, hence it was decided to carry 

out a time-course assay with 1 mg/mL of cycloheximide to estimate fascin’s half-life in both 

cell lines (Figure 3.15 b). For SK-OV-3 cells, a reduction in fascin levels was observed to 

occur between 6 to 8 hours, though for HT-1080 cells a decrease in protein levels was 

observed to commence later, after between 8 and 24 hours. For both cell lines, around 50% 

protein levels were reached after 24 hours, indicating that the protein turnover would be 

adequate for targeted protein degradation.  
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Figure 3.15: Quantification of western blot analysis - protein synthesis inhibition with cycloheximide to 
estimate fascin’s half-life: fascin protein levels a) 24 hours after treatment with different cycloheximide 

concentrations and b) over time after treatment with 1 mg/mL of cycloheximide. 

 

3.5.3 Cell viability assay 

In studies carried out by the Drug Discovery Unit at the Beatson Institute for Cancer 

Research, fascin ligand A FSCN-A (1.4) displayed cytotoxicity at concentrations above 1 μᴍ. 

In order to determine if PROTACs based on this ligand would exhibit comparable 

cytotoxicity, a preliminary viability experiment with the 1st series alkylation PROTACs was 

carried out prior to subjecting them to dose-response assays. For this experiment, SK-OV-

3 cells were incubated at a range of concentrations from 1 nᴍ to 10 μᴍ with the parent 

compound FSCN-A (1.4), fascin ligand A control FSCN-A-ctrl (3.6) and PROTACs FSCN-A-

VHL-1 (3.7), FSCN-A-CRBN-1 (3.9) and FSCN-A-CRBN-2 (3.10). Cell confluence was 

monitored hourly over 72 hours using an automated microscope (Figure 3.16). As expected, 

cell confluence increased over time for cells treated with DMSO (Figure 3.16 a). For cells 

incubated with the parent compound FSCN-A (1.4) (Figure 3.16 b) reduced proliferation 

could be observed at 3 μᴍ and virtually no cell growth at the highest concentration of 10 

μᴍ, confirming previously observed cytotoxicity at higher concentrations. The highest 

concentration of fascin ligand A control FSCN-A-ctrl (3.6) also resulted in reduced cell 

growth (Figure 3.16 c). However, for cells treated with PROTACs FSCN-A-VHL-1 (3.7), FSCN-

A-CRBN-1 (3.9), FSCN-A-CRBN-2 (3.10) (Figure 3.16 d, e and f), no impairment of cell 

growth could be observed, indicating that the compounds would likely not display 

cytotoxicity at concentrations up to 10 μᴍ. Based on those preliminary viability results, it 

was decided to carry out dose-response assays up to compound concentrations of 10 μᴍ. 



Fascin-targeting PROTACs | 130  

 
Figure 3.16: Confluence over time of SK-OV-3 cells treated with a) DMSO, b) parent compound FSCN-A (1.4), 
c) fascin ligand A control FSCN-A-ctrl (3.6) and PROTACs d) FSCN-A-VHL-1 (3.7), e) FSCN-A-CRBN-1 (3.9) and 

f) FSCN-A-CRBN-2 (3.10) at different concentrations over 72 hours. 

 

3.5.4 Fascin degradation assays with fascin-targeting PROTACs 

Analogous to dose-response degradation assays carried out with HaloPROTACs (Chapter 

2.3.3), cells were incubated with fascin-targeting PROTACs (Chapter 3.5.1) at 

concentrations ranging from 0.01 μᴍ to 10 μᴍ for 24 hours, before fascin levels were 

analysed using western blotting. Most assays were carried out with SK-OV-3 and HT-1080 

cells based on their tolerability of treatment and the robust results obtained with the 

HaloTag model system.  

 

1st series PROTACs 

No decrease in fascin levels was observed after treatment with 1st series amide PROTACs 

in SK-OV-3 cells (Figure 3.17 a) and with 1st series alkylation PROTACs in SK-OV-3 and HT-

1080 cells (Figure 3.17 b and c). Despite the initial viability assay suggesting higher 

concentrations of the 1st series amide PROTACs were tolerated well, precipitation of the 

compounds at concentrations higher than 1 μᴍ and some cell death were observed, 

indicating poor solubility of this set of compounds. Precipitation at higher concentrations 

was not observed for the 1st series alkylation PROTACs, confirming that attachment of the 

linker via alkylation rather than amide bond formation did indeed impact positively on 

compound properties, such as solubility.  
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Figure 3.17: Quantification of western blot analysis - fascin levels 24 hours after treatment with increasing 
concentrations of fascin ligand A-based PROTACs: a) 1st series amide PROTACs in SK-OV-3 cells and b) 1st 

series alkylation PROTACs in SK-OV-3 cells and c) 1st series alkylation PROTACs in HT-1080 cells. 
Error bars represent SEM. 

 

2nd series PROTACs 

Similarly, no significant decrease in fascin levels was observed after treatment with the 2nd 

series PROTACs, which were based on fascin ligand B FSCN-B (1.5), at any concentration of 

the longer linker analogues (Figure 3.18 a and b) and the shorter linker analogues (Figure 

3.18 c and d). The slight decrease in protein levels observed for FSCN-B-CRBN-1 (3.42) in 

SK-OV-3 cells (Figure 3.18 a) and for FSCN-B-CRBN-2 (3.47) in HT-1080 cells (Figure 3.18 d) 

was determined not to be statistically significant.  
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Figure 3.18: Quantification of western blot analysis - fascin levels 24 hours after treatment with increasing 
concentrations of fascin ligand B-based PROTACs: a) 2nd series long linker PROTACs in SK-OV-3 cells, b) 2nd 
series long linker PROTACs in HT-1080 cells, c) 2nd series short linker PROTACs in SK-OV-3 and d) 2nd series 

short linker PROTACs in HT-1080 cells. 
Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001) 

 

3rd series PROTAC 

The 3rd series VHL PROTAC FSCN-C-VHL-1 (3.60) was also tested in SK-OV-3 and HT-1080 

cells. Again, no decrease in fascin levels could be observed in either cell line (Figure 3.19). 

Seemingly, HT-1080 cells tolerated treatment less well compared to SK-OV-3 cells.  

 
Figure 3.19: Quantification of western blot analysis - fascin levels 24 hours after treatment with increasing 

concentrations of fascin ligand C-based PROTAC: a) in SK-OV-3 cells and b) in HT-1080 cells. 
Error bars represent SEM. 

 

3.5.5 Intracellular VHL engagement assay 

It was hypothesised that cell permeability of the compounds due to their suboptimal 

physicochemical properties (Chapter 3.2.4, Chapter 3.3.4 and Chapter 3.4.4) could be a 

potential limiting factor to their actvitiy. Especially the high molecular weight and tPSA 
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could impact negatively on the ability of the compounds to cross the cell membrane.158 

Different assays can be carried out to determine if compounds are able to cross cell 

membranes,207-209 measure intracellular concentrations of compounds after treatment,210 

or confirm target engagement inside the cell.160,211  

In order to devise a rapid assay without the need for lengthy optimisation, the competition 

assay with active VHL HaloPROTAC VHL-HP-1 (2.18) and inactive CRBN and HyT 

HaloPROTACs for the HaloTag model system (Chapter 2.3.3) was adapted to assess 

intracellular engagement of VHL by the VHL-recruiting PROTACs. Cells were transfected 

with the HaloTag–fascin fusion protein and treated with 1 μᴍ of VHL HaloPROTAC VHL-HP-

1 (2.18) which was shown to degrade the fusion protein. If addition of increasing 

concentrations of the VHL-recruiting PROTACs that were designed to degrade endogenous 

fascin would rescue fusion protein levels, this could offer an indication for cellular 

permeability of the endogenous fascin-targeting degraders and intracellular engagement 

of the E3 ligase. Treatment with active VHL-HP-1 (2.18) expectedly decreased protein levels 

by 70% to 80% (Figure 3.20); however, titration of VHL-recruiting fascin PROTACs up to 10 

μᴍ did not result in any rescue of HaloTag–fascin levels in SK-OV-3 or HT-1080 cells. At 

PROTAC concentrations higher than 10 μᴍ some indication of HaloTag–fascin levels was 

observed, for example for FSCN-A-VHL-3 (3.14) and FSCN-B-VHL-2 (3.36) (Figure 3.20 b) in 

SK-OV-3 (Figure 3.20 a) and HT-1080 cells (Figure 3.20 b), however, precipitation of the 

compounds and cell death were apparent at such high concentrations. On the other hand, 

even low concentrations of 3rd series VHL PROTAC FSCN-C-VHL-1 (3.60) rescued HaloTag–

fascin levels (Figure 3.20 a). At 1 μᴍ and 10 μᴍ, full rescue of protein levels was observed, 

indicating excellent cellular permeability of FSCN-C-VHL-1 (3.60). 

 
Figure 3.20: Quantification of western blot analysis – HaloTag–fascin levels for intracellular VHL 

engagement assay by co-treatment of 1 μᴍ VHL-HP-1 (2.18) and increasing concentrations of VHL PROTACs 
in a) SK-OV-3 and b) HT-1080 cells. 

Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001) 
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The obtained results further confirmed inadequate cell permeability of both the 1st and the 

2nd series fascin-targeting PROTACs to represented a major hurdle in assessing their 

intracellular activity, hence strategies for delivery of compounds into the cells were sought.  

 

3.5.6 Permeabilisation assays 

Different methods of delivering non-permeable extracellular agents across cell membranes 

are known, most of which rely on transiently destabilising the membrane or creating pores 

in the membrane temporarily, either by physical or by chemical means.212-214 However, all 

those methods bear the risk of destabilising the cell membrane to an extent at which 

membrane resealing cannot be achieved, leading to cell lysis and cell death. Transient 

permeabilisation of the cell membrane using electroporation and different chemical agents 

for delivery of the compounds were attempted. 

 

Electroporation 

Electroporation, or electropermeabilisation, is a technique for which cells are exposed to 

short electric pulses in order to transiently destabilise the cell membrane. The temporarily 

created pores in the lipid bilayer allow otherwise non-permeable agents to enter the cell 

interior before resealing after several minutes (Figure 3.21).215 Electroporation is employed 

for a variety of purposes, such as internalisation of DNA and dyes as well as drug delivery.216 

As electrochemotherapy, it has also found application in the treatment of mostly 

cutaneous and subcutaneous cancers by delivering otherwise poorly permeable drugs such 

as bleomycin or cisplatin.217,218 It was shown to be successful in introducing plasmid DNA 

for expression of the HaloTag–fascin fusion protein, hence it was hypothesised that it could 

also be employed to deliver PROTACs into cells.  

 

Figure 3.21: Delivery of extracellular agent by cell membrane permeabilisation through application of an 
electric pulse. 
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For permeabilisation assays SK-OV-3 cells were electroporated with the 1st series PROTACs 

at the same concentrations as previously employed in dose-response experiments, and 

incubated for 24 hours before protein levels were analysed using western blotting. Similar 

to transient transfection with the HaloTag–fascin plasmid using this technique, some cell 

death was observed, however, sufficient cells survived for quantification of protein levels. 

No significant decrease in fascin levels could be detected after electroporation and 

incubation with any of the compounds (Figure 3.22). Treatment with 10 μᴍ of the VHL-

targeting PROTACs FSCN-A-VHL-1 (3.7) (Figure 3.22 a), FSCN-A-VHL-3 (3.14) and FSCN-A-

VHL-4 (3.19) (Figure 3.22 b) was tolerated less well compared to electroporation with the 

remaining PROTACs and treatment with the same PROTACs without electroporation. This 

could offer some indication for VHL-targeting PROTACs exhibiting intracellular toxicity 

similar to parent compound FSCN-A (1.4), however, further investigation would be 

required to confirm this hypothesis. 

 
Figure 3.22: Quantification of western blot analysis – fascin levels 24 hours after electroporation and 

treatment with increasing concentrations of a) 1st series amide PROTACs and  
b) 1st series alkylation PROTACs in SK-OV-3 cells.  

Error bars represent SEM, unpaired t-test was applied (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001) 

Overall, the results obtained for this assay were inconsistent due to electroporation 

generally not being tolerated well by the cells hence it was decided to abandon this strategy 

and shift attention to chemical permeabilisation agents.  

 

Chemical permeabilisation agents 

Different chemical agents can be used for a variety of applications to permeabilise cells, 

such as cellular reprogramming,219 study of intracellular processes,212 extraction of 

membrane components220 or transport of otherwise cell-impermeable exogeneous factors 

across the cell membrane.221 Most chemical agents act by solubilising membrane lipids, 

usually cholesterol, or by forming pores in the cell membrane. Repair of the membrane is 

initiated by addition of calcium ions present in cell culture medium and resealing is usually 
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achieved within minutes to hours.222 Whereas electroporation produces relatively small 

pores (~ 2 nm), treatment with chemical permeabilisation agents have been shown to 

result in larger pores (~ 8 to 15 nm) suitable for transport of larger molecules across the 

membrane.212 Three permeabilisers - digitonin, glycodiosgenin (GDN) and streptolysin O 

(SLO) - were tried for cell permeabilisation.  

Digitonin (Figure 3.23 a), a non-ionic detergent, is a steroidal saponin derived from the 

foxglove plant. It solubilises cholesterol present in the cholesterol-rich cell membrane, 

however, does not affect the cell’s cytoskeleton and the cholesterol-poor nuclear 

envelope, hence does not impact on cell integrity.223 Similarly, GDN (Figure 3.23 b), a 

phytosteroidal sapogenin, is also employed as non-ionic detergent, and was developed for 

optimised extraction of membrane proteins for further analysis.224 As detergents, both, 

digitonin and GDN, are amphiphilic compounds, featuring hydrophilic carbohydrate units 

and a hydrophobic steroid portion. Streptolysin O (Figure 3.23 c), on the other hand, is a 

pore-forming bacterial toxin belonging to a family of cholesterol-dependent cytolysins 

(CDCs). CDCs are secreted proteins which bind to cholesterol in eukaryotic cells and 

oligomerise forming large transmembrane pores.225  

 

Figure 3.23: Chemical permeabilising agents: a) digitonin, b) GDN and c) streptolysin O.225 

 

As for electroporation, a risk of cell lysis is associated with use of high concentrations of 

chemical permeabilising agents, however, an insufficient concentration would not induce 

membrane permeabilisation. Since optimal permeabiliser concentrations are dependent 

on the membrane compositions of the cell lines used, preliminary experiments determining 

optimal permeabilisation conditions were carried out.226 To do so, cells were incubated at 

a range of permeabiliser concentrations for different times before membrane resealing 

was initiated by addition of cell culture medium along with a cell-impermeable fluorescent 

dye. Then, fluorescence of the cells was monitored over 24 hours, and any increase of 

fluorescence beyond fluorescence levels for non-permeabilised control cells would indicate 
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uptake of the dye through permeabilisation of the cell membrane. However, since the 

employed dye localises to the nucleus of the cells, any cells with compromised cell 

membrane, hence also dead cells, would also be stained. Therefore, confluence, a measure 

of cell growth, was analysed as indicator for survival of the cells after treatment.  

 

Based on permeabilisation procedures reported in literature,212,219,226 assays with digitonin 

were carried out at concentrations of 5 μg/mL, 7.5 μg/mL and 10 μg/mL with incubation 

times of 2, 5 or 10 minutes on ice. Fluorescence of cells treated with digitonin was increased 

when compared to non-permeabilised control cells treated with the dye only (Figure 3.24 

a), indicating membrane permeabilisation was induced for all tested conditions. 

Expectedly, cell fluorescence also increased with higher digitonin concentration and longer 

incubation time. However, cell growth of cells treated with higher concentrations was 

observed to be slowed, especially when incubated for a longer period (Figure 3.24 b), 

indicating cell growth was impaired for those conditions. Reviewing fluorescence 

microscope images of the cells, it was noticeable that for 5 μg/mL digitonin concentration 

with a 5-minute incubation period, cells were partially permeabilised, however, appeared 

viable (Figure 3.24 c). When increasing the incubation period to 10 minutes, virtually all 

cells internalised the dye, though some cell death was also observable (Figure 3.24 d).  

 

Figure 3.24: Permeabilisation of SK-OV-3 cells with different digitonin concentrations and incubation times:  
a) fluorescence of cells over 24 hours and b) normalised confluence over 24 hours (1 data point per hour);  

fluorescence microscope images of cells after treatment with 5 μg/mL of digitonin for c) 5 minutes and d) 10 
minutes on ice. 

 

Since both, digitonin and GDN, are non-ionic detergents, the same protocol was employed 

for permeabilisation assays with GDN. Cells were incubated with 5 μg/mL, 7.5 μg/mL or 10 

μg/mL GDN concentration for 2, 5 or 10 minutes on ice, and fluorescence and confluence 

were then monitored. Although all conditions led to increased fluorescence compared to 

the untreated control (Figure 3.25 a), this increase was not as pronounced as for 
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permeabilisation with digitonin, indicating that a lower percentage of the cells were 

permeabilised. Fluorescence of cells treated at higher concentrations was greater, 

however, increase in incubation time did not exert any impact on fluorescence. GDN 

treatment did not impact on cell viability at any of the concentrations and incubation times 

tested (Figure 3.25 b). Fluorescence microscope images of cells treated with 10 μg/mL of 

GDN for 5 minutes (Figure 3.25 c) and for 10 minutes (Figure 3.25 d) revealed that only a 

small number of cells fluoresced, confirming insufficient cell permeabilisation.  

 

Figure 3.25: Permeabilisation of SK-OV-3 cells with different GDN concentrations and incubation times:  
a) fluorescence of cells over 24 hours and b) normalised confluence over 24 hours (1 data point per hour); 
fluorescence microscope images of cells after treatment with 10 μg/mL of GDN for c) 5 minutes and d) 10 

minutes on ice. 

 

Assays with streptolysin O (SLO) were carried out at concentrations of 20 ng/mL, 100 ng/mL 

and 200 ng/mL with incubation times of 5, 10 or 15 minutes at 37 °C, based on procedures 

reported in literature.221,225 Whereas no impact on cell growth was detected for any of the 

tested conditions (Figure 3.26 b), the fluorescence measure did not provide any clear 

correlation with the tested conditions. Ideally, an increase in fluorescence after treatment 

would be observed, indicating permeabilisation and uptake of the dye, with fluorescence 

remaining relatively stable over time. However, a high variability in fluorescence over time 

was observed and no clear correlation between SLO concentration and incubation times 

could be established (Figure 3.26 a). Comparing images of cells treated with 200 ng/mL for 

5 minutes (Figure 3.26 c) and for 10 minutes at the same concentration (Figure 3.26 d) 

showed a higher percentage of cells exhibiting fluorescence for the shorter incubation time 

compared to the longer incubation time. Attempts to reproduce the assay showed a similar 

lack of pattern and inconsistency between the results, indicating SLO to be an unreliable 

agent to use for permeabilisation. This was further supported by reports in literature219,225 

observing bacterial toxins to produce an inconsistent degree of cell membrane 

permeabilisation hence might be difficult to control.  
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Figure 3.26: Permeabilisation of SK-OV-3 cells with different SLO concentrations and incubation times:  
a) fluorescence of cells over 24 hours and b) normalised confluence over 24 hours (1 data point per hour); 
fluorescence microscope images of cells after treatment with 200 ng/mL of SLO for c) 5 minutes and d) 10 

minutes at 37 °C. 

 

Taken together, the results supported the decision to employ digitonin as the permeabiliser 

of choice for further experiments, due to inducing more reliable permeabilisation when 

compared to SLO, and its increased permeabilisation efficiency when compared to GDN. 

For the PROTAC dose-response assays, cells were permeabilised with 5 μg/mL of digitonin 

for 5 or 10 minutes on ice. Then, culture medium with indicated concentrations of the 

compounds was added, cells were incubated for 24 hours and fascin levels were then 

analysed using western blotting. Permeabilisation for 5 minutes followed by treatment 

with 1st series alkylation PROTACs did not induce any decrease of fascin levels (Figure 3.27 

a). Increasing the incubation time of digitonin to 10 minutes at the same concentration and 

subsequent treatment with 1st series alkylation PROTACs resulted in considerable cell 

death, which complicated western blot analysis of fascin levels (Figure 3.27 b). In the same 

way, permeabilisation for 5 minutes and treatment with 2nd series long PROTACs was not 

tolerated well by the cells, rendering analysis of fascin levels difficult (Figure 3.27 c). 
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Figure 3.27: Quantification of western blot analysis – fascin levels 24 hours after permeabilisation of SK-OV-
3 cells with 5 μg/mL of digitonin for a) 5 minutes on ice and b) 10 minutes on ice, followed by treatment with 

1st series alkylation PROTACs, c) 5 minutes, followed by treatment with 2nd series long PROTACs.  
Error bars represent SEM.  

 

Since the data obtained from the permeabilisation assays using digitonin were 

inconclusive, a control experiment using the HaloTag system was carried out, aiming at 

elucidating if penetrance of the compounds could be achieved using digitonin-mediated 

permeabilisation. It was hypothesised that if permeabilisation with digitonin was 

successful, degradation of the HaloTag–fascin fusion protein would be observed to occur 

at lower concentrations of active VHL HaloPROTAC VHL-HP-1 (2.18) than for non-

permeabilised cells. In addition, degradation mediated by the CRBN HaloPROTAC CRBN-

HP-1 (2.29), which was previously determined to be inactive (Chapter 2.3.3), could 

potentially be observed after membrane permeabilising by increasing intracellular 

compound concentration.  

For the assays, SK-OV-3 cells were transfected with the HaloTag–fascin plasmid, incubated 

to allow for expression of the fusion protein and then permeabilised with 5 μg/mL of 

digitonin for 5 minutes prior to HaloPROTAC treatment. Analysis of fusion protein levels 

revealed no differences in degradation profiles compared to assays with non-permeabilised 

cells (Figure 3.28 a and b), again not providing evidence for increased delivery of the 

compounds through permeabilisation. Due to the inconclusive data obtained for the 
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permeabilisation strategy using chemical agents, this approach was abandoned and 

attention was turned to other methods which could be used to assess PROTAC activity.  

 

Figure 3.28: Quantification of western blot analysis – HaloTag-fascin levels 24 hours after permeabilisation 
of SK-OV-3 cells without or with 5 μg/mL of digitonin for 10 minutes on ice, followed by treatment with 

HaloPROTACs: a) VHL-HP-1 (2.18) and b) CRBN-HP-1 (2.29). 
Error bars represent SEM.  

 

3.5.7 Assays with whole-cell lysates 

In order to bypass the cell membrane barrier entirely, assays using cell lysates instead of 

whole cells were attempted. This approach can be used to study proteasomal activity227 as 

well as protein ubiquitination,228,229 and has also found application in the PROTAC-

context.230-232 Based on procedures reported in literature,230,233 degradation assays with 

lysates were carried out by collecting and lysing SK-OV-3 and HT-1080 cells, incubating 

whole cell lysates with different concentrations of the PROTACs, followed by analysis of 

fascin levels using western blotting. Since, for initial experiments, no decrease of fascin 

levels was observed, different conditions were trialled in an attempt to optimise the 

procedure. To do so, a range of lysate concentrations from 0.5 to 2 mg/mL, different 

incubation temperatures (0 °C, room temperature or 37 °C) and incubation times (1, 2 or 4 

hours) were tried; however, no fascin degradation was observed for any of the 

experiments. Literature reports230,232 suggested that addition of adenosine triphosphate 

(ATP) to the assay buffer might be necessary for appropriate function of the proteasome 

and/or omission of protease and phosphatase inhibitor cocktails from the buffer could 

prove advantageous to the assay. However, the attempts equally failed to show any 

decrease in fascin levels, as exemplified by dose-response assays carried out with 2nd series 

long linker PROTACs FSCN-B-VHL-2 (3.36) and FSCN-B-CRBN-2 (3.47) for which the assay 

buffer was supplemented with ATP or prepared without phosphatase inhibitors (Figure 

3.29). 
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Figure 3.29: Quantification of western blot analysis – ex vivo degradation assays: fascin levels 24 hours after 
incubation of SK-OV-3 whole cell lysates with 2nd series long PROTACs FSCN-B-VHL-2 (3.36) and FSCN-B-

CRBN-2 (3.47), a) using assay buffer supplemented with ATP and protease/phosphatase inhibitor cocktail 
and b) using assay buffer supplemented with ATP but without protease/phosphatase inhibitor cocktail.  

Error bars represent SEM. 

 

Attempts to optimise the conditions of the lysate assays using the HaloTag model system, 

by transfecting cells with the HaloTag–fascin fusion protein and subsequent treatment with 

active VHL HaloPROTAC VHL-HP-1 (2.18) were equally unfruitful and proved tedious due to 

insufficient quantities of cells obtained after the transfection step. Further optimisation, 

for example using lysate of HeLa or HEK293 cells for which degradation in lysate 

experiments have been shown or addition of purified protein to the cell lysate,230,231 could 

be advantageous in future attempts. However, based on issues with reproducibility and 

inconclusive results indicating extensive optimisation of the conditions would be needed, 

work on cell lysates was discontinued. 

 

3.5.8 Binary complex formation 

To elucidate if the PROTACs bind to fascin, surface plasmon resonance (SPR) experiments 

were carried out by Katie Pollock at the Beatson Institute for Cancer Research. For SPR, the 

POI is immobilised on a sensor surface over which the analyte, here the PROTAC, in 

solution, is flowed. Polarised light is focussed through a prism on the sensor surface. Any 

binding interaction and dissociation of the analyte causes a small change in the refractive 

index at the surface which is then detected by a sensor and recorded (Figure 3.30 a).234 As 

such, not only can the binding of the analyte to the protein be determined, but also kinetics 

of the binding interaction and binding affinities. The rate of association (kon) and 

dissociation (koff) can be measured and the binding affinity, or dissociation constant (KD), is 

the ratio of kon/koff. Dissociative half-life (t½) is a measure of the life-time of the complex 

and is dependent on rate of dissociation.235  
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Figure 3.30: Surface plasmon resonance experiment set-up.234 

 

Binding affinity of the 1st series of PROTAC parent compound, FSCN-A (1.4), was measured 

to be 0.97 μᴍ (Table 3.7). Introduction of an amide bond for linker attachment resulted in 

a two-fold decrease in binding affinity to 2.4 μᴍ for fascin ligand control compound FSCN-

A-ctrl (3.6). A further significant drop in KD to over 6 μᴍ was observed for 1st series amide 

PROTACs FSCN-A-VHL-1 (3.7) and FSCN-A-CRBN-1 (3.9). Binding affinity of shorter linker 

analogue FSCN-A-CRBN-2 (3.10) could not be determined due to precipitation of the 

compound, indicating poor solubility. Attachment of the linker through alkylation at the 

piperazine for the 1st series alkylation PROTACs improved binding significantly, however, 

binding affinity for VHL PROTACs FSCN-A-VHL-3 (3.14) and FSCN-A-VHL-4 (3.19) was 

determined to be three-fold lower compared to the parent compound. Interestingly, CRBN 

PROTAC FSCN-A-CRBN-3 (3.22) displayed an improved binding affinity, comparable to the 

parent compound at around 1 μᴍ. This higher binding affinity compared to the VHL 

PROTACs could be an indication of additional interactions between the CRBN PROTAC with 

fascin. HyT PROTAC FSCN-A-HyT-1 (3.24) was determined to be non-binding (NB), possibly 

due to poor solubility of the compound at concentrations needed to assess binding.  

 SPR KD (μᴍ) Dissociative half-life t½ (s) 

FSCN-A (1.4) 0.97 Not determined 

FSCN-A-ctrl (3.6) 2.4 Not determined 

1st series amide PROTACs 

FSCN-A-VHL-1 (3.7) 6.2 Not determined 

FSCN-A-CRBN-1 (3.9) 6.8 Not determined 

FSCN-A-CRBN-2 (3.10) NB Not determined 

1st series alkylation PROTACs 

FSCN-A-VHL-3 (3.14) 3.5 4.1 

FSCN-A-VHL-4 (3.19) 3.8 4.0 

FSCN-A-CRBN-3 (3.22) 1.1 4.4 

FSCN-A-HyT-1 (3.24) > 4.4  5.2 

Table 3.7: Binary (fascin–PROTAC) complex formation: SPR KD data for parent compound fascin ligand A, 
fascin ligand A control and 1st series PROTACs. 
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With a KD determined to be 0.05 μᴍ, the parent compound FSCN-B (1.5) of the 2nd series 

PROTACs was shown to bind much more strongly to fascin compared to FSCN-A (1.4) (Table 

3.8). Although displaying significantly lower affinities compared to the parent ligand, the 

2nd series PROTACs still showed improved binding compared to the 1st series PROTACs. 

CRBN PROTACs FSCN-B-CRBN-1 (3.42) and FSCN-B-CRBN-2 (3.47) were determined to have 

a three- to four-fold higher affinity for fascin compared to VHL PROTACs FSCN-B-VHL-1 

(3.35) and FSCN-B-VHL-2 (3.36). Interestingly, the shorter linker analogues displayed a two-

fold improvement of KD compared to the longer linker PROTACs. The shorter linker length 

could favour additional interactions of the compounds with fascin, leading to higher affinity 

binding. HyT PROTACs FSCN-B-HyT-1 (3.48) and FSCN-B-HyT-2 (3.51) were both 

determined to have a KD of 1 μᴍ. Although a literature value for the binding of the parent 

compound of the 3rd series, FSCN-C (1.7), to fascin was reported using ITC,63 binding could 

not be measured for the parent compound or PROTAC FSCN-C-VHL-1 (3.60) by SPR. 

 SPR KD (μᴍ) Dissociative half-life t½ (s) 

FSCN-B (1.5) 0.05 24 

2nd series long linker PROTACs 

FSCN-B-VHL-1 (3.35) 2.0 10 

FSCN-B-CRBN-1 (3.42) 0.55 12 

FSCN-B-HyT-1 (3.48) 1.0 9.1 

2nd series short linker PROTACs 

FSCN-B-VHL-2 (3.36) 0.81 11 

FSCN-B-CRBN-2 (3.47) 0.26 16 

FSCN-B-HyT-2 (3.51) 1.3 15 

Table 3.8: Binary (fascin–PROTAC) complex formation: SPR KD data for parent compound fascin ligand B and 
2nd series PROTACs. 

 

3.6 Summary of fascin-targeting PROTACs 

Based on three distinct ligands for fascin, a total of 14 PROTACs were synthesised. Six 

PROTACs were designed to recruit VHL E3 ligase, five would recruit CRBN and three 

featured an adamantyl moiety to act as HyTs. Activity of the compounds and their ability 

to bind to fascin were assessed in different biological assays.  
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3.6.1 Synthetic summary  

1st series PROTACs 

The initial set of 1st series PROTACs based on FSCN-A (1.4) was synthesised using a modular 

approach by first establishing an E3 ligase–linker library from linkers 3.1a or 3.1b. 

Subsequent coupling to fascin ligand FSCN-A (1.4) yielded one VHL PROTAC, FSCN-A-VHL 

(3.7), and two CRBN PROTACs, FSCN-A-CRBN (3.9) and FSCN-A-CRBN (3.10), in 2% to 5% 

(Figure 2.44). Physicochemical properties of this initial set of 1st series PROTACs were 

determined to be suboptimal and aqueous solubility was observed to be poor due to the 

high number of amide bonds present in the molecules.  

 

Figure 3.31: Summary of the synthesis of 1st series amide PROTACs. 

 

In an attempt to decrease the number of amide bonds and improve compound properties, 

a further set of 1st series PROTACs was established by attachment of the linker through 

alkylation instead of amide bond formation at the piperazine moiety of FSCN-A (1.4). For 

VHL-recruiting PROTAC FSCN-A-VHL-3 (3.14), activated linker 3.12 was synthesised over 

two steps from pentaethylene glycol (Figure 3.32). N-alkylation at the piperazine of FSCN-



Fascin-targeting PROTACs | 146  

A (1.4) and coupling to VHL-1 (2.1) yielded FSCN-A-VHL-3 (3.14) in 11% over five steps. VHL 

PROTAC FSCN-A-VHL-4 (3.19) was synthesised using a CuAAC protocol from azide 3.17 and 

alkyne 3.18, affording the final compound in 6% overall yield over three steps for the 

longest linear sequence (LLS) (Figure 3.32).  

 

Figure 3.32: Summary of the synthesis of 1st series alkylation VHL PROTACs. 

 

Linker attachment through N-alkylation of fascin ligand A FSCN-A (1.4) over two steps and 

subsequent coupling to CRBN ligand CRBN-2 (2.11) yielded CRBN PROTAC FSCN-A-CRBN-3 

(3.22) in 7% yield over five steps (Figure 3.33). The first HyT PROTAC of the series FSCN-A-

HyT-1 (3.24) was accessed over two steps in 26% yield through previously established HyT–

linker fragment 2.35 (Figure 3.33). Calculated physicochemical properties for the alkylation 

set of 1st series PROTACs showed an overall improvement with fewer HBD/HBA and 
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therefore a lower tPSA owing to a reduced amide bond count compared to the initial set of 

compounds. 

 
Figure 3.33: Summary of the synthesis of 1st series alkylation CRBN and HyT PROTACs. 

 

2nd series PROTACs 

Prior to establishing a library of the 2nd series of PROTACs, parent compound FSCN-B (1.5) 

was synthesised (Figure 3.34). Pyrazole 3.26a was access over two steps from DMFDMA 

and tert-butyl 4-hydrazinopiperidine-1-carboxylate hydrochloride, however, correct 

regiochemistry of the obtained pyrazole could not be determined conclusively through 

NMR analysis. The synthesis was carried forward to obtain FSCN-B (1.5) in 38% to 45% 

overall yield over nine steps, and correct structure of the parent ligand was confirmed 

through X-ray crystallography. 
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Figure 3.34: Summary of the synthesis of parent compound FSCN-B (1.5). 

 

Matched pairs of PROTACs with two different linkers were produced to be able to assess 

the impact of linker length on degradation efficacy when testing the compounds in 

biological assays. For VHL PROTACs, first fascin ligand B–longer linker 3.34a and fascin 

ligand B–shorter linker 3.34b were accessed over three steps from tetraethylene glycol and 

diethylene glycol, respectively (Figure 3.35). Through a further two steps, longer linker VHL 

PROTAC FSCN-B-VHL-1 (3.35) and shorter linker VHL PROTAC FSCN-B-VHL-2 (3.36) were 

afforded in 11% and 9% overall yield, respectively.  

 

Figure 3.35: Summary of the synthesis of 2nd series VHL PROTACs. 

 

For the CRBN PROTACs, longer linker 3.38 was be synthesised over two steps whereas 

shorter linker 3.39 was commercially obtained (Figure 3.36). Longer linker PROTAC FSCN-

B-CRBN-1 (3.42) was accessed in a 2% overall yield via an SNAr reaction at CRBN ligand 
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CRBN-1 (2.9), however, since the reaction was low-yielding, a different approach was 

attempted for the longer linker analogue. Amide bond formation between linker 3.39 and 

CRBN ligand CRBN-2 (2.11) generated CRBN ligand–linker fragment 3.45 in acceptable 

yield. Subsequent activation of the linker and coupling to FSCN-B (1.5) afforded shorter 

linker PROTAC FSCN-B-CRBN-2 (3.47) in marginally increased overall yield compared to the 

longer linker analogue.  

 
Figure 3.36: Summary of the synthesis of 2nd series CRBN PROTACs. 

 

Longer linker HyT PROTAC FSCN-B-HyT-1 (3.48) was afforded over two steps in 29% yield 

from previously synthesised fascin ligand B–linker fragment 3.41. Shorter linker analogue 

FSCN-B-HyT-2 (3.51) was generated over three steps in 22% overall yield via HyT–linker 

intermediate 3.49. Physicochemical properties of the longer linker PROTACs of the 2nd 

series were comparable to the 1st series alkylation compounds. The shorter linker 

analogues expectedly resulted in improved values for HBD/HBA, tPSA and NRotB due to a 

reduced number of ethylene glycol units. 
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Figure 3.37: Summary of the synthesis of 2nd series HyT PROTACs. 

 

3rd series PROTAC 

Initially, different exit vectors for linker attachment at FSCN-C (1.7) were envisioned for 

which the parent compound FSCN-C (1.7) and two functionalised analogues, 3.52 and 3.53, 

were synthesised (Figure 3.38). Functionalise furoic acid 3.56a was generated over three 

steps from methyl 2-methylfuran-3-carboxylate, whereas non-functionalised furoic acid 

3.56b was obtained from the same starting material by saponification of the methyl ester. 

Alkylation of 1H-indazol-3-amine or 5-bromo-1H-indazol-3-amine with 4-

(trifluoromethyl)benzyl bromide afforded amines 3.57a and 3.57b. Through a screen of 

amidation conditions, a formadinium-based protocol was identified for optimal coupling of 

deactivated amines 3.57a and 3.57b with acids 3.56a and 3.56b.  



Fascin-targeting PROTACs | 151  

 

Figure 3.38: Summary of the synthesis of parent compound FSCN-C (1.7) and functionalised analogues. 

 

For VHL PROTAC FSCN-C-VHL-1 (3.60), a linker was introduced through the alcohol handle 

of functionalised ligand 3.52. Subsequent coupling to VHL ligand VHL-1 (2.1) yielded the 

final compound in 9% (Figure 3.39).  

 

Figure 3.39: Summary of the synthesis of 3rd series PROTAC. 

 

3.6.2 Summary of biological testing 

Before the synthesised compounds were tested for their ability to degrade fascin inside 

cells, fascin’s cellular turnover was determined. With an observed cellular half-life of about 

24 hours in SK-OV-3 and HT-1080 cells, protein stability was deemed appropriate for 

PROTAC-mediated degradation. Initial experiments comparing cytotoxicity of the 1st series 

PROTAC with the parent compound indicated that treatment with compound 

concentrations up to 10 μᴍ would be tolerated by cells. Subsequently, degradation assays 

with the compounds were carried out in SK-OV-3 and HT-1080 cells. Incubating different 

cell lines with increasing concentrations of the PROTACs and analysis of the fascin levels 

after 24 hours failed to provide any evidence of protein degradation (Figure 3.40).  
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Figure 3.40: Quantification of western blot analysis - fascin levels in SK-OV-3 cells 24 hours after treatment 
with increasing concentrations of: a) 1st series amide PROTACs, b) 1st series alkylation PROTACs, c) 2nd series 

longer linker PROTACs and d) 2nd series short linker PROTACs. 
Error bars represent SEM. 

 

To determine if poor cell permeability of the compounds due to their suboptimal 

physicochemical properties could impede entry into the cells, an intracellular VHL 

engagement assay based on the HaloTag model system was established. 1st and 2nd series 

VHL-recruiting PROTACs failed to engage VHL intracellularly at tolerable concentrations, 

whereas the 3rd series PROTAC was shown to bind to VHL even at low concentrations.  

Attempting to increase intracellular concentrations of the compounds, different methods 

for cell permeabilisation were trialled, via physical permeablisation through 

electroporation or by use of chemical agents. Initial permeabilsation assays with digitonin, 

GDN and SLO using an impermeant fluorescent dye indicated that digitonin would provide 

sufficient and reproducible cell permeabilisation for delivery of compounds into cells 

(Figure 3.41). However, dose-response assays with permeabilised cells proved unsuccessful 

in inducing degradation of fascin, and the approach abandoned due to low cellular 

tolerability. 
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Figure 3.41: Permeabilisation of SK-OV-3 cells - fluorescence of cells over 24 hours at different 
concentrations and incubation times with: a) digitonin, b) GDN and c) SLO.  

 

Bypassing the cell membrane altogether by conducting degradation assays with whole cell 

lysates was equally ineffective, despite attempts to optimise the assay. Due to issues with 

scalability and practicability with the use of lysates, the strategy was deemed unsuitable 

for further assay development. Finally, binding of the compounds to fascin was assessed 

by SPR. PROTACs of the 1st and 2nd series were determined to bind to the protein with 

adequate affinities, however, for the 3rd series PROTAC fascin binding was not observed.  

Taken together, the results of the different assays indicated that further investigation into 

the causes for lack of activity of the compounds was required. With additional insights, 

optimisation of the compounds could be carried out in order to improve their ability to 

induce intracellular fascin degradation. 
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4 Conclusions and future work 

 

4.1 HaloTag model system 

A HaloTag-based model system was established by synthesis of seven HaloPROTACs 

recruiting CRBN and VHL as well as HyTs, along with the corresponding mono-functional 

control compounds (Chapter 2.2.4). A plasmid for transient expression of a HaloTag–fascin 

fusion protein was cloned and expressed in different cancer cell lines. Degradation assays 

showed VHL-recruiting HaloPROTACs to induce reproducible and prolonged degradation of 

the fusion protein via the PROTAC mechanism in two cell lines, SK-OV-3 and HT-1080 

(Chapter 2.3.3). Then, a SK-OV-3 fascin knock-out cell line was generated using the CRISPR–

Cas9 technique for further experiments with the HaloTag model system. Assays assessing 

the impact of fascin knock-out, expression and subsequent degradation of the fusion 

protein on cell functionality and morphology were carried out, however, the obtained 

results were inconclusive, requiring optimisation of the experiments and further 

investigation (Chapter 2.3.7). 

 

Exploration of linker length 

Whereas degradation of the fusion protein was achieved by use of VHL-recruiting 

HaloPROTACs, only a very limited decrease of protein levels was observed after treatment 

with CRBN and HyT HaloPROTACs. Moreover, the results obtained from the degradation 

assays indicated that specificity for a particular target could be modulated by recruiting 

particular E3 ligases in different cell lines. Literature reports also highlight the importance 

of linker length for achieving degradation selectivity for a particular POI (Chapter 1.2.4).91,92 

Additional HaloPROTACs with a range of linker lengths or different exit vectors for linker 

attachment could be synthesised and tested in a variety of cell lines to investigate cell-line 

dependent target specificity further. 

 

Choice of cell line for functional and phenotype assays 

The use of the SK-OV-3 cell line for functional and phenotype assays proved to be 

suboptimal due to their low invasive ability and limited formation of membrane 

protrusions, despite adequate expression levels of endogenous fascin. The use of a more 

invasive cell line, such as HT-1080 cells, and/or cell lines displaying more pronounced 
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fascin-mediated membrane protrusions should be considered to obtain more meaningful 

results when assessing cellular function and behaviour with the model system.155  

 

Generation of cell line stably expressing fusion protein 

Transfection with the HaloTag–fascin plasmid was tolerated adequately by SK-OV-3 and 

HT-1080 cells, however, not by other cell lines, leading to considerable cell death. The 

challenge with tolerability of the plasmid also impacted negatively on reproducibility of the 

data obtained for the degradation assays. In addition, wound-healing assays used for 

assessment of cell function were carried out over a prolonged period of time, up to 94 

hours. However, due to transient expression of the HaloTag–fascin fusion protein through 

a plasmid, protein levels continuously decreased,159 reducing the impact of the fusion 

protein on cell function over time and potentially obscuring the results of the assays. In 

order to mitigate variations in protein levels, a cell line which stably expresses the fusion 

protein should be established to obtain reproducible and more indicative results for 

experiments performed on a longer timescale.173  

 

Live-cell imaging of cells in 3D environment  

Formation of fascin-mediated actin structures and their interconversion are highly dynamic 

processes and dependent on the properties of the environment cells are surrounded by 

(Chapter 1.1.3). Therefore, assessment of any changes in the dynamics of actin structures 

by either knocking out the endogenous protein or expression and degrading the HaloTag–

fusion protein through the PROTAC mechanism should also be carried out. Live-cell imaging 

of cells moving through different matrices could provide further insights into functionality 

of the fusion protein as well as the effect of PROTAC treatment (Figure 4.1).29,236 

 

Figure 4.1: Time-lapse microscopy images of A375MM cells expressing GFP–actin. Red arrows indicate 
invadopodia and blue arrows indicate degradation of gelatin matrix.29 

 

Despite potential optimisation required for the functional and phenotype assays, it can be 

concluded that a successful proof-of-concept was carried out by inducing sustained 

degradation of the fusion protein via the PROTAC mechanism with VHL-recruiting 
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HaloPROTACs in two cell lines, SK-OV-3 and HT-1080 cells. With the principle of PROTAC-

mediated protein degradation confirmed to be effective in the model system, work 

towards targeted degradation of the endogenous protein was carried out.  

 

4.2 Fascin-targeting PROTACs 

A total of 14 PROTACs were synthesised from three fascin binders, FSCN-A (1.4), FSCN-B 

(1.5) and FSCN-C (1.7) reported in literature.59,63,186 The 1st series PROTACs based on FSCN-

A (1.4) included three VHL-recruiting PROTACs, two CRBN-recruiting PROTACs and one HyT 

(Chapter 3.2). For the FSCN-B (1.5)-based 2nd series PROTACs matched pairs with longer 

and shorter linkers were synthesised: two VHL-recruiting PROTACs, two CRBN-recruiting 

PROTACs and two HyTs (Chapter 3.3). In addition, one VHL-recruiting 3rd series PROTAC 

with FSCN-C (1.7) as fascin-recruiting moiety was synthesised (Chapter 3.4).  

Degradation assays in different cell lines were carried out to assess the ability of the 

PROTACs to induce degradation of fascin. However, no decrease in protein levels could be 

observed, which was hypothesised to be due to poor permeability of the compounds 

(Chapter 3.5.4). An intracellular engagement assay based on the HaloTag model system 

was carried out with the VHL-recruiting PROTACs (Chapter 3.5.5). Insufficient intracellular 

recruitment of VHL by the 1st and 2nd series PROTACs was observed, indicating cell 

permeability to be the limiting factor to compound activity. Solely, the 3rd series PROTAC 

showed excellent permeability, despite lack of activity. Different physical and chemical 

permeabilisation methods were tried in an attempt to increase intracellular compound 

concentrations, however, this approach was unfruitful (Chapter 3.5.6). To confirm that the 

PROTACs would in fact bind to fascin, SPR experiments were carried out. All compounds, 

apart from the 3rd series PROTAC, were shown to bind to the protein with reasonable 

affinity (Chapter 3.5.8). Additional experiments could be performed in order to elucidate 

the root cause for the lack of activity of the compounds.  

 

Ternary (fascin–PROTAC–E3 ligase) complex formation 

Cooperativity between the POI and the E3 ligase can impact on PROTAC efficacy either 

positively, by stabilising the interaction between the two proteins, or negatively, through 

repulsion or clashes of the proteins (Chapter 1.2.4). Therefore, evaluation of ternary POI–

PROTAC–E3 ligase complexes can prove useful for assessing PROTAC efficacy. Ternary 

complex formation can be determined through SPR, similar to binary POI–PROTAC complex 
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formation, by immobilising on the of the proteins and flowing the analytes, PROTAC and 

the second protein, over the immobilised protein.237 The cooperativity factor, which 

compares binding constants for the binary complex with binding constants for the ternary 

complex (KD
binary/KD

ternary), can give insights if the cooperativity for a given ternary complex 

is productive or unproductive.238  

 

In vitro assays  

When optimising the trialled assays using cell lysates, use of lysates of cells which have 

previously been employed for in vitro degradation assays, such as HeLa or HEK293 cells, or 

addition of purified protein to whole cell lysate could provide improved results.230,231 Cell-

free ubiquitination assays could further deliver evidence if lack of compound activity is due 

to inability of the PROTACs to induce ubiquitination of the target protein.229 However, cell-

free assays require a plethora of components, such as different enzymes involved in the 

ubiquitination cascade, and might not be physiologically relevant.239  

 

Intracellular engagement assays and intracellular compound concentration  

PROTAC-specific intracellular engagement assays determining cell permeability as well as 

recruitment of E3 ligases rely on either competition with known degraders or fluorescent 

probes. For example, competition experiments with a CRBN-targeting PROTAC known to 

degrade a FKB12-luciferase fusion protein have been reported.240 Rescue of protein levels 

by co-treatment with a known degrader and a test compound would be an indicator of the 

test compound’s cell-permeability and ability to intracellularly engage CRBN, thereby 

inhibiting the E3 ligase and preventing degradation of the fusion protein. Due to the 

luciferase portion of the fusion protein, the assay can be easily be read out by monitoring 

any increase in luminescence as a measure of protein rescue after treatment with the test 

compounds.241 However, such assays are E3 ligase-specific and require synthesis of the 

necessary components. Commercially available assays exploit bioluminescent resonance 

energy transfer (BRET) to determine intracellular engagement of the compounds with E3 

ligases (Figure 4.2). A fluorescent luciferase–E3 ligase fusion protein is expressed and the 

cells are treated with a cell-permeable fluorescent probe. By binding of the probe to the 

fusion protein, BRET is achieved through luminescent energy transfer from the fusion 

protein to the probe. When cells are treated with the test compound, and the compound 

binds to the E3 ligase portion of the fusion protein, a loss of BRET signal can be detected.211  
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Figure 4.2: BRET target engagement assay - adapted from 211. 

 

A more direct method to measure of intracellular compound concentration is liquid 

chromatography/tandem mass spectrometry (LC/MS/MS). Samples prepared from cells 

treated with the compounds to be assessed are separated by liquid chromatography, and 

components are analysed by tandem mass spectrometry. This double ionisation mass 

spectrometry technique provides a higher specificity by further fragmentation of the initial 

ions generated, allowing for analysis of complex mixtures and differentiation of ions with 

similar mass-to-charge (m/z) ratios (Figure 4.3).210 However, it is not possible to distinguish 

between compounds that are associated with the cells, i.e. bound to the membrane or 

trapped in endosomes, and compound concentration in the cytosol necessary for activity. 

Moreover, lengthy optimisation procedures might be required, especially for compounds 

of suboptimal permeability which only display low intracellular concentrations.158  

 

Figure 4.3: Liquid chromatography/tandem mass spectrometry (LC/MS/MS) work-flow - adapted from 210.  

 

Assays assessing permeability and efflux 

Permeability of the PROTACs, as well as the mechanisms of compound uptake, such as 

passive diffusion, active transport into the cell, but also efflux out of the cell can be 

determined with different permeability assays.242 The experimental set-up is similar for the 

assays: A membrane or cell monolayer is used to separate two compartments, and 

diffusion or transport of drug molecules across this barrier is assessed by measuring and 

comparing concentrations of the compound in both compartments (Figure 4.4). The 

simplest type is the cell-free parallel artificial membrane permeability assay (PAMPA) as it 

uses, as the name suggests, an artificial membrane, usually hexadecane- or lipid-based, as 

barrier and is a model for passive diffusion (Figure 4.4 a).243 The compound to be tested is 
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added to the donor compartment and diffuses through the membrane into the acceptor 

compartment, then concentrations of the compound in both departments are measured in 

order to determine the permeability.244 Cell-based permeability assays commonly rely on 

Caco-2 cells, an immortalised human colon carcinoma cell line, which can be used as a 

model for absorption of drugs in vivo since the Caco-2 cell monolayer displays properties 

similar to those of intestinal epithelial cells.207 As such, movement of drugs across the cell 

monolayer is mediated by passive diffusion and active transport of compounds in one 

direction (apical to basolateral, Figure 4.4 b) but also through efflux in the opposing 

direction (basolateral to apical). Hence permeability of the compounds as well as their 

susceptibility to efflux can be determined.208  

 

Figure 4.4: Set-up of permeability assays:  
a) PAMPA assay (adapted from 244) and b) Caco-2 assay - adapted from 207.  

 

PROTACs are known to be at risk of active efflux,245 and the efflux rate of fascin ligands 

FSCN-A (1.4) and FSCN-B (1.5) was also determined to be high.186 Since the majority of drug 

efflux can be attributed to efflux transporter P-glycoprotein (P-gp), it can be crucial to 

determine if the PROTACs are P-gp substrates using the MDCK-MDR1 permeability assay. 

Instead of a Caco-2 cell monolayer, it employs canine kidney MDCK cells expressing the 

MDR1 gene which encodes for efflux transporter P-gp.209 Should the PROTACs be 

determined to be P-gp substrates, employment of an P-gp inhibitor, such as verapamil, 

could prove beneficial when assessing compound activity in degradation assays. By 

impeding efflux of the compounds intracellular concentrations could be increased and 

sustained, impacting positively on activity of the PROTACs.246 

Next-generation trifunctional PROTACs 

A targeted delivery approach could aid in overcoming the challenges encountered with cell 

permeability of the synthesised PROTACs. Targeted delivery of therapeutic compounds is 

extensively exploited in the cancer context by conjugation of a targeting group to a drug 

molecule.247-249 Due to changes in metabolism, cancer cells display increased uptake of 

certain cofactors compared to healthy cells, and therefore overexpress the corresponding 



Conclusions and future work | 160  

membrane receptor and transporters.248 By conjugating a cofactor, such as glucose or 

folate, to a drug, the conjugate is taken up selectively by the cancer cells, thereby increasing 

intracellular concentrations of the drug inside the targeted cell.247,249 This strategy has 

recently also found application in the PROTAC context, employing folate as targeting 

group250,251 or conjugating the PROTAC to an antibody to mediate selective uptake.252,253 

Attachment of the targeting group through a self-immolating or intracellularly cleavable 

linker could ensure release of the active PROTAC from the targeting group once the 

conjugate is delivered across the cell membrane.252,254 One proposed design features a 

targeting group attached to the hydroxyproline moiety via a reduction sensitive self-

immolating linker, which upon linker cleavage inside the cell would release the active 

PROTAC (Figure 4.5). 

 

Figure 4.5: Proposed design of PROTAC conjugated through a self-immolating linker to a targeting group. 

 

Based on the information obtained from additional assays, the PROTACs could be further 

optimised in order to achieve intracellular degradation of fascin. Alternatively, 

development of PROTACs conjugated to targeting groups could improve cellular uptake of 

the compounds to then induce fascin degradation. Through functional and phenotype 

assay similar to the experiments carried out for the HaloTag model system, the effect of 

fascin degradation on cell function and morphology could be determined, potentially 

paving the way for the development of a novel anti-metastatic therapeutic. 
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5 Experimental 

 

Images in this thesis were created with Biorender.com unless referenced. 

 

5.1 Biology materials and methods 

5.1.1 Materials and reagents 

 

Cell lines and bacterial strains 

Name Description / application Source 

Cell lines 

HT-1080 Human fibrosarcoma Beatson Institute 

MIA-PaCa-2 Human pancreatic cancer ATCC 

MEF Mouse embryonic fibroblasts Beatson Institute 

SK-OV-3 Human ovarian carcinoma Beatson Institute 

SK-OV-3 fascin KO Human ovarian carcinoma with fascin deletion This work 

Bacterial strains 

E. Coli DH5α Chemically competent cells for cloning Beatson Institute 

Table 5.1: Cell lines and bacterial strains.  

 

Reagents and solutions 

Name Source / composition 

Cell culture 

Complete medium 
DMEM with 10% FCS, 2 mᴍ ʟ-glutamine, 100 units/mL 

PenStrep 

Serum-free medium (SFM) 
DMEM with 10 units/mL ʟ-glutamine, 10 µg/mL 

PenStrep 

Dulbecco’s Modified Eagle 

Medium (DMEM) 

Gibco #21969-035 

ʟ-Glutamine Gibco #253030-032 

Penicillin Streptomycin (PenStrep) LifeTechnologies #15140122 

Foetal calf serum (FCS) Gibco #10270-106 

Phosphate buffered saline (PBS) 
137 mᴍ NaCl, 3.3 mᴍ KCl, 8 mᴍ Na2HPO4, 1.5 mᴍ 

KH2PO4 

2.5% Trypsin, no phenol red Gibco #15090046 

PBS-EDTA (PE) buffer 0.037% (w/v) EDTA in PBS 

Freezing medium 50% complete medium, 40% FCS, 10% DMSO 

DMSO Fisher Chemical #D/4121/PB08 
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Protein analysis by immunoblotting (western blotting) 

Radioimmuno-precipitation assay 

(RIPA) cell lysis buffer 

150 mᴍ NaCl, 10 mᴍ Tris-HCl pH 7.5, 1 mᴍ EDTA, 1% 

Triton X-100, 0.1% SDS 

Precision Red Advanced Assay 

solution 

Cytoskeleton #ADV02 

Reducing sample buffer (RSB) 
10% NuPAGE reducing agent 10× in NuPAGE protein 

sample buffer 4× 

NuPAGE protein sample buffer 4× Invitrogen #NP0007 

NuPAGE reducing agent 10×  Invitrogen #NP0004 

4-12% NuPAGE Bis-Tris gels Invitrogen #NP0321 

4-Morpholinepropanesulfonic acid 

(MOPS) running buffer 20× 

Novex #NP0001 

PageRuler pre-stained protein 

ladder 

Thermo Scientific #26616 

Nitrocellulose blotting membrane 

(Protran 0.45 μm) 

GE Healthcare #10600002 

Transfer buffer 
20% methanol, 10% SDS blotting buffer 10×, diluted in 

distilled water 

Sodium dodecyl sulfate (SDS) 

blotting buffer 10× 

1% SDS, 250 mᴍ Tris-HCl, 1.92 ᴍ glycine 

Blocking buffer 5% BSA diluted in TBS-T 

Bovine serum albumin (BSA)  SigmaAldrich #10735108001 

Tris-buffered saline with Tween20 

(TBS-T) 

10 mᴍ Tris-HCl pH 7.4, 150 mᴍ NaCl, 2.7 mᴍ KCl, 0.1% 

polysorbate 20 (Tween20) 

Immunofluorescence 

16% Paraformaldehyde (PFA) Electron Microscopy Sciences #15710 

Permeabilisation buffer 20 mᴍ glycine, 0.5% Triton X-100 

Matrix 

Matrigel basement membrane 

matrix 

BD Biosciences #354234 

Collagen I, rat tail Corning #10224442 

Lysate experiments 

Lysate buffer 50 mᴍ Tris-HCl pH 7.5, 150 mᴍ NaCl, 10% glycerol, 1 % 

NP40, 1 mM EDTA.  

Added freshly: 1 mM DTT, 1% protease and 

phosphatase inhibitor cocktails, 5 mᴍ ATP, 5 mᴍ MgCl2 

Surface plasmon resonance (SPR) 

Biacore T200  

NTA chip GE Healthcare #BR10034 

Biacore buffer  PBS, 0.05% P-20, 5% DMSO 

Surfactant P-20 GE Healthcare #BR10054 

Fascin (His tagged) Beatson Institute 

VHL (His & AVI tagged) SinoBiological #17359-H40E 
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Cloning 

Super optimal broth (SOC) medium 
2% trypton, 0.5% yeast extract, 10 mᴍ NaCl, 2.5 mᴍ 
KCl, 10mᴍ MgCl2, 20 mᴍ glucose 

LB agar plate 15 g agar/L of LB 

Luria broth (LB) Beatson Institute 

Ampicillin Sigma #A9518 

CutSmart buffer New England BioLabs #B7204S 

T4 DNA ligase reaction buffer New England BioLabs #B0202S 

T4 DNA ligase New England BioLabs #M0202S 

Nuclease-free water Ambion #AM9937 

HindIII-HF New England BioLabs #R3104S 

BbsI New England BioLabs #R0539S 

High grade agarose Melford #MB1200 

Tris-acetate-EDTA (TAE) buffer 50× 2 ᴍ Tris, 50 mᴍ EDTA, 1 ᴍ glacial acetic acid, pH ~8.3 

Midori green Nippon Genetics #MG04 

DNA loading buffer 6× 
12% glycerol, 60 mᴍ Na2EDTA, 0.6% SDS, 0.003% 
bromphenol blue, 0.003% xylene cyanol, H2O 

O’GeneRuler 1 kb ThermoScientific #SM1163 

Table 5.2: Reagents and solutions. 

 

Antibodies and dyes 

Target /  

Type 

Clone / 

Conjugate 

Source 

species 

Dilution 

(Application) 

Source 

Primary antibodies 

VHL  Rabbit 1:1000 (WB) Cell Signalling #68547 

CRBN D8H3S Rabbit 1:1000 (WB) Cell Signalling #71810 

Fascin 55K-2 Mouse 1:500 (WB) DAKO #M3567 

Fascin 
55K-2 Mouse 1:1000 (WB) 

1:100 (IF) 

Cell Marque #252M-15 

HaloTag  Mouse 1:1000 (WB) Promega #G921A 

GFP  Rabbit 1:1000 (WB) Cell Signalling #2555S 

GAPDH 14C10 Rabbit 1:2000 (WB) Cell Signalling #2118 

GAPDH  Mouse 1:1000 (WB) EMD Millipore #MAB374 

Secondary antibodies 

Mouse IgG AlexaFluor 680 Donkey 1:5000 (WB) Invitrogen #A10038 

Mouse IgG DyLight800 Goat 1:5000 (WB) Invitrogen #SA535521 

Rabbit IgG DyLight800 Goat 1:5000 (WB) Invitrogen #SA535571 

Rabbit IgG AlexaFluor 680 Goat 1:5000 (WB) Invitrogen #A21076 

Mouse IgG AlexaFluor 488 Goat 1:500 (IF) Invitrogen #A12379 
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Dyes 

Cytox Red 
  1:10000  

(dead cells) 

Sartorius #4632 

Sytox Green 
  1:10000  

(dead cells) 

Sartorius #4633 

Nuclight Rapid Red  
  1:500  

(live cells) 

Sartorius #4717 

Phalloidin 488 nm   1:200 (IF) Molecular Probe #A12379 

Hoechst 33342   1:1000 (IF) Thermo Scientific #62249 

Table 5.3: Primary antibodies, secondary antibodies and dyes. 

 

Inhibitors and permeabilisers 

Name Application Source 

Inhibitors 

Protease inhibitor cocktail Lysis buffer (WB) ThermoFisher #1861279 

Phosphatase inhibitor cocktail Lysis buffer (WB) ThermoFisher #78427 

MG132 Proteasome inhibitor SelleckChem #S2619 

Cycloheximide Protein synthesis inhibitor Sigma #01810 

Permeabilisers 

Digitonin Cell permeabilisation Sigma #D141 

SLO Cell permeabilisation Abcam #126650 

GDN Cell permeabilisation Avanti #850525P 

Table 5.4: Inhibitors and permeabilisers.  

 

Kits 

Name Application Source 

Nucleofection kits 

Amaxa Cell Line Nucleofector Kit V Transient transfection Lonza #VCA-1003 

Amaxa Cell Line Nucleofector Kit T Transient transfection Lonza #VCA-1002 

RNAimax Transient transfection ThermoFisher #13778150 

In-Fusion HD Cloning Plus Kit Cloning Takara #638909 

Zymoclean Gel DNA Recovery Kit Cloning Zymo Research #D4007 

Monarch Plasmid Miniprep Kit Cloning 
New England BioLabs 

#T1010S 

Table 5.5: Kits.  
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DNA constructs, siRNA sequences and CrispR sgRNA 

Name Backbone / sequence (5’-3’) Source 

DNA constructs 

pHaloTag-EGFP pEGFP-N1 Addgene plasmid #86629 

HaloTag-phospholamban pFN21A Fuller group 

HaloTag-fascin pFN21A This work 

pSpCas9(BB)-2A-GFP PX458 Addgene plasmid #48138 

Fascin gRNA1-Cas9-GFP PX458 This work 

Fascin gRNA2-Cas9-GFP PX458 This work 

Silence RNA (siRNA)  

ON-TARGETplus siRNA 

human fascin-1  
CGACUGCCGUUUCCUCAUC Dharmacon #J-019576-05 

ON-TARGETplus siRNA 

human fascin-1 
CAAAGACUCCACAGGCAAA Dharmacon #J-019576-06 

ON-TARGETplus siRNA 

human fascin-1 
GAGCAUGGCUUCAUCGGCU Dharmacon #J-019576-07 

ON-TARGETplus siRNA 

human fascin-1 
GCAAGUUUGUGACCUCCAA Dharmacon #J-019576-08 

AllStars negative control n/a Qiagen #SI03650318 

 CRISPR guide RNA (gRNA) sequences 

Human fascin (5’-3’) 
CACCGCCCCATCATCGTGTTCCGCG Invitrogen, 

Designed by Heather Spence 

Human fascin (3’-5’) 
AAACCGCGGAACACGATGATGGG

GC 

Invitrogen, 

Designed by Heather Spence 

Human fascin (5’-3’) 
CACCGCCCCGCGGAACACGATGAT

G 

Invitrogen, 

Designed by Heather Spence 

Human fascin (3’-5’) 
AAACCATCATCGTGTTCCGCGGGG

C 

Invitrogen, 

Designed by Heather Spence 

Polymerase chain reaction (PCR) primers 

HaloTag destination 

vector forward 

ACGAATTCGGGCTCGGTACC Designed by Will Fuller 

HaloTag destination 

vector reverse 

GGCGATCGCGTTATCGCTC Designed by Will Fuller 

Fascin insert forward 
GATAACGCGATCGCCATGACCGCC

AACGGCACAGC 

Designed by Will Fuller 

Fascin insert reverse 
CGAGCCCGAATTCGTCTAGTACTCC

CAGAGCGAGGC 

Designed by Will Fuller 

Sequencing primers 

CMV forward CGCAAATGGGCGGTAGGCGTG Invitrogen 

HaloTag forward GATCTGTACTTTCAGAGCGAT Invitrogen 

HaloTag reverse CCCGGGTACCGAGCCCGAATTCGT Invitrogen 

CRISPR plasmids forward TTTATGGCGAGGCGGCGG Invitrogen 

Table 5.6: DNA constructs, siRNA sequences, CrispR sgRNA and primers.  
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Cell culture plastic ware and consumables 

Name Description / application Source 

Culture flasks Tissue culture Falcon #353136 

6-well plates Tissue culture Falcon #353146 

12-well plates Tissue culture Falcon #353043 

96-well plates Tissue culture Falcon #353072 

96-well ImageLock plates Live-cell imaging Sartorius #4379 

10 cm plastic plate Tissue culture Corning #430147 

25 cm plastic plate Tissue culture Falcon #353025 

35 mm glass-bottom dish Live-cell imaging MatTec #36G-1.5 20-C 

2 mL cryovials Cryopreservation Greiner bio-one #126263 

Table 5.7: Cell culture plastic ware and consumables.  

 

Software and websites 

Name Provider Version 

Image StudioLite Li-Cor Biosciences  5.2.5 

IncuCyte Zoom IncuCyte Biosciences 2018A 

Fiji National Health Institute, USA 1.53e 

Chemotaxis and Migration 

Tool 

Ibidi GmbH 2.0 

Basic Local Alignment 

Search Tool (BLAST) 

U.S. National Library of Medicine   

Prism GraphPad 9.3.0 

PyMOL Schrödinger 2.4.0 

Hermes/GOLD Cambridge Crystallographic Data Centre 2020.2.0 

Mercury Cambridge Crystallographic Data Centre 2020.2.0 

ChemDraw PerkinElmer Informatics 20.1.0 

SwissADME Swiss Institute of Bioinformatics  

BioRender   

Table 5.8: Softwares and websites.  
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5.1.2 Cell biology methods 

Cell culture 

- Cell growth conditions, maintenance and counting 

All cell lines were cultured in complete medium and maintained in culture flasks at 37 °C in 

a humidified incubator with 5% CO2. Once 80% confluency was reached, cells were washed 

once with 1× PBS. Cells were detached using an appropriate volume of trypsin diluted at 

0.25% in PE buffer and incubated at 37 °C. Cell detachment was checked regularly under a 

light microscope. Once fully detached, cells were resuspended in complete medium, 

inhibiting trypsin activity.  

Cells were counted prior to each experiment or passage. To do so, 10 μL from the cell 

suspension was carefully added on the cell counter (DeNovix CellDrop FL). The 

concentration of cells was automatically calculated and the procedure was performed at 

least two times to reduce any technical errors.  

An appropriate amount was taken from the cell suspension, distributed into new culture 

flasks with fresh complete medium and maintained at 37 °C in a humidified incubator and 

perfused with 5% CO2. Cells were passaged at roughly 1:10 and the number of passages 

was recorded until reaching passage 30. 

 

- Cryopreservation and cell recovery 

For cryopreservation, cells were grown in culture flasks until optimally confluent and 

detached as previously described. The cell suspension was collected in a 15 mL falcon tube 

and centrifuged for 5 minutes at 1000 rpm. The supernatant was discarded and the cell 

pellet was resuspended in freezing medium. 1 mL of the fresh cell suspension was aliquoted 

into a 2 mL cryovial and immediately frozen at –80 °C. Once frozen, the cryovials were 

transferred to a liquid nitrogen tank and stored until recovery when required. 

For cell recovery, cryovials were removed from the liquid nitrogen tank and quickly 

transferred to a water bath at 37 °C. Once thawed, cells were gently resuspended in fresh 

complete medium which had previously been warmed to 37 °C. For removal of DMSO from 

the medium, the cell suspension was centrifuged for 5 minutes at 1000 rpm and the 

supernatant was discarded. Finally, cell pellets were transferred in fresh complete medium 

in a culture flask and incubated in a humidified incubator at 37 °C supplied with 5% CO2. 

Cells were regularly checked to assess attachment. Fresh complete medium was added on 

the day following thawing, and cells were allowed to recover for at least one week before 

carrying out experiments. 
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Transient transfections 

- Transient transfection with plasmid DNA 

Amaxa Cell Line Nucleofector Kit V was used for transfection of SK-OV-3 and MIA-PaCa-2 

cells whereas Amaxa Cell Line Nucleofector Kit T was used for transfection of HT-1080 cells. 

A transfection master mix was prepared by mixing 82 μL Nucleofector solution V or T with 

18 μL Supplement 1. Cells were collected and counted as previously described. 

Approximately 3×106 cells were resuspended in the previously prepared master mix and 3 

μg DNA was added, and the suspension was gently mixed before transferring it into an 

electroporation vial. Cells were electroporated with a Nucleofector 2b device, using 

programme V-005 for SK-OV-3 cells, T-027 for MIA-PaCa-2 cells and L-005 for HT-1080 cells. 

Cells were resuspended in warm complete medium in a culture flask and incubated in a 

humidified incubator at 37 °C supplied with 5% CO2 overnight before carrying out 

experiments.  

 

- Transient transfection with siRNA 

The siRNA mixture was prepared for transfection of 2 wells of a 6-well tissue culture plate 

for each siRNA treatment. To Eppendorf tubes containing 5 μL siRNA or siRNA control, 195 

μL of nuclease-free water was added. In a Falcon tube, 38 μL of RNAimax was added to 3.8 

mL of SFM and mixed. 600 μL of the RNAimax/SFM mixture was added to each of the 

Eppendorf tubes containing siRNA or siRNA control, gently mixed and incubated for 15 

minutes at room temperature. Cells were collected and counted as previously described, 

resuspended and plated onto 6-well tissue culture plates at approximately 3×105 cells per 

well in 1.6 mL complete medium. 400 μL of the respective siRNA/RNAimax/SFM mixtures 

were added dropwise to each well, tissue culture plates were gently swirled and incubated 

in a humidified incubator at 37 °C supplied with 5% CO2 for 48 hours before carrying out 

experiments.  

 

Protein analysis by immunoblotting (western blotting) 

- Preparation of total cell lysates 

Culture medium was aspirated from cultured cells and cells were washed three times with 

PBS. Plates were then transferred onto ice and ice-cold RIPA cell lysis buffer supplemented 

with phosphatase and protease inhibitor cocktails was added to the wells. Cells were 

scraped, cell lysate was transferred into chilled Eppendorf tubes and centrifuged at 13000 
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rpm for 10 minutes at 4 °C. The supernatant was collected and either directly subjected to 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and 

immunoblotted or stored at -20 °C until required for analysis.  

 

- Protein quantification 

Quantification of protein concentration in cell lysates was carried out using Precision Red 

advanced protein assay. 5 μL of cell lysate was mixed with 995 μL of Precision Red Advanced 

Assay solution in a cuvette and incubated for 30 seconds at room temperature. The 

absorbance was measured at OD600nm, protein concentration determined and typically 10 

to 20 μg of protein per sample was resolved by SDS–PAGE. 

 

- Protein electrophoresis by SDS–PAGE 

An appropriate amount of cell lysate was diluted in RSB, samples were boiled for 5 minutes 

at 100 °C and centrifuged for 5 minutes at 13000 rpm. Typically, 15 to 25 μL protein samples 

in RSB were loaded onto SDS-PAGE using 4-12% NuPAGE Novex Bis-Tris acrylamide gels, 

along with 5 μL PageRuler pre-stained protein ladder as molecular weight marker. Gels 

were resolved in NuPAGE MOPS running buffer using XCell SureLock mini-cells at 180 V for 

60 minutes. 

 

- Electrophoretic transfer  

Proteins resolved by SDS-PAGE were transferred onto Protran 0.45 μm nitrocellulose 

blotting membrane using XCell II blot modules. Proteins were transferred in transfer buffer 

at 30 V for 90 minutes. 

 

- Membrane blocking and antibody probing  

Nitrocellulose membranes were blocked with blocking buffer for 1 hour at room 

temperature. Membranes were probed with primary antibodies diluted to the appropriate 

concentration in blocking buffer and incubated overnight at 4 °C. Membranes were washed 

four times for 10 minutes with TBS-T before incubation with appropriate fluorescent dye-

conjugated secondary antibodies diluted in blocking buffer for 1 hour at room temperature, 

protected from sources of light. Membranes were washed four times for 10 minutes with 

TBS-T and maintained in water before visualisation. All incubation steps were performed 

under gentle agitation. 
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- Membrane scanning and protein quantification 

Membranes were scanned on the Li-Cor Odyssey CLx InfraRed Imaging System (700 nm and 

800 nm channels), using automatic intensity setting mode. Images were processed as grey 

scale picture and signal intensity was calculated using the Li-Cor Image StudioLite software. 

 

Viability assays with live-cell microscopy  

- Viability assays with compounds 

Cells were collected and counted as previously described, resuspended and plated onto 96-

well tissue culture plates at approximately 1×103 cells per well in 100 μL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated from cultured cells the following day, cells were washed 

three times with PBS and 100 μL of fresh complete medium with indicated concentrations 

of compounds, Nuclight Rapid Red and Sytox Green was added. Images were acquired 

hourly using the IncuCyte Zoom system with automated widefield brightfield and 

fluorescence with a 10× objective lens for the indicated times and data was analysed using 

IncuCyte Zoom software. 

 

- Viability assays with permeabilisers 

Cells were collected and counted as previously described, resuspended and plated onto 12-

well tissue culture plates at approximately 1×104 cells per well in 1 mL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated from cultured cells the following day, cells were washed 

three times with PBS and 1 mL of fresh PBS with indicated concentrations of permeabilisers 

or PBS only was added. After incubation for indicated times on ice (digitonin and GDN) or 

at 37 °C (SLO), cells were washed three times with PBS and 1 mL of complete medium with 

Sytox Green was added. Images were acquired hourly using the IncuCyte Zoom system with 

automated widefield brightfield and fluorescence with a 10× objective lens for the 

indicated times and data was analysed using IncuCyte Zoom software. 
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Dose-response and time-course assays with compounds 

- Compound stock solutions and dilutions 

Compounds were kept as 10 mᴍ DMSO stock solutions. For treatment of cells, a serial 

dilution in PBS was carried out prior to experiments. A 400× dilution factor was used for 

addition of 5 μL of the appropriate concentration to 2 mL of complete medium per well for 

6-well tissue culture plates and a 20× dilution factor was used for 100 μL of complete 

medium per well for 96-well tissue culture plates, respectively.  

 

- Dose-response and time-course assays 

Cells were collected and counted as previously described, resuspended and plated onto 6-

well tissue culture plates at approximately 1×105 cells per well in 2 mL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated from cultured cells the following day, cells were washed 

three times with PBS and 2 mL of fresh complete medium was added. Cells were treated 

with 5 μL of compound in indicated concentrations or DMSO and incubated in a humidified 

incubator at 37 °C supplied with 5% CO2 for indicated times before protein analysis by 

immunoblotting.  

 

- Permeabilisation with electroporation 

Cells were collected and counted as previously described. Approximately 1×105 cells were 

resuspended in 100 μL complete medium or Nucleofector solution and containing 5 μL of 

either the compound in indicated concentrations or DMSO. Electroporation was performed 

using the Nucleofector 2b device according to the manufacturer instructions. Cells were 

resuspended in 2 mL complete medium and incubated in 6-well tissue culture plates in a 

humidified incubator at 37 °C supplied with 5% CO2 for indicated times before protein 

analysis by immunoblotting.  

 

- Permeabilisation with permeabilisers 

Cells were collected and counted as previously described, resuspended and plated onto 6-

well tissue culture plates at approximately 1×105 cells per well in 2 mL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated from cultured cells the following day, cells were washed 

three times with PBS and 2 mL of either PBS alone or PBS containing the indicated 

concentrations of permeabilisers was added. After incubation for indicated times on ice 
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(digitonin and GDN) or at 37 °C (SLO), cells were washed three times with PBS and 2 mL of 

complete medium was added. Cells were treated with 5 μL of compound in indicated 

concentrations or DMSO and incubated in a humidified incubator at 37 °C supplied with 5% 

CO2 for indicated times before protein analysis by immunoblotting.  

 

- Lysate assay 

After cells were grown to full confluency on 10 cm tissue culture dishes, culture medium 

was aspirated, cells were washed three times with PBS and 1 mL of ice-cold PBS was added. 

Through careful scraping with a cell scraper, cells were collected into an Eppendorf tube 

and centrifuged at 5000 rpm for 5 minutes. The supernatant was discarded and the pellet 

was either stored at –20 °C until required for experiments or resuspended in 5 volumes of 

Lysate buffer by careful pipetting. Cells were incubated on ice for 30 minutes and 

intermittently vortexed before the lysate was centrifuged at 13000 rpm for 10 minutes at 

4 °C. The supernatant was collected and protein concentration was measured as previously 

described. Appropriate amounts of cell lysate (20 μg, 50 μg or 100 μg) were aliquoted into 

Eppendorf tubes for each reaction and compounds were added at indicated 

concentrations. After incubation for indicated times, either on ice, at room temperature or 

at 37 °C, reducing buffer (1 in 4) was added and samples were boiled at 100 °C for 10 

minutes, centrifuged and resolved by immunoblotting as previously described.  

 

Proliferation, random migration and wound-healing assay 

- Proliferation and random migration assay 

Cells were collected and counted as previously described, resuspended and plated onto 96-

well tissue culture plates at approximately 5×102 cells per well in 100 μL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated from cultured cells the following day, cells were washed 

three times with PBS and 100 μL of fresh complete medium with Nuclight Rapid Red was 

added. Images were acquired hourly using the IncuCyte Zoom system with automated 

widefield brightfield and fluorescence with a 10× objective lens for the indicated times and 

data was analysed using IncuCyte Zoom software. 

Normalised proliferation index =  
cell numbers (tn)

cell numbers (t0)
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For random migrations assays, cells were individually tracked using the MTrackJ plugin in 

Fiji. The Chemotaxis and Migration Tool from ibidi was used to plot individual x-y points 

from each track and to generate a spider plot and calculate velocity.  

 

- Wound-healing assay  

Cells were collected and counted as previously described, resuspended and plated onto 96-

well ImageLock plates (Sartorius) at approximately 4×104 cells per well in 100 μL complete 

medium. For invasion assays, wells were coated with 50 μL of 1% Matrigel in complete 

medium for 4 hours in a humidified incubator at 37 °C supplied with 5% CO2 before cell 

seeding. Cells were allowed to adhere overnight in a humidified incubator at 37 °C supplied 

with 5% CO2. The following day, cells were wounded using the IncuCyte WoundMaker 

according to manufacturer instructions, culture medium was aspirated and cells were 

washed three times with PBS to remove cell debris. 100 μL complete medium was added 

to each well. For invasion assays, a 50 μL of Matrigel (4 mg/mL) or a Matrigel/collagen I 

mixture (2 mg/mL each) in complete medium was added and cells were incubated for 1 

hour in a humidified incubator at 37 °C supplied with 5% CO2 before addition of 100 μL 

complete medium. Images were acquired hourly using the IncuCyte Zoom system with 

automated widefield brightfield and fluorescence with a 10× objective lens for the 

indicated times and data was analysed using IncuCyte Zoom software. 

Wound closing rate =  ∑
wound width (tn) – wound width(tn−1)

t
 (μm/h)  

Relative wound density =  
density of wound region (tn) – density of cell region (tn)

density of wound region (t0) – density of cell region (t0)
× 100 (%)   

 

Immunofluorescence 

- Phalloidin staining 

Cells were collected and counted as previously described, resuspended and plated onto 35 

mm glass-bottom dishes at approximately 5×103 cells per dish in 2 mL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated, cells were washed three times with PBS and fixed using 1 

mL of 4% PFA in PBS for 10 minutes and then washed three times with PBS. For 

permeabilisation, cells were incubated with 200 μL permeabilisation buffer for 5 minutes 

and then washed three times with PBS. Cells were stained with 1 mL AlexaFluor488-

conjugated-phalloidin dye in PBS for 30 minutes, before cells were washed three times with 
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PBS and 1 mL of fresh PBS was added. Images were acquired by Nikki Paul using a Zeiss 880 

LSM confocal microscope with Airyscan, using a Plan-Apochromat 63×/1.4 Oil DIC M2 

objective and 488nm (Argon) laser line. All images were acquired using 2% laser power and 

1.8× zoom. Airyscan processing was performed using Zen Black and images were analysed 

using Fiji (ImageJ) software. 

 

- Fascin staining 

Cells were collected and counted as previously described, resuspended and plated onto 35 

mm glass-bottom dishes at approximately 5×103 cells per dish in 2 mL complete medium, 

and allowed to adhere overnight in a humidified incubator at 37 °C supplied with 5% CO2. 

Culture medium was aspirated, cells were washed three times with PBS before fixing and 

permeabilisation with methanol at –20° C for 15 minutes. Cells were washed three times 

with PBS and blocked with 1% BSA for 30 minutes, then incubated with 200 μL fascin 

antibody in 1% BSA for 1 hour. The antibody was washed off with PBS three times and then 

incubated with 200 μL AlexaFluor488-conjugated-secondary antibody in 1% BSA for 1 hour. 

The secondary antibody was washed off with PBS three times. Images were acquired by 

Nikki Paul using a Zeiss 880 LSM confocal microscope with Airyscan, using a Plan-

Apochromat 63×/1.4 Oil DIC M2 objective and 488nm (Argon) laser line. All images were 

acquired using 5% laser power and 1.8× zoom. Airyscan processing was performed using 

Zen Black and images were analysed using Fiji (ImageJ) Software. 

 

5.1.3 Molecular biology techniques 

In-Fusion cloning 

Destination vector and insert were amplified with complementary 15 bp extensions by PCR 

using accordingly designed oligonucleotide primers. The PCR fragments were digested with 

Dpn1 overnight, purified and the fascin insert was annealed to the linearised HaloTag 

vector using the In-Fusion cloning method, as per the manufacturers’ instructions.  

 

Transformation, inoculation and screening of transformants 

50 μL of E. coli DH5α was allowed to thaw on ice for 20 minutes. 2.5 μg of HaloTag-fascin 

DNA was added to the bacteria, gently flicked to mix and incubated on ice for 15 minutes. 

Bacteria were then heat-shocked in a 42 °C water bath for 45 seconds to allow transient 
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permeabilisation of the membrane and internalisation of the DNA, followed by recovery on 

ice for 2 minutes. Then 1 mL of SOC medium was added and bacteria were incubated at 37 

°C with constant agitation at 200 rpm for 1 hour. Then, 100 μL of the bacteria suspension 

was spread on pre-warmed LB agar plates with ampicillin (50 μg/mL) and plates were 

incubated overnight in a 37 °C incubator. The following day, 8 colonies were selected with 

a sterile tip and used to inoculate 5 mL of LB containing ampicillin (100 μg/mL) each. 

Cultures were grown under energetic shaking at 200 rpm at 37 °C overnight. Plasmids were 

purified using a Monarch Plasmid Miniprep Kit according to the manufacturers’ instructions 

and 2 μL DNA of each culture were used for screening by restriction enzyme digestion.  

 

Restriction enzyme digestion 

Reactions were set up using 28 μL of a master mix consisting of 3 μL of Cut Smart Buffer, 

24 μL nuclease-free water and 1 μL of restriction enzyme HindIII-HF, and 2 μL DNA. The 

mixture was left for 1 hour in a 37 °C water bath before resolution by agarose gel 

electrophoresis. 

 

Agarose gel electrophoresis 

DNA gels were prepared with 1% high-grade agarose diluted in TAE buffer, boiled until 

completely dissolved and 1% Midori green was added before casting the gel. DNA was 

diluted with 10 μL DNA loading buffer before loading it onto the gel along with a 1 kb DNA 

ladder. Gels were run in TAE buffer at 100 V for 35 minutes. 

 

Agarose gel purification 

DNA fragments were quickly excised under a UV lamp, and DNA was purified using 

Zymoclean Gel DNA Recovery Kit accordingly to manufacturer instructions. Essentially, 

agarose fragments were heated to 50 °C in 3 volumes of ADB buffer until completely 

dissolved. The mixture was then loaded onto a spin column centrifuged at 1000 rpm for 30 

seconds. Filters were washed twice with 200 μL washing buffer and DNA was eluted using 

15 μL of pre-heated nuclease-free water.  
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Sequencing and Maxiprep 

Clones containing the correct insert were sent for sequencing by Beatson Central Services. 

DNA sequences were confirmed by sequence alignment using BLAST. DNA was then 

transformed into new E. coli DH5α and 250 mL culture was used for Maxiprep. Purification 

of the plasmids were performed by Beatson Central Services. 

 

Generation and selection of stable cell line with CRISPR-Cas9 genome editing 

- Generation of gRNA-Cas9-GFP plasmid 

Annealing reactions for each gRNA were set up using 3 μL of T4 DNA ligase reaction buffer, 

0.7 μL each of forward and reverse oligonucleotides in 25.6 μL of nuclease-free water. The 

mixture was added to a 100 °C heat block for 10 minutes and then allowed to slowly cool 

to room temperature. 1 ug of pSpCas9(BB)-2A-GFP vector was digested using 1 μL of BsbI, 

1 μL of Cut Smart Buffer in 7 μL of nuclease-free water at 37 °C for 1 hour. 1 μl of 

oligonucleotides was ligated to 1 μl of linearised vector with 1 μL of T4 DNA ligase and 1 μL 

of T4 ligase reaction buffer in 6 μL of nuclease-free water in a thermocycler at 22.5 °C for 1 

hour. 

 

- Transformation, inoculation, Miniprep, sequencing and Maxiprep 

50 μL of E. coli DH5α was allowed to warm on ice for 15 minutes. 5 μL of the ligation mixture 

was added to the bacteria, gently flicked to mix and incubated on ice for 10 minutes. The 

bacteria were heat shocked in a 42 °C water bath for 30 seconds to allow transient 

permeabilisation of the membrane and internalisation of the DNA, followed by recovery on 

ice for 2 minutes. Then 450 μL of SOC medium was added and bacteria were incubated at 

37 °C with constant agitation at 200 rpm for 30 minutes. 100 μL of the bacteria suspension 

was spread on pre-warmed LB agar plates with ampicillin (50 μg/mL) and plates were 

incubated overnight in a 37 °C incubator. The following day, 10 colonies were selected with 

a sterile tip and used to inoculate 5 mL of LB containing ampicillin (100 μg/mL) each. 

Cultures were grown under energetic shaking at 200 rpm at 37 °C overnight. Bacteria were 

collected by centrifugation and sent for Miniprep and sequencing to Beatson Central 

Services. DNA sequences were confirmed by sequence alignment using BLAST. DNA was 

then transformed in new E. coli DH5α and 250 mL culture was used for maxiprep. 

Purification of the plasmids were performed by Beatson Central Services. 
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- Transient transfection with plasmid DNA 

Transfections of SK-OV-3 cells with gRNA1-Cas9-GFP plasmid, gRNA2-Cas9-GFP plasmid or 

empty Cas9-GFP plasmid was carried out as previously described (Chapter 5.1.2). Cells were 

incubated in a humidified incubator at 37 °C supplied with 5% CO2 for 36 hours to allow for 

GFP expression before submission for fluorescence-activated cell sorting (FACS).  

 

- Fluorescence-activated cell sorting (FACS) and single cell clones 

Cells were collected as previously described, resuspended in SFM and filtered into flow 

cytometry tubes. FACS was carried out by Beatson Central Services, and individual cells 

were plated onto 96-well tissue culture plates using serial dilutions. Cells were monitored 

daily and wells containing single cells were selected for screening for knock-out 

populations. Once sufficient cells were available, fascin levels were determined using 

immunoblotting, as previously described, and appropriate cell populations were selected 

for further experiments or cryopreservation.  

 

5.1.4 Protein biochemistry methods 

Surface plasmon resonance (SPR) 

SPR analysis was performed by Katie Pollock using Biacore T200 (GE Healthcare). Using GF 

buffer complemented with 5mᴍ MgCl2 and 0.5% of surfactant P20 as running buffer, His-

tagged protein were immobilised at 22 °C onto NTA sensor chip. Immobilisation was done 

at a flow rate of 10 μL/min. Serial dilution of each analyte was injected across a reference 

flow cell and the flow cell containing the ligand at a flow rate of 30 μL/min. Data were 

solvent corrected, reference subtracted, quality controlled and evaluated using the Biacore 

T200 evaluation software. Affinity was determined by curve fitting a 1:1 binding model. 

 

5.1.5 Statistical analysis 

The number of biological repeats is described in the figures. Datasets were analysed using 

Graph Pad Prism and data are presented as mean with error bars representing standard 

error of the mean (SEM). Unpaired t-test is are used to compare the mean between 2 

samples (ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001).  
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5.2 Chemistry experimental 

5.2.1 Calculations of physicochemical properties 

Physicochemical descriptors were calculated using ChemDraw v20.1 for MW, HBD, HBA, 

NRotB and tPSA based on chemical structures. cLogP was predicted using SwissADME 

(http://www.swissadme.ch) with molecules submitted in their neutral form.184 

 

5.2.2 Protein–ligand docking 

Protein crystal structures were obtained from the Protein Data Bank (PDB, 

https://www.rcsb.org/) and protein–ligand docking was carried out with CCDC CSD 

Discovery Suite v2020.2.0. Mercury was used for conformer generation of ligand structures 

prepared in ChemDraw v20.1. Protein–ligand docking was performed using the GOLD 

module in Hermes. Docking solutions were visualised in PyMOL v2.4.0.  

 

Docking of FSCN-A (1.4) and FSCN-C (1.7) into fascin  

Single conformers of FSCN-A (1.4) and FSCN-C (1.7) were generated in Mercury based on 

structures drawn in ChemDraw. The fascin co-crystal structure with FSCN-B (1.5) obtained 

from PDB (PDB ID 6i18) was loaded into Hermes and standardised. Water molecules within 

6 Å of the ligand binding site were selected for docking (633, 644, 661, 687, 702, 722, 755, 

775, 800, 830, 877, 913) and the remaining water molecules were deleted. Using the GOLD 

wizard, standard protonation rules were applied. The docking site was defined as residues 

within 6 Å of the ligand binding site, and previously selected water molecules were 

considered for docking. The generated conformers of FSCN-A (1.4) and FSCN-C (1.7) and 

the extracted ligand FSCN-B (1.5) were selected as ligands to be docked, using the extracted 

ligand FSCN-B (1.5) as reference. CHEMPLP was used as scoring functions and docking 

solutions were selected based on docking score as well as visual fit. The selected docking 

solutions and the protein structure were visualised in PyMOL. 

 

5.2.3 General methods 

All reagents were purchased from commercial suppliers and used without further 

purification unless otherwise stated. Reactions requiring air-sensitive reagents and dry 

solvents were performed in glassware that had been dried in an oven at 150 °C or flame-

dried in vacuo prior to use. These reactions were carried out under argon atmosphere 

http://www.swissadme.ch/
https://www.rcsb.org/
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under the exclusion of air. Reactions were monitored by thin-layer chromatography (TLC) 

on Merck silica gel 60 covered aluminium sheets. TLC plates were visualised under UV light, 

and, when required, with an acidic ethanolic anisaldehyde solution or a KMnO4 solution. 

NMR spectra were recorded on a Bruker DPX-400 spectrometer (1H NMR at 400 MHz, 13C 

NMR at 101 MHz and 19F NMR at 377 MHz) or a Bruker DPX-500 spectrometer (1H NMR at 

500 MHz and 13C NMR at 126 MHz). Chemical shifts are reported in ppm. 1H NMR spectra 

were recorded with chloroform-d, methanol-d4 or DMSO-d6 as the solvent using residual 

CHCl3 (δ = 7.26), or CHD2OD (δ = 3.31) or (CHD2)SOCD3 (δ = 2.50) as internal standard, and 

for 13C NMR spectra the chemical shifts are reported relative to the central resonance of 

CDCl3 (δ = 77.16), CD3OD (δ = 49.00) or (CD3)2SO (δ = 39.52). Signals in the obtained spectra 

are reported as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br), or 

a combination of these, to describe the observed spin–spin coupling pattern. Spin–spin 

coupling constants are reported in Hertz (Hz) and are uncorrected. Two-dimensional NMR 

spectroscopy (COSY, HSQC, HMBC, NOESY) was employed where appropriate to assist the 

assignment of signals in the 1H and 13C NMR spectra. The selected assigned resonances 

were used to confirm connectivity or transformation. IR spectra were obtained on a 

Shimadzu FTIR-8400 instrument with a Golden GateTM attachment using a type IIa diamond 

as a single reflection element for the IR spectra of the solid or liquid compounds to be 

detected directly (thin layer). High-resolution mass spectra (HRMS) were recorded using 

ESI or EI conditions by the analytical services at the University of Glasgow. Liquid 

chromatography–mass spectrometry (LCMS) was recorded on a Thermo Scientific Dionex 

UltiMate 3000 LC system coupled with a Thermo Scientific LCQ Fleet quadrupole mass 

spectrometer using positive mode electrospray ionisation (ESI+). A Dr Maisch GmbH 

Reprosil Gold 120 C18 3 μm 150×4 mm column was used with UV absorption detected at 

214 nm. A linear gradient of 5% to 95% HPLC-grade acetonitrile in ultra-pure water with 

0.1% trifluoroacetic acid over 10 minutes was utilised with a flow rate of 1 mL min-1. Semi-

preparative reverse-phase HPLC was performed on a Gilson HPLC system equipped with 

Gilson 306 pumps, a Phenomenex Synergi C18 (80 Å, 10 µm, 250×21.2 mm) column at a 

flow rate of 8 mL min-1. Non-linear gradients between 5% to 100% HPLC grade acetonitrile 

in ultra-pure water with 0.1% trifluoroacetic acid were utilised. UV absorption was 

detected at 214 nm and 254 nm using a Gilson 155 UV/VIS detector. Collected fractions 

were then lyophilised using a Thermo Heto PowerDry LL3000 lyophiliser. 
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5.2.4 Preparation of compounds 

Preparation of E3 ligase ligands 

- VHL ligand VHL-1 (2.3) and epimer control cisVHL-1 (2.4): 

 

2.5: To a stirred to solution of 4-bromo-2-hydroxybenzonitrile (9.0 g, 45 mmol, 1 equiv) in 

N,N-dimethylacetamide (153 mL, 0.3 M) was added 4-methylthiazole (8.3 mL, 91 mmol, 2 

equiv), palladium(II) acetate (99 mg, 0.45 mmol, 1 mol%) and potassium acetate (9.0 g, 91 

mmol, 2 equiv) and the resulting suspension was stirred at 150 °C for 16 hours. The reaction 

mixture was allowed to cool to room temperature, diluted with water (200 mL) and 

extracted with ethyl acetate (3 × 200 mL). The combined organic extracts were washed 

with brine (2 × 200 mL) and 5% aqueous lithium chloride (2 × 200 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel using an eluent of 30% to 100% ethyl acetate in 

dichloromethane afforded nitrile 2.5 (4.7 g, 22 mmol, 53%) as a light yellow amorphous 

solid. 

Analytical data observed were in accordance with literature values.103  

1H NMR (400 MHz, methanol-d4) δ 8.95 (1H, s, thiazole-CH), 7.64 – 7.57 (1H, m, Ar-CH), 7.12 

– 7.02 (2H, m, 2 × Ar-CHa/b), 2.53 (3H, s, -CH3). 13C NMR (101 MHz, methanol-d4) δ 161.7 

(Ar-C), 153.9 (thiazole-CH), 150.5 (thiazole-C), 139.3 (Ar-C), 134.9 (Ar-CH), 131.9 (thiazole-

C), 121.6 (Ar-CaH), 117.4 (nitrile-C), 117.3 (Ar-CbH), 100.4 (Ar-C), 16.2 (-CH3). LCMS (ESI) 

mass calculated for C11H9N2OS [M+H]+ m/z 217.04, found m/z 217.17 with tR = 5.40 min. 

 

  

2.6: To a dry flask charged with argon was added anhydrous tetrahydrofuran (6 mL, 0.2 M) 

and nitrile 2.5 (250 mg, 1.16 mmol, 1 equiv) and the reaction mixture was cooled to 0 °C. 

Lithium aluminium hydride (216 mg, 5.80 mmol, 5 equiv) was added portion-wise and the 

resulting suspension was stirred at 0 °C for 1 hour, then allowed to warm to room 

temperature and stirred for a further 16 hours. Once complete consumption of the starting 

material was confirmed by TLC, the reaction mixture was diluted with anhydrous 

tetrahydrofuran (10 mL) and cooled to 0 °C. The reaction was quenched by dropwise 
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addition of water (216 μL), followed by 3 M aqueous sodium hydroxide (216 μL) and water 

(3 × 216 μL), and the resulting suspension was stirred vigorously at room temperature for 

30 minutes. The precipitate was filtered and washed with a copious amount of 

tetrahydrofuran, and the filtrate was concentrated in vacuo to afford amine 2.6 in 

quantitative yield (255 mg, 1.16 mmol) as a dark yellow oil. The crude material was used in 

the next step without further purification. 

Analytical data observed were in accordance with literature values.103  

1H NMR (500 MHz, methanol-d4) δ 8.85 (1H, s, thiazole-CH), 7.31 (1H, d, J = 7.7 Hz, Ar-CH), 

6.99 (1H, d, J = 1.7 Hz, Ar-CH), 6.92 (1H, dd, J = 7.7, 1.7 Hz, Ar-CH), 4.06 (2H, s, -CH2
a), 2.48 

(3H, s, -CH3). 13C NMR (101 MHz, methanol-d4) δ 157.7 (Ar-C), 153.1 (thiazole-CH), 149.4 

(thiazole-C), 135.3 (Ar-C), 132.2 (Ar-CH), 121.6 (Ar-CH), 116.9 (Ar-CH), 101.4 (Ar-C), 63.6 

(thiazole-C), 53.7 (-CaH2), 16.0 (-CH3). HRMS (ESI) exact mass calculated for C11H13N2O6S 

[M+H]+ m/z 221.0743, found m/z 221.0746. LCMS (ESI) mass calculated for C11H13N2O6S 

[M+H]+ m/z 221.07, found m/z 221.00 with tR = 4.02 min. 

 

 

2.7a: To a pre-stirred solution of N-Boc-trans-4-hydroxy-L-proline (525 mg, 2.27 mmol, 1 

equiv), HATU (863 mg, 2.27 mmol, 1 equiv), OxymaPure (323 mg, 2.27 mmol, 1 equiv) and 

N,N-diisopropylethylamine (0.81 mL, 4.5 mmol, 2 equiv) in N,N-dimethylformamide (3.8 

mL) was added amine 2.6 (500 mg, 2.27 mmol, 1 equiv) in N,N-dimethylformamide (3.8 mL, 

0.3 M total concentration) and the resulting solution was stirred at room temperature for 

16 hours. The reaction mixture was partitioned between dichloromethane (50 mL) and 

water (50 mL), and the aqueous phase was extracted with dichloromethane (5 × 50 mL). 

The combined organic phases were washed with 5% aqueous lithium chloride (5 × 100 mL), 

dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 30% ethanol in dichloromethane 

afforded trans-Hyp fragment 2.7a (533 mg, 1.21 mmol, 53%) as an orange amorphous solid. 

Analytical data observed were in accordance with literature values.103 

1H NMR (400 MHz, methanol-d4) δ 8.85 (1H, s, thiazole-CH), 7.29 (1H, d, J = 7.8 Hz, Ar-CH), 

6.94 – 6.86 (2H, m, 2 × Ar-CH), 4.51 – 4.42 (1H, m, -CHOH), 4.41 – 4.36 (2H, m, -CH2
a), 4.35 

– 4.27 (1H, m, -CH), 3.59 – 3.53 (1H, m, -CHH), 3.53 – 3.45 (1H, m, -CHH), 2.47 (3H, s, -CH3), 
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2.33 – 2.17 (1H, m, -CHH), 2.08 – 1.98 (1H, m, -CHH), 1.37 (9H, s, 3 × CH3). 13C NMR (101 

MHz, methanol-d4) δ 176.1 (-CONH), 157.1 (Ar-C), 156.1 (-NCOOR), 152.7 (thiazole-CH), 

148.9 (thiazole-C), 133.4 (Ar-C), 131.7 (Ar-CH), 126.2 (Ar-C), 121.5 (Ar-CH), 117.5 (Ar-CH), 

81.7 (-C(CH3)3), 70.1 (-CHOH), 60.7 (thiazole-C), 58.3 (-CH), 56.0 (-CH2), 40.8 (-CH2), 39.7 (-

CaH2), 28.4 (3C, -C(CH3)3), 15.9 (-CH3). HRMS (ESI) exact mass calculated for C21H27N3O5SNa 

[M+Na]+ m/z 456.1564, found m/z 456.1570. LCMS (ESI) mass calculated for C21H28N3O5S 

[M+H]+ m/z 434.17, found m/z 434.17 with tR = 4.96 min. 

 

 

2.7b: To a pre-stirred solution of N-Boc-cis-4-hydroxy-L-proline (441 mg, 1.91 mmol, 1 

equiv), HATU (723 mg, 1.91 mmol, 1 equiv), OxymaPure (271 mg, 1.91 mmol, 1 equiv) and 

N,N-diisopropylethylamine (0.68 mL, 3.8 mmol, 2 equiv) in N,N-dimethylformamide (3 mL) 

was added amine 2.6 (500 mg, 2.27 mmol, 1 equiv) in N,N-dimethylformamide (3 mL, 0.3 

M total concentration) and the resulting solution was stirred at room temperature for 16 

hours. The reaction mixture was partitioned between dichloromethane (50 mL) and water 

(50 mL), and the aqueous phase was extracted with dichloromethane (5 × 50 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (5 × 100 mL), 

dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 30% ethanol in dichloromethane 

afforded cis-Hyp fragment 2.7b (420 mg, 0.96 mmol, 50%) as an orange amorphous solid. 

Analytical data observed were in accordance with literature values.104  

1H NMR (400 MHz, methanol-d4) δ 8.85 (1H, s, thiazole-CH), 7.33 (1H, d, J = 7.6 Hz, Ar-CH), 

6.95 – 6.85 (2H, m, 2 × Ar-CH), 4.51 – 4.42 (1H, m, -CHOH), 4.41 – 4.29 (2H, m, -CH2
a), 4.27 

– 4.17 (1H, m, -CH), 3.59 – 3.52 (1H, m, -CHH), 3.49 – 3.41 (1H, m, -CHH), 2.48 (3H, s, -CH3), 

2.45 – 2.35 (1H, m, -CHH), 2.06 – 1.96 (1H, m, -CHH), 1.38 (9H, s, 3 × CH3). 13C NMR (101 

MHz, methanol-d4) δ 176.1 (-CONH), 157.1 (Ar-C), 156.1 (-NCOOR), 152.8 (thiazole-CH), 

148.9 (thiazole-C), 133.3 (Ar-C), 131.6 (Ar-CH), 126.1 (Ar-C), 121.4 (Ar-CH), 117.2 (Ar-CH), 

81.9 (-C(CH3)3), 70.4 (-CHOH), 61.5 (thiazole-C), 61.1 (-CH), 56.0 (-CH2), 39.7 (-CaH2), 28.7 (-

CH2), 28.4 (3C, -C(CH3)3), 15.9 (-CH3). HRMS (ESI) exact mass calculated for C21H27N3O5S [M-

H]- m/z 433.1683, found m/z 433.1612. 
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2.8a: Protected trans-Hyp fragment 2.7a (140 mg, 0.32 mmol, 1 equiv) was dissolved in 

trifluoroacetic acid/dichloromethane (5 mL/5 mL, 0.03 M) and the resulting solution was 

stirred at room temperature for 2 hours. The reaction was monitored by TLC for complete 

consumption of the starting material before removal of volatile components in vacuo. To 

the residue was added to a pre-stirred solution of N-Boc-L-tert-leucine (75 mg, 0.32 mmol, 

1 equiv), HATU (120 mg, 0.32 mmol, 1 equiv), OxymaPure (46 mg, 0.32 mmol, 1 equiv) and 

N,N-diisopropylethylamine (0.23 mL, 1.3 mmol, 4 equiv) in N,N-dimethylformamide (1 mL, 

0.3 M), and the resulting solution was stirred at room temperature for 16 hours. The 

reaction mixture was partitioned between dichloromethane (20 mL) and water (20 mL), 

and the aqueous phase was extracted with dichloromethane (3 × 20 mL). The combined 

organic phases were washed with 5% aqueous lithium chloride (3 × 20 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 0% to 20% ethanol in ethyl acetate afforded 

tert-leucine fragment 2.8a (110 mg, 0.20 mmol, 60%) as a yellow oily solid. 

Analytical data observed were in accordance with literature values.103 

1H NMR (400 MHz, methanol-d4) δ 8.85 (1H, s, thiazole-CH), 7.98 (1H, s, -NHCOOR), 7.36 

(1H, d, J = 8.2 Hz, Ar-CH), 6.94 – 6.85 (2H, m, 2 × Ar-CH), 4.63 – 4.56 (1H, m, -CHOH), 4.50 

(1H, s, -CHa), 4.44 – 4.34 (2H, m, -CH2), 4.32 – 4.24 (1H, m, -CH), 3.90 – 3.76 (2H, m, -CH2), 

2.48 (3H, s, -CH3), 2.24 – 2.06 (2H, m, -CH2), 1.44 (9H, s, 3 × CH3), 1.00 (9H, s, 3 × CH3). 13C 

NMR (101 MHz, methanol-d4) δ 174.5 (-CONH), 172.9 (-CONH), 167.4 (-NHCOOR), 156.6 

(Ar-C), 152.6 (thiazole-CH), 148.8 (thiazole-C), 133.5 (Ar-C), 132.7 (Ar-CH), 126.2 (Ar-C), 

121.4 (Ar-CH), 116.8 (Ar-CH), 80.6 (-C(CH3)3), 71.0 (-CHOH), 60.6 (thiazole-C), 60.4 (-CaH), 

57.9 (-CH), 56.0 (-CH2), 39.5 (-CH2), 38.9 (-CH2), 36.8 (-C(CH3)3), 28.7 (3C, -C(CH3)3), 26.9 (3C, 

-C(CH3)3), 16.0 (-CH3). HRMS (ESI) exact mass calculated for C27H39N4O6S [M+H]+ m/z 

547.2585, found m/z 547.2580. LCMS (ESI) mass calculated for C27H39N4O6S [M+H]+ m/z 

547.26, found m/z 547.08 with tR = 5.50 min. 
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2.8b: Protected cis-Hyp fragment 2.7b (410 mg, 0.95 mmol, 1 equiv) was dissolved in 

trifluoroacetic acid/dichloromethane (10 mL/10 mL, 0.03 M) and the resulting solution was 

stirred at room temperature for 2 hours. The reaction was monitored by TLC for complete 

consumption of the starting material before removal of volatile components in vacuo. To 

the residue was added a pre-stirred solution of N-Boc-L-tert-leucine (220 mg, 0.95 mmol, 1 

equiv), HATU (360 mg, 0.95 mmol, 1 equiv), OxymaPure (130 mg, 0.95 mmol, 1 equiv) and 

N,N-diisopropylethylamine (0.67 mL, 3.8 mmol, 4 equiv) in N,N-dimethylformamide (3.2 

mL, 0.3 M), and the resulting solution was stirred at room temperature for 16 hours. The 

reaction mixture was partitioned between dichloromethane (30 mL) and water (30 mL), 

and the aqueous phase was extracted with dichloromethane (3 × 30 mL). The combined 

organic phases were washed with 5% aqueous lithium chloride (3 × 40 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 0% to 20% ethanol in ethyl acetate afforded 

the tert-leucine fragment 2.8b (260 mg, 0.47 mmol, 50%) as a yellow oily solid. 

Analytical data observed were in accordance with literature values.104  

1H NMR (400 MHz, MHz, methanol-d4) δ 8.85 (1H, s, thiazole-CH), 7.98 (1H, s, -NHCOOR), 

7.35 (1H, d, J = 7.6 Hz, Ar-CH), 6.93 – 6.83 (2H, m, 2 × Ar-CH), 4.58 – 4.51 (1H, m, -CHOH), 

4.47 – 4.35 (3H, -CH2 & -CHa), 4.25 – 4.18 (1H, m, -CH), 4.03 – 3.95 (1H, m, -CHH), 3.73 – 

3.66 (1H, m, -CHH), 2.48 (3H, s, -CH3), 2.46 – 2.38 (1H, m, -CHH), 2.01 – 1.94 (1H, m, -CH), 

1.43 (9H, s, 3 × CH3), 0.99 (9H, s, 3 × CH3). 13C NMR (101 MHz, methanol-d4) δ 175.0 (-CONH), 

173.3 (-CONH), 168.6 (-NHCOOR), 156.7 (Ar-C), 152.7 (thiazole-CH), 148.8 (thiazole-C), 

133.6 (Ar-C), 132.8 (Ar-CH), 125.9 (Ar-C), 121.4 (Ar-CH), 116.6 (Ar-CH), 80.7 (-C(CH3)3), 71.5 

(-CHOH), 61.5 (thiazole-C), 61.0 (-CaH), 57.7 (-CH), 54.8 (-CH2), 39.6 (-CH2), 38.9 (-CH2), 36.2 

(-C(CH3)3), 28.7 (3C, -C(CH3)3), 26.9 (3C, -C(CH3)3), 15.9 (-CH3). HRMS (ESI) exact mass 

calculated for C27H39N4O6S [M+H]+ m/z 547.2585, found m/z 547.2579.  
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VHL-2 (2.3): Protected tert-leucine fragment 2.8a (100 mg, 0.18 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (3 mL/3 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. To the residue was added a pre-stirred solution of 1-fluorocyclopropanecarboxylic 

acid (19 mg, 0.18 mmol, 1 equiv), HATU (70 mg, 0.18 mmol, 1 equiv), OxymaPure (26 mg, 

0.18 mmol, 1 equiv) and N,N-diisopropylethylamine (0.13 mL, 0.73 mmol, 4 equiv) in N,N-

dimethylformamide (0.6 mL, 0.3 M), and the resulting solution was stirred at room 

temperature for 16 hours. The reaction mixture was partitioned between dichloromethane 

(15 mL) and water (15 mL), and the aqueous phase was extracted with dichloromethane (3 

× 15 mL). The combined organic phases were washed with 5% aqueous lithium chloride (3 

× 20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by 

column chromatography on silica gel with an eluent of 0% to 10% ethanol in ethyl acetate 

afforded active VHL ligand VHL-2 (2.3) (72 mg, 0.14 mmol, 74%) as a pale yellow amorphous 

solid. 

Analytical data observed were in accordance with literature values.103 

1H NMR (500 MHz, chloroform-d) δ 9.30 (1H, s, phenol-OH), 8.64 (1H, s, thiazole-CH), 8.09 

– 8.03 (1H, m, -CONH), 7.09 (1H, d, J = 7.8 Hz, Ar-CH), 7.05 – 7.00 (1H, m, -CONH), 6.94 (1H, 

d, J = 1.8 Hz, Ar-CH), 6.83 (1H, dd, J = 7.8, 1.8 Hz, Ar-CH), 4.67 (1H, t, J = 7.9 Hz, -CH), 4.51 – 

4.45 (2H, m, -CH & -CHOH), 4.42 – 4.35 (1H, m, -CHH), 4.20 – 4.14 (1H, m, -CHH), 4.02 (1H, 

br s, hydroxyproline-OH), 3.96 – 3.88 (1H, m, -CHH), 3.65 – 3.58 (1H, m, -CHH), 2.48 (3H, s, 

-CH3), 2.40 – 2.33 (1H, m, -CHH), 2.08 – 2.01 (1H, m, -CHH), 1.34 – 1.17 (4H, m, 2 × 

cyclopropyl-CHa
2), 0.90 (9H, s, 3 × CH3). 13C NMR (126 MHz, chloroform-d) δ 172.9 (-CONH), 

171.1 (-CONH), 170.4 (d, 2JC-F = 20.2 Hz, -CONH), 155.8 (Ar-C), 150.5 (thiazole-CH), 148.4 

(thiazole-C), 133.3 (thiazole-C), 131.7 (Ar-C), 131.2 (Ar-CH), 124.1 (Ar-C), 120.9 (Ar-CH), 

118.2 (Ar-CH), 78.3 (d, 1JC-F = 229.7 Hz, -CbF), 70.2 (-CHOH), 58.5 (-CH), 57.8 (-CH), 56.9 (-

CH2), 40.0 (-CH2), 36.2 (-C(CH3)3), 35.7 (-CH2), 26.3 (3C, -C(CH3)3), 16.2 (-CH3), 13.9 (d, 2JC-F = 

10.2 Hz, cyclopropyl-CaH2), 13.7 (d, 2JC-F = 10.1 Hz, cyclopropyl-CaH2). HRMS (ESI) exact mass 

calculated for C26H33FN4O5SNa [M+Na]+ m/z 555.2053, found m/z 555.2058. LCMS (ESI) 

mass calculated for C26H34FN4O5S [M+H]+ m/z 533.22, found m/z 533.25 with tR = 5.25 min. 
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cisVHL-2 (2.4): Protected tert-leucine fragment 2.8b (120 mg, 0.22 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (3.8 mL/3.8 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. To the residue was added a pre-stirred solution of 1-fluorocyclopropanecarboxylic 

acid (23 mg, 0.22 mmol, 1 equiv), HATU (84 mg, 0.22 mmol, 1 equiv), OxymaPure (31 mg, 

0.22 mmol, 1 equiv) and N,N-diisopropylethylamine (0.16 mL, 0.88 mmol, 4 equiv) in N,N-

dimethylformamide (0.7 mL, 0.3 M), and the resulting solution was stirred at room 

temperature for 16 hours. The reaction mixture was partitioned between dichloromethane 

(15 mL) and water (15 mL), and the aqueous phase was extracted with dichloromethane (3 

× 15 mL). The combined organic phases were washed with 5% aqueous lithium chloride (3 

× 20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by 

column chromatography on silica gel with an eluent of 0% to 10% ethanol in ethyl acetate 

afforded inactive epimer cisVHL-2 (2.4) (73 mg, 0.14 mmol, 62%) as a pale yellow 

amorphous solid. 

Analytical data observed were in accordance with literature values.104  

1H NMR (500 MHz, chloroform-d) δ 8.80 – 8.63 (2H, m, phenol-OH & thiazole-CH), 8.11 – 

8.04 (1H, m, -CONH), 7.15 (1H, d, J = 7.8 Hz, Ar-CH), 6.98 (1H, d, J = 1.8 Hz, Ar-CH), 6.90 (1H, 

dd, J = 7.8, 1.8 Hz, Ar-CH), 6.89 – 6.86 (1H, m, -CONH), 5.15 (1H, s, hydroxyproline-OH), 4.77 

(1H, d, J = 9.0 Hz, -CH), 4.60 – 4.51 (1H, m, -CHH), 4.51 – 4.43 (2H, m, -CH & -CHOH), 4.19 

(1H, dd, J = 14.7, 5.2 Hz, -CHH), 3.87 (1H, dd, J = 11.0, 4.3 Hz, -CHH), 3.78 (1H, dd, J = 11.0, 

1.3 Hz, -CHH), 2.52 (3H, s, -CH3), 2.35 (1H, d, J = 14.3 Hz, -CHH), 2.20 (1H, ddd, J = 14.3, 9.2, 

5.0 Hz, -CHH), 1.36 – 1.20 (4H, m, 2 × cyclopropyl-CHa
2), 0.84 (9H, s, 3 × CH3). 13C NMR (126 

MHz, chloroform-d) δ 173.9 (-CONH), 171.9 (-CONH), 170.0 (d, 2JC-F = 20.3 Hz, -CONH), 155.6 

(Ar-C), 150.6 (thiazole-CH), 148.6 (thiazole-C), 133.8 (thiazole-C), 131.6 (Ar-C), 131.2 (Ar-

CH), 123.3 (Ar-C), 121.3 (Ar-CH), 118.6 (Ar-CH), 78.0 (d, 1JC-F = 241.0 Hz, -CbF), 71.2 (-CHOH), 

59.6 (-CH), 58.7 (-CH), 57.2 (-CH2), 40.1 (-CH2), 35.3 (-C(CH3)3), 34.9 (-CH2), 26.2 (3C, -

C(CH3)3), 16.3 (-CH3 ), 13.8 (d, 2JC-F = 10.2 Hz, cyclopropyl-CaH2), 13.7 (d, 2JC-F = 10.2 Hz, 

cyclopropyl-CaH2). HRMS (ESI) exact mass calculated for C26H33FN4O5SNa [M+Na]+ m/z 
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555.2053, found m/z 555.2052. LCMS (ESI) mass calculated for C26H34FN4O5S [M+H]+ m/z 

533.22, found m/z 533.17 with tR = 5.28 min. 

 

- CRBN ligand CRBN-1 (2.9) and methylated control MeCRBN-1 (2.10): 

 
2.13: To a stirred solution of 3-fluorophthalic anhydride (3.93 g, 23.7 mmol, 1 equiv) in 

anhydrous N,N-dimethylformamide (20 mL, 1.2 M) was added L-glutamine (3.47 g 23.7 

mmol, 1 equiv) and the resulting solution was stirred at 90 °C for 16 hours. Complete 

consumption of starting materials was confirmed by TLC. The reaction mixture was allowed 

to reach room temperature and volatile components were removed in vacuo. The residue 

was re-dissolved in 4 M aqueous hydrochloric acid (20 mL, 1.2 M) and lithium chloride (1.0 

g, 5% w/w) was added. After stirring of the reaction mixture at room temperature for a 

further 16 hours, the resulting precipitate was collected by filtration, washed with water 

and dried in vacuo, yielding phthalimide 2.13 (5.37 g, 18.3 mmol, 73%) as pale yellow 

amorphous solid.  

Analytical data observed were as in accordance with literature values.99  

1H NMR (400 MHz, methanol-d4) δ 7.87 (1H, ddd, J = 8.4, 7.4, 4.4 Hz, Ar-CH), 7.73 (1H, dd, 

J = 7.4, 0.7 Hz, Ar-CH), 7.55 (1H, ddd, J = 9.2, 8.4, 0.7 Hz, Ar-CH), 4.85 (1H, d, J = 4.8 Hz, -

CHa), 2.61 – 2.42 (2H, m, -CH2), 2.31 – 2.25 (2H, m, -CH2). 13C NMR (101 MHz, methanol-d4) 

δ 177.3 (-CONH2), 171.9 (-COOH), 168.0 (-CO), 165.8 (-CO), 159.0 (d, 1JC-F = 263.8 Hz, Ar-C-

F), 138.5 (d, 3JC-F = 8.0 Hz, Ar-CH), 135.4 (Ar-C), 123.6 (d, 2JC-F = 20.1 Hz, Ar-CH), 120.7 (d, 4JC-

F = 3.8 Hz, Ar-CH), 118.7 (d, 2JC-F = 13.3 Hz, Ar-C), 52.9 (-CHa), 32.9 (-CH2), 25.6 (-CH2). HRMS 

(ESI) exact mass calculated for C13H11FN2O5Na [M+Na]+ m/z 317.0544, found m/z 317.0551. 

LCMS (ESI) mass calculated for C13H12FN2O5 [M+H]+ m/z 295.07, found m/z 295.08 with tR 

= 4.34 min. 
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CRBN-1 (2.9): To a stirred solution of phthalimide 2.13 (1.25 g, 4.25 mmol, 1 equiv) in 

acetonitrile (4 mL, 1 M) was added N,N′-carbonyldiimidazole (0.83 g, 5.1 mmol, 1.2 equiv) 

and 4-dimethylaminopyridine (20 mg, 0.18 mmol, 4 mol%), and the resulting solution was 

stirred under reflux whilst monitoring the reaction progress by TLC. After 6 hours, when 

considerable formation of side product 2.9b was observed to begin, the reaction mixture 

was allowed to cool to room temperature before removing volatile components in vacuo. 

The residue was re-dissolved in dichloromethane (25 mL) and water (25 mL), and the 

aqueous phase was extracted with dichloromethane (5 × 25 mL). The combined organic 

layers were dried over magnesium sulfate, filtered and concentrated in vacuo. Purification 

by column chromatography on silica gel with an eluent of 0% to 50% ethanol in ethyl 

acetate afforded CRBN ligand CRBN-1 (2.9) (647 mg, 2.35 mmol, 55%) as a yellow 

amorphous solid and imidazole adduct 2.9b (270 mg, 0.83 mmol, 20%) as a light brown 

amorphous solid. 

CRBN-1 (2.9): Analytical data observed were in accordance with literature values.99  

1H NMR (400 MHz, chloroform-d) δ 8.02 (1H, s, -NH), 7.78 (1H, ddd, J = 8.2, 7.4, 4.3 Hz, Ar-

CH), 7.72 (1H, dd, J = 7.3, 0.7 Hz, Ar-CH), 7.43 (1H, ddd, J = 9.2, 8.2, 0.7 Hz, Ar-CH), 5.02 – 

4.95 (1H, m, -CH), 2.97 – 2.70 (3H, m, -CHaH & -CH2
b), 2.20 – 2.12 (1H, m, -CHHa). 13C NMR 

(101 MHz, chloroform-d) δ 170.8 (-CO), 167.8 (-CO), 166.3 (-CO), 164.1 (-CO), 158.1 (d, 1JC-

F = 267.2 Hz, Ar-C-F), 137.4 (d, 3JC-F = 7.6 Hz, Ar-CH), 134.1 (Ar-C), 123.1 (d, 2JC-F = 19.5 Hz, 

Ar-CH), 120.3 (d, 4JC-F = 3.7 Hz, Ar-CH), 117.8 (Ar-C), 49.7 (-CH), 31.6 (-CaH2), 22.8 (-CbH2). 

HRMS (ESI) exact mass calculated for C13H9FN2O4Na [M+Na]+ m/z 299.0439, found m/z 

299.0444. LCMS (ESI) mass calculated for C14H14FN2O5 [M+CH3OH+H]+ m/z 309.90, found 

m/z 309.92 with tR = 5.05 min. 

2.9b: 1H NMR (400 MHz, methanol-d4) δ 8.21 (1H, s, imidazole-CHc), 8.01 – 7.95 (2H, m, 2 

× Ar-CH), 7.88 (1H, dd, J = 6.5, 2.5 Hz, Ar-CH), 7.62 – 7.59 (1H, m, imidazole-CHd), 7.18 – 

7.15 (1H, m, imidazole-CHe), 5.17 (1H, dd, J = 12.5, 5.5 Hz, -CH), 2.94 – 2.65 (3H, m, -CHH & 

-CH2), 2.19 – 2.11 (1H, m, -CHH’). 13C NMR (101 MHz, methanol-d4) δ 174.4 (-CO), 171.3 (-

CO), 167.6 (-CO), 166.6 (-CO), 139.6 (imidazole-CcH), 137.4 (Ar-CH), 135.3 (Ar-C), 135.1 (Ar-

C), 131.9 (Ar-CH), 129.6 (imidazole-CeH), 124.3 (Ar-C), 123.9 (Ar-CH), 121.7 (imidazole-CdH), 

50.8 (-CH), 32.1 (-CH2), 23.5 (-CH2). IR (thin film) 1728, 1614, 1491 cm-1. HRMS (ESI) exact 
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mass calculated for C16H12N4O4Na [M+Na]+ m/z 347.0751, found m/z 347.0749. LCMS (ESI) 

mass calculated for C16H13N4O4 [M+H]+ m/z 325.09, found m/z 325.08 with tR = 3.92 min. 

 

 

MeCRBN-1 (2.10): CRBN ligand CRBN-1 (2.9) (100 mg, 0.36 mmol, 1 equiv) was dissolved 

in N,N-dimethylformamide (2 mL, 0.2 M) and the resulting solution was cooled to 0 °C. 

Iodomethane (0.14 mL, 2.2 mmol, 6 equiv) and potassium carbonate (75 mg, 0.54 mmol, 3 

equiv) were added at 0 °C and the stirred solution was allowed to warm to room 

temperature. After 16 hours, consumption of CRBN-1 (2.9) was confirmed by TLC and the 

reaction mixture was partitioned between dichloromethane (10 mL) and water (10 mL), 

and the aqueous phase was extracted with dichloromethane (3 × 10 mL). The combined 

organic phases were washed with 5% aqueous lithium chloride (3 × 15 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. The crude material was filtered 

through silica gel to afford inactive methylated control ligand MeCRBN-1 (2.10) (89 mg, 

0.29 mmol, 85%) as an amorphous yellow solid.  

Analytical data observed were as in accordance with literature values.147  

1H NMR (400 MHz, chloroform-d) δ 7.77 (1H, ddd, J = 8.2, 7.3, 4.3 Hz, Ar-CH), 7.71 (1H, dd, 

J = 7.3, 0.9 Hz, Ar-CH), 7.43 (1H, ddd, J = 9.3, 8.3, 0.9 Hz, Ar-CH), 5.02 – 4.94 (1H, m, -CH), 

3.22 (3H, s, -CH3
a), 3.06 – 2.96 (1H, m, -CHH), 2.87 – 2.71 (2H, m, -CH2), 2.18 – 2.09 (1H, m, 

-CHH). 13C NMR (101 MHz, chloroform-d) δ 171.0 (-CO), 168.5 (-CO), 166.4 (-CO), 164.2 (-

CO), 158.0 (d, 1JC-F = 266.9 Hz, Ar-C-F), 137.2 (d, 3JC-F = 7.6 Hz, Ar-CH), 134.1 (Ar-C), 123.0 (d, 

2JC-F = 19.5 Hz, Ar-CH), 120.1 (d, 4JC-F = 3.8 Hz, Ar-CH), 117.8 (Ar-C), 50.4 (-CH), 32.0 (-CH2), 

27.5 (-CaH3), 22.0 (-CH2). HRMS (ESI) exact mass calculated for C14H11FN2O4Na [M+Na]+ m/z 

313.0595, found m/z 313.0595. LCMS (ESI) mass calculated for C14H12FN2O4 [M+H]+ m/z 

291.08, found m/z 291.08 with tR = 5.40 min. 

 

 

 

 

 

 

 



Experimental | 190  

- CRBN ligand CRBN-2 (2.11) and methylated control MeCRBN-2 (2.12): 

 

2.14: 3-Boc-amino-2,6-dioxopiperidine (450 mg, 1.97 mmol, 1 equiv) was dissolved in 

trifluoroacetic acid/dichloromethane (7.5 mL/7.5 mL, 0.03 M) and the resulting solution 

was stirred at room temperature for 2 hours. The reaction was monitored by TLC for 

complete consumption of the starting material before removal of volatile components in 

vacuo. The residue was re-dissolved in toluene (20 mL, 0.1 M), and triethylamine (0.55 mL, 

3.9 mmol, 2 equiv) was added. The resulting solution was stirred at room temperature for 

20 minutes. 3-fluorophthalic anhydride (324 mg, 1.97 mmol, 1 equiv) was added to the 

reaction mixture and stirred under reflux for 16 hours. The reaction mixture was allowed 

to reach room temperature before removing volatile components in vacuo. Purification by 

column chromatography on silica gel with an eluent of 50% to 100% ethyl acetate in 

dichloromethane afforded phenol intermediate 2.14 (502 mg, 1.83 mmol, 93%) as a bright 

yellow amorphous solid.  

Analytical data observed were in accordance with literature values.114 

1H NMR (400 MHz, methanol-d4) δ 7.61 (1H, dd, J = 8.4, 7.2 Hz, Ar-H), 7.31 (1H, d, J = 7.2 

Hz, Ar-H), 7.16 (1H, d, J = 8.4 Hz, Ar-H), 5.09 (1H, dd, J = 12.5, 5.4 Hz, -CHa), 2.92 – 2.81 (1H, 

m, -CHH), 2.79 – 2.67 (2H, m, -CH2), 2.16 – 2.08 (1H, m, -CHH). 13C NMR (126 MHz, 

methanol-d4) δ 174.7 (2 × -CO), 171.6 (-CO), 168.9 (-CO), 137.5 (Ar-CH), 134.5 (Ar-C), 125.1 

(Ar-CH), 117.0 (Ar-C), 115.9 (Ar-C), 115.5 (Ar-CH), 50.3 (-CaH), 32.2 (-CH2), 23.7 (-CH2). HRMS 

(ESI) exact mass calculated for C13H10N2O5Na [M+Na]+ m/z 297.0482, found m/z 297.0482. 

LCMS (ESI) mass calculated for C14H15N2O6 [M+CH3OH+H]+ m/z 307.09, found m/z 307.08 

with tR = 4.53 min. 
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CRBN-2 (2.11): To a stirred solution of phenol 2.14 (566 mg, 2.07 mmol, 1 equiv) in N,N-

dimethylformamide (20 mL, 0.1 M) was added potassium carbonate (428 mg, 3.10 mmol, 

1.5 equiv) and tert-butyl bromoacetate (0.31 mL, 2.07 mmol, 1 equiv), and the resulting 

solution was stirred at 60 °C for 16 hours. The reaction mixture was allowed to cool to room 

temperature, diluted with ethyl acetate (50 mL) and washed with water (2 × 50 mL) and 

brine (3 × 50 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. 

Purification by column chromatography on silica gel with an eluent of 50% to 100% ethyl 

acetate in petroleum ether afforded CRBN ligand CRBN-2 (2.11) (470 mg, 1.21 mmol, 59%) 

as a white amorphous solid. 

Analytical data observed were in accordance with literature values.114  

1H NMR (400 MHz, chloroform-d) δ 8.51 (1H, s, -NH), 7.64 (1H, dd, J = 8.5, 7.3 Hz, Ar-H), 

7.48 (1H, d, J = 7.3 Hz, Ar-H), 7.08 (1H, d, J = 8.4 Hz, Ar-H), 5.01 – 4.93 (1H, m, -CH), 4.77 

(2H, s, -CHa), 2.90 – 2.72 (3H, m, -CH2 & -CHH), 2.15 – 2.07 (1H, m, -CHH), 1.46 (9H, s, 3 × -

CH3). 13C NMR (101 MHz, chloroform-d) δ 171.5 (-CO), 168.3 (-CO), 167.0 (-CO), 166.9 (-CO), 

165.6 (-COOR), 155.6 (Ar-C), 136.4 (Ar-CH), 134.0 (Ar-C), 119.9 (Ar-CH), 117.6 (Ar-C), 117.0 

(Ar-CH), 83.2 (-C(CH3)3), 66.6 (-CaH2), 49.3 (-CH), 31.4 (-CH2), 28.1 (3C, -C(CH3)3), 22.6 (-CH2). 

HRMS (ESI) exact mass calculated for C19H20N2O7Na [M+Na]+ m/z 411.1163, found m/z 

411.1154. 

 

 

MeCRBN-2 (2.12): CRBN ligand CRBN-2 (2.11) (47 mg, 0.12 mmol, 1 equiv) was dissolved 

in N,N-dimethylformamide (1.0 mL, 0.2 M) and the resulting solution was cooled to 0 °C. 

Iodomethane (0.05 mL, 0.7 mmol, 6 equiv) and potassium carbonate (50 mg, 0.36 mmol, 3 

equiv) were added at 0 °C and the stirred solution was allowed to warm to room 

temperature. After 16 hours complete consumption of CRBN-2 (2.11) was confirmed by 

TLC and the reaction mixture was partitioned between dichloromethane (10 mL) and water 

(10 mL), and the aqueous phase was extracted with dichloromethane (3 × 10 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (3 × 15 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. The crude material was 
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filtered through silica gel to afford inactive methylated control ligand MeCRBN-2 (2.12) (47 

mg, 0.12 mmol, 96%) as amorphous yellow solid.  

Analytical data observed were in accordance with literature values.115 

1H NMR (400 MHz, chloroform-d) δ 7.67 (1H, dd, J = 8.5, 7.3 Hz, Ar-CH), 7.51 (1H, dd, J = 

7.3, 0.7 Hz, Ar-CH), 7.10 (1H, dd, J = 8.5, 0.7 Hz, Ar-CH), 5.01 – 4.91 (1H, m, -CH), 4.78 (2H, 

s, -CH2), 3.21 (3H, s, -CH3
a), 3.05 – 2.93 (1H, m, -CHH), 2.88 – 2.72 (2H, m, -CH2), 2.15 – 2.03 

(1H, m, -CHH), 1.48 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 171.3 (-CO), 168.8 

(-CO), 167.1 (-CO), 167.0 (-CO), 165.8 (-COOR), 155.6 (Ar-C), 136.4 (Ar-CH), 134.1 (Ar-C), 

119.8 (Ar-CH), 117.8 (Ar-C), 117.0 (Ar-CH), 83.3 (-C(CH3)3), 66.7 (-CH2), 50.1 (-CH), 32.0 (-

CH2), 28.2 (9H, s, 3 × -CH3), 27.4 (-CaH3), 22.1 (CH2). HRMS (ESI) exact mass calculated for 

C20H23N2O7 [M+H]+ m/z 403.1500, found m/z 403.1495. 

 

Preparation of HaloPROTACs and mono-functional controls 

- VHL HaloPROTACs and mono-functional controls:  

 

2.15a: To a dry flask charged with argon was added anhydrous tetrahydrofuran/N,N-

dimethylformamide (1.5 mL/1.5 mL, 1 M), pentaethylene glycol (1.5 mL, 7.0 mmol, 5 equiv) 

and sodium hydride (60% in mineral oil, 140 mg, 2.5 mmol, 2.5 equiv) at 0 °C. The resulting 

suspension was stirred for 30 minutes before 1-chloro-6-iodohexane (0.21 mL, 1.7 mmol, 

1 equiv) was added slowly at 0 °C. The reaction mixture was allowed to reach room 

temperature and stirred for further 16 hours. The reaction was quenched by dropwise 

addition of water (10 mL) before addition of 1 M aqueous hydrochloric acid (10 mL). The 

aqueous phase was extracted with chloroform (3 × 20 mL) and the combined organic 

extracts were washed with 5% aqueous lithium chloride (3 × 40 mL), dried over magnesium 

sulfate, filtered and concentrated in vacuo. Purification by column chromatography on 

silica gel with an eluent of 75% to 100% ethyl acetate in chloroform afforded alcohol 2.15a 

(380 mg, 1.06 mmol, 79%) as a clear oil. 

Analytical data observed were in accordance with literature values.103  

1H NMR (400 MHz, chloroform-d) δ 3.76 – 3.70 (2H, m, -CH2), 3.69 – 3.57 (18H, m, 9 × -CH2), 

3.53 (2H, t, J = 6.7 Hz, -CH2), 3.45 (2H, t, J = 6.6 Hz, -CH2
a), 2.55 (1H, t, J = 6.3 Hz, -OH), 1.82 

– 1.73 (2H, m, -CH2), 1.63 – 1.54 (2H, m, -CH2), 1.50 – 1.32 (4H, m, 2 × -CH2). 13C NMR (101 

MHz, chloroform-d) δ 72.7 (-CH2), 71.4 (-CaH2), 70.8 (-CH2), 70.8 (-CH2), 70.7 (2 × -CH2), 70.7 
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(-CH2), 70.7 (-CH2), 70.5 (-CH2), 70.2 (-CH2), 61.9 (-CH2OH), 45.2 (-CH2Cl), 32.7 (-CH2), 29.6 (-

CH2), 26.9 (-CH2), 25.6 (-CH2). HRMS (ESI) exact mass calculated for C16H33ClO6Na [M+Na]+ 

m/z 379.1858, found m/z 379.1847. LCMS (ESI) mass calculated for C16H34ClO6 [M+H]+ m/z 

357.20, found m/z 357.17 with tR = 5.81 min. 

 

 

2.15b: To a dry flask charged with argon was added anhydrous tetrahydrofuran/N,N-

dimethylformamide (1.6 mL/1.6 mL, 1 M), pentaethylene glycol (1.6 mL, 7.8 mmol, 5 equiv) 

and sodium hydride (60% in mineral oil, 160 mg, 2.5 mmol, 2.5 equiv) at 0 °C. The resulting 

suspension was stirred for 30 minutes before 1-bromohexane (0.28 mL, 1.8 mmol, 1 equiv) 

was added slowly at 0 °C. The reaction mixture was allowed to reach room temperature 

and stirred for further 16 hours. The reaction was quenched by dropwise addition of water 

(10 mL) before addition of 1 M aqueous hydrochloric acid (10 mL). The aqueous phase was 

extracted with chloroform (3 × 20 mL) and the combined organic extracts were washed 

with 5% aqueous lithium chloride (3 × 40 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 0% to 25% ethanol in ethyl acetate afforded alcohol 2.15b in quantitative yield (492 mg, 

1.55 mmol) as a light yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 3.76 – 3.70 (2H, m, -CH2), 3.69 – 3.50 (18H, m 9 × -CH2), 

3.44 (2H, t, J = 6.8 Hz, -CH2
a), 2.60 (1H, s, -OH), 1.63 – 1.47 (2H, m, -CH2), 1.40 – 1.18 (6H, 

m, 3 × -CH2), 0.92 – 0.84 (3H, m, -CH3). 13C NMR (101 MHz, chloroform-d) δ 72.7 (-CH2), 71.7 

(-CaH2), 70.8 (-CH2), 70.8 (-CH2), 70.7 (2 × -CH2), 70.7 (2 × -CH2), 70.5 (-CH2), 70.2 (-CH2), 61.9 

(-CH2), 31.8 (-CH2), 29.7 (-CH2), 25.9 (-CH2), 22.8 (-CH2), 14.2 (-CH3). IR (thin film) 3451, 1247, 

1101 cm-1. HRMS (ESI) exact mass calculated for C16H34O6Na [M+Na]+ m/z 345.2248, found 

m/z 345.2246. 

 

 

2.16a: To a stirred solution of alcohol 2.15a (330 mg, 0.93 mmol, 1 equiv) in 

dichloromethane (9.3 mL, 0.1 M) was added dimethyl sulfoxide (2.2 mL) and triethylamine 

(0.52 mL, 3.7 mmol, 4 equiv) and reaction mixture was cooled to 0 °C. To anhydrous 

dimethyl sulfoxide (2.2 mL) was added sulfur trioxide pyridine complex (370 mg, 2.3 mmol, 
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2.5 equiv) at 0 °C and stirred for 10 minutes before dropwise addition of the pre-stirred 

solution to the reaction mixture. The resulting solution was stirred for 1 hour at 0 °C and 

was then allowed to reach room temperature over 2 hours before complete consumption 

of the starting material was confirmed by LCMS. The reaction mixture was diluted with 

water (20 mL) and the aqueous phase was extracted with dichloromethane (3 × 20 mL). 

The combined organic extracts were washed with water (30 mL) and brine (30 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Aldehyde 2.16a (300 mg, 0.85 

mmol, 91%) was afforded as a yellow oil and the crude material was used in the next step 

without further purification. 

LCMS (ESI) mass calculated for C16H32ClO6 [M+H]+ m/z 355.19, found m/z 355.08 with tR = 

5.64 min. 

 

 

2.16b: To a stirred solution of alcohol 2.15b (200 mg, 0.64 mmol, 1 equiv) in 

dichloromethane (6.4 mL, 0.1 M) was added dimethyl sulfoxide (1.5 mL) and triethylamine 

(0.36 mL, 2.6 mmol, 4 equiv) and reaction mixture was cooled to 0 °C. To anhydrous 

dimethyl sulfoxide (1.5 mL) was added sulfur trioxide pyridine complex (260 mg, 1.6 mmol, 

2.5 equiv) at 0 °C and stirred for 10 minutes before dropwise addition of the pre-stirred 

solution to the reaction mixture. The resulting solution was stirred for 1 hour at 0 °C and 

was then allowed to reach room temperature over 2 hours before complete consumption 

of the starting material was confirmed by LCMS. The reaction mixture was diluted with 

water (20 mL) and the aqueous phase was extracted with dichloromethane (3 × 20 mL). 

The combined organic extracts were washed with water (30 mL) and brine (30 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Aldehyde 2.16b (140 mg, 0.43 

mmol, 67%) was afforded as a yellow oil and the crude material was used in the next step 

without further purification. 

LCMS (ESI) mass calculated for C16H33O6 [M+H]+ m/z 321.23, found m/z 321.67 with tR = 

5.79 min. 
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2.17a: To a stirred solution of aldehyde 2.16a (300 mg, 0.85 mmol, 1 equiv) in tert-

butanol/water (7.2 mL/1.8 mL, 0.1 M) was added sodium phosphate monobasic 

monohydrate (224 mg, 1.44 mmol, 1.7 equiv), sodium chlorite (268 mg, 2.98 mmol, 3.5 

equiv) and amylene (2 M in THF, 3.2 mL, 6.0 mmol, 7 equiv). The resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was diluted with water (10 

mL) and brine (10 mL), and the aqueous phase was extracted with ethyl acetate (4 × 20 

mL). The combined organic extracts were washed with brine (2 × 40 mL), dried over 

magnesium sulfate and concentrated in vacuo. Purification by column chromatography on 

silica gel with an eluent of 5% to 20% ethanol in dichloromethane yielded carboxylic acid 

2.17a (260 mg, 0.70 mmol, 82%) as a clear oil.  

Analytical data observed were in accordance with literature values.103  

1H NMR (400 MHz, chloroform-d) δ 3.83 (2H, s, -CH2
a), 3.72 – 3.54 (17H, m, 8 × -CH2 & -

COOH), 3.52 (2H, t, J = 6.7 Hz, -CH2), 3.43 (2H, t, J = 6.7 Hz, -CH2), 1.81 – 1.72 (2H, m, -CH2), 

1.62 – 1.53 (2H, m, -CH2), 1.49 – 1.31 (4H, m, 2 × -CH2). 13C NMR (101 MHz, chloroform-d) 

δ 176.1 (-COOH), 71.3 (-CaH2), 71.1 (-CH2), 70.5 (-CH2), 70.4 (-CH2), 70.2 (2 × -CH2), 70.1 (-

CH2), 70.0 (-CH2), 69.9 (-CH2), 69.2 (-CH2), 45.2 (-CH2Cl), 32.7 (-CH2), 29.5 (-CH2), 26.8 (-CH2), 

25.5 (-CH2). HRMS (ESI) exact mass calculated for C16H31ClO7Na [M+Na]+ m/z 393.1651, 

found m/z 393.1653. LCMS (ESI) mass calculated for C16H32ClO7 [M+H]+ m/z 371.18, found 

m/z 371.18 with tR = 5.80 min. 

 

 

2.17b: To a stirred solution of aldehyde 2.16b (140 mg, 0.42 mmol, 1 equiv) in tert-

butanol/water (3.5 mL/0.7 mL, 0.1 M) was added sodium phosphate monobasic 

monohydrate (110 mg, 0.72 mmol, 1.7 equiv), sodium chlorite (130 mg, 1.5 mmol, 3.5 

equiv) and amylene (2 M in THF, 1.6 mL, 3.0 mmol, 7 equiv). The resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was diluted with water (10 

mL) and brine (10 mL), and the aqueous phase was extracted with ethyl acetate (4 × 20 

mL). The combined organic extracts were washed with brine (2 × 40 mL), dried over 

magnesium sulfate and concentrated in vacuo. Purification by column chromatography on 
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silica gel with an eluent of 5% to 20% ethanol in dichloromethane yielded carboxylic acid 

2.17b (118 mg, 0.35 mmol, 83%) as a clear oil.  

1H NMR (400 MHz, chloroform-d) δ 6.28 (1H, s, -COOH), 3.90 (2H, s, -CH2
a), 3.77 – 3.50 

(16H, m, 8 × -CH2), 3.41 (2H, t, J = 6.7 Hz, -CH2), 1.65 – 1.46 (2H, m, -CH2), 1.44 – 1.16 (6H, 

m, 3 × -CH2), 0.86 (3H, t, J = 6.5 Hz, -CH3). 13C NMR (101 MHz, chloroform-d) δ 175.4 (-

COOH), 71.6 (-CaH2), 70.6 (-CH2), 70.4 (-CH2), 70.3 (-CH2), 70.1 (-CH2), 70.0 (-CH2), 70.0 (-

CH2), 69.9 (2 × -CH2), 69.5 (-CH2), 31.8 (-CH2), 29.6 (-CH2), 25.8 (-CH2), 22.7 (-CH2), 14.1 (-

CH3). IR (thin film) 2925, 1247, 1099 cm-1. HRMS (ESI) exact mass calculated for C16H32O7Na 

[M+Na]+ m/z 359.2040, found m/z 359.2039. LCMS (ESI) mass calculated for C16H33O7 

[M+H]+ m/z 337.22, found m/z 337.58 with tR = 5.95 min. 

 

 

VHL-HP-1 (2.18): To a pre-stirred solution of carboxylic acid 2.17a (49 mg, 0.13 mmol, 1 

equiv), HATU (50 mg, 0.13 mmol, 1 equiv) and N,N-diisopropylethylamine (70 μL, 0.39 

mmol, 3 equiv) in N,N-dimethylformamide (0.5 mL, 0.3 M) was added amine VHL-1 (2.1) (57 

mg, 0.13 mmol, 1 equiv), and the resulting solution was stirred at room temperature for 16 

hours. The reaction mixture was partitioned between dichloromethane (15 mL) and water 

(15 mL), and the aqueous phase was extracted with dichloromethane (5 × 15 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (5 × 20 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 20% ethanol in dichloromethane 

afforded VHL HaloPROTAC VHL-HP-1 (2.18) (80 mg, 0.10 mmol, 77%) as a clear oily solid. 

Further purification by semi-preparative RP-HPLC using a focussed gradient across 45% and 

70% acetonitrile in water over 35 minutes eluted the title compound at tR = 22 minutes 

(63% acetonitrile). Lyophilisation of the product fraction generated VHL HaloPROTAC VHL-

HP-1 (2.18) (36 mg, 0.050 mmol, 35%) as a white fluffy powder.  

Analytical data observed were in accordance with literature values.103  

1H NMR (500 MHz, methanol-d4) δ 9.08 (1H, s, thiazole-CH), 7.51 – 7.43 (4H, m, 4 × Ar-CH), 

4.70 (1H, s, -CHb), 4.60 – 4.47 (3H, m, -CHOH & -CH2), 4.37 (1H, d, J = 15.6 Hz, -CH), 4.04 

(2H, m, -CH2
a), 3.88 (1H, dd, J = 11.2, 1.7 Hz, -CHH), 3.80 (1H, dd, J = 11.0, 3.8 Hz, -CHH), 

3.73 – 3.52 (18H, m, 9 × -CH2), 3.46 (2H, t, J = 6.5 Hz, -CH2), 2.50 (3H, s, -CH3), 2.23 (1H, ddd, 

J = 13.2, 7.6, 1.9 Hz, -CHH), 2.09 (1H, ddd, J = 13.3, 9.1, 4.4 Hz, -CHH), 1.79 – 1.72 (2H, m, -
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CH2), 1.61 – 1.53 (2H, m, -CH2), 1.49 – 1.34 (4H, m, 2 × -CH3), 1.05 (9H, s, 3 × -CH3). 13C NMR 

(126 MHz, methanol-d4) δ 174.4 (-CONH), 172.1 (-CONH), 171.6 (-CONH), 153.5 (thiazole-

CH), 147.9 (thiazole-C), 140.7 (Ar-C), 130.9 (thiazole-C), 130.4 (2 × Ar-CH), 129.6 (Ar-C), 

129.0 (2 × Ar-CH), 72.3 (-CaH2), 72.1 (-CH2), 71.7 (-CH2), 71.6 (-CH2), 71.6 (3 × -CH2), 71.5 (-

CH2), 71.2 (-CH2), 71.1 (-CH2), 71.0 (-CHOH), 60.8 (-CbH), 58.1 (-CH), 58.1 (-CH2), 45.7 (-CH2), 

43.7 (-CH2), 38.9 (-CH2), 37.1 (-C(CH3)3), 33.7 (-CH2), 30.6 (-CH2), 27.7 (-CH2), 27.0 (3C, -

C(CH3)3), 26.5 (-CH2), 15.4 (-CH3). HRMS (ESI) exact mass calculated for C38H59N4O9SClNa 

[M+Na]+ m/z 805.3583, found m/z 805.3554. LCMS (ESI) mass calculated for C38H60N4O9SCl 

[M+H]+ m/z 783.38, found m/z 783.08 with tR = 6.16 min. 

 

 

cisVHL-ctrl-1 (2.19): To a pre-stirred solution of carboxylic acid 2.17a (22 mg, 0.059 mmol, 

1 equiv), HATU (22 mg, 0.059 mmol, 1 equiv) and N,N-diisopropylethylamine (30 μL, 0.18 

mmol, 3 equiv) in N,N-dimethylformamide (0.2 mL, 0.3 M) was added amine cisVHL-1 (2.2) 

(26 mg, 0.059 mmol, 1 equiv), and the resulting solution was stirred at room temperature 

for 16 hours. The reaction mixture was partitioned between dichloromethane (15 mL) and 

water (15 mL), and the aqueous phase was extracted with dichloromethane (5 × 15 mL). 

The combined organic phases were washed with 5% aqueous lithium chloride (5 × 20 mL), 

dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 20% ethanol in dichloromethane 

afforded VHL epimer control cisVHL-ctrl-1 (2.19) (24 mg, 0.031 mmol, 51%) as a clear oily 

solid. Further purification by semi-preparative RP-HPLC using a focused gradient across 

50% and 80% acetonitrile in water over 30 minutes eluted the title compound at tR = 21 

minutes (71% acetonitrile). Lyophilisation of the product fraction generated VHL epimer 

control cisVHL-ctrl-1 (2.19) (14 mg, 0.018 mmol, 30%) as a white fluffy powder.  

1H NMR (500 MHz, methanol-d4) δ 10.08 (1H, s, thiazole-CH), 7.68 – 7.48 (4H, m, 4 × Ar-

CH), 4.64 – 4.56 (2H, m, -CHOH & -CHb), 4.52 (1H, dd, J = 9.0, 4.7 Hz, -CH), 4.46 – 4.37 (2H, 

m, -CH2), 4.05 (2H, s, -CH2
a), 4.03 – 3.99 (1H, m, -CHH), 3.74 – 3.53 (19H, m, -CHH & 9 × -

CH2), 3.47 (2H, t, J = 6.5 Hz, -CH2), 2.63 (3H, s, -CH3), 2.50 – 2.41 (1H, m, -CHH), 2.00 – 1.93 

(1H, m, -CHH), 1.79 – 1.71 (2H, m, -CH2), 1.61 – 1.54 (2H, m, -CH2), 1.49 – 1.34 (4H, m, 2 × -

CH3), 1.05 (9H, s, 3 × -CH3). 13C NMR (126 MHz, DMSO-d6) δ 172.3 (-CONH), 169.3 (-CONH), 

168.9 (-CONH), 152.0 (thiazole-CH), 146.9 (thiazole-C), 139.4 (Ar-C), 131.6 (thiazole-C), 
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129.4 (Ar-C), 128.7 (2 × Ar-CH), 127.5 (2 × Ar-CH), 70.4 (-CaH2), 70.2 (-CH2), 69.8 (2 × -CH2), 

69.8 (3 × -CH2), 69.6 (-CH2), 69.5 (-CH2), 69.5 (-CH2), 69.0 (-CHOH), 58.6 (-CbH), 55.8 (-CH2), 

55.6 (-CH), 45.4 (-CH2), 41.8 (-CH2), 39.0 (-CH2), 36.9 (-C(CH3)3), 35.2 (-CH2), 32.0 (-CH2), 29.1 

(-CH2), 26.2 (3C, -C(CH3)3), 24.9 (-CH2), 15.6 (-CH3). IR (thin film) 3304, 1528, 668 cm-1. HRMS 

(ESI) exact mass calculated for C38H59N4O9SClNa [M+Na]+ m/z 805.3583, found m/z 

805.3566. LCMS (ESI) mass calculated for C38H60N4O9SCl [M+H]+ m/z 783.38, found m/z 

783.67 with tR = 6.27 min. 

 

 

noHTL-VHL-ctrl-1 (2.20): To a pre-stirred solution of carboxylic acid 2.17b (22 mg, 0.065 

mmol, 1 equiv), HATU (25 mg, 0.065 mmol, 1 equiv) and N,N-diisopropylethylamine (40 μL, 

0.20 mmol, 3 equiv) in N,N-dimethylformamide (0.2 mL, 0.3 M) was added amine VHL-1 

(2.1) (28 mg, 0.065 mmol, 1 equiv), and the resulting solution was stirred at room 

temperature for 16 hours. Complete consumption of the starting material was confirmed 

by TLC before removing volatile components in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 20% ethanol in dichloromethane 

afforded VHL HaloTag control noHTL-VHL-ctrl-1 (2.20) (34 mg, 0.045 mmol, 68%) as a clear 

oily solid. Further purification by semi-preparative RP-HPLC using a focused gradient across 

50% and 80% acetonitrile in water over 25 minutes eluted the title compound at tR = 21 

minutes (74% acetonitrile). Lyophilisation of the product fraction generated VHL HaloTag 

control noHTL-VHL-ctrl-1 (2.20) (20 mg, 0.027 mmol, 40%) as a white fluffy powder.  

1H NMR (500 MHz, methanol-d4) 10.02 (1H, s, thiazole-CH), 7.62 – 7.50 (4H, m, 4 × Ar-CH), 

4.70 (1H, s, -CHb), 4.62 – 4.55 (2H, m, -CH2), 4.54 – 4.48 (1H, m, -CHOH), 4.42 – 4.37 (1H, m, 

-CH), 4.10 – 4.01 (2H, m, -CH2
a), 3.88 (1H, dd, J = 11.0, 1.6 Hz, -CHH), 3.81 (1H, dd, J = 11.1, 

3.7 Hz, -CHH), 3.74 – 3.54 (16H, m, 8 × -CH2), 3.45 (2H, t, J = 6.7 Hz, -CH2), 2.62 (3H, s, -CH3), 

2.28 – 2.21 (1H, m, -CHH), 2.12 – 2.04 (1H, m, -CHH), 1.60 – 1.51 (2H, m, -CH2), 1.39 – 1.25 

(6H, m, 3 × -CH3), 1.05 (9H, s, 3 × -CH3), 0.90 (3H, t, J = 6.8 Hz, CH3). 13C NMR (126 MHz, 

DMSO-d6) δ 171.9 (-CONH), 169.17 (-CONH), 168.7 (-CONH), 153.4 (thiazole-CH), 144.6 

(thiazole-C), 140.5 (Ar-C), 133.0 (thiazole-C), 128.8 (2 × Ar-CH), 128.3 (Ar-C), 127.7 (2 × Ar-

CH), 70.5 (-CaH2), 70.4 (-CH2), 69.9 (2 × -CH2), 69.9 (3 × -CH2), 69.7 (-CH2), 69.5 (-CH2), 68.9 

(-CH2), 68.9 (-CHOH), 58.8 (-CbH), 56.6 (-CH2), 55.8 (-CH), 41.7 (-CH2), 38.0 (-CH2), 36.2 (-

C(CH3)3), 35.8 (-CH2), 31.2 (-CH2), 29.2 (-CH2), 26.3 (3C, -C(CH3)3), 25.4 (-CH2), 22.2 (-CH3), 
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14.0 (-CH3). HRMS (ESI) exact mass calculated for C38H60N4O9SNa [M+Na]+ m/z 771.3973, 

found m/z 771.3955. LCMS (ESI) mass calculated for C38H61N4O9S [M+H]+ m/z 749.42, found 

m/z 749.42 with tR = 6.32 min. 

 

 

2.21a: To a dry flask charged with argon was added anhydrous dichloromethane (19 mL, 

0.1 M), alcohol 2.15a (662 mg, 1.86 mmol, 1 equiv), methanesulfonyl chloride (0.22 mL, 2.8 

mmol, 1.5 equiv) and triethylamine (0.76 mL, 5.6 mmol, 3 equiv) and the resulting solution 

was stirred at room temperature for 16 hours. The reaction mixture was partitioned 

between 1 M aqueous hydrochloric acid (20 mL) and dichloromethane (20 mL), and the 

aqueous phase was extracted with dichloromethane (3 × 20 mL). The combined organic 

extracts were washed with water (2 × 40 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with ethyl 

acetate afforded mesylate 2.21a (662 mg, 1.40 mmol, 75%) as a light yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 4.43 – 4.34 (2H, m, -CH2), 3.80 – 3.73 (2H, m, -CH2), 3.71 

– 3.60 (16H, m, 8 × -CH2), 3.60 – 3.49 (2H, m, -CH2), 3.45 (2H, t, J = 6.6 Hz, -CH2), 3.08 (3H, 

s, -CH3
a), 1.83 – 1.72 (2H, m, -CH2), 1.66 – 1.54 (2H, m, -CH2), 1.52 – 1.30 (4H, m, 2 × -CH2). 

13C NMR (101 MHz, chloroform-d) δ 71.4 (-CH2), 70.8 (-CH2), 70.8 (-CH2), 70.8 (2 × -CH2), 

70.8 (2 × -CH2), 70.7 (-CH2), 70.3 (-CH2), 69.4 (-CH2), 69.2 (-CH2), 45.2 (-CH2Cl), 37.9 (-CaH3), 

32.7 (-CH2), 29.6 (-CH2), 26.9 (-CH2), 25.6 (-CH2). IR (thin film) 1349, 1173 cm-1. HRMS (ESI) 

exact mass calculated for C17H35O8SClNa [M+Na]+ m/z 457.1633, found m/z 457.1633. 

 

 

2.21b: To a dry flask charged with argon was added anhydrous dichloromethane (13 mL, 

0.1 M), alcohol 2.15b (410 mg, 1.27 mmol, 1 equiv), methanesulfonyl chloride (0.15 mL, 1.9 

mmol, 1.5 equiv) and triethylamine (0.52 mL, 3.8 mmol, 3 equiv) and the resulting solution 

was stirred at room temperature for 16 hours. The reaction mixture was partitioned 

between 1 M aqueous hydrochloric acid (15 mL) and dichloromethane (15 mL), and the 

aqueous phase was extracted with dichloromethane (3 × 15 mL). The combined organic 

extracts were washed with water (2 × 30 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with ethyl 

acetate afforded mesylate 2.21b (461 mg, 1.15 mmol, 91%) as a light yellow oil. 
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1H NMR (400 MHz, chloroform-d) δ 4.42 – 4.32 (2H, m, -CH2), 3.83 – 3.71 (2H, m, -CH2), 3.72 

– 3.54 (16H, m, 8 × -CH2), 3.44 (2H, t, J = 6.8 Hz, -CH2), 3.08 (3H, s, -CH3
a), 1.69 – 1.50 (2H, 

m, -CH2), 1.41 – 1.20 (6H, m, 3 × -CH2), 0.88 (3H, t, J = 7.0 Hz, CH2). 13C NMR (101 MHz, 

chloroform-d) δ 71.7 (-CH2), 70.8 (-CH2), 70.8 (-CH2), 70.8 (2 × -CH2), 70.8 (2 × -CH2), 70.7 (-

CH2), 70.2 (-CH2), 69.4 (-CH2), 69.2 (-CH2), 37.9 (-CaH3), 31.9 (-CH2), 29.8 (-CH2), 25.9 (-CH2), 

22.8 (-CH2), 14.2 (-CH3). IR (thin film) 1349, 1173, 648 cm-1. HRMS (ESI) exact mass 

calculated for C17H36O8SNa [M+Na]+ m/z 423.2023, found m/z 423.2025. 

 

 

VHL-HP-2 (2.22): To a stirred solution of mesylate 2.21a (89 mg, 0.21 mmol, 1.5 equiv) in 

N,N-dimethylformamide (0.35 mL, 0.4 M) was added phenol VHL-2 (2.3) (73 mg, 0.14 mmol, 

1 equiv) and potassium carbonate (48 mg, 0.35 mmol, 2.5 equiv), the resulting solution was 

heated to 70 °C and stirred for 16 hours. The reaction mixture was diluted with water (15 

mL) and the aqueous phase was extracted with dichloromethane (4 × 15 mL). The combined 

organic extracts were washed with 5% aqueous lithium chloride (3 × 20 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 20% ethanol in dichloromethane 

afforded VHL HaloPROTAC VHL-HP-2 (2.22) (56 mg, 0.064 mmol, 47%) as a clear oily solid. 

Further purification by semi-preparative RP-HPLC using a focused gradient across 50% and 

80% acetonitrile in water over 30 minutes eluted the title compound at tR = 23 minutes 

(76% acetonitrile). Lyophilisation of the product fraction generated VHL HaloPROTAC VHL-

HP-2 (2.22) (30 mg, 0.034 mmol, 25%) as a white fluffy powder.  

1H NMR (400 MHz, methanol-d4) δ 9.97 (1H, s, thiazole-CH), 7.61 (1H, d, J = 7.8 Hz, Ar-CH), 

7.17 (1H, d, J = 1.6 Hz, Ar-CH), 7.12 (1H, dd, J = 7.8, 1.4 Hz, Ar-CH), 4.75 (1H, s, -CH), 4.67 – 

4.59 (1H, m, -CH), 4.58 – 4.48 (2H, m, -CH & -CHH), 4.45 – 4.35 (2H, m, -CHH), 4.33 – 4.23 

(2H, m, -CH2
a), 3.95 – 3.90 (2H, m, -CH2), 3.89 – 3.83 (1H, m, -CHH), 3.83 – 3.77 (1H, m, -

CHH), 3.77 – 3.72 (2H, m, -CH2), 3.71 – 3.66 (2H, m, -CH2), 3.65 – 3.59 (10H, m, 5 × -CH2), 

3.58 – 3.52 (4H, m, 2 × -CH2), 3.46 (2H, t, J = 6.5 Hz, -CH2), 2.62 (3H, s, -CH3), 2.30 – 2.22 (1H, 

m, -CHH), 2.14 – 2.04 (1H, m, -CHH), 1.80 – 1.70 (2H, m, -CH2), 1.61 – 1.52 (2H, m, -CH2), 

1.49 – 1.26 (8H, m, 4 × -CH2), 1.03 (9H, s, 3 × CH3). 13C NMR (101 MHz, methanol-d4) δ 174.4 

(-CONH), 171.7 (-CONH), 171.4 (d, 2JC-F = 20.6 Hz, -CONH), 158.4 (Ar-C), 156.5 (thiazole-CH), 
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142.5 (thiazole-C), 137.6 (thiazole-C), 130.7 (Ar-C), 130.3 (Ar-CH), 129.1 (Ar-C), 122.8 (Ar-

CH), 113.7 (Ar-CH), 79.2 (d, 1JC-F = 231.4 Hz, -CF), 72.1 (-CH2), 71.8 (-CH2), 71.6 (2 × -CH2), 

71.6 (2 × -CH2), 71.5 (2 × -CH2), 71.2 (-C), 71.1 (-CH2), 70.8 (-CH2), 69.6 (-CaH2), 60.8 (-CH), 

58.7 (-CH), 58.2 (-CH2), 45.7 (-CH2), 39.4 (-CH2), 39.0 (-CH2), 37.3 (-C(CH3)3), 33.7 (-CH2), 30.5 

(-CH2), 27.7 (-CH2), 26.9 (3 × -CH3), 26.5 (-CH2), 14.0 (d, 2JC-F = 11.0 Hz, cyclopropyl-CH2), 13.9 

(d, 2JC-F = 10.9 Hz, cyclopropyl-CH2), 13.2 (-CH3). IR (thin film) 3320, 1094, 668 cm-1. HRMS 

(ESI) exact mass calculated for C42H65ClFN4O10S [M+H]+ m/z 871.4088, found m/z 871.4101. 

LCMS (ESI) mass calculated for C42H65ClFN4O10S [M+H]+ m/z 871.41, found m/z 871.75 with 

tR = 6.35 min. 

 

 

cisVHL-ctrl-2 (2.23): To a stirred solution of mesylate 2.21a (27 mg, 0.062 mmol, 1.5 equiv) 

in N,N-dimethylformamide (0.11 mL, 0.4 M) was added phenol cisVHL-2 (2.4) (22 mg, 0.041 

mmol, 1 equiv) and potassium carbonate (15 mg, 0.10 mmol, 2.5 equiv), the resulting 

solution was heated to 70 °C and stirred for 16 hours. Complete consumption of the starting 

material was confirmed by TLC before removing volatile components in vacuo. Purification 

by column chromatography on silica gel with an eluent of 5% to 20% ethanol in 

dichloromethane afforded VHL epimer control cisVHL-ctrl-2 (2.23) (32 mg, 0.037 mmol, 

89%) as a clear oily solid. Further purification by semi-preparative RP-HPLC using a focused 

gradient across 60% and 90% acetonitrile in water over 25 minutes eluted the title 

compound at tR = 19 minutes (78% acetonitrile). Lyophilisation of the product fraction 

generated VHL epimer control cisVHL-ctrl-2 (2.23) (15 mg, 0.017 mmol, 42%) as a white 

fluffy powder.  

1H NMR (400 MHz, methanol-d4) δ 9.18 (1H, s, thiazole-CH), 7.49 (1H, d, J = 7.8 Hz, Ar-CH), 

7.09 (1H, d, J = 1.6 Hz, Ar-CH), 7.04 (1H, dd, J = 7.7, 1.7 Hz, Ar-CH), 4.71 – 4.65 (1H, s, -CH), 

4.61 – 4.52 (1H, m, -CH), 4.52 – 4.43 (1H, m, -CH), 4.44 – 4.35 (2H, m, -CH2), 4.31 – 4.21 (2H, 

m, -CH2
a), 3.95 – 3.88 (2H, m, -CH2), 3.78 – 3.51 (18H, m, 9 × -CH2), 3.49 – 3.42 (2H, m, -

CH2), 2.53 (3H, s, -CH3), 2.50 – 2.39 (1H, m, -CHH), 2.03 – 1.92 (1H, m, -CHH), 1.82 – 1.70 

(2H, m, -CH2), 1.65 – 1.23 (12H, m, 6 × -CH2), 1.02 (9H, s, 3 × CH3). 13C NMR (101 MHz, 

methanol-d4) δ 174.7 (-CONH), 171.9 (-CONH), 171.6 (d, 2JC-F = 20.7 Hz, -CONH), 158.2 (Ar-

C), 153.8 (thiazole-CH), 147.4 (thiazole-C), 134.6 (thiazole-C), 132.0 (Ar-C), 130.3 (Ar-CH), 
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128.8 (Ar-C), 122.8 (Ar-CH), 113.8 (Ar-CH), 79.1 (d, 1JC-F = 231.7 Hz, -CF), 72.1 (-CH2), 71.8 (-

CH2), 71.6 (-CH2), 71.6 (2 × -CH2), 71.6 (2 × -CH2), 71.5 (-CH2), 71.2 (-C), 71.0 (-CH2), 70.8 (-

CH2), 69.5 (-CaH2), 61.1 (-CH), 58.7 (-CH), 57.8 (-CH2), 45.7 (-CH2), 39.6 (-CH2), 37.8 (-CH2), 

36.8 (-C(CH3)3), 33.8 (-CH2), 30.6 (-CH2), 27.7 (-CH2), 26.9 (3 × -CH3), 26.5 (-CH2), 15.2 (-CH3), 

14.1 (d, 2JC-F = 11.0 Hz, cyclopropyl-CH2), 13.9 (d, 2JC-F = 10.9 Hz, cyclopropyl-CH2). HRMS 

(ESI) exact mass calculated for C42H64ClFN4O10SNa [M+Na]+ m/z 893.3908, found m/z 

893.3873. LCMS (ESI) mass calculated for C42H65ClFN4O10S [M+H]+ m/z 871.41, found m/z 

871.67 with tR = 6.38 min. 

 

 

noHTL-VHL-ctrl-2 (2.24): To a stirred solution of mesylate 2.21b (27 mg, 0.068 mmol, 1.5 

equiv) in N,N-dimethylformamide (0.12 mL, 0.4 M) was added phenol VHL-2 (2.3) (22 mg, 

0.041 mmol, 1 equiv) and potassium carbonate (16 mg, 0.11 mmol, 2.5 equiv), the resulting 

solution was heated to 70 °C and stirred for 16 hours. Complete consumption of the starting 

material was confirmed by TLC before removing volatile components in vacuo. Purification 

by column chromatography on silica gel with an eluent of 5% to 10% ethanol in 

dichloromethane afforded VHL HaloTag control noHTL-VHL-ctrl-2 (2.24) (35 mg, 0.042 

mmol, 92%) as a clear oily solid. Further purification by semi-preparative RP-HPLC using a 

focused gradient across 60% and 90% acetonitrile in water over 25 minutes eluted the title 

compound at tR = 18 minutes (77% acetonitrile). Lyophilisation of the product fraction 

generated VHL HaloTag control noHTL-VHL-ctrl-2 (2.24) (14 mg, 0.017 mmol, 37%) as a 

white fluffy powder.  

1H NMR (400 MHz, methanol-d4) δ 9.27 (1H, s, thiazole-CH), 7.53 (1H, d, J = 7.7 Hz, Ar-CH), 

7.10 (1H, d, J = 1.7 Hz, Ar-CH), 7.06 (1H, dd, J = 7.8, 1.6 Hz, Ar-CH), 4.77 – 4.73 (1H, m, -CH), 

4.66 – 4.60 (1H, m, -CH), 4.55 – 4.47 (1H, m, -CH & -CHH), 4.45 – 4.37 (2H, m, -CHH), 4.30 – 

4.22 (2H, m, -CH2
a), 3.95 – 3.90 (2H, m, -CH2), 3.88 – 3.83 (1H, m, -CHH), 3.83 – 3.77 (1H, m, 

-CHH), 3.77 – 3.71 (2H, m, -CH2), 3.71 – 3.65 (2H, m, -CH2), 3.65 – 3.58 (10H, m, 5 × -CH2), 

3.58 – 3.52 (2H, m, -CH2), 3.44 (2H, t, J = 6.6 Hz, -CH2), 2.54 (3H, s, -CH3), 2.28 – 2.20 (1H, 

m, -CHH), 2.14 – 2.04 (1H, m, -CHH), 1.59 – 1.50 (2H, m, -CH2), 1.42 – 1.23 (10H, m, 5 × -

CH2), 1.03 (9H, s, 3 × CH3), 0.95 – 0.84 (3H, s, -CH3). 13C NMR (101 MHz, methanol-d4) δ 

174.3 (-CONH), 171.7 (-CONH), 171.4 (d, 2JC-F = 20.4 Hz, -CONH), 158.2 (Ar-C), 154.0 
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(thiazole-CH), 147.0 (thiazole-C), 142.8 (thiazole-C), 131.6 (Ar-C), 130.1 (Ar-CH), 129.2 (Ar-

C), 122.8 (Ar-CH), 113.8 (Ar-CH), 79.1 (d, 1JC-F = 231.8 Hz, -CF), 72.4 (-CH2), 71.8 (-CH2), 71.6 

(2 × -CH2), 71.6 (2 × -CH2), 71.6 (2 × -CH2), 71.2 (-C), 71.1 (-CH2), 70.9 (-CH2), 69.5 (-CaH2), 

60.8 (-CH), 58.7 (-CH), 58.2 (-CH2), 39.5 (-CH2), 38.9 (-CH2), 37.3 (-C(CH3)3), 32.8 (-CH2), 30.7 

(-CH2), 26.9 (3 × -CH3), 23.7 (-CH2), 15.0 (-CH3), 14.4 (-CH3), 14.0 (d, 2JC-F = 11.1 Hz, 

cyclopropyl-CH2), 13.9 (d, 2JC-F = 11.0 Hz, cyclopropyl-CH2). IR (thin film) 3416, 1098, 701 

cm-1. HRMS (ESI) exact mass calculated for C42H65FN4O10SNa [M+Na]+ m/z 859.4298, found 

m/z 859.4291. LCMS (ESI) mass calculated for C42H66FN4O10S [M+H]+ m/z 837.45, found m/z 

837.33 with tR = 6.44 min. 

 

- CRBN HaloPROTACs and mono-functional controls:  

 

2.26: To a stirred solution of azide 2.25 (1.0 g, 4.6 mmol, 1 equiv) in methanol (46 mL, 0.1 

M) under an argon atmosphere was added 10% palladium on carbon (73 mg, 0.46 mmol, 

10 mol%). The flask was evacuated and purged with argon three times, before sparging the 

suspension with hydrogen gas and stirring at room temperature under a hydrogen 

atmosphere for 16 hours. The hydrogen gas was removed by evacuating the flask and 

purging it with argon three times. After confirming complete consumption of starting 

material, the suspension was filtered through a pad of celite in dichloromethane and the 

celite washed with dichloromethane (250 mL) and methanol (250 mL). The solvents were 

removed in vacuo yielding aminoalcohol 2.26 (754 g, 3.90 mmol, 86%) as a pale yellow oil 

and the crude material was used in the next step without further purification. 

 

 

2.27: To a stirred solution of amine 2.26 (697 mg, 3.61 mmol, 1 equiv) in anhydrous 

dichloromethane (12 mL, 0.3 M) were added di-tert-butyl dicarbonate (945 mg, 4.33 mmol, 

1.2 equiv) and triethylamine (0.75 mL, 5.4 mmol, 1.5 equiv) and the reaction mixture was 

stirred at room temperature for 16 hours. Volatile components were removed in vacuo. 

Purification by column chromatography on silica gel with ethyl acetate afforded protected 

linker 2.27 (876 mg, 2.99 mmol, 83%) as a pale yellow oil. 

Analytical data observed were in accordance with literature values.255  
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1H NMR (400 MHz, chloroform-d) δ 5.61 (1H, s, -NH), 3.75 – 3.49 (14H, m, 7 × -CH2), 3.30 

(2H, t, J = 5.3 Hz, -CH2
a), 3.07 (1H, s, -OH), 1.42 (9H, s, 3 × -CH3). 13C NMR (101 MHz, 

chloroform-d) δ 156.3 (-NCOOR), 79.1 (-C(CH3)), 72.8 (-CH2), 70.8 (-CH2), 70.6 (2 × -CH2), 

70.4 (-CH2), 70.2 (-CH2), 61.8 (-CH2), 40.5 (-CaH2), 28.6 (3 × -CH3). 

 

 

2.28a: To a dry flask charged with argon was added anhydrous tetrahydrofuran (1.4 mL, 0.5 

M), protected aminoalcohol 2.27 (200 mg, 0.68 mmol, 1 equiv) and sodium hydride (60% in 

mineral oil, 68 mg, 1.7 mmol, 2.5 equiv) at 0 °C. The resulting suspension was stirred for 30 

minutes before 1-chloro-6-iodohexane (0.10 mL, 0.68 mmol, 1 equiv) was added slowly at 

0 °C. The reaction mixture was allowed to reach room temperature and stirred for further 

16 hours. The reaction was quenched by dropwise addition of water (10 mL). The aqueous 

phase was extracted with dichloromethane (3 × 10 mL) and the combined organic extracts 

were washed with brine (20 mL), dried over magnesium sulfate, filtered and concentrated 

in vacuo. Purification by column chromatography on silica gel with an eluent of 50 % ethyl 

acetate in petroleum ether afforded linker fragment 2.28a (92 mg, 0.22 mmol, 33%) as a 

light yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 5.04 (1H, s, -NH), 3.69 – 3.48 (16H, m, -CH2
a & 7 × -CH2), 

3.45 (2H, t, J = 6.6 Hz, -CH2), 3.35 – 3.25 (2H, m, -CH2), 1.80 – 1.72 (2H, m, -CH2), 1.63 – 1.55 

(2H, m, -CH2), 1.43 (9H, s, 3 × -CH3), 1.40 – 1.32 (4H, m, 2 × -CH2). 13C NMR (101 MHz, 

chloroform-d) δ 156.1 (-NCOOR), 79.3 (-C(CH3)), 71.4 (-CaH2), 70.8 (2 × -CH2), 70.8 (-CH2), 

70.7 (-CH2), 70.4 (-CH2), 70.4 (-CH2), 70.3 (-CH2), 45.2 (-CH2), 40.5 (-CH2), 32.7 (-CH2), 29.6 (-

CH2), 28.6 (3 × -CH3), 26.8 (-CH2), 25.6 (-CH2). IR (thin film) 3345, 1711, 864 cm-1. HRMS (ESI) 

exact mass calculated for C19H38ClNO6Na [M+Na]+ m/z 434.2280, found m/z 434.2265. 

LCMS (ESI) mass calculated for C19H39ClNO6 [M+H]+ m/z 412.25, found m/z 412.14 with tR = 

6.70 min. 
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2.28b: To a dry flask charged with argon was added anhydrous tetrahydrofuran (1.4 mL, 

0.5 M), protected aminoalcohol 2.27 (200 mg, 0.68 mmol, 1 equiv) and sodium hydride (60% 

in mineral oil, 68 mg, 1.7 mmol, 2.5 equiv) at 0 °C. The resulting suspension was stirred for 

30 minutes before 1-bromohexane (0.10 mL, 0.68 mmol, 1 equiv) was added slowly at 0 °C. 

The reaction mixture was allowed to reach room temperature and stirred for further 16 

hours. The reaction was quenched by dropwise addition of water (10 mL). The aqueous 

phase was extracted with dichloromethane (3 × 10 mL) and the combined organic extracts 

were washed with brine (20 mL), dried over magnesium sulfate, filtered and concentrated 

in vacuo. Purification by column chromatography on silica gel with an eluent of 50 % ethyl 

acetate in petroleum ether afforded linker fragment 2.28b (73 mg, 0.19 mmol, 28%) as a 

light yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 5.03 (1H, s, -NH), 3.74 – 3.50 (14H, m, 7 × -CH2), 3.44 

(2H, t, J = 6.8 Hz, -CH2
a), 3.37 – 3.26 (2H, m, -CH2), 1.65 – 1.49 (2H, m, -CH2), 1.43 (9H, s, 3 

× -CH3), 1.38 – 1.16 (6H, m, 3 × -CH2), 0.88 (3H, t, J = 6.9 Hz, -CH3). 13C NMR (101 MHz, 

chloroform-d) δ 156.1 (-NCOOR), 77.4 (-C(CH3)), 71.7 (-CaH2), 70.8 (-CH2), 70.8 (2 × -CH2), 

70.7 (-CH2), 70.4 (-CH2), 70.4 (-CH2), 70.2 (-CH2), 40.6 (-CH2), 31.8 (-CH2), 29.8 (-CH2), 28.6 

(3 × -CH3), 25.9 (-CH2), 22.8 (-CH2), 14.2 (-CH3). IR (thin film) 3351, 1508, 1248 cm-1. HRMS 

(ESI) exact mass calculated for C19H39NO6Na [M+Na]+ m/z 400.2669, found m/z 400.2670. 

 

 

CRBN-HP-1 (2.29): Protected linker fragment 2.28a (62 mg, 0.15 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (2.5 mL/2.5 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 3 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.75 mL, 0.2 M), and 

CRBN ligand CRBN-1 (2.9) (42 mg, 0.15 mmol, 1 equiv) and N,N-diisopropylethylamine (79 

μL, 0.45 mmol, 3 equiv) were added. The resulting solution was heated to 90 °C and stirred 

for 16 hours. The reaction mixture was partitioned between dichloromethane (20 mL) and 

water (20 mL), and the aqueous phase was extracted with dichloromethane (3 × 20 mL). 
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The combined organic phases were washed with 5% aqueous lithium chloride (3 × 20 mL), 

dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 25% to 100% ethyl acetate in 

dichloromethane afforded CRBN HaloPROTAC CRBN-HP-1 (2.29) (37 mg, 0.065 mmol, 44%) 

as a yellow oil. Further purification by semi-preparative RP-HPLC using a focused gradient 

across 50% and 90% acetonitrile in water over 30 minutes eluted the title compound at tR 

= 27 minutes (81% acetonitrile). Lyophilisation of the product fraction generated CRBN 

HaloPROTAC CRBN-HP-1 (2.29) (6 mg, 0.01 mmol, 7%) as a yellow fluffy powder.  

1H NMR (400 MHz, methanol-d4) δ 7.56 (1H, dd, J = 8.6, 7.1 Hz, Ar-CH), 7.13 – 7.04 (2H, m, 

2 × Ar-CH), 5.09 – 5.02 (1H, m, -CH), 3.79 – 3.48 (18H, m, -CH2
a & 8 × -CH2), 3.45 (2H, t, J = 

6.5 Hz, -CH2), 2.91 – 2.66 (3H, m, -CHH & -CH2), 2.16 – 2.07 (1H, m, -CHH), 1.79 – 1.70 (2H, 

m, -CH2), 1.61 – 1.52 (2H, m, -CH2), 1.49 – 1.34 (4H, m, 2 × -CH2). 13C NMR (126 MHz, 

methanol-d4) δ 174.6 (-CO), 171.5 (-CO), 170.6 (-CO), 169.3 (-CO), 148.2 (Ar-C), 137.2 (Ar-

C), 133.9 (Ar-CH), 118.3 (Ar-CH), 112.0 (Ar-CH), 111.3 (Ar-C), 72.1 (-CH2), 71.7 (-CH2), 71.7 

(-CH2), 71.6 (-CH2), 71.6 (-CH2), 71.5 (-CH2), 71.2 (-CH2), 70.7 (-CH2), 50.2 (-CH), 45.7 (-CH2), 

43.3 (-CaH2), 33.8 (-CH2), 32.2 (-CH2), 30.5 (-CH2), 27.7 (-CH2), 26.5 (-CH2), 23.8 (-CH2). IR 

(thin film) 3387, 1697, 748 cm-1. HRMS (ESI) exact mass calculated for C27H38ClN3O8Na 

[M+Na]+ m/z 590.2240, found m/z 590.2220. LCMS (ESI) mass calculated for C27H39ClN3O8 

[M+H]+ m/z 568.24, found m/z 568.67 with tR = 6.42 min. 

  

 

MeCRBN-ctrl-1 (2.30): Protected linker fragment 2.28a (22 mg, 0.085 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (1 mL/1 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 3 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.4 mL, 0.2 M), and 

methylated CRBN ligand MeCRBN-1 (2.10) (22 mg, 0.085 mmol, 1 equiv) and N,N-

diisopropylethylamine (45 μL, 0.25 mmol, 3 equiv) were added. Volatile components were 

removed in vacuo. Purification by column chromatography on silica gel with an eluent of 

30% to 100% ethyl acetate in petroleum ether afforded methylated CRBN control MeCRBN-

ctrl-1 (2.30) (28 mg, 0.048 mmol, 88%) as a yellow oil. Further purification by semi-

preparative RP-HPLC using a focused gradient across 50% and 90% acetonitrile in water 



Experimental | 207  

over 30 minutes eluted the title compound at tR = 27 minutes (81% acetonitrile). 

Lyophilisation of the product fraction generated methylated CRBN control MeCRBN-ctrl-1 

(2.30) (13 mg, 0.024 mmol, 29%) as a yellow fluffy powder.  

1H NMR (400 MHz, methanol-d4) δ 7.57 (1H, dd, J = 8.6, 7.1 Hz, Ar-CH), 7.13 – 7.05 (2H, m, 

2 ×Ar-CH), 5.13 – 5.05 (1H, m, -CH), 3.76 – 3.48 (18H, m, -CH2
a & 8 × -CH2), 3.45 (2H, t, J = 

6.5 Hz, -CH2), 3.15 (3H, s, -CH3), 2.92 – 2.85 (2H, m, -CH2), 2.76 – 2.63 (1H, m, -CHH), 2.14 – 

2.05 (1H, m, -CHH), 1.80 – 1.70 (2H, m, -CH2), 1.62 – 1.51 (2H, m, -CH2), 1.50 – 1.28 (4H, m, 

2 × -CH2). 13C NMR (101 MHz, methanol-d4) δ 173.7 (-CO), 171.4 (-CO), 170.7 (-CO), 169.3 (-

CO), 148.3 (Ar-C), 137.2 (Ar-C), 133.9 (Ar-CH), 118.3 (Ar-CH), 112.0 (Ar-CH), 111.3 (Ar-C), 

72.1 (-CH2), 71.7 (-CH2), 71.7 (-CH2), 71.6 (-CH2), 71.6 (-CH2), 71.5 (-CH2), 71.2 (-CH2), 70.7 (-

CH2), 50.8 (-CH), 45.7 (-CH2), 43.3 (-CaH2), 33.8 (-CH2), 32.5 (-CH2), 30.6 (-CH2), 27.7 (-CH2), 

27.3 (-CH3), 26.5 (-CH2), 23.1 (-CH2). IR (thin film) 3390, 1683, 669 cm-1. HRMS (ESI) exact 

mass calculated for C28H41ClN3O8 [M+H]+ m/z 582.2577, found m/z 582.2570. LCMS (ESI) 

mass calculated for C28H41ClN3O8 [M+H]+ m/z 582.25, found m/z 582.83 with tR = 6.67 min. 

 

 

noHTL-CRBN-ctrl-1 (2.31): Protected linker fragment 2.28b (32 mg, 0.085 mmol, 1 equiv) 

was dissolved in trifluoroacetic acid/dichloromethane (1.5 mL/1.5 mL, 0.03 M) and the 

resulting solution was stirred at room temperature for 3 hours. The reaction was monitored 

by TLC for complete consumption of the starting material before removal of volatile 

components in vacuo. The residue was redissolved in N,N-dimethylformamide (0.25 mL, 

0.2 M), and CRBN ligand CRBN-1 (2.9) (16 mg, 0.055 mmol, 1 equiv) and N,N-

diisopropylethylamine (29 μL, 0.17 mmol, 3 equiv) were added. The reaction mixture was 

partitioned between dichloromethane (20 mL) and water (20 mL), and the aqueous phase 

was extracted with dichloromethane (3 × 20 mL). The combined organic phases were 

washed with 5% aqueous lithium chloride (3 × 20 mL), dried over magnesium sulfate, 

filtered and concentrated in vacuo. Purification by column chromatography on silica gel 

with an eluent of 25% to 100% ethyl acetate in petroleum ether afforded HaloTag control 

noHTL-CRBN-ctrl-1 (2.31) (20 mg, 0.036 mmol, 48%) as a yellow oil. Further purification by 

semi-preparative RP-HPLC using a focused gradient across 50% and 90% acetonitrile in 

water over 30 minutes eluted the title compound at tR = 25 minutes (80% acetonitrile). 
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Lyophilisation of the product fraction generated HaloTag control noHTL-CRBN-ctrl-1 (2.31) 

(3 mg, 0.005 mmol, 10%) as a yellow fluffy powder.  

1H NMR (400 MHz, methanol-d4) δ 7.55 (1H, dd, J = 8.6, 7.1 Hz, Ar-CH), 7.12 – 7.03 (2H, m, 

2 × Ar-CH), 5.09 – 5.01 (1H, m, -CH), 3.75 – 3.47 (18H, m, -CH2
a & 8 × -CH2), 3.44 (2H, t, J = 

6.6 Hz, -CH2), 2.92 – 2.65 (3H, m, -CHH & -CH2), 2.15 – 2.07 (1H, m, -CHH), 1.60 – 1.49 (2H, 

m, -CH2), 1.39 – 1.23 (4H, m, 2 × -CH2), 0.89 (3H, t, J = 6.8 Hz, -CH3). 13C NMR (101 MHz, 

methanol-d4) δ 174.6 (-CO), 171.5 (-CO), 160.6 (-CO), 169.3 (-CO), 148.2 (Ar-C), 137.2 (Ar-

C), 133.9 (Ar-CH), 118.2 (Ar-CH), 112.0 (Ar-CH), 72.4 (-CH2), 71.7 (-CH2), 71.6 (-CH2), 71.6 (-

CH2), 71.6 (-CH2), 71.5 (-CH2), 71.1 (-CH2), 70.6 (-CH2), 50.2 (CH), 43.3 (-CaH2), 32.8 (-CH2), 

32.2 (-CH2), 30.7 (-CH2), 26.9 (-CH2), 23.8 (-CH2), 23.7 (-CH2), 14.4 (-CH3). IR (thin film) 3055, 

1670, 1179 cm-1. HRMS (ESI) exact mass calculated for C27H40N3O8 [M+H]+ m/z 534.2810, 

found m/z 534.2819. LCMS (ESI) mass calculated for C27H40N3O8 [M+H]+ m/z 534.28, found 

m/z 534.33 with tR = 6.61 min. 

 

 

CRBN-HP-2 (2.32): CRBN ligand CRBN-2 (2.11) (31 mg, 0.080 mmol, 1 equiv) was dissolved 

in trifluoroacetic acid/dichloromethane (1.3 mL/1.3 mL, 0.03 M) and the resulting solution 

was stirred at room temperature for 2 hours. Protected linker fragment 2.28a (33 mg, 0.080 

mmol, 1 equiv) was dissolved in trifluoroacetic acid/dichloromethane (1.3 mL/1.3 mL, 0.03 

M) and the resulting solution was stirred at room temperature for 3 hours. The reactions 

were monitored by TLC for complete consumption of the starting materials before removal 

of volatile components in vacuo. The residues were redissolved in N,N-dimethylformamide 

(0.3 mL, 0.3 M), and HATU (32 mg, 0.080 mmol, 1 equiv) and N,N-diisopropylethylamine (42 

μL, 0.24 mmol, 3 equiv) were added. The resulting solution was stirred at room 

temperature for 16 hours before removal of volatile components in vacuo. Purification by 

column chromatography on silica gel with an eluent of 5% to 20% ethanol in 

dichloromethane afforded CRBN HaloPROTAC CRBN-HP-2 (2.32) (43 mg, 0.069 mmol, 86%) 

as a clear oil. Further purification by semi-preparative RP-HPLC using a focused gradient 

across 50% and 80% acetonitrile in water over 30 minutes eluted the title compound at tR 
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= 21 minutes (72% acetonitrile). Lyophilisation of the product fraction generated CRBN 

HaloPROTAC CRBN-HP-2 (2.32) (17 mg, 0.027 mmol, 34%) as a white fluffy powder. 

1H NMR (500 MHz, methanol-d4) δ 7.83 (1H, dd, J = 8.4, 7.3 Hz, Ar-CH), 7.56 (1H, d, J = 7.3 

Hz, Ar-CH), 7.46 (1H, d, J = 8.5 Hz, Ar-CH), 5.18 – 5.12 (1H, m, -CH), 4.80 (2H, s, -CH2
a), 3.69 

– 3.44 (20H, m, 10 × -CH2), 2.95 – 2.70 (3H, m, -CHH & -CH2), 2.22 – 2.13 (1H, m, -CHH), 1.82 

– 1.73 (2H, m, -CH2), 1.63 – 1.54 (2H, m, -CH2), 1.51 – 1.35 (4H, m, 2 × -CH2). 13C NMR (101 

MHz, methanol-d4) δ 173.1 (-CO), 169.9 (-CO), 168.6 (-CO), 166.9 (-CO), 166.1 (-CO), 154.8 

(Ar-C), 136.8 (Ar-C), 133.6 (Ar-CH), 120.2 (Ar-CH), 117.8 (Ar-C), 116.5 (Ar-CH), 70.7 (-CH2), 

70.2 (-CH2), 70.2 (2 × -CH2), 70.1 (-CH2), 70.0 (-CH2), 69.7 (-CH2), 68.9 (-CH2), 67.8 (-CaH2), 

49.2 (-CH), 44.3 (-CH2), 38.8 (-CH2), 32.3 (-CH2), 30.8 (-CH2), 29.1 (-CH2), 26.3 (-CH2), 25.1 (-

CH2), 22.3 (-CH2). IR (thin film) 3451, 1671, 1178 cm-1. HRMS (ESI) exact mass calculated for 

C29H41ClN3O10 [M+H]+ m/z 626.2475, found m/z 626.2485. LCMS (ESI) mass calculated for 

C29H41ClN3O10 [M+H]+ m/z 626.25, found m/z 626.58 with tR = 5.99 min. 

 

 

MeCRBN-ctrl-2 (2.33): Methylated CRBN ligand MeCRBN-2 (2.12) (32 mg, 0.080 mmol, 1 

equiv) was dissolved in trifluoroacetic acid/dichloromethane (1.3 mL/1.3 mL, 0.03 M) and 

the resulting solution was stirred at room temperature for 2 hours. Protected linker 

fragment 2.28a (33 mg, 0.080 mmol, 1 equiv) was dissolved in trifluoroacetic 

acid/dichloromethane (1.3 mL/1.3 mL, 0.03 M) and the resulting solution was stirred at 

room temperature for 3 hours. The reactions were monitored by TLC for complete 

consumption of the starting materials before removal of volatile components in vacuo. The 

residues were redissolved in N,N-dimethylformamide (0.3 mL, 0.3 M), and HATU (32 mg, 

0.080 mmol, 1 equiv) and N,N-diisopropylethylamine (42 μL, 0.24 mmol, 3 equiv) were 

added. The resulting solution was stirred at room temperature for 16 hours before removal 

of volatile components in vacuo. Purification by column chromatography on silica gel with 

an eluent of 5% to 20% ethanol in dichloromethane afforded methylated CRBN control 

MeCRBN-ctrl-2 (2.33) (43 mg, 0.067 mmol, 84%) as a clear oil. Further purification by semi-

preparative RP-HPLC using a focused gradient across 50% and 80% acetonitrile in water 



Experimental | 210  

over 20 minutes eluted the title compound at tR = 19 minutes (72% acetonitrile). 

Lyophilisation of the product fraction generated methylated CRBN control MeCRBN-ctrl-2 

(2.33) (18 mg, 0.028 mmol, 35%) as a white fluffy powder. 

1H NMR (400 MHz, methanol-d4) δ 7.81 (1H, dd, J = 8.4, 7.3 Hz, Ar-CH), 7.54 (1H, d, J = 7.3 

Hz, Ar-CH), 7.44 (1H, d, J = 8.4 Hz, Ar-CH), 5.20 – 5.11 (1H, m, -CH), 4.78 (2H, s, -CH2
a), 3.70 

– 3.57 (12H, m, 6 × -CH2), 3.57 – 3.52 (4H, m, 2 × -CH2), 3.52 – 3.47 (2H, m, -CH2), 3.45 (2H, 

t, J = 6.5 Hz, -CH2), 3.16 (3H, s, -CH3), 2.97 – 2.84 (2H, m, -CH2), 2.79 – 2.64 (1H, m, -CHH), 

2.19 – 2.08 (1H, m, -CHH), 1.81 – 1.68 (2H, m, -CH2), 1.64 – 1.50 (2H, m, -CH2), 1.50 – 1.32 

(4H, m, 2 × -CH2). 13C NMR (101 MHz, methanol-d4) δ 173.5 (-CO), 171.1 (-CO), 170.0 (-CO), 

168.3 (-CO), 167.6 (-CO), 156.3 (Ar-C), 138.2 (Ar-CH), 135.0 (Ar-C), 121.6 (Ar-CH), 119.2 (Ar-

C), 117.9 (Ar-CH), 72.1 (-CH2), 71.6 (-CH2), 71.6 (2 × -CH2), 71.5 (-CH2), 71.4 (-CH2), 71.2 (-

CH2), 70.3 (-CH2), 69.3 (-CaH2), 51.2 (-CH), 45.7 (-CH2), 40.2 (-CH2), 33.7 (-CH2), 32.5 (-CH2), 

30.5 (-CH2), 27.7 (-CH3), 27.4 (-CH2), 26.5 (-CH2), 22.9 (-CH2). IR (thin film) 3395, 1676, 1180 

cm-1. HRMS (ESI) exact mass calculated for C30H43ClN3O10 [M+H]+ m/z 640.2631, found m/z 

640.2640. LCMS (ESI) mass calculated for C30H43ClN3O10 [M+H]+ m/z 640.26, found m/z 

640.75 with tR = 6.25 min. 

 

 

noHTL-CRBN-ctrl-2 (2.34): CRBN ligand CRBN-2 (2.11) (33 mg, 0.084 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (1.5 mL/1.5 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. Protected linker fragment 2.28b (32 

mg, 0.084 mmol, 1 equiv) was dissolved in trifluoroacetic acid/dichloromethane (1.5 

mL/1.5 mL, 0.03 M) and the resulting solution was stirred at room temperature for 3 hours. 

The reactions were monitored by TLC for complete consumption of the starting materials 

before removal of volatile components in vacuo. The residues were redissolved in N,N-

dimethylformamide (0.3 mL, 0.3 M), and HATU (32 mg, 0.084 mmol, 1 equiv) and N,N-

diisopropylethylamine (45 μL, 0.25 mmol, 3 equiv) were added. The resulting solution was 

stirred at room temperature for 16 hours before removal of volatile components in vacuo. 

Purification by column chromatography on silica gel with an eluent of 5% to 10% ethanol 
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in dichloromethane afforded HaloTag control noHTL-CRBN-ctrl-2 (2.34) (44 mg, 0.074 

mmol, 88%) as a clear oil. Further purification by semi-preparative RP-HPLC using a focused 

gradient across 50% and 80% acetonitrile in water over 20 minutes eluted the title 

compound at tR = 18 minutes (70% acetonitrile). Lyophilisation of the product fraction 

generated HaloTag control noHTL-CRBN-ctrl-2 (2.34) (31 mg, 0.052 mmol, 62%) as a white 

fluffy powder. 

1H NMR (400 MHz, methanol-d4) δ 7.81 (1H, dd, J = 8.4, 7.3 Hz, Ar-CH), 7.53 (1H, d, J = 7.3 

Hz, Ar-CH), 7.43 (1H, d, J = 8.4 Hz, Ar-CH), 5.17 – 5.09 (1H, m, -CH), 4.77 (2H, s, -CH2
a), 3.68 

– 3.57 (10H, m, 5 × -CH2), 3.57 – 3.52 (2H, m, -CH2), 3.52 – 3.47 (2H, m, -CH2), 3.44 (2H, t, J 

= 6.7 Hz, -CH2), 2.97 – 2.65 (3H, m, -CH2 & -CHH), 2.20 – 2.10 (1H, m, -CHH), 1.61 – 1.49 (2H, 

m, -CH2), 1.41 – 1.23 (6H, m, 3 × -CH2), 0.89 (3H, t, J = 6.8 Hz, -CH3). 13C NMR (101 MHz, 

methanol-d4) δ 174.5 (-CO), 171.3 (-CO), 170.0 (-CO), 168.3 (-CO), 167.5 (-CO), 156.2 (Ar-C), 

138.2 (Ar-CH), 135.0 (Ar-C), 121.6 (Ar-CH), 119.2 (Ar-C), 117.9 (Ar-CH), 72.4 (-CH2), 71.6 (2 

× -CH2), 71.6 (2 × -CH2), 71.5 (-CH2), 71.4 (-CH2), 71.1 (-CH2), 70.3 (-CH2), 69.3 (-CaH2), 50.6 

(-CH), 40.2 (-CH2), 32.8 (-CH2), 32.2 (-CH2), 30.7 (-CH2), 26.9 (-CH2), 23.7 (-CH2), 14.4 (-CH3). 

IR (thin film) 1707, 1615, 1197 cm-1. HRMS (ESI) exact mass calculated for C29H42N3O10 

[M+H]+ m/z 592.2865, found m/z 592.2874. LCMS (ESI) mass calculated for C29H42N3O10 

[M+H]+ m/z 592.29, found m/z 592.42 with tR = 6.14 min. 

 

- HyT HaloPROTAC:  

 

2.35: To a stirred solution of tetraethylene glycol (3.3 mL, 15 mmol, 5 equiv) and 1-

bromoadamantane (640 mg, 3.0 mmol, 1 equiv) in triethylamine (1.2 mL, 9.0 mmol, 3 

equiv) was added 1,8-diazabicyclo[5.4.0]undec-7-ene (27 μL, 0.15 mmol, 5 mol%) and the 

resulting solution was heated to 110 °C and stirred for 16 hours. The reaction mixture was 

allowed to reach room temperature before addition of 1 M aqueous hydrochloric acid (20 

mL). The aqueous phase was extracted with dichloromethane (4 × 20 mL) and the combined 

organic extracts washed with water (2 × 40 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 
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of 0% to 50% ethanol in ethyl acetate afforded alcohol 2.35 (483 mg, 1.47 mmol, 48%) as a 

brown oil. 

Analytical data observed were in accordance with literature values.148  

1H NMR (400 MHz, chloroform-d) δ 3.72 (2H, t, J = 4.3 Hz, -CH2), 3.69 – 3.63 (8H, m, 4 × -

CH2), 3.63 – 3.54 (6H, m, 2 × -CH2 & -CH2
a), 2.67 (1H, s, -OH), 2.20 – 2.07 (3H, m, 3 × -CH), 

1.81 – 1.69 (6H, m, 3 × -CH2), 1.69 – 1.53 (6H, m, 3 × -CH2). 13C NMR (126 MHz, chloroform-

d) δ 72.8 (-CH2), 72.6 (-C), 71.5 (-CH2), 70.9 (-CH2), 70.8 (-CH2), 70.8 (-CH2), 70.6 (-CH2), 62.0 

(-CH2), 59.5 (-CaH2), 41.7 (3 × -CH2), 36.7 (3 × -CH2), 30.7 (3 × -CH). 

 

 

HyT-HP-1 (2.36): To a dry flask charged with argon was added anhydrous tetrahydrofuran 

(1.0 mL, 0.3 M), alcohol 2.35 (73 mg, 0.22 mmol, 1 equiv) and sodium hydride (60% in 

mineral oil, 20 mg, 0.44 mmol, 2 equiv) at 0 °C. The resulting suspension was stirred for 30 

minutes before 1-chloro-6-iodohexane (0.50 mL, 0.33 mmol, 1.5 equiv) was added slowly 

at 0 °C. The reaction mixture was allowed to reach room temperature and stirred for a 

further 16 hours. The reaction was quenched by dropwise addition of water (20 mL). The 

aqueous phase was extracted with ethyl acetate (4 × 20 mL) and the combined organic 

extracts were washed with brine (50 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 10% to 60% ethyl acetate in petroleum ether afforded HyT HaloPROTAC HyT-HP-1 (2.36) 

(40 mg, 0.090 mmol, 41%) as a clear oil. 

1H NMR (400 MHz, chloroform-d) δ 3.67 – 3.54 (16H, m, 8 × -CH2), 3.51 (2H, t, J = 6.7 Hz, -

CH2), 3.44 (2H, t, J = 6.6 Hz, -CH2
a), 2.16 – 2.09 (3H, m, 3 × -CH), 1.80 – 1.70 (8H, m, 4 × -

CH2), 1.66 – 1.53 (8H, m, 4 × -CH2), 1.48 – 1.30 (4H, m, 2 × -CH2). 13C NMR (101 MHz, 

chloroform-d) δ 72.4 (-C), 71.5 (-CH2), 71.4 (-CH2), 70.8 (3 × -CH2), 70.8 (-CH2), 70.3 (-CaH2) 

70.3 (-CH2), 59.5 (-CH2), 45.2 (-CH2), 41.7 (3 × -CH2), 36.7 (3 × -CH2), 32.8 (-CH2), 30.7 (3 × -

CH), 29.7 (-CH2), 26.9 (-CH2), 25.6 (-CH2). IR (thin film) 2905, 1092, 872 cm-1. HRMS (ESI) 

exact mass calculated for C24H43ClO5Na [M+Na]+ m/z 469.2691, found m/z 469.2677. 
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Preparation of 1st series amide PROTACs 

- E3 ligase ligand–linker fragments: 

 

3.2a: To a stirred solution of 3.1a (130 mg, 0.25 mmol, 1 equiv) in dichloromethane (1.2 

mL, 0.2 M) was added succinic anhydride (52 mg, 0.52 mmol, 2 equiv) and 4-

dimethylaminopyridine (7.0 mg, 0.010 mmol, 0.01 equiv) and the resulting solution was 

stirred at room temperature for 2 hours. The reaction mixture was partitioned between 

dichloromethane (10 mL) and 1 M aqueous hydrochloric acid (10 mL), and the aqueous 

phase was extracted with dichloromethane (3 × 10 mL). The combined organic extracts 

were dried over magnesium sulfate, filtered and concentrated in vacuo yielding 3.2a (140 

mg, 0.25 mmol, 95%) as a clear oil. The crude material was used in the next step without 

further purification. 

1H NMR (400 MHz, chloroform-d) δ 6.66 (1H, br s, -NH), 5.10 (1H, br s, -NH), 3.65 – 3.52 

(24H, m, 12 × -CH2), 3.51 – 3.44 (4H, m, 2 × -CH2), 3.41 – 3.33 (2H, m, -CH2), 3.27 – 3.19 (2H, 

m, -CH2), 2.60 (2H, t, J = 6.7 Hz, -CHa), 2.46 (2H, t, J = 6.7 Hz, -CHb), 1.37 (9H, s, -CH3). 13C 

NMR (101 MHz, chloroform-d) δ 175.0 (-COOH), 172.4 (-CONH), 156.1 (-NCOOR), 79.2 (-

C(CH3)3), 70.5 (2 × -CH2), 70.5 (2 × -CH2), 70.5 (2 × -CH2), 70.5 (2 × -CH2), 70.4 (2 × -CH2), 70.2 

(-CH2), 70.1 (-CH2), 69.6 (2 × -CH2), 40.3 (2 × -CH2), 39.4 (2 × -CH2), 30.8 (-CaH2), 29.9 (-CbH2), 

28.4 (3 × -CH3). IR (thin film) 3334, 2829, 1734. HRMS (ESI) exact mass calculated for 

C25H48N2O12Na [M+Na]+ m/z 591.31, found m/z 591.31.  

 

 

3.3a: To a pre-stirred solution of carboxylic acid 3.2a (150 mg, 0.26 mmol, 1 equiv), HATU 

(100 mg, 0.26 mmol, 1 equiv) and N,N-diisopropylethylamine (0.20 mL, 1.3 mmol, 5 equiv) 

in N,N-dimethylformamide (0.2 mL, 0.3 M) was added amine VHL-1 (2.1) (120 mg, 0.26 

mmol, 1 equiv), and the resulting solution was stirred at room temperature for 16 hours. 

The reaction mixture was partitioned between dichloromethane (20 mL) and water (20 

mL), and the aqueous phase was extracted with dichloromethane (5 × 20 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (5 × 25 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 
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chromatography on silica gel with an eluent of 10% to 50% ethanol in dichloromethane 

afforded linker fragment 3.3a (55 mg, 0.056 mmol, 21%) as a colourless oil. 

1H NMR (400 MHz, chloroform-d) δ 8.67 (1H, s, thiazole-CH), 7.37 – 7.32 (4H, m, 4 × Ar-CH), 

7.00 (1H, br s, -NH), 6.66 (1H, br s, -NH), 5.10 (1H, br s, -NH), 4.77 – 4.72 (1H, m, -CH), 4.57 

– 4.29 (4H, m, 2 × -CH & -CH2), 4.07 (1H, br s, -NH), 3.76 – 3.50 (32H, m, 16 × -CH2), 3.43 – 

3.36 (2H, m, -CH2
a), 3.33 – 3.26 (2H, m, -CH2

b), 2.52 – 2.50 (5H, m, -CH2 & -CH3), 1.90 – 1.87 

(2H, m, -CH2), 1.43 (9H, s, 3 × CH3), 0.94 (9H, s, 3 × CH3). 13C NMR (101 MHz, chloroform-d) 

δ 173.0 (-CONH), 172.6 (-CONH), 171.9 (-CONH), 171.3 (-CONH), 156.2 (-NCOOR), 151.2 

(thiazole-CH), 147.4 (thiazole-C), 138.9 (Ar-C), 132.6 (thiazole-C), 130.2 (Ar-C), 129.6 (2 × 

Ar-CH), 128.3 (2 × Ar-CH), 79.3 (-C(CH3)3), 70.6 (-CH2), 70.6 (-CH2), 70.6 (-CH2), 70.6 (-CH2), 

70.5 (2 × -CH2), 70.3 (2 × -CH2), 70.3 (2 × -CH2), 70.2 (2 × -CH2), 69.7 (2 × -CH2), 58.7 (-CH), 

58.0 (-CH), 56.9 (-CH2), 53.5 (-CH), 43.3 (-CH2), 40.5 (CH2), 39.5 (-CH2), 36.5 (-CH2), 35.2 (-

CH), 31.5 (-CaH2), 31.4 (-CbH2), 28.6 (3 × -CH3), 26.6 (3 × -CH3), 15.5 (-CH3). IR (thin film) 3308, 

1653, 1096. LRMS (ESI) mass calculated for C47H76N6O14SNa [M+Na]+ m/z 1003.50, found 

m/z 1003.48.  

 

 

3.4a: To a stirred solution of 3.1a (150 mg, 0.33 mmol, 1 equiv) in N,N-dimethylformamide 

(1.7 mL, 0.2 M) were added CRBN ligand CRBN-1 (2.9) (93 mg, 0.33 mmol, 1 equiv) and N,N-

diisopropylethylamine (0.12 mL, 0.64 mmol, 2 equiv). The resulting solution was heated to 

90 °C and stirred for 16 hours. The reaction mixture was allowed to cool to room 

temperature, poured into water (30 mL) and extracted with ethyl acetate (4 × 30 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (3 × 50 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 1% to 10% methanol in dichloromethane 

afforded linker fragment 3.4a (100 mg, 0.14 mmol, 42%) as a bright yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 8.41 (1H, br s, -NH), 7.48 (1H, dd, J = 8.5, 7.1 Hz, Ar-H), 

7.09 (1H, d, J = 7.0 Hz, Ar-H), 6.91 (1H, d, J = 8.5 Hz, Ar-H), 6.49 (1H, br s, -NH), 5.05 (1H, br 

s, -NH), 4.93 – 4.86 (1H, m, -CH), 3.73 – 3.57 (26H, m, 13 × -CH2), 3.53 (2H, t, J = 5.2 Hz, -

CH2), 3.50 – 3.41 (2H, m, -CH2
a), 3.34 – 3.25 (2H, m, -CH2), 2.91 – 2.65 (3H, m, -CH2 & -CHH), 

2.17 – 2.07 (1H, m, -CHH), 1.43 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 171.2 

(-CO), 169.4 (-CO), 168.5 (-CO), 167.7 (-CO), 156.1 (-NCOOR), 147.0 (Ar-C), 136.1 (Ar-C), 
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132.7 (Ar-CH), 116.9 (Ar-CH), 111.8 (Ar-CH), 110.5 (Ar-C), 79.3 (-C(CH3)3), 70.9 (-CH2), 70.8 

(-CH2), 70.7 (-CH2), 70.7 (-CH2), 70.7 (-CH2), 70.7 (-CH2), 70.7 (-CH2), 70.6 (-CH2), 70.4 (2 × -

CH2), 70.4 (2 × -CH2), 69.6 (2 × -CH2), 49.0 (-CH), 42.6 (-CaH2), 40.5 (-CH2), 31.6 (-CH2), 28.6 

(3 × -CH3), 22.9 (-CH2). IR (thin film) 1697, 1173, 1109. HRMS (ESI) exact mass calculated for 

C34H52N4O13Na [M+Na]+ m/z 747.3423, found m/z 747.3408.  

 

 

3.4b: To a stirred solution of 3.1b (290 mg, 0.91 mmol, 1 equiv) in N,N-dimethylformamide 

(3.8 mL, 0.2 M) were added CRBN ligand CRBN-1 (2.9) (210 mg, 0.77 mmol, 1 equiv) and 

N,N-diisopropylethylamine (0.27 mL, 1.5 mmol, 2 equiv). The resulting solution was heated 

to 90 °C and stirred for 16 hours. The reaction mixture was allowed to cool to room 

temperature, poured into water (40 mL) and extracted with ethyl acetate (4 × 40 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (3 × 70 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 30% ethyl acetate in dichloromethane 

afforded linker fragment 3.4b (230 mg, 0.40 mmol, 53%) as a bright yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 8.18 (1H, br s, -NH), 7.49 (1H, dd, J = 8.6, 7.1 Hz, Ar-H), 

7.08 (1H, d, J = 7.0 Hz, Ar-H), 6.93 (1H, d, J = 8.5 Hz, Ar-H), 4.97 (1H, br s, -NH), 4.94 – 4.87 

(1H, m, -CH), 3.73 – 3.56 (10H, m, 5 × -CH2), 3.53 (2H, t, J = 6.0 Hz, -CH2), 3.40 (2H, t, J = 6.6 

Hz, -CH2
a), 3.26 – 3.17 (2H, m, -CH2), 2.92 – 2.67 (3H, m, -CH2 & -CHH), 2.16 – 2.09 (1H, m, 

-CHH), 1.98 – 1.87 (2H, m, -CH2), 1.80 – 1.69 (2H, m, -CH2), 1.43 (9H, s, 3 × -CH3). 13C NMR 

(101 MHz, chloroform-d) δ 171.1 (-CO), 169.5 (-CO), 168.5 (-CO), 167.8 (-CO), 147.2 (-

NCOOR), 136.3 (Ar-C), 132.7 (Ar-C), 116.8 (Ar-CH), 111.5 (2 × Ar-CH), 110.1 (Ar-C), 77.4 (-

C(CH3)3), 70.7 (2 × -CH2), 70.6 (2 × -CH2), 70.3 (2× -CH2), 69.0 (-CH2), 49.0 (-CH), 40.4 (-CaH2), 

31.6 (CH2), 29.8 (-CH2), 29.5 (-CH2), 28.6 (3 × -CH3), 23.0 (-CH2). IR (thin film) 3401, 1695, 

1601. HRMS (ESI) exact mass calculated for C28H40N4O9Na [M+Na]+ m/z 599.2687, found 

m/z 599.2675.  
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- Fascin ligand A fragment and control: 

 

3.5: To a stirred solution of fascin ligand A FSCN-A (1.4) (250 mg, 0.50 mmol, 1 equiv) in 

toluene/ dimethyl sulfoxide (12 mL/7.0 mL, 0.03 M) were added succinic anhydride (100 

mg, 0.99 mmol, 2 equiv) and triethylamine (0.14 mL, 0.99 mmol, 2 equiv) and the resulting 

solution was stirred at room temperature for 5 hours. To the reaction mixture was added 

water (100 mL) and washed with dichloromethane (2 × 100 mL) to remove organic 

impurities. The aqueous phase was acidified with 1 M aqueous hydrochloric acid and the 

resulting precipitate was collected by filtration, washed with water and dried in vacuo to 

yield fascin ligand A fragment 3.5 (290 mg, 0.47 mmol, 96%) as a light purple amorphous 

solid.  

1H NMR (400 MHz, DMSO-d6) δ 12.05 (1H, br s, -OH), 10.29 (1H, s, -NH), 8.45 (1H, d, J = 2.6 

Hz, Ar-H), 8.29 (1H, dd, J = 8.1, 1.4 Hz, Ar-H), 8.25 (1H, s, -CH), 8.14 (1H, d, J = 8.2 Hz, Ar-H), 

7.92 (1H, dd, J = 9.2, 2.6 Hz, Ar-H), 7.79 (1H, ddd, J = 8.5, 7.1, 1.5 Hz, Ar-H), 7.71 (1H, d, J = 

2.0 Hz, Ar-H), 7.65 – 7.55 (2H, m, 2 × Ar-H), 7.41 (1H, dd, J = 8.4, 2.1 Hz, Ar-H), 6.92 (1H, d, 

J = 9.1 Hz, Ar-H), 5.22 (2H, s, -CH2), 3.62 – 3.40 (8H, m, 4 × -CH2), 2.59 (2H, t, J = 6.5 Hz, -

CH2
a), 2.45 (2H, t, J = 6.5 Hz, -CH2). 13C NMR (101 MHz, DMSO-d6) δ 173.9 (-COOH), 169.7 (-

CONR), 164.0 (-CONR), 160.8 (-CONH), 155.5 (Ar-C), 139.7 (Ar-C), 138.2 (Ar-CH), 135.2 (-

CH), 134.2 (Ar-C), 132.9 (Ar-CH), 131.0 (Ar-CH), 130.9 (Ar-CH), 130.7 (Ar-CH), 130.2 (Ar-C), 

130.0 (Ar-C), 128.3 (Ar-CH), 127.4 (Ar-CH), 127.3 (Ar-CH), 126.8 (Ar-C), 124.9 (Ar-CH), 124.8 

(Ar-C), 113.0 (-C), 107.1 (Ar-CH), 51.0 (-CH2), 45.4 (-CH2), 45.2 (-CH2), 44.9 (-CH2), 44.2 (-

CH2), 28.9 (-CaH2), 27.5 (-CH2). IR (thin film) 1728, 1616, 694. HRMS (ESI) exact mass 

calculated for C30H27Cl2N5O5Na [M+Na]+ m/z 630.1281, found m/z 630.1271. 
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FSCN-A-ctrl (3.6): To a pre-stirred solution of carboxylic acid 3.5 (50 mg, 0.08 mmol, 1 

equiv), HATU (30 mg, 0.08 mmol, 1 equiv) and N,N-diisopropylethylamine (70 μL, 0.4 mmol, 

5 equiv) in N,N-dimethylformamide (0.3 mL, 0.3 M) was added methylamine hydrochloride 

(6 mg, 0.08 mmol, 1 equiv), and the resulting solution was stirred at room temperature for 

16 hours. The reaction mixture was partitioned between dichloromethane (10 mL) and 

water (10 mL), and the aqueous phase was extracted with dichloromethane (5 × 10 mL). 

The combined organic phases were washed with 5% aqueous lithium chloride (5 × 20 mL), 

dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 20% ethanol in dichloromethane 

afforded the product (30 mg, 0.05 mmol, 66%) as a white amorphous solid. Further 

purification by semi-preparative RP-HPLC using a focused gradient across 40% and 60% 

acetonitrile in water over 30 minutes eluted the title compound at tR = 27 minutes (58% 

acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand A amide control FSCN-A-ctrl (3.6) (10 mg, 0.02 mmol, 

24%) as a white fluffy powder.  

1H NMR (400 MHz, chloroform-d) δ 8.68 (1H, s, -NH), 8.43 (1H, dd, J = 8.2, 1.4 Hz, Ar-H), 

8.30 (1H, s, -CH), 8.17 (1H, d, J = 8.2 Hz, Ar-H), 8.08 (1H, d, J = 8.9 Hz, Ar-H), 7.74 – 7.66 (2H, 

m, 2 × Ar-H), 7.54 (1H, ddd, J = 8.3, 7.2, 1.2 Hz, Ar-H), 7.46 (1H, d, J = 2.1 Hz, Ar-H), 7.36 (1H, 

d, J = 8.3 Hz, Ar-H), 7.18 (1H, dd, J = 8.3, 2.1 Hz, Ar-H), 6.62 (1H, d, J = 9.1 Hz, Ar-H), 5.96 

(1H, br s, -NH), 5.10 (2H, s, -CH2), 3.69 – 3.64 (2H, m, -CH2), 3.56 – 3.47 (4H, m, 2 × -CH2), 

3.37 – 3.30 (2H, m, -CH2), 2.67 (2H, t, J = 6.3 Hz, -CH2), 2.62 (3H, d, J = 4.4 Hz, -CH3
a), 2.48 

(2H, t, J = 6.3 Hz, -CH2). 13C NMR (101 MHz, chloroform-d) δ 173.1 (-CONH), 170.6 (-CONR), 

164.6 (-CONR), 162.0 (-CONR), 156.4 (Ar-C), 140.4 (-CH), 136.6 (Ar-CH), 134.1 (Ar-C), 133.4 

(Ar-CH), 133.3 (Ar-CH), 133.1 (Ar-C), 132.5 (Ar-C), 131.3 (Ar-C), 131.0 (Ar-CH), 130.1 (Ar-

CH), 128.5 (Ar-CH), 128.0 (Ar-CH), 127.6 (Ar-CH), 126.7 (Ar-C), 125.7 (Ar-CH), 124.9 (Ar-C), 

115.0 (Ar-CH), 107.1 (-C), 51.3 (-CH2), 45.5 (-CH2), 45.3 (-CH2), 45.0 (-CH2), 41.4 (-CH2), 31.1 

(-CH2), 29.8 (-CH2), 26.4 (-CaH3). IR (thin film) 2924, 1645, 694. HRMS (ESI) exact mass 

calculated for C31H31Cl2N6O4 [M+H]+ m/z 621.1778, found m/z 621.1756.  
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- 1st series amide PROTACs: 

 

FSCN-A-VHL-1 (3.7): Protected linker fragment 3.3a (34 mg, 0.034 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (0.5 mL/0.5 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.2 mL, 0.3 M), and fascin 

ligand A fragment 3.5 (21 mg, 0.034 mmol, 1 equiv), HATU (13 mg, 0.024 mmol, 1 equiv) 

and N,N-diisopropylethylamine (30 μL, 0.17 mmol, 5 equiv) were added. The resulting 

solution was stirred at room temperature for 16 hours before partitioning the reaction 

mixture between dichloromethane (10 mL) and water (10 mL). The aqueous phase was 

extracted with dichloromethane (5 × 10 mL) and the combined organic phases were 

washed with 5% aqueous lithium chloride (5 × 20 mL), dried over magnesium sulfate, 

filtered and concentrated in vacuo. Purification by column chromatography on silica gel 

with an eluent of 5% to 30% ethanol in dichloromethane afforded the product (18 mg, 

0.012 mmol, 41%) as a colourless oil. Further purification by semi-preparative RP-HPLC 

using a focused gradient across 40% and 70% acetonitrile in water over 35 minutes eluted 

the title compound at tR = 28 minutes (60% acetonitrile) and the product fraction was 

lyophilised. Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid 

and acetonitrile, followed by lyophilisation, yielded fascin ligand A amide VHL PROTAC 

FSCN-A-VHL-1 (3.7) (10 mg, 0.007 mmol, 23%) as a white fluffy powder. 

1H NMR (400 MHz, methanol-d4) δ 8.90 (1H, br s, -NH), 8.65 (1H, d, J = 2.7 Hz, Ar-H), 8.42 – 

8.37 (1H, m, Ar-H), 8.20 (1H, d, J = 8.3 Hz, Ar-H), 8.10 (1H, s, -CH), 8.06 (1H, dd, J = 9.5, 2.5 

Hz, Ar-H), 7.80 (1H, ddd, J = 8.4, 7.0, 1.4 Hz, Ar-H), 7.65 – 7.58 (2H, m, 2 × Ar-H), 7.50 (1H, 

dd, J = 8.4, 1.1 Hz, Ar-H), 7.48 – 7.37 (4H, m, 4 × Ar-H), 7.34 (1H, dd, J = 8.4, 1.9 Hz, Ar-H), 

7.27 (1H, d, J = 9.6 Hz, Ar-H), 5.26 (2H, s, -CH2), 4.62 – 4.30 (5H, m, 3 × -CH & -CH2), 3.91 – 

3.57 (32H, m, 16 × -CH2), 3.57 – 3.47 (4H, m, 2 × -CH2), 3.39 – 3.32 (4H, m, 2 × -CH2
a), 2.73 
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(2H, t, J = 6.8 Hz, -CH2), 2.61 – 2.48 (4H, m, 2 × -CH2), 2.48 – 2.45 (3H, s, -CH3m), 2.24 – 2.03 

(2H, m, -CH2), 1.33 – 1.27 (2H, m, -CH2), 1.18 (2H, t, J = 7.0 Hz, -CH2
b), 1.03 (9H, s, 3 × -CH3). 

13C NMR (101 MHz, methanol-d4) δ 174.8 (-CONH), 174.6 (-CONH), 174.5 (-CONH), 174.4 (-

CONH), 173.1 (-CONR), 172.2 (-CONR), 166.9 (-CONH), 163.5 (-CONR), 152.9 (Ar-C), 148.9 

(thiazole-CH), 140.3 (thiazole-C), 138.8 (Ar-CH), 135.8 (-CH), 135.6 (thiazole-C), 134.4 (Ar-

C), 133.6 (Ar-C), 133.5 (Ar-C), 132.9 (Ar-C), 131.9 (Ar-CH), 131.4 (2 × Ar-C), 131.1 (Ar-CH), 

130.4 (Ar-C & Ar-CH), 129.0 (3 × Ar-CH), 128.9 (3 × Ar-CH), 128.4 (Ar-CH), 126.7 (Ar-C), 126.0 

(2 × Ar-CH), 115.3 (-C), 112.4 (Ar-CH), 71.6 (4 × -CH2), 71.5 (2 × -CH2), 71.3 (2 × -CH2), 71.1 

(2 × -CH2), 70.6 (2 × -CH2), 70.5 (2 × -CH2), 60.8 (-CH), 59.1 (-CH), 58.3 (-CH2), 57.9 (-CH2), 

52.8 (-CH), 46.7 (-CH2), 46.6 (-CH2), 45.4 (-CaH2), 43.7 (-CaH2), 41.9 (-CH2), 40.5 (2 × -CH2), 

39.0 (-CH2), 36.6 (-C(CH3)3), 32.2 (-CH2), 32.0 (-CH2), 31.7 (-CaH2), 29.1 (-CH2), 27.0 (3 × -CH3), 

15.8 (-CH3). IR (thin film) 3364, 1636, 1105. HRMS (ESI) exact mass calculated for 

C72H93Cl2N11O16Na [M+Na]+ m/z 1469.5900, found m/z 1469.5891. LCMS (ESI) mass 

calculated for C72H94Cl2N11O16 [M+H]+ m/z 1470.60, found m/z 1470.00 with tR = 5.71 min.  

 

 

FSCN-A-VHL-2 (3.8): Protected linker fragment 3.4b (17 mg, 0.020 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (0.3 mL/0.3 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.1 mL, 0.3 M), and fascin 

ligand A fragment 3.5 (12 mg, 0.020 mmol, 1 equiv), HATU (7.8 mg, 0.020 mmol, 1 equiv) 

and N,N-diisopropylethylamine (17 μL, 0.10 mmol, 5 equiv) were added. The resulting 

solution was stirred at room temperature for 16 hours before partitioning the reaction 

mixture between dichloromethane (10 mL) and water (10 mL). The aqueous phase was 

extracted with dichloromethane (5 × 10 mL) and the combined organic phases were 

washed with 5% aqueous lithium chloride (5 × 20 mL), dried over magnesium sulfate, 

filtered and concentrated in vacuo. Purification by column chromatography on silica gel 
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with an eluent of 10% to 30% ethanol in dichloromethane afforded the product (10 mg, 

0.008 mmol, 42%) as a colourless oil. Further purification by semi-preparative RP-HPLC 

using a focused gradient across 40% and 70% acetonitrile in water over 35 minutes eluted 

the title compound at tR = 30 minutes (62% acetonitrile) and the product fraction was 

lyophilised. Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid 

and acetonitrile, followed by lyophilisation, yielded fascin ligand A amide VHL PROTAC 

FSCN-A-VHL-2 (3.8) (1 mg, 0.001 mmol, 4%) as a clear oil. 

Insufficient material for full characterisation was obtained.  

LCMS (ESI) mass calculated for C66H82Cl2N11O12 [M+H]+ m/z 1322.52, found m/z 1322.00 

with tR = 5.75 min. 

 

 

FSCN-A-CRBN-1 (3.9): Protected linker fragment 3.4a (45 mg, 0.062 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (1 mL/1 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.3 mL, 0.3 M), and fascin 

ligand A fragment 3.5 (38 mg, 0.062 mmol, 1 equiv), HATU (24 mg, 0.062 mmol, 1 equiv) 

and N,N-diisopropylethylamine (54 μL, 0.31 mmol, 5 equiv) were added. The resulting 

solution was stirred at room temperature for 16 hours before partitioning the reaction 

mixture between dichloromethane (10 mL) and water (10 mL). The aqueous phase was 

extracted with dichloromethane (5 × 10 mL) and the combined organic phases were 

washed with 5% aqueous lithium chloride (5 × 20 mL), dried over magnesium sulfate, 

filtered and concentrated in vacuo. Purification by column chromatography on silica gel 

with an eluent of 10% to 50% ethanol in dichloromethane afforded the product (19 mg, 

0.015 mmol, 24%) as a bright yellow oil. Further purification by semi-preparative RP-HPLC 

using a focused gradient across 30% and 70% acetonitrile in water over 35 minutes eluted 

the title compound at tR = 29 minutes (65% acetonitrile) and the product fraction was 
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lyophilised. Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid 

and acetonitrile, followed by lyophilisation, yielded fascin ligand A amide CRBN PROTAC 

FSCN-A-CRBN-1 (3.9) (8 mg, 0.007 mmol, 11%) as a bright yellow fluffy powder. 

1H NMR (400 MHz, chloroform-d) δ 10.16 (1H, br, -NH), 9.22 (1H, br, -NH), 8.69 (1H, d, J = 

2.5 Hz, Ar-H), 8.38 – 8.31 (2H, m, 2 × Ar-H), 8.22 (1H, d, J = 8.2 Hz, Ar-H), 8.06 (1H, s, -CH), 

7.67 (1H, ddd, J = 8.4, 7.1, 1.4 Hz, Ar-H), 7.54 – 7.43 (3H, m, 3 × Ar-H), 7.33 (1H, d, J = 8.3 

Hz, Ar-H), 7.21 (1H, dd, J = 8.3, 2.1 Hz, Ar-H), 7.06 (1H, d, J = 7.1 Hz, Ar-H), 6.91 – 6.78 (4H, 

m, 2 × Ar-H & 2 × -NH), 5.15 (2H, s, -CH2), 4.94 – 4.88 (1H, m, -CH), 3.81 – 3.50 (36H, m, 18 

× 2H, s, -CH2), 3.43 – 3.36 (4H, m, 2 × -CH2
a), 2.87 – 2.64 (5H, m, 2 × -CH2 & -CHH), 2.61 – 

2.54 (2H, m, -CH2), 2.15 – 2.07 (1H, m, -CHH). 13C NMR (101 MHz, chloroform-d) δ 172.8 (-

CONH), 171.7 (-CONH), 171.2 (-CONH), 169.4 (-CONH), 169.2 (2 × -CONR), 167.8 (-CONH), 

165.0 (-CONR), 161.9 (Ar-C), 146.9 (Ar-C), 136.8 (Ar-CH), 136.3 (-CH), 136.3 (Ar-CH), 135.3 

(Ar-C), 134.1 (Ar-C), 133.3 (Ar-CH), 132.8 (2 × Ar-C), 132.6 (Ar-CH), 132.2 (Ar-CH), 130.9 (Ar-

C), 130.3 (Ar-CH), 128.1 (Ar-CH), 127.8 (Ar-CH), 127.8 (Ar-CH), 127.7 (Ar-CH), 125.6 (Ar-CH), 

125.1 (Ar-C), 117.0 (Ar-CH), 116.9 (Ar-CH), 112.8 (Ar-C), 111.8 (Ar-CH), 110.3 (-C), 70.8 (2 × 

-CH2), 70.6 (-CH2), 70.5 (-CH2), 70.4 (4 × -CH2), 70.1 (-CH2), 70.0 (-CH2), 69.5 (2 × CH2), 51.6 

(-CH2), 49.1 (-CH), 45.9 (2 × -CaH2), 44.3 (2 × -CH2), 42.5 (-CH2), 40.8 (-CH2), 32.1 (-CH2), 31.6 

(-CH2), 31.1 (-CH2), 29.5 (-CH2), 28.5 (-CH2), 22.9 (-CH2). IR (thin film) 3362, 1697, 748. HRMS 

(ESI) exact mass calculated for C59H69Cl2N9O15Na [M+Na]+ m/z 1236.4182, found m/z 

1236.4134. LCMS (ESI) mass calculated for C59H70Cl2N9O15 [M+H]+ m/z 1215.44, found m/z 

1216.06 with tR = 6.07 min. 

 

 
 

FSCN-A-CRBN-2 (3.10): Protected linker fragment 3.4b (50 mg, 0.087 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (1.5 mL/1.5 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 
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in vacuo. The residue was redissolved in N,N-dimethylformamide (0.3 mL, 0.3 M), and fascin 

ligand A fragment 3.5 (53 mg, 0.087 mmol, 1 equiv), HATU (33 mg, 0.087 mmol, 1 equiv) 

and N,N-diisopropylethylamine (76 μL, 0.43 mmol, 5 equiv) were added. The resulting 

solution was stirred at room temperature for 16 hours before partitioning the reaction 

mixture between dichloromethane (10 mL) and water (10 mL). The aqueous phase was 

extracted with dichloromethane (5 × 10 mL) and the combined organic phases were 

washed with 5% aqueous lithium chloride (5 × 20 mL), dried over magnesium sulfate, 

filtered and concentrated in vacuo. Purification by column chromatography on silica gel 

with an eluent of 20% to 50% ethanol in dichloromethane afforded the product (21 mg, 

0.020 mmol, 23%) as a bright yellow oil. Further purification by semi-preparative RP-HPLC 

using a focused gradient across 30% and 70% acetonitrile in water over 35 minutes eluted 

the title compound at tR = 30 minutes (67% acetonitrile) and the product fraction was 

lyophilised. Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid 

and acetonitrile, followed by lyophilisation, yielded fascin ligand A amide CRBN PROTAC 

FSCN-A-CRBN-2 (3.10) (5 mg, 0.005 mmol, 6%) as a bright yellow fluffy powder. 

1H NMR (400 MHz, chloroform-d) δ 9.10 (1H, br s, -NH), 8.46 (1H, s, -CH), 8.41 (1H, d, J = 

8.2 Hz, Ar-H), 8.25 – 8.12 (2H, m, 2 × Ar-H), 7.94 – 7.88 (1H, m, Ar-H), 7.74 – 7.65 (1H, m, 

Ar-H), 7.57 – 7.42 (3H, m, 3 × Ar-H), 7.38 – 7.31 (2H, m, 2 × Ar-H), 7.04 (1H, d, J = 7.1 Hz, Ar-

H), 6.89 (1H, d, J = 8.6 Hz, Ar-H), 6.72 – 6.57 (2H, m, Ar-H & -NH), 6.49 (1H, br s, -NH), 5.17 

(2H, s, -CH2), 4.93 – 4.85 (1H, m, -CH), 3.77 – 3.41 (24H, m, 12 × -CH2), 3.41 – 3.21 (4H, m, 

2 × -CH2
a), 2.87 – 2.63 (5H, m, 2 × -CH2 & -CHH), 2.55 – 2.47 (2H, m, -CH2), 2.15 – 2.06 (1H, 

m, -CHH). 13C NMR (101 MHz, chloroform-d) δ 172.5 (-CONH), 171.7 (-CONH), 170.8 (-

CONR), 169.5 (-CONH), 169.0 (-CONR), 167.8 (-CONR), 165.9 (-CONR), 164.8 (-CONH), 162.0 

(Ar-C), 147.1 (-CH), 136.7 (Ar-CH), 136.4 (Ar-C), 136.3 (Ar-C), 134.1 (Ar-CH), 134.0 (Ar-CH), 

133.3 (Ar-C), 132.9 (2 × Ar-C), 132.6 (Ar-C), 132.4 (Ar-CH), 130.9 (Ar-CH), 130.2 (Ar-CH), 

128.4 (Ar-CH), 127.9 (Ar-CH), 127.8 (Ar-C), 126.9 (Ar-CH), 125.7 (Ar-C), 125.0 (Ar-CH), 123.3 

(2 × Ar-CH), 116.8 (Ar-C), 111.4 (Ar-CH), 109.9 (-C), 70.6 (2 × -CH2), 70.2 (2 × -CH2), 69.9 (-

CH2), 69.2 (-CH2), 51.4 (-CH2), 51.0 (-CH), 49.8 (-CH2), 49.0 (-CH2), 45.7 (-CH2), 44.9 (-CH2), 

41.3 (-CaH2), 40.6 (-CaH2), 31.6 (-CH2), 31.2 (-CH2), 29.8 (-CH2), 29.3 (-CH2), 28.9 (-CH2), 22.6 

(-CH2). IR (thin film) 2957, 1606, 764. HRMS (ESI) exact mass calculated for 

C53H57Cl2N9O11Na [M+Na]+ m/z 1088.3447, found m/z 1088.3468. LCMS (ESI) mass 

calculated for C53H58Cl2N9O11 [M+H]+ m/z 1066.36, found m/z 1066.25 with tR = 6.03 min.  
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Preparation of 1st series alkylation PROTACs 

- Fascin ligand A alkylation VHL PROTACs: 

 

3.11: To a dry flask charged with argon was added anhydrous tetrahydrofuran/N,N-

dimethylformamide (0.7 mL/0.7 mL, 1 M), pentaethylene glycol (1.2 mL, 5.7 mmol, 4 equiv) 

and sodium hydride (60% in mineral oil, 110 mg, 2.8 mmol, 2 equiv) at 0 °C. The resulting 

suspension was stirred for 30 minutes before tert-butyl bromoacetate (0.21 mL, 1.4 mmol, 

1 equiv) was added dropwise at 0 °C. The reaction mixture was allowed to reach room 

temperature and stirred for further 2 hours. The reaction was quenched by dropwise 

addition of water (20 mL). The aqueous phase was extracted with dichloromethane (3 × 20 

mL) and the combined organic extracts were washed with brine (3 × 60 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 2% to 20% ethanol in dichloromethane 

afforded protected linker 3.11 (340 mg, 0.97 mmol, 68%) as a clear oil. 

Analytical data observed were in accordance with literature values.98  

1H NMR (500 MHz, chloroform-d) δ 3.93 (2H, s, -CH2
a), 3.71 – 3.39 (20H, m, 10 × -CH2), 2.84 

(1H, br, -OH), 1.39 (9H, s, 3 × -CH3). 13C NMR (126 MHz, chloroform-d) δ 169.6 (-COOR), 81.4 

(-C(CH3)3), 72.5 (-CH2), 70.6 (-CH2), 70.5 (-CH2), 70.5 (2 × -CH2), 70.5 (2 × -CH2), 70.3 (2 × -

CH2), 68.9 (-CaH2), 61.6 (-CH2), 28.0 (3 × -CH3). 

 

 

3.12: To a dry flask charged with argon was added anhydrous dichloromethane (12 mL, 0.1 

M), alcohol 3.11 (380 mg, 1.1 mmol, 1 equiv), methanesulfonyl chloride (0.13 mL, 1.6 mmol, 

1.5 equiv) and triethylamine (0.45 mL, 3.3 mmol, 3 equiv) and the resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was partitioned between 

1 M aqueous hydrochloric acid (15 mL) and dichloromethane (15 mL), and the aqueous 

phase was extracted with dichloromethane (4 × 15 mL). The combined organic extracts 

were washed with water (2 × 30 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 5% to 30% acetone in dichloromethane afforded mesylate 3.12 (430 mg, 0.99 mmol, 

87%) as a clear oil. 
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1H NMR (400 MHz, chloroform-d) δ 4.33 (2H, s, -CH2), 4.02 – 3.91 (2H, m, -CH2), 3.81 – 3.48 

(18H, m, 9 × -CH2), 3.04 (3H, s, -CH3
a), 1.43 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-

d) δ 169.7 (-COOR), 81.5 (-C(CH3)3), 70.7 (-CH2), 70.7 (2 × -CH2), 70.6 (-CH2), 70.6 (2 × -CH2), 

70.6 (2 × -CH2), 69.4 (-CH2), 69.1 (-CH2), 69.1 (-CH2), 37.8 (-CaH3), 28.2 (3 × -CH3). IR (thin 

film) 1744, 1350, 1126 cm-1. HRMS (ESI) exact mass calculated for C17H34O10SNa [M+Na]+ 

m/z 453.1765, found m/z 453.1766. 

 

 

3.13: To a dry flask charged with argon was added anhydrous acetonitrile (1.2 mL, 0.1 M), 

mesylated linker 3.12 (51 mg, 0.12 mmol, 1 equiv), fascin ligand A FSCN-A (1.4) (72 mg, 

0.14 mmol, 1.2 equiv) and triethylamine (60 μL, 0.48 mmol, 4 equiv) and the resulting 

solution was stirred under reflux for 48 hours. After consumption of starting materials was 

confirmed by TLC, volatile components were removed in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 100% ethanol in dichloromethane 

afforded fascin ligand fragment 3.13 (71 mg, 0.084 mmol, 71%) as a light brown amorphous 

solid. 

1H NMR (400 MHz, chloroform-d) δ 8.41 (1H, dd, J = 8.3, 1.2 Hz, Ar-H), 8.36 (1H, br s, -NH), 

8.30 (1H, s, -CH), 8.13 (1H, d, J = 8.2 Hz, Ar-H), 7.94 (1H, d, J = 9.2 Hz, Ar-H), 7.72 – 7.62 (2H, 

m, 2 × Ar-H), 7.52 (1H, ddd, J = 8.3, 7.2, 1.2 Hz, Ar-H), 7.39 (1H, d, J = 2.1 Hz, Ar-H), 7.35 (1H, 

d, J = 8.3 Hz, Ar-H), 7.14 (1H, dd, J = 8.3, 2.1 Hz, Ar-H), 6.64 (1H, d, J = 9.2 Hz, Ar-H), 5.04 

(2H, s, -CH2), 3.98 (2H, s, -CH2), 3.69 – 3.57 (18H, m, 9 × -CH2), 3.57 – 3.47 (4H, m, 2 × -CH2), 

2.69 – 2.57 (6H, m, -CH2 & 2 × -CH2
a), 1.44 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-

d) δ 162.0 (-COOR), 157.1 (-CONR), 140.6 (-CONH), 136.5 (Ar-C), 134.0 (Ar-C), 133.4 (Ar-C), 

133.2 (Ar-C), 133.1 (Ar-C), 132.5 (Ar-C), 131.0 (Ar-C), 130.0 (Ar-C), 128.5 (Ar-C), 128.0 (Ar-

C), 127.5 (Ar-C), 125.8 (2 × Ar-C), 125.7 (2 Ar-C), 124.9 (2 × Ar-C), 107.1 (Ar-C), 100.1 (-C), 

77.4 (-C(CH3)3), 70.7 (-CH2), 70.6 (3 × -CH2), 70.6 (2 × -CH2), 70.4 (-CH2), 69.1 (2 × -CH2), 68.7 

(2 × -CH2), 57.9 (-CH2), 53.3 (2 × -CaH2), 51.4 (-CH2), 45.5 (-CH2), 28.2 (3 × -CH3). IR (thin film) 

1659, 1141, 779 cm-1. HRMS (ESI) exact mass calculated for C42H53N5O9Cl2Na [M+Na]+ m/z 

846.3113, found m/z 846.3071. 
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FSCN-A-VHL-3 (3.14): Protected fragment 3.13 (42 mg, 0.050 mmol, 1 equiv) was dissolved 

in trifluoroacetic acid/dichloromethane (0.8 mL/0.8 mL, 0.03 M) and the resulting solution 

was stirred at room temperature for 2 hours. The reaction was monitored by TLC for 

complete consumption of the starting material before removal of volatile components in 

vacuo. The residue was redissolved in N,N-dimethylformamide (0.16 mL, 0.3 M) and VHL 

ligand VHL-1 (2.1) (21 mg, 0.050 mmol, 1 equiv), HATU (19 mg, 0.050 mmol, 1 equiv) and 

N,N-diisopropylethylamine (44 μL, 0.25 mmol, 5 equiv) were added. The resulting solution 

was stirred at room temperature for 16 hours before partitioning the reaction mixture 

between dichloromethane (15 mL) and water (15 mL). The aqueous phase was extracted 

with dichloromethane (5 × 15 mL) and the combined organic phases were washed with 5% 

aqueous lithium chloride (5 × 30 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 20% to 50% ethanol in dichloromethane afforded the product (38 mg, 0.032 mmol, 63%) 

as pale yellow oil. Further purification by semi-preparative RP-HPLC using a focused 

gradient across 45% and 75% acetonitrile in water over 20 minutes eluted the title 

compound at tR = 14 minutes (58% acetonitrile) and the product fraction was lyophilised. 

Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid and 

acetonitrile, followed by lyophilisation, yielded fascin ligand A alkylation VHL PROTAC 

FSCN-A-VHL-3 (3.14) (15 mg, 0.013 mmol, 25%) as a white fluffy powder. 

1H NMR (400 MHz, methanol-d4) δ 9.91 (1H, s, thiazole-H), 8.84 (1H, s, Ar-H), 8.37 (1H, d, J 

= 7.9 Hz, Ar-H), 8.31 (1H, s, -CH), 8.28 – 8.19 (2H, m, 2 × Ar-H), 7.84 – 7.75 (1H, m, Ar-H), 

7.67 – 7.57 (2H, m, 2 × Ar-H), 7.57 – 7.43 (6H, m, 6 × Ar-H), 7.38 (1H, d, J = 8.1 Hz, Ar-H), 

5.28 (2H, s, -CH2), 4.71 – 4.28 (7H, m, -CH2
a & -CHb & 2 × -CH & -CH2), 4.18 – 3.38 (30H, m, 
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15 × -CH2), 2.58 (3H, s, -CH3), 2.33 – 2.00 (2H, m, -CH2), 1.04 (9H, s, 3 × -CH3). 13C NMR (126 

MHz, methanol-d4) δ 174.4 (-CONH), 172.1 (-CONH), 171.8 (-CONR), 166.8 (-CONH), 163.4 

(-CONR), 156.2 (Ar-C), 150.9 (thiazole-C), 143.2 (thiazole-C), 142.3 (Ar-C), 139.3 (-CH), 138.7 

(Ar-C), 137.0 (Ar-C), 136.8 (Ar-C), 135.5 (Ar-C), 134.4 (Ar-C), 133.5 (Ar-C), 132.8 (Ar-C), 131.9 

(Ar-C), 131.3 (Ar-C), 130.5 (Ar-C), 129.8 (Ar-C), 129.8 (Ar-C), 129.3 (2 × Ar-C), 129.1 (2 × Ar-

C), 129.0 (Ar-C), 128.8 (Ar-C), 128.4 (Ar-C), 126.6 (Ar-C), 126.1 (Ar-C), 114.9 (Ar-C), 114.3 

(Ar-C), 72.2 (-CH), 71.7 (2 × -CH2), 71.6 (2 × -CH2), 71.5 (-CH2), 71.5 (-CaH2), 71.5 (-CH2), 71.4 

(-CH2), 71.3 (-CH2), 71.1 (-CH2), 65.4 (-CH2), 60.9 (-CbH), 58.5 (-CH), 58.2 (-CH2), 57.6 (-CH2), 

52.9 (-CH2), 52.4 (2 -CH2), 44.9 (2 -CH2), 43.6 (-CH2), 39.2 (-CH2), 36.9 (-C(CH3)3), 27.0 (3 × -

CH3), 13.6 (-CH3). IR (thin film) 1659, 1489, 826 cm-1. HRMS (ESI) exact mass calculated for 

C60H74N9O11Cl2S [M+H]+ m/z 1198.4600, found m/z 1198.4541. LCMS (ESI) mass calculated 

for C60H74N9O11Cl2S [M+H]+ m/z 1198.46, found m/z 1199.03 with tR = 5.88 min. 

 

 

3.15: To a stirred solution of ethylene glycol (0.30 mL, 5.4 mmol, 1 equiv) and triethylamine 

(2.2 mL, 16 mmol, 3 equiv) in dichloromethane (36 mL, 0.15 M) was added a solution of p-

toluenesulfonyl chloride (3.1 g, 16 mmol, 3 equiv) in dichloromethane (18 mL, 0.3 M) 

dropwise at 0 °C. The resulting solution was allowed to reach room temperature and stirred 

for 48 hours. Complete consumption of the starting material was confirmed by TLC after 

and volatile components were removed in vacuo. The residue was dissolved in water (100 

mL) and the aqueous phase was extracted with dichloromethane (3 × 100 mL). The 

combined organic extracts were dried over magnesium sulfate, filtered and concentrated 

in vacuo. Purification by column chromatography on silica gel with an eluent of 10% to 

100% ethyl acetate in petroleum ether afforded di-tosylate 3.15 (1.9 g, 5.0 mmol, 93%) as 

a white amorphous solid. 

Analytical data observed were in accordance with literature values.256 

1H NMR (400 MHz, chloroform-d) δ 7.76 – 7.71 (4H, m, 4 × Ar-H), 7.37 – 7.32 (4H, m, 4 × Ar-

H), 4.18 (4H, s, 2 -CH2
a), 2.46 (6H, s, 2 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 145.5 (2 

× Ar-C), 132.6 (2 × Ar-C), 130.2 (4 × Ar-CH), 128.2 (4 × Ar-CH), 77.5, 66.9 (2 × -CaH2), 21.9 (2 

× -CH3). 
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3.16: To a dry flask charged with argon was added anhydrous acetonitrile (6 mL, 0.2 M), di-

tosylate 3.15 (450 mg, 1.2 mmol, 1 equiv) and sodium azide (79 mg, 1.2 mmol, 1 equiv), 

and the resulting solution was stirred for 48 hours under reflux. Volatile components were 

removed in vacuo and the residue was redissolved in water (50 mL) and dichloromethane 

(50 mL). The aqueous phase was extracted with dichloromethane (5 × 50 mL), and the 

combined organic extracts were dried over magnesium sulfate, filtered and concentrated 

in vacuo. Purification by column chromatography on silica gel with an eluent of 5% to 15% 

ethyl acetate in petroleum ether afforded tosylazide 3.16 (69 mg, 0.29 mmol, 24%) as a 

white amorphous solid. 

Analytical data observed were in accordance with literature values.257  

1H NMR (400 MHz, chloroform-d) δ 7.84 – 7.78 (2H, m, 2 × Ar-H), 7.39 – 7.33 (2H, m, 2 × Ar-

H), 4.15 (2H, t, J = 5.2 Hz, -CH2), 3.48 (2H, t, J = 5.1 Hz, -CH2
a), 2.45 (3H, s, -CH3). 13C NMR 

(101 MHz, chloroform-d) δ 145.4 (Ar-C), 132.7 (Ar-C), 130.1 (2 × Ar-CH), 128.1 (2 × Ar-CH), 

68.2 (-CH2), 49.7 (-CaH2), 21.8 (-CH3). 

 

 

3.17: To a dry flask charged with argon was added anhydrous acetonitrile (0.6 mL, 0.4 M), 

tosylazide 3.16 (61 mg, 0.26 mmol, 1 equiv), fascin ligand A FSCN-A (1.4) (130 mg, 0.26 

mmol, 1 equiv) and triethylamine (70 μL, 0.52 mmol, 2 equiv) and the resulting solution 

was stirred under reflux for 48 hours. Consumption of starting materials was confirmed by 

TLC and volatile components were removed in vacuo. Purification by column 

chromatography on silica gel with an eluent of 10% to 50% ethanol in dichloromethane 

azide fragment 3.17 (140 mg, 0.24 mmol, 97%) as a light purple amorphous solid. 

1H NMR (400 MHz, chloroform-d) δ 8.46 (1H, dd, J = 8.1, 1.4 Hz, Ar-H), 8.26 (1H, s, -CH), 

8.09 (1H, d, J = 8.1 Hz, Ar-H), 7.95 (1H, d, J = 9.2 Hz, Ar-H), 7.77 – 7.69 (2H, m, 2 × Ar-H), 

7.60 – 7.51 (2H, m, Ar-H & -NH), 7.42 – 7.36 (2H, m, 2 × Ar-H), 7.15 (1H, d, J = 8.4 Hz, Ar-H), 

6.69 (1H, d, J = 9.2 Hz, Ar-H), 5.06 (2H, s, -CH2), 3.61 – 3.52 (4H, m, 2 × -CH2), 3.40 (2H, t, J = 

6.0 Hz, -CH2
a), 2.69 – 2.60 (6H, m, 2 × -CH2 & -CH2). 13C NMR (101 MHz, chloroform-d) δ 
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161.9 (-CONR), 157.3 (-CONH), 156.8 (Ar-C), 142.0 (Ar-CH), 140.6 (-CH), 136.3 (Ar-C), 133.8 

(Ar-C), 133.5 (Ar-CH), 133.3 (Ar-C), 132.8 (Ar-CH), 132.7 (Ar-CH), 131.1 (2 Ar-C), 130.0 (Ar-

C), 128.8 (Ar-CH), 128.2 (Ar-C), 127.5 (Ar-CH), 125.8 (Ar-CH), 125.3 (Ar-CH), 124.6 (Ar-CH), 

118.6 (-C), 107.1 (-CH2), 57.4 (-CaH2), 53.1 (2 × -CH2), 51.5 (-CH2), 48.4 (-CH2), 45.7 (2 × -CH2). 

IR (thin film) 1616, 1489, 814 cm-1. HRMS (ESI) exact mass calculated for C28H27N8O2Cl2 

[M+H]+ m/z 577.1629, found m/z 577.1614.  

 

 

3.18: To a pre-stirred solution of alkyne carboxylic acid (25 mg, 0.081 mmol, 1 equiv), HATU 

(31 mg, 0.081 mmol, 1 equiv) and N,N-diisopropylethylamine (50 μL, 0.33 mmol, 4 equiv) 

in N,N-dimethylformamide (0.3 mL, 0.3 M) was added amine VHL-1 (2.1) (35 mg, 0.081 

mmol, 1 equiv), and the resulting solution was stirred at room temperature for 16 hours. 

The reaction mixture was partitioned between dichloromethane (20 mL) and water (20 

mL), and the aqueous phase was extracted with dichloromethane (5 × 20 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (5 × 40 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of % to 50% ethanol in dichloromethane 

afforded alkyne fragment 3.18 (37 mg, 0.051 mmol, 63%) as clear oil. 

Analytical data observed were in accordance with literature values.188  

1H NMR (500 MHz, chloroform-d) δ 8.67 (1H, s, thiazole-H), 7.44 (1H, br s, -NH), 7.38 – 7.31 

(4H, m, 4 × Ar-H), 7.03 (1H, br s, -NH), 4.74 – 4.68 (1H, m, -CH), 4.58 – 4.30 (3H, m, -CH & -

CH2), 4.21 – 4.16 (2H, m, -CH2), 4.11 – 4.07 (1H, m, -CHa), 3.78 – 3.53 (20H, m, 10 × -CH2), 

3.09 (1H, s, alkyne-H), 2.50 (3H, s, -CH3), 2.49 – 2.41 (2H, m, -CH2), 2.18 – 2.05 (2H, m, -

CH2
a), 0.93 (9H, s, 3 × -CH3). 13C NMR (125 MHz, chloroform-d) δ 172.3 (-CONH), 171.8 (-

CONH), 171.0 (-CONR), 150.4 (thiazole-CH), 148.6 (thiazole-C), 138.3 (thiazole-C), 131.7 (Ar-

C), 131.0 (Ar-C), 129.6 (2 × Ar-CH), 128.2 (2 × Ar-CH), 79.7 (alkyne-C), 74.8 (alkyne-CH), 70.7 

(-CH2), 70.6 (-CH2), 70.6 (2 × -CH2), 70.6 (-CH2), 70.5 (-CH2), 70.5 (-CH2), 70.2 (-CH), 69.2 (-

CH2), 67.2 (-CH2), 58.5 (-CH2), 57.9 (-CH), 56.8 (-CbH), 53.9 (-CH2), 43.3 (-CH2), 36.8 (-CaH2), 

36.1 (-CH2), 29.8 (-C), 26.5 (3 × -CH3), 16.2 (-CH3). 
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FSCN-A-VHL-4 (3.19): To a stirred solution of alkyne 3.18 (17 mg, 0.024 mmol, 1 equiv) in 

tetrahydrofuran (0.2 mL, 0.1 M) was added sodium ʟ-ascorbate (1.4 mg, 0.0071 mmol, 0.3 

equiv), copper(II) sulfate powder (1.1 mg, 0.0071 mmol, 0.3 equiv), azide 3.17 (14 mg, 0.024 

mmol, 1 equiv) and a few drops of water. The resulting solution was stirred at room 

temperature for 16 hours before removing volatile components in vacuo. The crude 

product was purified column chromatography on silica gel with an eluent of 10% to 50% 

ethanol in dichloromethane afforded the product (23 mg, 0.018 mmol, 74%) as clear oil. 

Further purification by semi-preparative RP-HPLC using a focused gradient across 45% and 

75% acetonitrile in water over 20 minutes eluted the title compound at tR = 14 minutes 

(52% acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand A alkylation VHL PROTAC FSCN-A-VHL-4 (3.19) (9 mg, 

0.007 mmol, 29%) as a white fluffy powder. 

1H NMR (500 MHz, methanol-d4) δ 9.89 (1H, s, thiazole-H), 8.84 (1H, s, Ar-H), 8.38 (1H, d, J 

= 8.0 Hz, Ar-H), 8.28 (1H, s, -CH), 8.26 – 8.13 (3H, m, triazole-H & 2 × Ar-H), 7.83 – 7.75 (1H, 

m, Ar-H), 7.66 – 7.59 (2H, m, 2 × Ar-H), 7.59 – 7.43 (6H, m, 6 × Ar-H), 7.37 (1H, d, J = 8.2 Hz, 

Ar-H), 5.28 (2H, s, -CH2), 5.04 (2H, s, -CH2
a), 4.71 – 4.34 (7H, m, 2 × -CH2 & 3 × -CH), 4.00 – 

3.52 (32 H, m, 16 × -CH2), 2.59 (3H, s, -CH3), 2.51 – 2.42 (2H, m, -CH2), 2.27 – 2.03 (2H, m, -

CH2), 1.04 (9H, s, 3 × -CH3). 13C NMR (126 MHz, methanol-d4) δ 174.6 (-CONH), 173.8 (-

CONH), 172.1 (-CONR), 166.8 (-CONH), 163.5 (-CONR), 156.1 (Ar-C), 151.3 (thiazole-C), 

144.4 (triazole-C), 143.4 (thiazole-C), 142.3 (Ar-C), 138.9 (thiazole-C), 138.8 (Ar-C), 138.8 (-

CH), 136.5 (Ar-C), 136.5 (Ar-C), 135.5 (Ar-C), 134.4 (Ar-C), 133.5 (Ar-C), 132.9 (Ar-C), 131.9 

(Ar-C), 131.2 (Ar-C), 130.4 (Ar-C), 129.9 (Ar-C), 129.5 (Ar-C), 129.4 (4 × Ar-C), 129.0 (Ar-C), 
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128.9 (Ar-C), 128.4 (Ar-C), 126.6 (Ar-C), 126.3 (triazole-C), 126.0 (Ar-C), 114.6 (-C), 114.6 

(Ar-C), 71.6 (2 × -CH2), 71.5 (-CH), 71.5 (2 × -CH2), 71.4 (-CH2), 71.1 (-CH2), 71.0 (-CH2), 68.3 

(-CH2), 65.0 (-CH), 60.9 (-CH), 59.1 (-CH), 58.0 (-CH2), 56.6 (-CH2), 52.9 (-CH2), 52.6 (2 × -CH2), 

45.6 (-CaH2), 44.8 (2 × -CH2), 43.6 (-CH), 39.0 (-CH2), 37.3 (-CH2), 37.3 (-CH2), 36.7 (-C(CH3)3), 

27.1 (3 × -CH3), 13.6 (-CH3). IR (thin film) 1659, 1126, 802 cm-1. HRMS (ESI) exact mass 

calculated for C65H81N12O12Cl2S [M+H]+ m/z 1323.5189, found m/z 1323.5192. LCMS (ESI) 

mass calculated for C65H81N12O12Cl2S [M+H]+ m/z 1323.52, found m/z 1323.00 with tR = 5.83 

min.  

 

- Fascin ligand A alkylation CRBN PROTAC: 

 

3.20: To a stirred solution of mono-protected linker (80 mg, 0.24 mmol, 1 equiv) in 

dichloromethane (3 mL, 0.1 M), was added methanesulfonyl chloride (55 μL, 0.71 mmol, 3 

equiv) and triethylamine (99 μL, 0.71 mmol, 3 equiv) and the resulting solution was stirred 

at room temperature for 16 hours. The reaction mixture was partitioned between 1 M 

aqueous hydrochloric acid (10 mL) and dichloromethane (10 mL), and the aqueous phase 

was extracted with dichloromethane (4 × 10 mL). The combined organic extracts were 

washed with water (2 × 20 mL), dried over magnesium sulfate, filtered and concentrated in 

vacuo. Purification by column chromatography on silica gel with an eluent of 100% ethyl 

acetate afforded mesylate 3.20 (76 mg, 0.19 mmol, 77%) as a clear oil. 

1H NMR (400 MHz, chloroform-d) δ 4.94 (1H, br s, -NH), 4.31 – 4.23 (2H, m, -CH2), 3.73 – 

3.59 (2H, m, -CH2), 3.60 – 3.47 (12H, m, 6 × -CH2), 3.43 (2H, t, J = 5.1 Hz, -CH2), 3.26 – 3.16 

(2H, m, -CH2), 2.97 (3H, s, -CH3
a), 1.33 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 

156.1 (-NCOOR), 79.3 (-C(CH3)3), 70.8 (-CH2), 70.7 (3 × -CH2), 70.7 (2 × -CH2), 70.4 (-CH2), 

69.4 (-CH2), 69.2 (-CH2), 40.5 (-CH2), 37.9 (-CaH3), 28.6 (3 × -CH3). IR (thin film) 3348, 1705, 

1173 cm-1. HRMS (ESI) exact mass calculated for C16H33NO9SNa [M+Na]+ m/z 438.1768, 

found m/z 438.1768.  
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3.21: To a dry flask charged with argon was added anhydrous acetonitrile (1 mL, 0.1 M), 

mesylated linker 3.20 (36 mg, 0.087 mmol, 1 equiv), fascin ligand A FSCN-A (1.4) (53 mg, 

0.10 mmol, 1.2 equiv) and triethylamine (24 μL, 0.17 mmol, 2 equiv) and the resulting 

solution was stirred under reflux for 48 hours. After consumption of starting materials was 

confirmed by TLC, volatile components were removed in vacuo. Purification by column 

chromatography on silica gel with an eluent of 20% to 100% ethanol in dichloromethane 

afforded fascin ligand fragment 3.21 (41 mg, 0.050 mmol, 57%) as a light brown oil. 

1H NMR (400 MHz, chloroform-d) δ 8.40 (1H, dd, J = 8.2, 1.4 Hz, Ar-H), 8.33 (1H, br s, -NH), 

8.29 (1H, s, -CH), 8.11 (1H, d, J = 8.2 Hz, Ar-H), 7.93 (1H, d, J = 9.1 Hz, Ar-H), 7.69 (1H, ddd, 

J = 8.2, 7.1, 1.4 Hz, Ar-H), 7.58 (1H, s, Ar-H), 7.51 (1H, ddd, J = 8.2, 7.1, 1.2 Hz, Ar-H), 7.40 – 

7.31 (2H, m, 2 × Ar-H), 7.12 (1H, dd, J = 8.2, 2.1 Hz, Ar-H), 6.64 (1H, d, J = 9.1 Hz, Ar-H), 5.09 

(1H, br s, -NH), 5.00 (2H, s, -CH2), 3.68 – 3.54 (14H, m, 7 × -CH2), 3.55 – 3.43 (6H, m, 3 × -

CH2), 3.30 – 3.21 (2H, m, -CH2), 2.68 – 2.56 (6H, m, 2 × -CH2
a & -CH2

b), 1.41 (9H, s, 3 × - CH3). 

13C NMR (101 MHz, chloroform-d) δ 162.0 (-CONR), 157.1 (-CONH), 156.3 (-NCOOR), 140.6 

(-CH), 136.4 (Ar-C), 134.0 (Ar-C), 133.4 (2 Ar-C), 133.1 (Ar-C), 133.1 (Ar-C), 132.5 (Ar-C), 

131.4 (Ar-C), 131.0 (Ar-C), 130.0 (Ar-C), 128.5 (Ar-C), 128.0 (Ar-C), 127.4 (Ar-C), 125.7 (Ar-

C), 125.7 (Ar-C), 124.8 (Ar-C), 115.1 (Ar-C), 107.1 (Ar-C), 79.4 (-C(CH3)3), 70.7 (2 × -CH2), 70.6 

(2 × -CH2), 70.5 (2 × -CH2), 70.3 (-CH2), 68.7 (-CH2), 57.8 (-CbH2), 53.3 (2 × -CaH2), 51.4 (-CH2), 

45.5 (2 × -CH2), 40.5 (-CH2), 28.5 (3 × -CH3). IR (thin film) 1651, 1489, 733 cm-1. HRMS (ESI) 

exact mass calculated for C41H52N6O8Cl2Na [M+Na]+ m/z 849.3116, found m/z 849.3085.  
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FSCN-A-CRBN-3 (3.22): Protected linker fragment 3.21 (40 mg, 0.047 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (0.75 mL/0.75 mL, 0.03 M) and the 

resulting solution was stirred at room temperature for 2 hours. CRBN ligand CRBN-2 (2.11) 

(18 mg, 0.047 mmol, 1 equiv) was dissolved in trifluoroacetic acid/dichloromethane (0.75 

mL/0.75 mL, 0.03 M) and the resulting solution was stirred at room temperature for 2 hours. 

The reactions were monitored by TLC for complete consumption of the starting materials 

before removal of volatile components in vacuo. The residues were redissolved in N,N-

dimethylformamide (0.15 mL, 0.3 M), and HATU (18 mg, 0.047 mmol, 1 equiv) and N,N-

diisopropylethylamine (50 μL, 0.28 mmol, 6 equiv) were added. The resulting solution was 

stirred at room temperature for 16 hours before partitioning it between dichloromethane 

(10 mL) and water (10 mL). The aqueous phase was extracted with dichloromethane (5 × 

10 mL) and the combined organic phases were washed with 5% aqueous lithium chloride 

(3 × 20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Purification 

by column chromatography on silica gel with an eluent of 10% to 50% ethanol in 

dichloromethane afforded the product (27 mg, 0.026 mmol, 56%) as a clear oil. Further 

purification by semi-preparative RP-HPLC using a focused gradient across 45% and 75% 

acetonitrile in water over 20 minutes eluted the title compound at tR = 14 minutes (61% 

acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand A alkylation CRBN PROTAC FSCN-A-CRBN-3 (3.22) (8 

mg, 0.008 mmol, 17%) as a pale yellow oil. 

1H NMR (400 MHz, methanol-d4) δ 8.67 (1H, s, -cH), 8.38 (1H, dd, J = 8.2, 1.2 Hz, Ar-H), 8.21 

(1H, d, J = 8.2 Hz, Ar-H), 8.18 – 8.11 (2H, m, 2 × Ar-H), 7.82 – 7.77 (1H, m, Ar-H), 7.77 – 7.72 
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(1H, m, Ar-H), 7.65 – 7.58 (2H, m, 2 × Ar-H), 7.52 – 7.44 (2H, m, 2 × Ar-H), 7.40 – 7.31 (3H, 

m, 3 × Ar-H), 5.27 (2H, s, -CH2), 5.15 – 5.07 (1H, m, -CH), 4.75 (2H, s, -CH2
b), 4.49 – 4.34 (2H, 

m, -CH2
a), 3.92 (2H, t, J = 4.1 Hz, -CH2), 3.89 – 3.78 (2H, m, -CH2), 3.74 – 3.59 (16H, m, 8 × -

CH2), 3.54 – 3.47 (4H, m, 2 × -CH2), 3.47 – 3.36 (2H, m, -CH2), 2.94 – 2.63 (3H, m, -CH2 & -

CHH), 2.19 – 2.09 (1H, m, -CHH). 13C NMR (101 MHz, methanol-d4) δ 174.5 (-CONH), 171.5 

(-CONH), 170.0 (-CONH), 168.2 (-CONR), 167.6 (-CONR), 166.7 (-CONR), 163.5 (-CONH), 

156.1 (Ar-C), 156.1 (Ar-C), 138.8 (-CH), 138.3 (Ar-C), 136.3 (Ar-C), 135.5 (Ar-C), 134.8 (Ar-C), 

134.4 (2 × Ar-C) 133.5 (Ar-C), 132.9 (Ar-C), 131.9 (Ar-C), 131.2 (Ar-C), 129.6 (Ar-C), 129.0 (2 

× Ar-C), 128.9 (2 × Ar-C), 126.6 (Ar-C), 126.0 (Ar-C), 121.5 (2 × Ar-C), 119.0 (Ar-C), 117.9 (Ar-

C), 114.8 (-C), 71.5 (-CH2), 71.5 (-CH2), 71.4 (-CH2), 71.3 (-CH2), 71.3 (-CH2), 70.2 (2 × -CH2), 

69.1 (-CbH2), 65.2 (-CH2), 57.4 (-CH2), 52.8 (-CH2), 52.4 (2 × -CH2), 50.6 (-CH), 44.6 (2 × -CH2), 

40.2 (-CaH2), 32.2 (-CH2), 23.7 (-CH2). IR (thin film) 1674, 1134, 802 cm-1. HRMS (ESI) exact 

mass calculated for C51H55N8O12Cl2 [M+H]+ m/z 1041.3311, found m/z 1041.3273. LCMS 

(ESI) mass calculated for C51H55N8O12Cl2 [M+H]+ m/z 1041.33, found m/z 1041.50 with tR = 

5.87 min.  

 

- Fascin ligand A alkylation HyT PROTAC: 

 

3.23: To a stirred solution of alcohol 2.35 (400 mg, 1.2mmol, 1 equiv) in dichloromethane 

(8 mL, 0.3 M) was added methanesulfonyl chloride (0.14 mL, 1.8 mmol, 1.5 equiv) and 

triethylamine (0.50 mL, 3.6 mmol, 3 equiv) and the resulting solution was stirred at room 

temperature for 16 hours. The reaction mixture was partitioned between 1 M aqueous 

hydrochloric acid (10 mL) and dichloromethane (10 mL), and the aqueous phase was 

extracted with dichloromethane (4 × 10 mL). The combined organic extracts were washed 

with water (2 × 20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. 

Purification by column chromatography on silica gel with an eluent of 50% ethyl acetate in 

dichloromethane afforded mesylate 3.23 (390 mg, 0.98 mmol, 80%) as a light brown oil. 

1H NMR (400 MHz, chloroform-d) δ 4.37 (2H, t, J = 4.1 Hz, -CH2
a), 3.76 (2H, t, J = 4.1 Hz, -

CH2), 3.69 – 3.59 (8H, m, 4 × -CH2), 3.60 – 3.52 (4H, m, 2 × -CH2), 3.07 (3H, s, -CH3), 2.18 – 

2.07 (3H, m, 3 × -CH), 1.80 – 1.67 (6H, m, 3 × -CH2), 1.68 – 1.52 (6H, m, 3 × -CH2). 13C NMR 

(101 MHz, chloroform-d) δ 72.3 (-C), 71.5 (-CH2), 70.8 (-CH2), 70.7 (2 × -CH2), 70.7 (-CH2), 

69.4 (-CH2), 69.1 (-CaH2), 59.4 (-CH2), 41.6 (3 × -CH2), 37.9 (-CH3), 36.6 (3 × -CH2), 30.6 (3 × -
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CH). IR (thin film) 2905, 1350, 1088 cm-1. HRMS (ESI) exact mass calculated for C19H34O7SNa 

[M+Na]+ m/z 429.1917, found m/z 429.1901. 

 

 

FSCN-A-HyT-1 (3.24): To a dry flask charged with argon was added anhydrous acetonitrile 

(4.2 mL, 0.1 M), mesylated linker 3.23 (170 mg, 0.42 mmol, 1 equiv), fascin ligand A FSCN-

A (1.4) (250 mg, 0.50 mmol, 1.2 equiv) and triethylamine (0.15 mL, 0.84 mmol, 2 equiv) and 

the resulting solution was stirred under reflux for 48 hours. After consumption of starting 

materials was confirmed by TLC, volatile components were removed in vacuo. Purification 

by column chromatography on silica gel with an eluent of 10% to 20% ethanol in 

dichloromethane afforded the product (250 mg, 0.31 mmol, 74%) as a light purple 

amorphous solid oil. Further purification by semi-preparative RP-HPLC using a focused 

gradient across 55% and 80% acetonitrile in water over 35 minutes eluted the title 

compound at tR = 17 minutes (66% acetonitrile) and the product fraction was lyophilised. 

Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid and 

acetonitrile, followed by lyophilisation, yielded fascin ligand A alkylation CRBN PROTAC 

FSCN-A-HyT-1 (3.24) (110 mg, 0.13 mmol, 32%) as a light brown oil. 

1H NMR (500 MHz, methanol-d4) δ 8.50 (1H, s, -CH), 8.40 (1H, dd, J = 8.4, 1.4 Hz, Ar-H), 8.16 

(1H, d, J = 8.2 Hz, Ar-H), 8.05 – 7.98 (2H, m, 2 × Ar-H), 7.79 (1H, ddd, J = 8.2, 7.1, 1.4 Hz, Ar-

H), 7.64 – 7.58 (2H, m, 2 × Ar-H), 7.50 (1H, d, J = 8.3 Hz, Ar-H), 7.35 (1H, dd, J = 8.3, 2.1 Hz, 

Ar-H), 7.01 (1H, d, J = 9.1 Hz, Ar-H), 5.26 (2H, s, -CH2), 3.92 – 3.87 (2H, m, -CH2), 3.75 – 3.53 

(16H, m, 8 × -CH2), 3.48 – 3.42 (2H, m, -CH2
b), 2.68 – 2.64 (4H, m, 2 -CH2

a), 2.12 – 2.06 (3H, 

m, 3 × -CH), 1.75 – 1.70 (6H, m, 3 × -CH2), 1.69 – 1.55 (6H, m, 3 × -CH2). 13C NMR (126 MHz, 

methanol-d4) δ 166.8 (-CONH), 163.5 (-CONR), 138.7 (Ar-C), 136.5 (Ar-CH), 135.5 (Ar-C), 

135.5 (-CH), 134.4 (Ar-C), 133.5 (Ar-C), 132.9 (Ar-C), 131.9 (2 × Ar-C), 131.2 (Ar-C), 129.9 

(Ar-C), 129.0 (2 × Ar-C), 129.0 (2 × Ar-C), 128.8 (Ar-C), 126.6 (Ar-C), 126.1 (Ar-C), 114.6 (Ar-

C), 73.7 (-C), 72.4 (-CH2), 71.6 (-CH2), 71.5 (-CH2), 71.4 (2 × -CH2), 65.3 (-CH2), 60.4 (-CH2), 

57.6 (-CbH2), 52.9 (-CH2), 52.5 (2 × -CaH2), 44.8 (2 × -CH2), 42.6 (3 × -CH2), 37.5 (3 × -CH2), 

32.0 (3 × -CH). IR (thin film) 1659, 1489, 1134 cm-1. HRMS (ESI) exact mass calculated for 
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C44H53Cl2N5O6Na [M+Na]+ m/z 840.3265, found m/z 840.3226. LCMS (ESI) mass calculated 

for C44H54N5O6Cl2 [M+H]+ m/z 818.34, found m/z 818.50 with tR = 6.44 min. 

 

Preparation of fascin ligand B FSCN-B (1.5) 

 

3.25: To a stirred solution of dimethyl 3-oxoglutarate (5.0 mL, 35 mmol, 1 equiv) in ethanol 

(10 mL, 3.5 M) was added N,N-dimethylformamide dimethyl acetal (4.6 mL, 35 mmol, 1 

equiv) and the resulting solution was stirred at room temperature for 16 hours. Volatile 

components were removed in vacuo and purification by column chromatography on silica 

gel with an eluent of 10% to 100% ethyl acetate in dichloromethane afforded a 1:1 mixture 

of E and Z isomers of enaminone 3.25 (5.3 g, 22 mmol, 64%) as dark yellow oil. 

Analytical data were in accordance with literature values.258 

1H NMR (400 MHz, chloroform-d) δ 7.81 (1H, s, enaminone-Ha), 3.76 (2H, s, -CH2), 3.69 (3H, 

s, -CH3), 3.67 (3H, s, -CH3), 3.26 (3H, s, -CH3), 2.88 (3H, s, -CH3). 13C NMR (101 MHz, 

chloroform-d) δ 189.3 (-CO), 169.8 (-COOR), 167.8 (-COOR), 159.7 (enaminone-Ca), 100.6 (-

C), 52.0 (-OCH3), 51.1 (-OCH3), 48.4 (-CH2), 48.0 (-NCH3), 42.8 (-NCH3). 

 

 

3.26a or 3.26b: To a stirred solution of tert-butyl 4-hydrazinopiperidine-1-carboxylate 

hydrochloride (2.0 g, 12 mmol, 1 equiv) in ethanol (40 mL, 0.3 M) was added 1 M aqueous 

sodium hydroxide (1 equiv) and the resulting solution was stirred at room temperature for 

15 minutes. Enaminone 3.25 (2.7 g, 12 mmol, 1 equiv) was added and the reaction mixture 

was stirred under reflux for 1 hour. Volatile components were removed in vacuo and 

purification by column chromatography on silica gel with an eluent of 30% to 100% ethyl 

acetate in petroleum ether afforded pyrazole 3.26a or 3.26b (3.7 g, 9.8 mmol, 82%) as a 

light yellow oil.  

Analytical data were in accordance with literature values.258 
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1H NMR (400 MHz, chloroform-d) δ 7.89 (1H, s, pyrazole-Hc), 4.26 (2H, br s, -CH2), 4.15 (2H, 

s, -CH2
a), 4.13 – 4.08 (1H, m, -CH), 3.80 (3H, s, -OCH3), 3.72 (3H, s, -OCH3), 2.92 – 2.72 (2H, 

m, -CH2), 2.22 – 2.08 (2H, m, -CH2), 1.89 – 1.80 (2H, m, -CH2
b), 1.45 (9H, s, 3 × -CH3). 2D 

NOESY indicated cross-peak between -CH2
a and -CH2

b. 13C NMR (101 MHz, chloroform-d) δ 

169.1 (-COOR), 163.9 (-COOR), 154.4 (-NCOOR), 140.8 (pyrazole-CcH), 138.1 (pyrazole-C), 

112.1 (pyrazole-C), 79.9 (-C(CH3)3), 56.5 (2 × -CH2), 52.6 (-CH), 51.2 (2 × -CH3), 31.8 (-CbH2 & 

-CH2), 29.9 (-CaH2), 28.4 (3 × -CH3). HRMS (ESI) exact mass calculated for C18H27N3O6Na 

[M+Na]+ m/z 404.1798, found m/z 404.1886. LCMS (ESI) mass calculated for C18H28N3O6 

[M+H]+ m/z 381.19, found m/z 381.83 with tR = 6.41 min. 

 

 

3.27: To a stirred solution of pyrazole 3.26a (300 mg, 0.78 mmol, 1 equiv) in anhydrous 

toluene (2.6 mL, 0.3 M) was added Bredereck’s reagent (0.24 mL, 1.2 mmol, 1.5 equiv) and 

the resulting solution was stirred under reflux for 16 hours. Complete consumption of 

pyrazole 3.26a was confirmed by TLC and volatile components were removed in vacuo. 

Enaminone 3.27 was afforded in quantitative yield as a mixture of E and Z isomers and used 

in the next step without further purification. 

LCMS (ESI) mass calculated for C21H33N4O6 [M+H]+ m/z 437.24, found m/z 437.42 with tR = 

6.20 min and m/z 437.33 with tR = 6.33. 

 

 

3.28: To a stirred solution of enaminone 3.27 (2.9 g, 6.6 mmol, 1 equiv) in anhydrous 

toluene (30 mL, 0.2 M) were added 3,4-dichlorobenzylamine (3.5 mL, 26 mmol, 4 equiv) 

and glacial acetic acid (0.04 mL, 0.1 equiv) and the resulting solution was stirred under 

reflux for 16 hours. Volatile components were removed in vacuo and the residue was 

redissolved in ethyl acetate (30 mL) and washed with saturated aqueous sodium hydrogen 
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bicarbonate solution until pH 8. The organic phase was washed with brine (3 × 10 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. The crude product was 

purified by column chromatography on silica gel with an eluent of 30% to 100% ethyl 

acetate in petroleum ether to afford substitution product 3.28 (2.3 g, 4.0 mmol, 61%) as a 

light yellow amorphous solid and annulation product 3.29 (1.0 g, 1.9 mmol, 28%) an off 

white amorphous solid. 

Analytical data were in accordance with literature values.258 

3.28: 1H NMR (400 MHz, chloroform-d) δ 8.88 (1H, br, -NH), 7.92 (1H, s, pyrazole-H), 7.49 – 

7.42 (2H, m, 2 × Ar-H), 7.18 (1H, dd, J = 8.2, 2.1 Hz, Ar-H), 6.92 (1H, d, J = 13.3 Hz, alkene-

Ha), 4.43 (2H, d, J = 6.1 Hz, -CH2
b), 4.38 – 4.11 (2H, m, -CH2), 4.11 – 4.00 (1H, m, -CH), 3.75 

(3H, s, -OCH3), 3.64 (3H, s, -OCH3), 2.88 – 2.64 (2H, m, -CH2), 2.26 – 1.80 (4H, m, 2 × -CH2), 

1.47 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 168.5 (-COOR), 163.8 (-COOR), 

156.0 (alkene-CaH), 154.4 (-NCOOR), 141.6 (pyrazole-CH), 141.1 (pyrazole-C), 137.9 (Ar-C), 

133.0 (Ar-C), 132.1 (Ar-C), 130.8 (Ar-CH), 129.2 (Ar-CH), 126.5 (Ar-CH), 111.8 (pyrazole-C), 

83.4 (alkene-C), 79.7 (-C(CH3)3), 56.0 (-CbH2), 51.4 (-OCH3), 51.0 (-CH2), 50.8 (-OCH3), 32.3 (2 

× -CH2), 30.9 (2 × -CH2), 28.4 (3 × -CH3). HRMS (ESI) exact mass calculated for 

C26H32N4Cl2O6Na [M+Na]+ m/z 589.1597, found m/z 589.1577. LCMS (ESI) mass calculated 

for C26H33N4Cl2O6 [M+H]+ m/z 567.18, found m/z 567.33 with tR = 7.40 min. 

Data for 3.29 matched data reported below. 

 

 

3.29: To a stirred solution of substitution product 3.28 (2.3 g, 4.1 mmol, 1 equiv) in 

anhydrous methanol (41 mL, 0.1 M) was added 0.01 M sodium methoxide solution (4 mL, 

0.4 mmol, 0.1 equiv) and the resulting solution was stirred under reflux for 20 minutes until 

full consumption of the starting material was confirmed by TLC. The reaction mixture was 

partitioned between dichloromethane (200 mL) and water (200 mL). The aqueous phase 

was extracted with dichloromethane (3 × 200 mL). The combined organic extracts were 

washed with brine (2 × 200 mL), dried over magnesium sulfate, filtered and concentrated 

in vacuo. The crude product was purified by column chromatography on silica gel with an 
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eluent of 30% to 100% ethyl acetate in petroleum ether to afford annulation product 3.29 

(2.1 g, 4.1 mmol) in quantitative yield as an off white amorphous solid. 

Analytical data were in accordance with literature values.258 

1H NMR (400 MHz, chloroform-d) δ 8.25 (1H, s, -CHb), 8.02 (1H, s, pyrazole-H), 7.45 – 7.39 

(2H, m, 2 × Ar-H), 7.18 (1H, dd, J = 8.3, 2.1 Hz, Ar-H), 5.42 – 5.29 (1H, m, -CH), 5.15 (2H, s, -

CH2
a), 4.41 – 4.13 (2H, m, -CH2), 3.90 (3H, s, -CH3), 3.01 – 2.77 (2H, m, -CH2), 2.26 – 1.91 

(4H, m, 2 × -CH2), 1.47 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 163.8 (-COOR), 

158.2 (-CONH), 154.6 (-NCOOR), 141.3 (-CbH), 138.9 (Ar-C), 137.5 (pyrazole-CH), 136.2 

(pyrazole-C), 133.1 (Ar-C), 132.6 (Ar-C), 131.0 (Ar-CH), 129.8 (Ar-CH), 127.3 (Ar-CH), 113.7 

(pyrazole-C), 101.1 (-C), 79.7 (-C(CH3)3), 59.0 (-CH), 52.5 (-OCH3), 50.5 (-CaH2), 43.5 (2 × -

CH2), 32.5 (2 × -CH2), 28.4 (3 × -CH3). HRMS (ESI) exact mass calculated for C25H28N4Cl2O5Na 

[M+Na]+ m/z 557.1329, found m/z 557.1315. LCMS (ESI) mass calculated for C25H29N4Cl2O5 

[M+H]+ m/z 534.15, found m/z 534.35 with tR = 6.60 min. 

 

 

3.30: To a stirred solution of 3.29 (500 mg, 0.94 mmol, 1 equiv) in ethanol (3 mL, 0.3 M) was 

added 4 M aqueous sodium hydroxide (0.16 mL, 4.7 mmol, 4 equiv) and the resulting 

solution was stirred at room temperature for 4 hours. After complete consumption of the 

starting material was confirmed by TLC, volatile components were removed in vacuo. The 

residue was redissolved in water (20 mL) and 1 M aqueous hydrochloric acid was added 

until pH 3. The acidified aqueous phase was extracted with dichloromethane (3 × 20 mL), 

and the combined organic extracts were dried over magnesium sulfate, filtered and 

concentrated in vacuo. Carboxylic acid 3.30 (490 mg, 0.94 mmol) was afforded in 

quantitative yield as a light yellow amorphous solid and used in the next step without 

further purification. 

LCMS (ESI) mass calculated for C24H27N4Cl2O5 [M+H]+ m/z 520.14, found m/z 520.14 with tR 

= 6.77 min. 
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3.31: To a pre-stirred solution of carboxylic acid 3.30 (37 mg, 0.071 mmol, 1 equiv), HATU 

(27 mg, 0.071 mmol, 1 equiv) and N,N-diisopropylethylamine (37 μL, 0.21 mmol, 3 equiv) 

in N,N-dimethylformamide (0.2 mL, 0.3 M) was added amine 4-aminopyridine (6.7 mg, 

0.071 mmol, 1 equiv), and the resulting solution was stirred at room temperature for 16 

hours. The reaction mixture was partitioned between dichloromethane (20 mL) and water 

(20 mL), and the aqueous phase was extracted with dichloromethane (5 × 20 mL). The 

combined organic phases were washed with 5% aqueous lithium chloride (5 × 40 mL), dried 

over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 20% ethanol in dichloromethane 

afforded protected fascin ligand B 3.31 (41 mg, 0.069 mmol, 98%) as a colourless oily solid. 

Analytical data were in accordance with literature values.258 

1H NMR (500 MHz, chloroform-d) δ 9.43 (1H, s, -NH), 8.56 – 8.45 (2H, m, 2 × Ar-H), 8.12 

(1H, s, -CH), 7.66 – 7.59 (1H, m, 2 × Ar-Hb), 7.47 (1H, s, pyrazole-H), 7.37 (1H, d, J = 8.3 Hz, 

Ar-H), 7.31 (1H, d, J = 2.1 Hz, Ar-H), 7.07 (1H, dd, J = 8.3, 2.1 Hz, Ar-H), 4.92 (2H, s, -CH2), 

4.67 – 4.56 (1H, m, -CH), 4.26 – 4.09 (2H, m, -CH2), 2.84 – 2.55 (2H, m, -CH2), 2.20 – 1.91 

(4H, m, 2 × -CH2), 1.44 (9H, s, 3 × -CH3). 13C NMR (126 MHz, chloroform-d) δ 163.8 (-CaONH), 

158.3 (-CONR), 154.7 (-NCOOR), 150.9 (2 × Ar-CH), 145.2 (pyrazole-C), 138.7 (Ar-C), 137.1 

(-CH), 135.9 (pyrazole-CH), 135.6 (Ar-C), 133.3 (Ar-C), 133.0 (Ar-C), 131.2 (Ar-CH), 130.0 (Ar-

CH), 127.4 (Ar-CH), 113.9 (2 × Ar-CbH), 113.6 (pyrazole-C), 106.7 (-C), 80.2 (-C(CH3)3), 58.8 

(-CH), 50.3 (-CH2), 32.2 (2 × -CH2), 29.8 (2 × -CH2), 28.5 (3 × -CH3). HRMS (ESI) exact mass 

calculated for C29H30N6Cl2O4Na [M+Na]+ m/z 619.1598, found m/z 619.1587. 
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FSCN-B (1.5): Protected ligand 3.31 (240 mg, 0.40 mmol, 1 equiv) was dissolved in 

trifluoroacetic acid/dichloromethane (7 mL/7 mL, 0.03 M) and the resulting solution was 

stirred at room temperature for 2 hours. The reaction was monitored by TLC for complete 

consumption of the starting material before removal of volatile components in vacuo. The 

residue was redissolved in 1 M aqueous sodium hydroxide (5 mL) and stirred for a further 

15 minutes. The aqueous phase was extracted with dichloromethane (2 × 5 mL) and the 

combined organic phases were dried over magnesium sulfate, filtered and concentrated in 

vacuo. Filtration through a silica gel afforded fascin ligand B FSCN-B (1.5) (199 mg, 0.40 

mmol) in quantitative yield as a white amorphous solid. Further purification by semi-

preparative RP-HPLC of some material using a focused gradient across 40% and 70% 

acetonitrile in water over 30 minutes eluted the title compound at tR = 22 minutes (58% 

acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand B FSCN-B (1.5) as a white fluffy powder. Single crystals 

were obtained using two-solvent recrystallisation with methanol as primary solvent and 

hexane as co-solvent.  

Analytical data were in accordance with literature values.258 

1H NMR (500 MHz, methanol-d4) δ 8.73 – 8.66 (2H, m, 2 × Ar-H), 8.43 (1H, s, -CH), 8.30 – 

8.27 (2H, m, 2 × Ar-H), 8.26 (1H, s, pyrazole-H), 7.56 (1H, d, J = 2.1 Hz, Ar-H), 7.49 (1H, d, J 

= 8.3 Hz, Ar-H), 7.32 (1H, dd, J = 8.3, 2.2 Hz, Ar-H), 5.26 (2H, s, -CH2), 5.10 – 5.00 (1H, m, -

CH), 3.62 – 3.54 (2H, m, -CH2), 3.24 – 3.09 (2H, m, -CH2), 2.53 – 2.29 (4H, m, 2 × -CH2). 13C 

NMR (126 MHz, methanol-d4) δ 166.1 (-CONH), 160.0 (-CONR), 155.7 (pyrazole-C), 143.2 (2 

× Ar-CH), 141.9 (-CH), 140.7 (Ar-C), 138.5 (Ar-C), 138.4 (pyrazole-CH), 133.6 (Ar-C), 133.0 

(Ar-C), 131.9 (Ar-CH), 131.0 (Ar-CH), 128.8 (Ar-CH), 116.7 (2 × Ar-CH), 114.9 (pyrazole-C), 

105.9 (-C), 56.6 (-CH), 52.2 (-CH2), 44.4 (2 × -CH2), 30.1 (2 × -CH2). HRMS (ESI) exact mass 

calculated for C24H22N6Cl2O2Na [M+Na]+ m/z 519.1079, found m/z 519.1072. 
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Preparation of 2nd series PROTACs 

- Fascin ligand B VHL PROTACs: 

 

3.32: To a dry flask charged with argon was added anhydrous tetrahydrofuran/N,N-

dimethylformamide (1.9 mL/1.9 mL, 1 M), diethylene glycol (1.44 mL, 15.2 mmol, 4 equiv) 

and sodium hydride (60% in mineral oil, 303 mg, 7.58 mmol, 2 equiv) at 0 °C. The resulting 

suspension was stirred for 30 minutes before tert-butyl bromoacetate (0.56 mL, 3.8 mmol, 

1 equiv) was added dropwise at 0 °C. The reaction mixture was allowed to reach room 

temperature and stirred for a further 2 hours. The reaction was quenched by dropwise 

addition of water (50 mL). The aqueous phase was extracted with dichloromethane (3 × 50 

mL) and the combined organic extracts were washed with brine (3 × 150 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 30% to 70% ethyl acetate in petroleum ether 

afforded protected linker 3.32 (532 mg, 2.42 mmol, 64%) as a clear oil. 

Analytical data observed were in accordance with literature values.98  

1H NMR (500 MHz, chloroform-d) δ 3.97 (2H, s, -CH2
a), 3.72 – 3.61 (6H, m, 3 × -CH2), 3.60 – 

3.54 (2H, m, -CH2), 3.03 (1H, br s, -OH), 1.42 (9H, s, 3 × -CH3). 13C NMR (126 MHz, 

chloroform-d) δ 169.7 (-COOR), 81.8 (-C(CH3)3), 72.6 (-CH2), 70.8 (-CH2), 70.3 (-CH2), 69.0 (-

CH2), 61.6 (-CaH2), 28.1 (3 × -CH3). 

 

 

3.33: To a dry flask charged with argon was added anhydrous dichloromethane (4.5 mL, 0.1 

M), alcohol 3.32 (100 mg, 0.45 mmol, 1 equiv), methanesulfonyl chloride (53 μL, 0.68 mmol, 

1.5 equiv) and triethylamine (0.19 mL, 1.4 mmol, 3 equiv) and the resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was partitioned between 

1 M aqueous hydrochloric acid (10 mL) and dichloromethane (10 mL), and the aqueous 

phase was extracted with dichloromethane (4 × 10 mL). The combined organic extracts 

were washed with water (2 × 20 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 50% to 100% ethyl acetate in petroleum ether afforded mesylate 3.33 (130 mg, 0.44 

mmol, 96%) as a clear oil. 
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1H NMR (500 MHz, chloroform-d) δ 4.38 (2H, t, J = 4.5 Hz, -CH2), 3.99 (2H, s, -CH2), 3.78 (2H, 

t, J = 4.6 Hz, -CH2), 3.74 – 3.68 (4H, m, 2 × -CH2), 3.07 (3H, s, -CH3
a), 1.47 (9H, s, 3 × -CH3). 

13C NMR (126 MHz, chloroform-d) δ 169.6 (-COOR), 81.8 (-C(CH3)3), 70.8 (2 × -CH2), 69.3 (-

CH2), 69.2 (-CH2), 69.1 (-CH2), 37.9 (-CaH3), 28.2 (3 × -CH3). IR (thin film) 1742, 1395, 1171 

cm-1. HRMS (ESI) exact mass calculated for C11H22O7SNa [M+Na]+ m/z 321.0978, found m/z 

321.0979. 

 

 

3.34a: To a dry flask charged with argon was added anhydrous acetonitrile (2.8 mL, 0.1 M), 

mesylated linker 3.12 (120 mg, 0.28 mmol, 1 equiv), fascin ligand B FSCN-B (1.5) (140 mg, 

0.28 mmol, 1 equiv) and triethylamine (0.15 mL, 0.85 mmol, 3 equiv) and the resulting 

solution was stirred under reflux for 24 hours. After consumption of starting materials was 

confirmed by TLC, volatile components were removed in vacuo. Purification by column 

chromatography on silica gel with an eluent of 10% to 50% ethanol in dichloromethane 

afforded fascin ligand fragment 3.34a (95 mg, 0.11 mmol, 41%) as a clear oil. 

1H NMR (400 MHz, methanol-d4) δ 8.54 – 8.44 (2H, m, 2 × Ar-H), 8.20 (1H, s, -CH), 8.19 (1H, 

s, pyrazole-H), 7.83 – 7.76 (2H, m, 2 × Ar-H), 7.58 (1H, d, J = 2.1 Hz, Ar-H), 7.50 (1H, dd, J = 

8.4, 1.9 Hz, Ar-H), 7.34 (1H, dd, J = 8.4, 2.1 Hz, Ar-H), 5.25 (2H, s, -CH2), 4.74 – 4.60 (1H, m, 

-CH), 4.06 (2H, s, -CH2), 3.75 – 3.55 (18H, m, 9 × -CH2), 3.17 – 3.07 (2H, m, -CH2), 2.68 – 2.60 

(2H, m, -CH2), 2.40 – 2.25 (2H, m, -CH2), 2.25 – 1.99 (4H, m, 2 × -CH2
a), 1.48 (9H, s, 3 × -CH3). 

13C NMR (101 MHz, methanol-d4) δ 172.2 (-COOR), 165.7 (-CONH), 160.2 (-CONR), 151.0 (2 

× Ar-CH), 148.0 (pyrazole-C), 140.6 (Ar-C), 139.2 (Ar-C), 138.9 (pyrazole-CH), 137.7 (-CH), 

133.5 (Ar-C), 132.8 (Ar-C), 131.9 (Ar-CH), 131.1 (Ar-CH), 128.9 (Ar-CH), 115.6 (2 × Ar-CH), 

114.8 (pyrazole-C), 107.3 (-C), 83.6 (-C(CH3)3), 71.2 (2 × -CH2), 71.1 (2 × -CH2), 71.0 (-CH2), 

70.9 (2 × -CH2), 70.6 (-CH2), 69.4 (-CH2), 69.2 (-CH2), 59.2 (-CH), 58.2 (2 × -CH2), 54.1 (-CH2), 

51.8 (-CH2), 32.5 (2 × -CaH2), 28.4 (3 × -CH3). IR (thin film) 1744, 1672, 1591 cm-1. HRMS (ESI) 

exact mass calculated for C40H52N6Cl2O9Na [M+Na]+ m/z 853.3065, found m/z 853.3056. 

LCMS (ESI) mass calculated for C40H53N6Cl2O9 [M+H]+ m/z 831.32, found m/z 831.58 with tR 

= 6.21 min. 
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3.34b: To a dry flask charged with argon was added anhydrous acetonitrile (2 mL, 0.1 M), 

mesylated linker 3.33 (60 mg, 0.20 mmol, 1 equiv), fascin ligand B FSCN-B (1.5) (100 mg, 

0.20 mmol, 1 equiv) and triethylamine (0.11 mL, 0.60 mmol, 3 equiv) and the resulting 

solution was stirred under reflux for 24 hours. After consumption of starting materials was 

confirmed by TLC, volatile components were removed in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 50% ethanol in dichloromethane 

afforded fascin ligand fragment 3.34b (63 mg, 0.090 mmol, 45%) as a clear oil. 

1H NMR (400 MHz, chloroform-d) δ 11.01 (1H, s, -NH), 8.44 – 8.31 (2H, m, 2 × Ar-H), 8.11 – 

8.01 (2H, m, pyrazole-H & -CH), 7.77 – 7.65 (2H, m, 2 × Ar-H), 7.44 (1H, d, J = 2.0 Hz, Ar-H), 

7.34 (1H, d, J = 8.3 Hz, Ar-H), 7.21 (1H, dd, J = 8.3, 2.1 Hz, Ar-H), 5.18 (2H, s, -CH2), 5.00 (1H, 

s, -CH), 3.97 (2H, s, -CH2), 3.84 (2H, t, J = 4.9 Hz, -CH2), 3.66 (6H, s, 3 × -CH2), 3.56 – 3.42 (2H, 

m, -CH2), 3.04 – 2.89 (2H, m, -CH2), 2.46 – 2.13 (4H, m, 2 × -CH2
a), 1.42 (9H, s, 3 × -CH2). 13C 

NMR (101 MHz, chloroform-d) δ 169.7 (-COOR), 164.3 (-CONH), 158.3 (-CONR), 149.7 (2 × 

Ar-CH), 146.7 (Ar-C), 139.6 (-CH), 139.1 (Ar-C), 137.2 (pyrazole-C), 136.8 (pyrazole-CH), 

132.9 (Ar-C), 132.3 (Ar-C), 130.9 (Ar-CH), 130.2 (Ar-CH), 127.8 (Ar-CH), 118.4 (pyrazole-C), 

114.5 (Ar-CH), 114.0 (Ar-CH), 105.1 (-C), 82.1 (-C(CH3)3), 70.7 (-CH2), 70.5 (-CH2), 68.9 (-CH2), 

66.1 (-CH2), 56.7 (-CH2), 50.3 (-CH), 46.0 (2 × - CaH2), 39.8 (2 × -CH2), 28.2 (3 × -CH3). IR (thin 

film) 1742, 1668, 1591 cm-1. HRMS (ESI) exact mass calculated for C34H41N6Cl2O6 [M+H]+ 

m/z 699.2459, found m/z 699.2463.  
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FSCN-B-VHL-1 (3.35): Protected fragment 3.34a (91 mg, 0.11 mmol, 1 equiv) was dissolved 

in trifluoroacetic acid/dichloromethane (1.8 mL/1.8 mL, 0.03 M) and the resulting solution 

was stirred at room temperature for 2 hours. The reaction was monitored by TLC for 

complete consumption of the starting material before removal of volatile components in 

vacuo. The residue was redissolved in N,N-dimethylformamide (0.4 mL, 0.3 M) and VHL 

ligand VHL-1 (2.1) (47 mg, 0.11 mmol, 1 equiv), HATU (42 mg, 0.11 mmol, 1 equiv) and N,N-

diisopropylethylamine (58 μL, 0.33 mmol, 3 equiv) were added. The resulting solution was 

stirred at room temperature for 16 hours before partitioning the reaction mixture between 

dichloromethane (50 mL) and water (50 mL). The aqueous phase was extracted with 

dichloromethane (5 × 50 mL) and the combined organic phases were washed with 5% 

aqueous lithium chloride (5 × 100 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 20% to 50% ethanol in dichloromethane afforded the product (74 mg, 0.062 mmol, 57%) 

as clear oil. Further purification by semi-preparative RP-HPLC using a focused gradient 

across 40% and 70% acetonitrile in water over 30 minutes eluted the title compound at tR 

= 18 minutes (50% acetonitrile) and the product fraction was lyophilised. Redissolving the 

resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed 

by lyophilisation, yielded fascin ligand B VHL PROTAC FSCN-B-VHL-1 (3.35) (57 mg, 0.048 

mmol, 44%) as a white fluffy powder. 

1H NMR (500 MHz, methanol-d4) δ 9.54 (1H, s, thiazole-CH), 8.75 – 8.68 (2H, m, 2 × Ar-CH), 

8.49 (1H, s, pyrazole-CH), 8.38 – 8.30 (2H, m, 2 × Ar-CH), 8.27 (1H, s, -CH), 7.60 (1H, d, J = 

2.0 Hz, Ar-CH), 7.54 – 7.44 (5H, m, 5 × Ar-CH), 7.37 (1H, dd, J = 8.3, 2.1 Hz, Ar-CH), 5.27 (2H, 

s, -CH2), 5.11 – 5.00 (1H, m, -CH), 4.79 – 4.33 (7H, m, 3 × -CH & -CH2 & -CH2
a), 4.08 – 3.43 

(20H, m, 10 × CH2), 3.43 – 3.36 (2H, m, -CH2), 3.27 – 3.15 (2H, m, -CH2), 2.68 – 2.57 (2H, m, 

-CH2), 2.55 (3H, s, -CH3), 2.46 – 2.19 (4H, m, 2 × -CH2), 2.11 – 2.00 (2H, m, -CH2), 1.01 (9H, s, 

3 × -CH3). 13C NMR (126 MHz, methanol-d4) δ 174.4 (-CONH), 172.1 (-CONR), 171.7 (-CONH), 

166.0 (-CONH), 160.0 (-CONR), 156.6 (pyrazole-C), 155.7 (pyrazole-C), 143.0 (2 × Ar-CH), 
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142.5 (thiazole-C), 142.3 (-CH), 140.9 (Ar-C), 138.6 (pyrazole-CH), 138.3 (Ar-C), 138.2 

(thiazole-C), 133.4 (Ar-CH), 132.8 (Ar-CH), 131.8 (Ar-C), 131.3 (Ar-C), 130.5 (Ar-CH), 129.4 

(2 × Ar-CH), 129.3 (Ar-C), 128.0 (2 × Ar-CH), 117.0 (2 × Ar-CH), 114.9 (Ar-C), 105.7 (pyrazole-

C), 101.3 (-C), 73.6 (2 × -CH2), 73.5 (-CH2), 73.4 (-CaH2), 72.5 (-CH2), 72.4 (2 × -CH2), 72.3 (-

CHOH), 71.4 (2 × -CH2), 62.1 (-CH2), 62.0 (-CH2), 60.9 (-CH), 52.2 (-CH), 51.6 (-CH2), 51.4 (-

CH2), 51.2 (-CH), 49.8 (-CH2), 43.9 (-CH2), 39.1 (2 × -CH2), 36.9 (-C(CH3)3), 27.0 (2 × -CH2), 

21.7 (3 × -CH3), 20.6 (-CH3). IR (thin film) 1660, 1198, 1045 cm-1. HRMS (ESI) exact mass 

calculated for C58H72N10Cl2O11SNa [M+Na]+ m/z 1209.4372, found m/z 1209.4395. LCMS 

(ESI) mass calculated for C58H73N10Cl2O11S [M+H]+ m/z 1187.46, found m/z 1187.58 with tR 

= 5.43 min. 

 

 

FSCN-B-VHL-2 (3.36): Protected fragment 3.34b (33 mg, 0.047 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (0.8 mL/0.8 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.16 mL, 0.3 M) and VHL 

ligand VHL-1 (2.1) (20 mg, 0.047 mmol, 1 equiv), HATU (18 mg, 0.047 mmol, 1 equiv) and 

N,N-diisopropylethylamine (25 μL, 0.14 mmol, 3 equiv) were added. The resulting solution 

was stirred at room temperature for 16 hours before partitioning the reaction mixture 

between dichloromethane (20 mL) and water (20 mL). The aqueous phase was extracted 

with dichloromethane (5 × 20 mL) and the combined organic phases were washed with 5% 

aqueous lithium chloride (5 × 40 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 30% to 50% ethanol in dichloromethane afforded the product (21 mg, 0.020 mmol, 42%) 

as clear oil. Further purification by semi-preparative RP-HPLC using a focused gradient 

across 30% and 80% acetonitrile in water over 30 minutes eluted the title compound at tR 

= 24 minutes (57% acetonitrile) and the product fraction was lyophilised. Redissolving the 
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resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed 

by lyophilisation, yielded fascin ligand B VHL PROTAC FSCN-B-VHL-2 (3.36) (16 mg, 0.015 

mmol, 32%) as a white fluffy powder. 

1H NMR (400 MHz, methanol-d4) δ 9.98 (1H, s, thiazole-CH), 8.85 – 8.57 (2H, m, 2 × Ar-H), 

8.56 – 8.29 (3H, m, 2 × Ar-H & pyrazole-H), 8.21 (1H, s, -CH), 7.68 – 7.58 (1H, m, Ar-H), 7.57 

– 7.44 (5H, m, 5 × Ar-H), 7.46 – 7.33 (1H, m, Ar-H), 5.35 – 5.00 (3H, m, -CH2 & -CH), 4.72 

(2H, s, -CH2
a), 4.63 – 4.28 (5H, m, 3 × -CH & -CH2), 4.21 – 3.99 (2H, m, -CH2), 4.01 – 3.67 (8H, 

m, 4 × -CH2), 3.64 – 3.38 (2H, m, -CH2), 2.79 – 2.64 (2H, m, -CH2), 2.60 (3H, s, -CH3), 2.52 – 

2.13 (4H, m, 2 × -CH2), 1.41 – 1.23 (2H, m, -CH2), 1.03 (9H, m, 3 × -CH3). 1H NMR (500 MHz, 

methanol-d4) δ 172.1 (-CONH), 170.5 (-CONH), 170.2 (-CONR), 162.9 (-CONH), 161.3 (-

CONR), 155.4 (pyrazole-C), 151.6 (pyrazole-C), 142.7 (2 × Ar-CH), 142.6 (-CH), 142.4 

(thiazole-C), 141.7 (Ar-C), 138.6 (pyrazole-CH), 138.5 (Ar-C), 138.3 (pyrazole-CH), 137.9 

(thiazole-C), 133.8 (Ar-CH), 132.6 (Ar-CH), 131.7 (Ar-C), 131.0 (Ar-C), 130.8 (Ar-CH), 128.4 

(2 × Ar-CH), 127.8 (Ar-C), 126.7 (2 × Ar-CH), 118.1 (2 × Ar-CH), 116.9 (Ar-C), 113.7 (pyrazole-

C), 105.4 (-C), 73.6 (-CH2), 73.6 (-CH2), 73.2 (-CaH2), 72.6 (-CHOH), 68.1 (-CH2), 61.5 (-CH), 

54.3 (-CH), 52.8 (-CH), 52.4 (-CH2), 51.4 (-CH2), 49.8 (-CH2), 43.9 (-CH2), 40.3 (2 × -CH2), 35.9 

(-C(CH3)3), 28.5 (2 × -CH2), 23.2 (3 × -CH3), 18.2 (-CH3). IR (thin film) 1672, 1189, 1061 cm-1. 

HRMS (ESI) exact mass calculated for C52H61N10Cl2O8S [M+H]+ m/z 1055.3766, found m/z 

1055.3800. LCMS (ESI) mass calculated for C52H61N10Cl2O8S [M+H]+ m/z 1055.38, found m/z 

1055.42 with tR = 5.43 min. 

 

- Fascin ligand B CRBN PROTACs: 

 

3.37: To a stirred solution of hexaethylene glycol monotosylate (950 mg, 2.18 mmol, 1 

equiv) in acetonitrile (8 mL, 0.3 M) was added sodium azide (566 mg, 8.70 mmol, 4 equiv), 

and the resulting solution was stirred for 24 hours under reflux. The reaction was quenched 

by addition of water before removing volatile components in vacuo. The residue was 

redissolved in water (50 mL) and dichloromethane (50 mL). The aqueous phase was 

extracted with dichloromethane (3 × 50 mL), and the combined organic extracts were dried 

over magnesium sulfate, filtered and concentrated in vacuo. Azide 3.37 (589 mg, 1.92 

mmol, 88%) was afforded as a clear oil and used in the next step without further 

purification. 

Analytical data observed were in accordance with literature values.259  
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1H NMR (400 MHz, chloroform-d) δ 3.78 – 3.64 (20H, m, 10 × -CH2), 3.64 – 3.56 (2H, m, -

CH2), 3.38 (2H, t, J = 5.1 Hz, -CH2
a), 2.58 (1H, t, J = 6.2 Hz, -OH). 13C NMR (101 MHz, 

chloroform-d) δ 72.7 (-CH2), 70.8 (-CH2), 70.8 (-CH2), 70.8 (2 × -CH2), 70.7 (2 × -CH2), 70.7 (-

CH2), 70.5 (-CH2), 70.2 (-CH2), 61.9 (-CH2), 50.8 (-CaH2). 

 

 

3.38: To a stirred solution of azide 3.37 (456 mg, 1.48 mmol, 1 equiv) in methanol (15 mL, 

0.1 M) under an argon atmosphere was added 10% palladium on carbon (16 mg, 0.15 mmol, 

10 mol%). The flask was evacuated and purged with argon three times, before sparging the 

suspension with hydrogen gas and stirring at room temperature under a hydrogen 

atmosphere for 16 hours. The hydrogen gas was removed by evacuating the flask and 

purging it with argon three times. After confirming complete consumption of starting 

material with TLC, the suspension was filtered through a pad of celite in dichloromethane 

and the celite washed with dichloromethane (150 mL) and methanol (150 mL). The solvents 

were removed in vacuo affording aminoalcohol 3.38 (417 mg, 1.58 mmol) as a pale yellow 

oil in quantitative yield. The crude material was used in the next step without further 

purification. 

1H NMR (400 MHz, chloroform-d) δ 3.73 – 3.55 (20H, m, 10 × -CH2), 3.53 – 3.46 (2H, m, -

CH2), 2.88 – 2.82 (2H, t, J = 5.1 Hz, -CH2
a), 2.39 (2H, t, J = 6.2 Hz, -NH2). 13C NMR (101 MHz, 

chloroform-d) δ 73.4 (-CH2), 73.0 (-CH2), 70.7 (-CH2), 70.7 (2 × -CH2), 70.7 (2 × -CH2), 70.4 (-

CH2), 70.4 (-CH2), 70.3 (-CH2), 61.6 (-CH2), 41.7 (-CaH2). HRMS (ESI) exact mass calculated for 

C12H27NO6Na [M+Na]+ m/z 304.1731, found m/z 304.1728. 

 

 

3.39: To a stirred solution of amine 3.38 (400 mg, 1.42 mmol, 1 equiv) in anhydrous 

dichloromethane (4.7 mL, 0.3 M) were added di-tert-butyl dicarbonate (373 mg, 1.71 mmol, 

1.2 equiv) and triethylamine (0.30 mL, 5.4 mmol, 1.5 equiv) and the reaction mixture was 

stirred at room temperature for 16 hours. Volatile components were removed in vacuo. 

Purification by column chromatography on silica gel with an eluent of 0% to 20% ethanol 

in dichloromethane afforded protected linker 3.39 (250 mg, 0.66 mmol, 47%) as a pale 

yellow oil. 

Analytical data observed were in accordance with literature values.260  
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1H NMR (400 MHz, chloroform-d) δ 5.15 (1H, br s, -NH), 3.78 – 3.70 (2H, m, -CH2), 3.70 – 

3.58 (18H, m, 9 × -CH2), 3.53 (2H, t, J = 5.1 Hz, -CH2), 3.37 – 3.25 (2H, m, -CH2), 2.71 (1H, br 

s, -OH), 1.44 (9H, s, 3 × -CH3
a). 13C NMR (101 MHz, chloroform-d) δ 156.2 (-NCOOR), 79.3 (-

C(CH3)3), 72.6 (-CH2), 70.7 (-CH2), 70.7 (2 × -CH2), 70.7 (-CH2), 70.7 (-CH2), 70.7 (2 × -CH2), 

70.5 (-CH2), 70.4 (-CH2), 61.9 (-CH2), 40.5 (-CH2), 28.6 (3 × -CaH3). 

 

 

3.40: To a dry flask charged with argon was added anhydrous dichloromethane (1.8 mL, 0.1 

M), alcohol 3.39 (200 mg, 0.52 mmol, 1 equiv), methanesulfonyl chloride (61 μL, 0.79 mmol, 

1.5 equiv) and triethylamine (0.11 mL, 1.6 mmol, 3 equiv) and the resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was partitioned between 

1 M aqueous hydrochloric acid (5 mL) and dichloromethane (5 mL), and the aqueous phase 

was extracted with dichloromethane (3 × 5 mL). The combined organic extracts were 

washed with water (2 × 10 mL), dried over magnesium sulfate, filtered and concentrated in 

vacuo. Purification by column chromatography on silica gel with an eluent of 0% to 10% 

ethanol in ethyl acetate afforded mesylate 3.40 (190 mg, 0.42 mmol, 81%) as a clear oil. 

Analytical data observed were in accordance with literature values.261  

1H NMR (400 MHz, chloroform-d) δ 5.17 (1H, br s, -NH), 4.37 – 4.28 (2H, m, -CH2
b), 3.74 – 

3.68 (2H, m, -CH2), 3.67 – 3.53 (16H, m, 8 × -CH2), 3.49 (2H, t, J = 5.1 Hz, -CH2), 3.31 – 3.21 

(2H, m, -CH2), 3.04 (3H, s, -CH3
a), 1.39 (9H, s, 3 × -CH3). 13C NMR (101 MHz, chloroform-d) δ 

156.1 (-NCOOR), 79.1 (-C(CH3)3), 70.6 (-CH2), 70.6 (2 × -CH2), 70.5 (2 × -CH2), 70.5 (2 × -CH2), 

70.3 (-CH2), 70.2 (-CH2), 69.3 (-CH2), 69.0 (-CbH2), 40.4 (-CH2), 37.7 (-CaH3), 28.5 (3 × -CH3). 

 

 

3.41: To a dry flask charged with argon was added anhydrous acetonitrile (1.3 mL, 0.1 M), 

mesylated linker 3.40 (51 mg, 0.11 mmol, 1 equiv), fascin ligand B FSCN-B (1.5) (66 mg, 0.13 

mmol, 1.2 equiv) and triethylamine (59 μL, 0.33 mmol, 3 equiv) and the resulting solution 

was stirred under reflux for 24 hours. After consumption of starting materials was 

confirmed by TLC, volatile components were removed in vacuo. Purification by column 
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chromatography on silica gel with an eluent of 10% to 50% ethanol in dichloromethane 

afforded fascin ligand fragment 3.41 (59 mg, 0.069 mmol, 61%) as a clear oil. 

1H NMR (400 MHz, chloroform-d) δ 10.38 (1H, br s, -NH), 8.56 – 8.32 (2H, m, 2 × Ar-H), 8.06 

(1H, s, -CH), 7.86 (1H, s, pyrazole-H), 7.81 – 7.71 (2H, m, 2 × Ar-H), 7.38 (1H, d, J = 2.0 Hz, 

Ar-H), 7.33 (1H, d, J = 8.2 Hz, Ar-H), 7.15 (1H, dd, J = 8.4, 2.1 Hz, Ar-H), 5.16 (1H, br s, -NH), 

5.06 (2H, s, -CH2), 4.76 – 4.57 (1H, m, -CH), 3.67 – 3.50 (18H, m, 9 × -CH2), 3.46 (2H, t, J = 

5.2 Hz, -CH2), 3.28 – 3.13 (4H, m, 2 × -CH2
a), 3.12 – 3.01 (2H, m, -CH2), 2.69 – 2.59 (2H, m, -

CH2
b), 2.36 – 2.15 (2H, m, -CH2), 2.07 – 1.90 (2H, m, -CH2), 1.40 (9H, s, 3 × -CH3). 13C NMR 

(101 MHz, chloroform-d) δ 163.9 (-CONH), 158.4 (-CONR), 156.3 (-NCOOR), 150.6 (2 × Ar-

CH), 145.9 (pyrazole-C), 139.2 (Ar-C), 137.4 (Ar-C), 136.9 (-CH), 136.6 (pyrazole-CH), 133.0 

(Ar-C), 132.4 (Ar-C), 131.0 (Ar-CH), 130.1 (Ar-CH), 127.6 (Ar-CH), 114.3 (2 × Ar-CH), 113.7 

(pyrazole-C), 105.9 (-C), 79.4 (-C(CH3)3), 70.6 (2 × -CH2), 70.6 (3 × -CH2), 70.5 (3 × -CH2), 70.3 

(2 × -CH2), 57.6 (-CH), 57.3 (-CbH2), 52.9 (-CH2), 50.3 (-CH2), 40.5 (2 × -CaH2), 31.4 (2 × -CH2), 

28.5 (3 × -CH3). IR (thin film) 1670, 1591, 1099 cm-1. HRMS (ESI) exact mass calculated for 

C41H55N7Cl2O9Na [M+Na]+ m/z 882.3331, found m/z 882.3316. LCMS (ESI) mass calculated 

for C41H55N7Cl2O9 [M+H]+ m/z 860.35, found m/z 860.75 with tR = 5.69 min. 

 

 

FSCN-B-CRBN-1 (3.42) via Route A: Fragment 3.41 (25 mg, 0.029 mmol, 1 equiv) was 

dissolved in trifluoroacetic acid/dichloromethane (0.5 mL/0.5 mL, 0.03 M) and the resulting 

solution was stirred at room temperature for 2 hours. The reaction was monitored by TLC 

for complete consumption of the starting material before removal of volatile components 

in vacuo. The residue was redissolved in N,N-dimethylformamide (0.15 mL, 0.2 M) and 

CRBN ligand CRBN-1 (2.9) (8 mg, 0.03 mmol, 1 equiv) and N,N-diisopropylethylamine (15 

μL, 0.087 mmol, 3 equiv) were added. The resulting solution was heated to 90 °C and stirred 

for 16 hours. The reaction mixture was allowed to cool to room temperature, poured into 

water (20 mL) and extracted with ethyl acetate (5 × 20 mL). The combined organic phases 

were washed with 5% aqueous lithium chloride (3 × 50 mL), dried over magnesium sulfate, 

filtered and concentrated in vacuo. Purification by column chromatography on silica gel 
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with an eluent of 10% to 30% ethanol in dichloromethane afforded the product (13 mg, 

0.013 mmol, 41%) as a bright yellow oil. Further purification by semi-preparative RP-HPLC 

using a focused gradient across 40% and 75% acetonitrile in water over 60 minutes eluted 

the title compound at tR = 12 minutes (45% acetonitrile) and the product fraction was 

lyophilised. Redissolving the resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid 

and acetonitrile, followed by lyophilisation, yielded fascin ligand B CRBN PROTAC FSCN-B-

CRBN-1 (3.42) (2 mg, 0.002 mmol, 6%) as a yellow fluffy powder. Insufficient material for 

full characterisation was obtained – see FSCN-B-CRBN-1 (3.42) via Route B for full 

characterisation data. 

HRMS (ESI) exact mass calculated for C49H56N9Cl2O11 [M+H]+ m/z 1016.3471, found m/z 

1016.3430. LCMS (ESI) mass calculated for C49H56N9Cl2O11 [M+H]+ m/z 1016.35, found m/z 

1016.92 with tR = 5.60 min. 

 

 

3.43: To a stirred solution of aminoalcohol 3.38 (220 mg, 0.78 mmol, 1 equiv) in N,N-

dimethylformamide (3.9 mL, 0.2 M) were added CRBN ligand CRBN-1 (2.9) (210 mg, 0.78 

mmol, 1 equiv) and N,N-diisopropylethylamine (0.28 mL, 1.6 mmol, 2 equiv). The resulting 

solution was heated to 90 °C and stirred for 16 hours. The reaction mixture was allowed to 

cool to room temperature, poured into water (20 mL) and extracted with dichloromethane 

(5 × 20 mL). The combined organic phases were washed with 5% aqueous lithium chloride 

(3 × 50 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Purification 

by column chromatography on silica gel with an eluent of 0% to 50% ethanol in ethyl 

acetate afforded linker fragment 3.43 (120 mg, 0.21 mmol, 28%) as a bright yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 8.53 (1H, s, -NH), 7.49 (1H, dd, J = 8.5, 7.1 Hz, Ar-H), 

7.10 (1H, d, J = 7.1 Hz, Ar-H), 6.92 (1H, d, J = 8.5 Hz, Ar-Hb), 6.50 (1H, t, J = 5.7 Hz, -NH), 5.01 

– 4.84 (1H, m, -CH), 3.80 – 3.52 (22H, m, 11 × -CH2), 3.53 – 3.43 (2H, m, -CH2
a), 2.91 – 2.63 

(3H, m, -CHH & -CH2), 2.18 – 2.04 (1H, m, -CHH). 13C NMR (101 MHz, chloroform-d) δ 171.3 

(-CO), 169.4 (-CO), 168.6 (-CO), 167.8 (-CO), 147.0 (Ar-C), 136.2 (Ar-CH), 132.7 (Ar-C), 116.9 

(Ar-CbH), 111.8 (Ar-CH), 110.5 (Ar-C), 72.8 (-CH2), 70.9 (-CH2), 70.8 (-CH2), 70.7 (2 × -CH2), 

70.7 (2 × -CH2), 70.6 (-CH2), 70.4 (-CH2), 69.6 (-CH2), 61.8 (-CH2), 49.0 (-CH), 42.5 (-CaH2), 

31.6 (-CH2), 23.0 (-CH2). IR (thin film) 3393, 1756, 1110 cm-1. HRMS (ESI) exact mass 

calculated for C25H35N3O10Na [M+Na]+ m/z 560.2215, found m/z 560.2220.  
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3.44: To a dry flask charged with argon was added anhydrous dichloromethane (2.2 mL, 0.1 

M), alcohol 3.43 (117 mg, 0.22 mmol, 1 equiv), methanesulfonyl chloride (25 μL, 0.33 mmol, 

1.5 equiv) and triethylamine (91 μL, 0.65 mmol, 3 equiv) and the resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was partitioned between 

1 M aqueous hydrochloric acid (5 mL) and dichloromethane (5 mL), and the aqueous phase 

was extracted with dichloromethane (3 × 5 mL). The combined organic extracts were 

washed with water (2 × 10 mL), dried over magnesium sulfate, filtered and concentrated in 

vacuo. Purification by column chromatography on silica gel with an eluent of 5% to 20% 

ethanol in ethyl acetate afforded mesylate 3.44 (72 mg, 0.12 mmol, 54%) as a yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 8.53 (1H, s, -NH), 7.52 – 7.43 (1H, m, Ar-H), 7.08 (1H, d, 

J = 7.1 Hz, Ar-H), 6.91 (1H, d, J = 8.5 Hz, Ar-H), 6.48 (1H, t, J = 5.6 Hz, -NH), 4.96 – 4.87 (1H, 

m, -CH), 4.39 – 4.31 (2H, m, -CH2), 3.78 – 3.53 (20H, m, 10 × -CH2), 3.51 – 3.39 (2H, m, -CH2), 

3.06 (3H, s, -CH3
a), 2.90 – 2.69 (3H, m, -CHH & -CH2), 2.16 – 2.06 (1H, m, -CHH). 13C NMR 

(101 MHz, chloroform-d) δ 171.4 (-CO), 169.4 (-CO), 168.6 (-CO), 167.7 (-CO), 146.9 (Ar-C), 

136.1 (Ar-CH), 132.6 (Ar-C), 116.9 (Ar-CH), 111.7 (Ar-CH), 110.4 (Ar-C), 70.9 (-CH2), 70.8 (-

CH2), 70.7 (2 × -CH2), 70.7 (2 × -CH2), 70.6 (-CH2), 70.6 (-CH2), 69.6 (-CH2), 69.4 (-CH2), 69.1 

(-CH2), 49.0 (-CH), 42.5 (-CH2), 37.8 (-CaH3), 31.5 (-CH2), 22.9 (-CH2). IR (thin film) 1756, 1408, 

1111 cm-1. HRMS (ESI) exact mass calculated for C26H37N3O12SNa [M+Na]+ m/z 638.1990, 

found m/z 638.1987.  

 

 

FSCN-B-CRBN-1 (3.42) via Route B: To a dry flask charged with argon was added anhydrous 

acetonitrile (1 mL, 0.1 M), mesylated fragment 3.44 (65 mg, 0.11 mmol, 1 equiv), fascin 

ligand B FSCN-B (1.5) (63 mg, 0.13 mmol, 1.2 equiv) and triethylamine (44 μL, 0.32 mmol, 

3 equiv) and the resulting solution was stirred under reflux for 24 hours. After consumption 

of starting materials was confirmed by TLC, volatile components were removed in vacuo. 
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Purification by column chromatography on silica gel with an eluent of 10% to 30% ethanol 

in dichloromethane afforded the product (48 mg, 0.047 mmol, 47%) as a bright yellow oil. 

Further purification by semi-preparative RP-HPLC using a focused gradient across 30% and 

80% acetonitrile in water over 40 minutes eluted the title compound at tR = 23 minutes 

(55% acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand B CRBN PROTAC FSCN-B-CRBN-1 (3.42) (16 mg, 0.016 

mmol, 16%) as a yellow fluffy powder. 

1H NMR (500 MHz, methanol-d4) δ 8.75 – 8.63 (2H, m, 2 × Ar-H), 8.45 (1H, s, pyrazole-H), 

8.36 – 8.22 (3H, m, -CH & 2 × Ar-H), 7.60 (1H, d, J = 1.9 Hz, Ar-H), 7.54 – 7.44 (2H, m, 2 × Ar-

H), 7.37 (1H, dd, J = 8.4, 2.1 Hz, Ar-H), 7.06 – 6.94 (2H, m, 2 × Ar-H), 5.27 (2H, s, -CH2), 5.08 

– 4.98 (2H, m, 2 × -CH), 3.91 – 3.40 (22H, m, 11 × -CH2), 3.40 – 3.35 (2H, m, -CH2
b), 3.27 – 

3.15 (2H, m, -CH2), 2.91 – 2.53 (6H, m, -CH2 & 2 × -CH2
a), 2.53 – 2.31 (3H, m, -CHH & -CH2), 

2.13 – 2.05 (1H, m, -CHH). 13C NMR (101 MHz, methanol-d4) δ 174.5 (-CO), 171.6 (-CO), 

170.6 (-CO), 169.1 (-CO), 165.9 (-CONH), 160.0 (-CONH), 155.7 (pyrazole-C), 147.8 (Ar-C), 

143.4 (2 × Ar-CH), 142.5 (-CH), 140.9 (Ar-C), 138.6 (Ar-C), 138.4 (pyrazole-CH), 137.3 (Ar-

CH), 133.7 (Ar-C), 133.4 (Ar-C), 132.9 (Ar-C), 131.9 (Ar-CH), 131.3 (Ar-CH), 129.3 (Ar-CH), 

118.6 (Ar-CH), 117.3 (2 × Ar-CH), 114.9 (pyrazole-C), 112.3 (Ar-CH), 111.3 (Ar-C), 105.8 (-C), 

71.7 (-CH2), 71.7 (2 × -CH2), 71.6 (2 × -CH2), 71.5 (-CH2), 71.4 (-CH2), 71.3 (-CH2), 70.6 (-CH2), 

65.7 (-CH2), 57.5 (-CbH2), 54.1 (-CH), 52.3 (-CH2), 50.3 (-CH), 43.5 (-CH2), 39.5 (2 × -CH2), 32.4 

(2 × -CaH2), 30.9 (-CH2), 23.9 (-CH2). IR (thin film) 1703, 1670, 1067 cm-1. HRMS (ESI) exact 

mass calculated for C49H56N9Cl2O11 [M+H]+ m/z 1016.3471, found m/z 1016.3473. LCMS 

(ESI) mass calculated for C49H56N9Cl2O11 [M+H]+ m/z 1016.35, found m/z 1016.92 with tR = 

5.65 min. 

 

 

3.45: CRBN ligand CRBN-2 (2.11) (200 mg, 0.52 mmol, 1 equiv) was dissolved in 

trifluoroacetic acid/dichloromethane (8.5 mL/8.5 mL, 0.03 M) and the resulting solution 

was stirred at room temperature for 2 hours. The reaction was monitored by TLC for 

complete consumption of the starting material before removal of volatile components in 

vacuo. The residue was redissolved in N,N-dimethylformamide (1.7 mL, 0.3 M), and 3.39 

(72 μL, 0.52 mmol, 1 equiv), HATU (200 mg, 0.52 mmol, 1 equiv) and N,N-
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diisopropylethylamine (0.28 mL, 1.6 mmol, 3 equiv) were added. The resulting solution was 

stirred at room temperature for 16 hours before partitioning the reaction mixture between 

dichloromethane (10 mL) and water (10 mL). The aqueous phase was extracted with 

dichloromethane (5 × 10 mL) and the combined organic phases were washed with 5% 

aqueous lithium chloride (3 × 20 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 5% to 20% ethanol in dichloromethane afforded fragment 3.45 (96 mg, 0.21 mmol, 45%) 

as clear oil. 

1H NMR (500 MHz, chloroform-d) δ 8.76 (1H, br s, -OH), 7.77 – 7.72 (1H, m, Ar-H), 7.70 (1H, 

br s, -NH), 7.55 (1H, d, J = 7.3 Hz, Ar-H), 7.20 (1H, d, J = 8.4 Hz, Ar-H), 6.16 (1H, br s, -NH), 

5.02 – 4.94 (1H, m, -CH), 4.66 (2H, s, -CH2
a), 3.79 – 3.61 (10H, m, 5 × -CH2), 3.23 – 3.13 (2H, 

m, -CH2), 2.93 – 2.70 (3H, m, -CHH & -CH2), 2.23 – 2.12 (1H, m, -CHH). 13C NMR (126 MHz, 

chloroform-d) δ 171.4 (-CO), 168.4 (-CO), 167.1 (-CO), 166.7 (-CO), 166.1 (-CONH), 154.6 

(Ar-C), 137.2 (Ar-CH), 133.8 (Ar-C), 119.6 (Ar-CH), 118.2 (Ar-C), 117.5 (Ar-C), 72.6 (-CH2), 

70.3 (-CH2), 69.7 (-CH2), 68.1 (-CH2), 61.9 (-CaH2), 55.9 (-CH2), 49.4 (-CH), 39.2 (-CH2), 31.4 (-

CH2), 22.9 (-CH2). IR (thin film) 1709, 1665, 1198 cm-1. HRMS (ESI) exact mass calculated for 

C21H25N3O9Na [M+Na]+ m/z 486.1483, found m/z 486.1480.  

 

 

3.46: To a dry flask charged with argon was added anhydrous dichloromethane (2 mL, 0.1 

M), alcohol 3.45 (90 mg, 0.19 mmol, 1 equiv), methanesulfonyl chloride (23 μL, 0.29 mmol, 

1.5 equiv) and triethylamine (81 μL, 0.58 mmol, 3 equiv) and the resulting solution was 

stirred at room temperature for 16 hours. The reaction mixture was partitioned between 

1 M aqueous hydrochloric acid (10 mL) and dichloromethane (10 mL), and the aqueous 

phase was extracted with dichloromethane (3 × 10 mL). The combined organic extracts 

were washed with water (2 × 20 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 5% to 20% ethanol in dichloromethane afforded mesylate 3.46 (66 mg, 0.12 mmol, 64%) 

as a clear oil. 

1H NMR (400 MHz, chloroform-d) δ 8.59 (1H, br s, -NH), 7.73 (1H, dd, J = 8.4, 7.4 Hz, Ar-H), 

7.59 (1H, br s,-NH), 7.54 (1H, d, J = 7.3 Hz, Ar-H), 7.20 (1H, d, J = 8.3 Hz, Ar-H), 5.04 – 4.91 

(1H, m, -CH), 4.66 (2H, s, -CH2), 4.40 – 4.29 (2H, m, -CH2), 3.81 – 3.72 (2H, m, -CH2), 3.72 – 
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3.52 (8H, m, 4 × -CH2), 3.07 (3H, s, -CH3
a), 2.93 – 2.70 (3H, m, -CHH & -CH2), 2.21 – 2.09 (1H, 

m, -CHH). 13C NMR (101 MHz, chloroform-d) 171.4 (-CO), 168.5 (-CO), 167.2 (-CO), 166.9 (-

CO), 166.1 (-CONH), 154.7 (Ar-C), 137.2 (Ar-CH), 133.9 (Ar-C), 119.6 (Ar-CH), 118.2 (Ar-C), 

117.6 (Ar-CH), 77.5, 70.7 (-CH2), 70.6 (-CH2), 69.8 (-CH2), 69.6 (-CH2), 69.3 (-CH2), 68.2 (-CH2), 

49.5 (-CH), 39.3 (-CH2), 37.9 (-CaH3), 31.8 (-CH2), 22.8 (-CH2). IR (thin film) 1707, 1682, 1393 

cm-1. HRMS (ESI) exact mass calculated for C22H27N3O11Na [M+Na]+ m/z 564.1259, found 

m/z 564.1251.  

 

 

FSCN-B-CRBN-2 (3.47): To a dry flask charged with argon was added anhydrous acetonitrile 

(1 mL, 0.1 M), mesylated fragment 3.46 (54 mg, 0.10 mmol, 1 equiv), fascin ligand B FSCN-

B (1.5) (60 mg, 0.12 mmol, 1.2 equiv) and triethylamine (42 μL, 0.30 mmol, 3 equiv) and 

the resulting solution was stirred under reflux for 24 hours. After consumption of starting 

materials was confirmed by TLC, volatile components were removed in vacuo. Purification 

by column chromatography on silica gel with an eluent of 5% to 30% ethanol in 

dichloromethane afforded the product (20 mg, 0.021 mmol, 21%) as a clear oil. Further 

purification by semi-preparative RP-HPLC using a focused gradient across 30% and 70% 

acetonitrile in water over 30 minutes eluted the title compound at tR = 22 minutes (55% 

acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand B CRBN PROTAC FSCN-B-CRBN-2 (3.47) (8 mg, 0.009 

mmol, 9%) as a white fluffy powder. 

1H NMR (400 MHz, methanol-d4) δ 8.75 – 8.62 (2H, m, 2 × Ar-H), 8.48 (1H, s, pyrazole-H), 

8.41 – 8.28 (2H, m, 2 × Ar-H), 8.20 (1H, s, -CH), 7.68 – 7.63 (1H, m, Ar-H), 7.62 – 7.46 (2H, 

m, 2 × Ar-H), 7.47 – 7.27 (3H, m, 3 × Ar-H), 5.28 (2H, s, -CH2), 5.18 – 4.97 (2H, m, 2 × -CH), 

4.72 (2H, s, -CH2), 3.93 – 3.59 (10H, m, 5 × -CH2), 3.58 – 3.46 (2H, m, -CH2
b), 3.42 – 3.34 (2H, 

m, -CH2), 3.27 – 3.11 (2H, m, -CH2), 2.94 – 2.44 (4H, m, 2 × -CH2
a), 2.44 – 2.27 (3H, m, -CHH 

& -CH2), 2.21 – 2.10 (1H, m, -CHH). 13C NMR (101 MHz, methanol-d4) δ 174.5 (-CO), 171.5 

(-CO), 170.0 (-CONH), 168.2 (-CO), 167.8 (-CO), 165.9 (-CONH), 160.0 (-CONR), 156.0 
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(pyrazole-C), 143.2 (Ar-C), 142.1 (2 × Ar-C), 140.7 (-CH), 138.6 (Ar-C), 138.4 (pyrazole-CH), 

138.2 (Ar-C), 138.1 (Ar-CH), 134.8 (Ar-C), 133.6 (Ar-C), 133.0 (Ar-C), 131.9 (Ar-CH), 131.3 

(Ar-CH), 129.2 (Ar-CH), 121.5 (Ar-CH), 119.0 (Ar-CH), 117.9 (Ar-C), 117.0 (2 × Ar-CH), 114.9 

(pyrazole-C), 105.7 (-C), 71.5 (-CH2), 71.4 (-CH2), 70.5 (-CH2), 69.2 (-CH2), 65.6 (-CH2), 56.9 (-

CbH2), 53.6 (-CH), 52.2 (-CH2), 50.6 (-CH), 40.4 (-CH2), 32.2 (2 × -CH2), 30.7 (2 × -CaH2), 23.7 

(-CH2), 21.6 (-CH2). IR (thin film) 1708, 1665, 1033 cm-1. HRMS (ESI) exact mass calculated 

for C45H46N9Cl2O10 [M+H]+ m/z 942.2739, found m/z 942.2763.  

 

- Fascin ligand B HyT PROTACs: 

 

FSCN-B-HyT-1 (3.48): Fragment 3.41 (25 mg, 0.029 mmol, 1 equiv) was dissolved in 

trifluoroacetic acid/dichloromethane (0.5 mL/0.5 mL, 0.03 M) and the resulting solution 

was stirred at room temperature for 2 hours. The reaction was monitored by TLC for 

complete consumption of the starting material before removal of volatile components in 

vacuo. The residue was redissolved in N,N-dimethylformamide (0.1 mL, 0.3 M), and 1-

adamantylacetic acid (6 mg 0.03 mmol, 1 equiv), HATU (12 mg, 0.029 mmol, 1 equiv) and 

N,N-diisopropylethylamine (15 μL, 0.087 mmol, 3 equiv) were added. The resulting solution 

was stirred at room temperature for 16 hours before partitioning the reaction mixture 

between dichloromethane (10 mL) and water (10 mL). The aqueous phase was extracted 

with dichloromethane (5 × 10 mL) and the combined organic phases were washed with 5% 

aqueous lithium chloride (4 × 20 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 10% to 30% ethanol in dichloromethane afforded the product (18 mg, 0.019 mmol, 64%) 

as a clear oil. Further purification by semi-preparative RP-HPLC using a focused gradient 

across 40% and 70% acetonitrile in water over 30 minutes eluted the title compound at tR 

= 24 minutes (58% acetonitrile) and the product fraction was lyophilised. Redissolving the 

resulting trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed 

by lyophilisation, yielded fascin ligand B HyT PROTAC FSCN-B-HyT-1 (3.48) (8 mg, 0.009 

mmol, 29%) as a white fluffy powder. 
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1H NMR (500 MHz, methanol-d4) δ 8.76 – 8.66 (2H, m, 2 × Ar-H), 8.52 (1H, s, pyrazole-H), 

8.43 – 8.33 (2H, m, 2 × Ar-H), 8.28 (1H, s, -CH), 7.62 (1H, d, J = 1.8 Hz, Ar-H), 7.51 (1H, d, J = 

8.2 Hz, Ar-H), 7.39 (1H, dd, J = 8.4, 1.9 Hz, Ar-H), 5.28 (2H, s, -CH2), 5.13 – 5.01 (1H, m, -CH), 

3.92 – 3.48 (22H, m, 11 × -CH2), 3.47 – 3.36 (2H, m, -CH2), 2.71 – 2.56 (6H, m, 3 × -CH2), 2.47 

– 2.35 (2H, m, -CH2), 1.93 (2H, s, -CH2
a), 1.92 – 1.89 (3H, m, 3 × -CH), 1.76 – 1.56 (12H, m, 6 

× -CH2). 13C NMR (126 MHz, methanol-d4) δ 174.0 (-CONH), 166.1 (-CONH), 160.0 (-CONR), 

155.8 (pyrazole-C) 143.2 (2 × Ar-CH), 142.2 (-CH), 140.9 (Ar-C), 138.6 (Ar-C), 138.4 

(pyrazole-CH), 133.6 (Ar-C), 133.0 (Ar-C), 131.9 (Ar-CH), 131.2 (Ar-CH), 129.1 (Ar-CH), 116.9 

(2 × Ar-CH), 115.0 (pyrazole-C), 105.8 (-C), 71.6 (2 × -CH2), 71.5 (2 × -CH2), 71.5 (2 × -CH2), 

71.4 (-CH2), 71.3 (-CH2), 70.6 (-CH2), 65.4 (-CH2), 57.7 (-CH2), 56.9 (-CH2), 53.5 (-CH), 52.2 (-

CH2), 51.8 (-CaH2), 43.7 (3 × -CH2), 40.3 (2 × -CH2), 37.9 (3 × -CH2), 33.8 (-C), 30.7 (2 × -CH2), 

30.2 (3 × -CH). IR (thin film) 1670, 1508, 1103 cm-1. HRMS (ESI) exact mass calculated for 

C48H63N7Cl2O8Na [M+Na]+ m/z 958.4007, found m/z 958.3975. LCMS (ESI) mass calculated 

for C48H64N7Cl2O8 [M+H]+ m/z 937.42, found m/z 937.67 with tR = 6.11 min. 

 

 

3.49: To a pre-stirred solution of 1-adamantylacetic acid (360 mg, 1.8 mmol, 1 equiv), HATU 

(700 mg, 1.8 mmol, 1 equiv) and N,N-diisopropylethylamine (0.98 mL, 1.8 mmol, 3 equiv) 

in N,N-dimethylformamide (6 mL, 0.3 M) was added aminoalcohol 3.39 (0.25 mL, 1.8 mmol, 

1 equiv), and the resulting solution was stirred at room temperature for 16 hours. The 

reaction mixture was partitioned between dichloromethane (30 mL) and water (30 mL), 

and the aqueous phase was extracted with dichloromethane (5 × 30 mL). The combined 

organic phases were washed with 5% aqueous lithium chloride (3 × 100 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 10% to 30% ethanol in dichloromethane 

afforded HyT fragment 3.49 (550 mg, 1.7 mmol, 92%) as clear oil. 

1H NMR (400 MHz, chloroform-d) δ 6.01 (1H, br s, -NH), 3.85 – 3.52 (8H, m, 4 × -CH2), 3.52 

– 3.42 (2H, m, -CH2), 2.65 (1H, br s, -OH), 2.02 – 1.95 (3H, m, 3 × -CH), 1.94 (2H, s, -CH2
a), 

1.74 – 1.56 (12H, m, 6 × -CH2), 1.52 – 1.40 (2H, m, -CH2). 13C NMR (101 MHz, chloroform-d) 

δ 70.4 (3 × -CH2), 61.8 (-CH2), 51.9 (-CaH2), 42.8 (3 × -CH2), 39.2 (-CH2), 36.9 (3 × -CH2), 32.9 

(-C), 28.8 (3 × -CH). IR (thin film) 3300, 1639, 1101 cm-1. HRMS (ESI) exact mass calculated 

for C18H31NO4Na [M+Na]+ m/z 348.2145, found m/z 348.2136.  
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3.50: To a dry flask charged with argon was added anhydrous dichloromethane (8 mL, 0.1 

M), alcohol 3.49 (250 mg, 0.77 mmol, 1 equiv), methanesulfonyl chloride (0.10 mL, 1.2 

mmol, 1.5 equiv) and triethylamine (0.32 mL, 2.3 mmol, 3 equiv) and the resulting solution 

was stirred at room temperature for 16 hours. The reaction mixture was partitioned 

between 1 M aqueous hydrochloric acid (10 mL) and dichloromethane (10 mL), and the 

aqueous phase was extracted with dichloromethane (3 × 10 mL). The combined organic 

extracts were washed with water (2 × 20 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with ethyl 

acetate afforded mesylate 3.50 (190 mg, 0.47 mmol, 62%) as a clear oil. 

1H NMR (500 MHz, chloroform-d) δ 5.89 (1H, br s, -NH), 4.38 – 4.31 (2H, m, -CH2), 3.77 – 

3.72 (2H, m, -CH2), 3.66 – 3.57 (4H, m, 2× -CH2), 3.51 (2H, t, J = 5.2 Hz, -CH2), 3.43 – 3.38 

(2H, m, 2× -CH2), 3.04 (3H, s, -CH3
a), 1.97 – 1.92 (3H, m, 3 × -CH), 1.91 (2H, s, -CH2), 1.70 – 

1.55 (12H, m, 6 × -CH2). 13C NMR (101 MHz, chloroform-d) δ 171.2 (-CONH), 70.8 (-CH2), 

70.3 (-CH2), 70.3 (-CH2), 69.2 (-CH2), 69.2 (-CH2), 51.8 (-CH2), 42.7 (3 × -CH2), 39.2 (-CH2), 

37.9 (-CH3
a), 36.8 (3 × -CH2), 32.9 (-C), 28.8 (3 × CH). 13C NMR (101 MHz, chloroform-d) δ 

70.4 (3 × -CH2), 61.8 (-CH2), 51.9 (-CaH2), 42.8 (3 × -CH2), 39.2 (-CH2), 36.9 (3 × -CH2), 32.9 (-

C), 28.8 (3 × -CH). IR (thin film) 1643, 1348, 1103 cm-1. HRMS (ESI) exact mass calculated for 

C19H33NO6SNa [M+Na]+ m/z 426.1926, found m/z 426.1793.  

 

 

FSCN-B-HyT-2 (3.51): To a dry flask charged with argon was added anhydrous acetonitrile 

(1 mL, 0.1 M), mesylated fragment 3.50 (41 mg, 0.10 mmol, 1 equiv), fascin ligand B FSCN-

B (1.5) (61 mg, 0.12 mmol, 1.2 equiv) and triethylamine (42 μL, 0.30 mmol, 3 equiv) and 

the resulting solution was stirred under reflux for 24 hours. After consumption of starting 

materials was confirmed by TLC, volatile components were removed in vacuo. Purification 

by column chromatography on silica gel with an eluent of 5% to 50% ethanol in 

dichloromethane afforded the product (61 mg, 0.076 mmol, 75%) as a clear oil. Further 
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purification by semi-preparative RP-HPLC using a focused gradient across 40% and 80% 

acetonitrile in water over 30 minutes eluted the title compound at tR = 21 minutes (58% 

acetonitrile) and the product fraction was lyophilised. Redissolving the resulting 

trifluoroacetate salt in 1 M aqueous hydrochloric acid and acetonitrile, followed by 

lyophilisation, yielded fascin ligand B HyT PROTAC FSCN-B-HyT-2 (3.51) (31 mg, 0.039 

mmol, 38%) as a white fluffy powder. 

1H NMR (500 MHz, methanol-d4) δ 8.75 – 8.68 (2H, m, 2 × Ar-H), 8.51 (1H, s, pyrazole-H), 

8.40 – 8.33 (2H, m, 2 × Ar-H), 8.26 (1H, s, -CH), 7.62 (1H, d, J = 2.0 Hz, Ar-H), 7.51 (1H, d, J = 

8.3 Hz, Ar-H), 7.39 (1H, dd, J = 8.4, 2.1 Hz, Ar-H), 5.28 (2H, s, -CH2), 5.13 – 5.01 (1H, m, -CH), 

3.91 – 3.49 (10H, m, 5 × -CH2), 3.40 (2H, d, J = 4.7 Hz, -CH2
b), 3.39 – 3.33 (2H, m, -CH2), 3.29 

– 3.20 (2H, m, -CH2), 2.69 – 2.37 (4H, m, 2 × -CH2
a), 1.93 (2H, s, -CH2), 1.92 – 1.85 (3H, m, 3 

× -CH), 1.73 – 1.55 (12H, m, 6 × -CH2). 13C NMR (126 MHz, methanol-d4) δ 174.1 (-CONH), 

166.1 (-CONH), 160.0 (-CONR), 155.8 (pyrazole-C), 143.2 (2 × Ar-CH), 142.1 (-CH), 140.9 (Ar-

C), 138.6 (Ar-C), 138.4 (pyrazole-CH), 133.6 (Ar-C), 133.0 (Ar-C), 131.9 (Ar-CH), 131.3 (Ar-

CH), 129.1 (Ar-CH), 117.0 (2 × Ar-CH), 114.9 (pyrazole-C), 105.8 (-C), 71.4 (-CH2), 71.2 (-CH2), 

70.6 (-CH2), 65.7 (-CH2), 57.7 (-CbH2), 57.0 (-CH), 53.6 (-CH2), 52.2 (-CH2), 51.8 (-CH2), 43.7 

(3 × -CH2), 40.2 (2 × -CaH2), 37.9 (3 × -CH2), 33.8 (-C), 30.8 (2 × -CH2), 30.1 (3 × -CH). IR (thin 

film) 1169, 1507, 1103 cm-1. HRMS (ESI) exact mass calculated for C42H51N7Cl2O4Na [M+Na]+ 

m/z 826.3221, found m/z 826.3224.  

 

Preparation of fascin ligand C FSCN-C (1.7) and analogues 

 

3.54: To a dry flask charged with argon was added anhydrous N,N-dimethylformamide (0.3 

mL, 2.4 M) and methyl 2-methylfuran-3-carboxylate (90 μL, 0.71 mmol, 1 equiv) and the 

reaction mixture was cooled to 0 °C. Phosphorous(V) oxychloride (0.14 mL, 1.4 mmol, 2 

equiv) was added dropwise at 0 °C and the solution was stirred at 0 °C for 30 minutes and 

then heated to 40 °C and stirred for a further 16 hours. The reaction mixture was poured 

into ice water and 5 M aqueous sodium hydroxide was added until pH 8. The aqueous phase 

was extracted with diethyl ether (2 × 10 mL) and the combined organic extracts were 

washed with water (20 mL) and saturated aqueous sodium hydrogen bicarbonate solution 

(20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo to afford furfural 
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3.54 in quantitative yield (120 mg, 0.71 mmol) as a white amorphous solid. The crude 

material was used in the next step without further purification. 

Analytical data observed were as in accordance with literature values.191  

1H NMR (400 MHz, chloroform-d) δ 9.56 (1H, s, aldehyde-Ha), 7.47 (1H, s, furan-H), 3.87 

(3H, s, -OCH3), 2.70 (3H, s, -CH3). 13C NMR (101 MHz, chloroform-d) δ 177.2 (aldehyde-CaH), 

165.0 (-COOR), 163.2 (furan-C), 150.6 (furan-C), 122.4 (furan-CH), 116.4 (furan-C), 52.0 (-

OCH3), 14.5 (-CH3). 

 

 

3.55: Aldehyde 3.54 (300 mg, 1.8 mmol, 1 equiv) was dissolved in 

dichloromethane/methanol (1.6 mL/3.2 mL, 0.4 M) and the resulting solution was cooled 

to 0 °C. Sodium borohydride (150 mg, 3.9 mmol, 2 equiv) was added portion-wise, and the 

reaction mixture was stirred for 30 minutes at 0 °C. The reaction was monitored by TLC for 

complete consumption of the starting material before it was quenched with saturated 

aqueous sodium hydrogen bicarbonate solution (20 mL). The aqueous phase was extracted 

with dichloromethane (3 × 10 mL) and the combined organic extracts were washed with 

brine (30 mL), dried over magnesium sulfate, filtered and concentrated in vacuo to afford 

alcohol 3.55 (300 mg, 1.8 mmol, 98%) as a white amorphous solid. The crude material was 

used in the next step without further purification. 

Analytical data observed were as in accordance with literature values.191  

1H NMR (400 MHz, chloroform-d) δ 6.52 (1H, s, furan-H), 4.55 (2H, d, J = 4.9 Hz, -CH2
aOH), 

3.81 (3H, s, -OCH3), 2.57 (3H, s, -CH3), 1.81 (1H, br s, -OH). 13C NMR (101 MHz, chloroform-

d) δ 164.5 (-COOR), 159.6 (furan-C), 152.0 (furan-C), 114.0 (furan-C), 108.8 (furan-CH), 57.3 

(-CaHOH), 51.5 (-OCH3), 13.9 (-CH3). 
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3.56a: To a stirred solution of 3.55 (150 mg, 0.89 mmol, 1 equiv) in methanol (3 mL, 0.3 M) 

was added 4 M aqueous sodium hydroxide (0.12 mL, 3.6 mmol, 4 equiv) and the resulting 

solution was stirred at reflux for 2 hours. After complete consumption of the starting 

material was confirmed by TLC, volatile components were removed in vacuo. The residue 

was redissolved in water (20 mL) and 1 M aqueous hydrochloric acid was added until pH 3. 

The acidified aqueous phase was extracted with dichloromethane (3 × 20 mL), and the 

combined organic extracts were dried over magnesium sulfate, filtered and concentrated 

in vacuo. Carboxylic acid 3.56a (110 mg, 0.71 mmol, 79%) was afforded as a white 

amorphous solid and used in the next step without further purification. 

Analytical data observed were as in accordance with literature values.191  

1H NMR (400 MHz, methanol-d4) δ 6.50 (1H, s, furan-H), 4.45 (2H, s, -CH2), 2.54 (3H, s, -

CH3). 13C NMR (101 MHz, methanol-d4) δ 167.3 (-CaOOH), 160.3 (furan-C), 154.2 (furan-C), 

115.5 (furan-C), 109.4 (furan-CH), 57.1 (-CH2), 13.7 (-CH3). 

 

 

3.56b: To a stirred solution of methyl 2-methylfuran-3-carboxylate (0.10 mL, 0.80 mmol, 1 

equiv) in methanol (2.7 mL, 0.3 M) was added 4 M aqueous sodium hydroxide (0.14 mL, 4.0 

mmol, 4 equiv) and the resulting solution was stirred at reflux for 2 hours. After complete 

consumption of the starting material was confirmed by TLC, volatile components were 

removed in vacuo. The residue was redissolved in water (20 mL) and 1 M aqueous 

hydrochloric acid was added until pH 3. The acidified aqueous phase was extracted with 

dichloromethane (3 × 20 mL), and the combined organic extracts were dried over 

magnesium sulfate, filtered and concentrated in vacuo. Carboxylic acid 3.56b (100 mg, 0.80 

mmol) was afforded in quantitative yield as a light brown amorphous solid and used in the 

next step without further purification. 

Analytical data observed were as in accordance with literature values.191  

1H NMR (400 MHz, chloroform-d) δ 12.00 (1H, br s, -COOH), 7.26 (1H, d, J = 2.0 Hz, furan-

H), 6.69 (1H, d, J = 2.0 Hz, furan-H), 2.61 (3H, s, -CH3). 13C NMR (101 MHz, chloroform-d) δ 
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169.9 (-CaOOH), 161.4 (furan-C), 141.1 (furan-CH), 113.3 (furan-C), 111.4 (furan-CH), 77.7, 

14.4 (-CH3). 

 

 

3.57a: To a stirred solution of potassium hydroxide (210 mg, 3.8 mmol, 2 equiv) in 

dimethylsulfoxide (5 mL, 0.4 M) was 1H-indazol-3-amine (250 mg, 1.9 mmol, 1 equiv) and 

the resulting solution was stirred at room temperature for 5 minutes. 4-

(trifluoromethyl)benzyl bromide (450 mg, 1.9 mmol, 1 equiv) in dimethylsulfoxide (2.5 mL, 

0.25 M total concentration) was added dropwise over 30 min, and the resulting solution 

was stirred for 1 hour. The reaction mixture was poured into ice water (20 mL) and the 

aqueous phase was extracted with dichloromethane (3 × 20 mL). The combined organic 

extracts were washed with water (2 × 40 mL) and brine (40 mL), dried over magnesium 

sulfate, filtered and concentrated in vacuo. Purification by column chromatography on 

silica gel with an eluent of 50% to 100% ethyl acetate in petroleum ether afforded alkylated 

indazole 3.57a (380 mg, 1.3 mmol, 69%) as a brown oily solid. 

Analytical data observed were as in accordance with literature values.64  

1H NMR (400 MHz, chloroform-d) δ 7.60 – 7.56 (1H, m, indazole-H), 7.56 – 7.51 (2H, m, 2 × 

Ar-H), 7.34 (1H, ddd, J = 8.5, 6.9, 1.1 Hz, indazole-H), 7.30 – 7.25 (2H, m, 2 × Ar-H), 7.21 – 

7.15 (1H, m, indazole-H), 7.06 (1H, ddd, J = 7.9, 6.9, 0.8 Hz, indazole-H), 5.41 (2H, s, -CH2
a), 

4.09 (2H, br s, -NH2). 13C NMR (101 MHz, chloroform-d) δ 147.9 (indazole-C), 141.6 

(indazole-C), 141.3 (Ar-C), 130.1 (d, 2JC-F = 32.4 Hz, Ar-C), 128.0 (indazole-CH), 127.5 (2 × Ar-

CH), 125.8 (d, 3JC-F = 3.8 Hz, 2 × Ar-CH), 124.1 (d, 1JC-F = 272.0 Hz, -CF3), 120.1 (indazole-CH), 

119.5 (indazole-CH), 115.0 (indazole-C), 108.9 (indazole-CH), 77.4, 51.7 (-CH2
a). 
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3.57b: To a stirred solution of potassium hydroxide (400 mg, 7.1 mmol, 2 equiv) in 

dimethylsulfoxide (9 mL) was 5-bromo-1H-indazol-3-amine (750 mg, 3.5 mmol, 1 equiv) 

and the resulting solution was stirred at room temperature for 5 minutes. 4-

(trifluoromethyl)benzyl bromide (850 mg, 3.5 mmol, 1 equiv) in dimethylsulfoxide (5 mL, 

0.25 M total concentration) was added dropwise over 30 min, and the resulting solution 

was stirred for 1 hour. The reaction mixture was poured into ice water (40 mL) and the 

aqueous phase was extracted with dichloromethane (3 × 40 mL). The combined organic 

extracts were washed with water (2 × 80 mL) and brine (80 mL), dried over magnesium 

sulfate, filtered and concentrated in vacuo. Purification by column chromatography on 

silica gel with an eluent of 20% to 50% ethyl acetate in petroleum ether afforded alkylated 

indazole 3.57b (1.0 g, 2.7 mmol, 76%) as an orange oily solid. 

1H NMR (400 MHz, chloroform-d) δ 7.71 (1H, dd, J = 1.8, 0.7 Hz, indazole-H), 7.59 – 7.51 

(2H, m, 2 × Ar-H), 7.39 (1H, dd, J = 8.8, 1.8 Hz, indazole-H), 7.26 – 7.21 (2H, m, 2 × Ar-H), 

7.06 (1H, dd, J = 8.9, 0.7 Hz, indazole-H), 5.38 (2H, s, -CH2
a), 4.06 (2H, br s, -NH2). 13C NMR 

(101 MHz, chloroform-d) δ 147.1 (indazole-C), 141.2 (Ar-C), 140.2 (indazole-C), 130.5 

(indazole-CH), 130.1 (d, 2JC-F = 32.4 Hz, Ar-C), 127.4 (2 × Ar-CH), 125.9 (d, 3JC-F = 3.9 Hz, 2 × 

Ar-CH), 124.1 (d, 1JC-F = 272.1 Hz, -CF3), 122.5 (indazole-CH), 116.7 (indazole-C-Br), 111.8 

(indazole-C), 110.3 (indazole-CH), 51.9 (-CH2
a). HRMS (ESI) exact mass calculated for 

C15H12N3F3Br [M+H]+ m/z 370.0161, found m/z 370.0157. LCMS (ESI) mass calculated for 

C15H12N3F3Br [M+H]+ m/z 370.02, found m/z 369.78 with tR = 6.54 min. 
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FSCN-C (1.7): To a stirred solution of acid 3.56a (24 mg, 0.19 mmol, 1.1 equiv), amine 3.57a 

(50 mg, 0.17 mmol, 1 equiv) and triethylamine (71 μL, 0.51 mmol, 3 equiv) in 

dichloromethane (3.4 mL, 0.05 M) was added propanephosphonic acid anhydride (50% in 

ethyl acetate, 0.21 ml, 0.34 mmol, 2 equiv). The resulting solution was stirred at room 

temperature for 16 hours before removing volatile components in vacuo. Purification by 

column chromatography on silica gel with an eluent of 30% to 50% ethyl acetate in 

petroleum ether afforded the product (21 mg, 0.053 mmol, 30%) as a yellow oil. Further 

purification by semi-preparative RP-HPLC using a focused gradient across 50% and 90% 

acetonitrile in water over 30 minutes eluted the title compound at tR = 25 minutes (85% 

acetonitrile) and the product fraction was lyophilised, yielding fascin ligand C FSCN-C (1.7) 

(8 mg, 0.02 mmol, 12%) as a white fluffy powder. 

Analytical data observed were as in accordance with literature values.64  

1H NMR (500 MHz, methanol-d4) δ 7.84 – 7.77 (1H, m, indazole-H), 7.63 – 7.56 (2H, m, 2 × 

Ar-H), 7.54 – 7.48 (1H, m, indazole-H), 7.45 (1H, d, J = 2.1 Hz, furan-H), 7.44 – 7.37 (3H, m, 

2 × Ar-H & indazole-H), 7.17 (1H, ddd, J = 7.9, 6.8, 0.8 Hz, indazole-H), 6.94 (1H, s, furan-H), 

5.68 (2H, s, -CH2), 2.61 (3H, s, -CH3). 13C NMR (126 MHz, methanol-d4) δ 165.4 (-CONH), 

159.7 (furan-C), 143.2 (indazole-C), 142.4 (indazole-C), 142.0 (furan-CH), 140.8 (Ar-C), 130.9 

(d, 2JC-F = 32.2 Hz, Ar-C), 128.9 (2 × Ar-CH), 128.5 (indazole-CH), 126.7 (indazole-C), 126.6 

(d, 3JC-F = 3.8 Hz, 2 × Ar-CH), 124.5 (indazole-CH), 123.0 (indazole-CH), 121.8 (indazole-CH), 

118.1 (d, 1JC-F = 410.0 Hz, -CF3), 110.5 (furan-CH), 110.1 (furan-C), 52.7 (-CH2), 13.7 (-CH3). 

HRMS (ESI) exact mass calculated for C21H16N3F3O2Na [M+Na]+ m/z 422.1087, found m/z 

422.1088. LCMS (ESI) mass calculated for C21H17N3F3O2 [M+H]+ m/z 400.13, found m/z 

400.08 with tR = 6.65 min. 
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3.52: To a pre-stirred solution of carboxylic acid 3.56a (30 mg, 0.17 mmol, 1 equiv), HATU 

(65 mg, 0.17 mmol, 1 equiv) and N,N-diisopropylethylamine (91 μL, 0.17 mmol, 3 equiv) in 

N,N-dimethylformamide (0.6 mL, 0.3 M) was added amine 3.57a (50 mg, 0.17 mmol, 1 

equiv), and the resulting solution was stirred at room temperature for 16 hours. The 

reaction mixture was partitioned between dichloromethane (20 mL) and water (20 mL), 

and the aqueous phase was extracted with dichloromethane (5 × 20 mL). The combined 

organic phases were washed with 5% aqueous lithium chloride (3 × 40 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 50% to 100% ethyl acetate in petroleum 

ether afforded functionalised fascin ligand C 3.52 (32 mg, 0.074 mmol, 43%) as a light 

brown amorphous solid. 

1H NMR (400 MHz, chloroform-d) δ 8.51 (1H, br s, -NH), 8.11 – 8.02 (1H, m, indazole-H), 

7.52 – 7.45 (2H, m, 2 × Ar-H), 7.39 (1H, ddd, J = 8.1, 6.9, 1.1 Hz, indazole-H), 7.29 – 7.23 (1H, 

m, indazole-H), 7.22 – 7.18 (2H, m, 2 × Ar-H), 7.18 – 7.14 (1H, m, indazole-H), 6.46 (1H, s, 

furan-H), 5.49 (2H, s, -CH2), 4.50 (2H, s, -CH2), 2.76 (1H, br s, 1H), 2.60 (3H, s, -CH3). 13C NMR 

(101 MHz, chloroform-d) δ 171.36 (-CONH), 162.0 (indazole-C), 158.8 (furan-C), 152.4 

(furan-C), 141.4 (indazole-C), 140.3 (Ar-C), 130.3 (d, 2JC-F = 32.7 Hz, Ar-C), 127.9 (indazole-

CH), 127.4 (indazole-CH), 125.9 (d, 3JC-F = 3.8 Hz, 2 × Ar-CH), 124.0 (d, 1JC-F = 278.0 Hz, -CF3), 

123.9 (indazole-CH), 121.0 (indazole-CH), 117.3 (indazole-C), 115.7 (furan-C), 108.9 (2 × Ar-

CH), 106.4 (furan-CH), 57.2 (-CH2), 52.0 (-CH2), 13.9 (-CH3). HRMS (ESI) exact mass 

calculated for C22H18N3F3O3Na [M+Na]+ m/z 452.1192, found m/z 452.1197. LCMS (ESI) 

mass calculated for C22H19N3F3O3 [M+H]+ m/z 430.14, found m/z 430.14 with tR = 6.21 min. 
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3.53: To a stirred solution of carboxylic acid 3.56b (26 mg, 0.21 mmol, 1 equiv), amine 3.57a 

(100 mg, 0.27 mmol, 1 equiv) and N-methylimidazole (58 μL, 0.72 mmol, 3.5 equiv) in 

acetonitrile (0.7 mL, 0.4 M) was added chloro-N,N,N′,N′-tetramethylformamidinium 

hexafluorophosphate (69 mg, 0.25 mmol, 1.2 equiv). The resulting solution was stirred at 

room temperature for 16 hours before removing volatile components in vacuo. Purification 

by column chromatography on silica gel with an eluent of 20% to 100% ethyl acetate in 

petroleum ether afforded functionalised fascin ligand C 3.53 (21 mg, 0.21 mmol) in 

quantitative yield as an orange amorphous solid. 

1H NMR (400 MHz, chloroform-d) δ 8.31 (1H, d, J = 1.8 Hz, indazole-H), 8.23 (1H, br s, -NH), 

7.58 – 7.47 (2H, m, 2 × Ar-H), 7.44 (1H, dd, J = 8.9, 1.9 Hz, indazole-H), 7.29 (1H, d, J = 2.1 

Hz, furan-H), 7.25 – 7.18 (2H, m, 2 × Ar-H), 7.14 (1H, dd, J = 8.9, 0.7 Hz, indazole-H), 6.59 

(1H, d, J = 2.1 Hz, furan-H), 5.47 (2H, s, -CH2), 2.67 (3H, s, -CH3). 13C NMR (101 MHz, 

chloroform-d) δ 161.9 (-CONH), 159.0 (furan-C), 140.9 (furan-CH), 140.3 (indazole-C), 140.1 

(indazole-C), 139.7 (Ar-C), 131.0 (indazole-CH), 130.5 (d, 2JC-F = 32.6 Hz, Ar-C), 127.4 (2 × Ar-

CH), 126.6 (indazole-CH), 126.0 (d, 3JC-F = 3.8 Hz, 2 × Ar-CH), 124.0 (d, 1JC-F = 272.2 Hz, -CF3), 

118.6 (indazole-C), 114.9 (indazole-C), 113.9 (indazole-CH), 110.3 (furan-C), 108.5 (furan-

CH), 52.3 (-CH2), 13.9 (-CH3). HRMS (ESI) exact mass calculated for C21H15N3F3O2BrNa 

[M+Na]+ m/z 500.0192, found m/z 500.0195. LCMS (ESI) mass calculated for 

C21H16N3F3O2BrNa [M+H]+ m/z 479.04, found m/z 479.92 with tR = 7.08 min. 
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Preparation of 3rd series PROTAC 

 

3.59: To a dry flask charged with argon was added anhydrous tetrahydrofuran (0.3 mL, 0.4 

M), functionalised fascin ligand C 3.52 (50 mg, 0.12 mmol, 1 equiv) and sodium hydride 

(60% in mineral oil, 28 mg, 0.70 mmol, 6 equiv) at 0 °C. The resulting suspension was stirred 

for 30 minutes before mesylated linker 3.12 (50 mg, 0.12 mmol, 1 equiv) was added slowly 

at 0 °C. The reaction mixture was allowed to reach room temperature and stirred for 

further 16 hours. The reaction was quenched by dropwise addition of water (10 mL). The 

aqueous phase was extracted with dichloromethane (3 × 10 mL) and the combined organic 

extracts were washed with brine (20 mL), dried over magnesium sulfate, filtered and 

concentrated in vacuo. Purification by column chromatography on silica gel with an eluent 

of 50% to 100% ethanol in ethyl acetate afforded fragment 3.59 (23 mg, 0.033 mmol, 28%) 

as a light yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 9.63 (1H, s, -NH), 8.07 (1H, d, J = 8.2 Hz, indazole-H), 

7.56 – 7.46 (2H, m, 2 × Ar-H), 7.33 (1H, ddd, J = 8.2, 6.9, 1.1 Hz, indazole-H), 7.26 – 7.23 (2H, 

m, 2× Ar-H), 7.20 (1H, d, J = 8.5 Hz, indazole-H), 7.16 – 7.08 (1H, m, indazole-H), 6.95 (1H, 

s, furan-H), 5.53 (2H, s, -CH2), 4.47 (2H, s, -CH2
a), 3.88 (2H, s, -CH2

b), 3.69 – 3.51 (20H, m, 10 

× -CH2), 2.63 (3H, s, -CH3). 13C NMR (101 MHz, chloroform-d) δ 175.1 (-COOH), 170.1 (-

CONH), 162.4 (indazole-C), 158.7 (furan-C), 149.4 (furan-C), 141.2 (indazole-C), 140.6 (Ar-

C), 130.1 (d, 2JC-F = 32.5 Hz, Ar-C), 127.5 (2 × indazole-CH), 125.8 (d, 3JC-F = 3.9 Hz, 2 × Ar-

CH), 124.6 (d, 1JC-F = 271.5 Hz, -CF3), 123.7 (indazole-CH), 120.6 (indazole-CH), 117.8 

(indazole-C), 116.4 (furan-C), 109.2 (furan-C), 108.8 (2 × Ar-CH), 71.0 (-CbH2), 70.0 (-CH2), 

69.8 (-CH2), 69.6 (2 × -CH2), 69.5 (2 × -CH2), 69.4 (-CH2), 69.3 (-CH2), 69.2 (-CH2), 68.9 (-CH2), 

64.9 (-CaH2), 52.1 (-CH2), 13.9 (-CH3). HRMS (ESI) exact mass calculated for C34H41N3F3O10 

[M+H]+ m/z 708.2739, found m/z 708.2730. LCMS (ESI) mass calculated for C34H41N3F3O10 

[M+H]+ m/z 708.27, found m/z 708.75 with tR = 6.27 min. 
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FSCN-C-VHL-1 (3.60): To a pre-stirred solution of carboxylic acid 3.59 (18 mg, 0.025 mmol, 

1 equiv), HATU (10 mg, 0.025 mmol, 1 equiv) and N,N-diisopropylethylamine (14 μL, 0.070 

mmol, 3 equiv) in N,N-dimethylformamide (0.1 mL, 0.3 M) was added amine VHL-1 (2.1) (11 

mg, 0.025 mmol, 1 equiv), and the resulting solution was stirred at room temperature for 

16 hours. The reaction mixture was partitioned between dichloromethane (20 mL) and 

water (20 mL), and the aqueous phase was extracted with dichloromethane (5 × 20 mL). 

The combined organic phases were washed with 5% aqueous lithium chloride (5 × 40 mL), 

dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 5% to 50% ethanol in dichloromethane 

afforded the product (17 mg, 0.015 mmol, 61%) as a clear oil. Further purification by semi-

preparative RP-HPLC using a focused gradient across 50% and 90% acetonitrile in water 

over 30 minutes eluted the title compound at tR = 17 minutes (74% acetonitrile) and the 

product fraction was lyophilised, yielding fascin ligand C VHL PROTAC FSCN-C-VHL-1 (3.60) 

(9 mg, 0.008 mmol, 32%) as a white fluffy powder. 

1H NMR (500 MHz, methanol-d4) δ 9.08 (1H, s, thiazole-H), 7.83 – 7.78 (1H, m, indazole-H), 

7.62 – 7.56 (2H, m, 2 × Ar-H), 7.53 – 7.36 (8H, 6 × Ar-CH & 2 × indazole-CH), 7.16 (1H, ddd, 

J = 8.3, 6.9, 0.9 Hz, indazole-H), 6.89 (1H, s, furan-H), 5.68 (2H, s, -CH2), 4.69 (1H, m, -CHb), 

4.61 – 4.50 (2H, m, -CH2), 4.51 – 4.45 (3H, m, -CHOH & -CH2), 4.37 – 4.30 (1H, m, -CH), 4.08 

– 3.96 (2H, m, -CH2
a), 3.89 – 3.75 (2H, m, -CH2), 3.71 – 3.56 (20H, m, 10 × -CH2), 2.60 (3H, s, 

-CH3), 2.48 (3H, s, -CH3), 2.25 – 2.18 (1H, m, -CHH), 2.12 – 2.02 (1H, m, -CHH), 1.03 (9H, s, 3 

× -CH3). 13C NMR (101 MHz, methanol-d4) δ 174.4 (-CONH), 172.1 (-CONR), 171.6 (-CONH), 

165.1 (-CONH), 159.9 (indazole-C), 153.0 (thiazole-CH), 151.4 (furan-C), 148.8 (furan-C), 

143.2 (thiazole-C), 142.5 (indazole-C), 140.8 (Ar-C), 140.3 (Ar-C), 131.4 (thiazole-C), 130.9 

(d, 2JC-F = 32.0 Hz, Ar-C), 130.7 (Ar-C), 130.4 (indazole-CH), 129.5 (d, 1JC-F = 261.5 Hz, -CF3), 

129.0 (2 × Ar-CH), 128.9 (2 × Ar-CH), 128.5 (indazole-C), 126.6 (d, 3JC-F = 3.8 Hz, 2 × Ar-CH), 

123.1 (indazole-CH), 121.8 (indazole-CH), 119.6 (indazole-C), 117.1 (furan-C), 110.5 (furan-

CH), 109.8 (2 × Ar-CH), 72.3 (-CaH2), 71.6 (-CH2), 71.6 (-CH2), 71.6 (2 × -CH2), 71.5 (2 × -CH2), 
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71.5 (2 × -CH2), 71.1 (-CHOH), 71.1 (-CH2), 70.5 (-CH2), 65.6 (-CH2), 60.8 (-CbH), 58.1 (-CH2), 

52.7 (-CH), 43.7 (-CH2), 40.4 (-C(CH3)3), 38.9 (-CH2), 37.1 (-CH2), 27.0 (3 × -CH3), 15.7 (-CH3), 

13.9 (-CH3). HRMS (ESI) exact mass calculated for C56H69N7F3O12 [M+H]+ m/z 1120.4672, 

found m/z 1120.4669. LCMS (ESI) mass calculated for C56H69N7F3O12 [M+H]+ m/z 1120.47, 

found m/z 1120.89 with tR = 6.46 min. 

 

 

3.61c: To a dry flask charged with argon was added tert-butanol (0.6 mL, 0.2 M), 

functionalised fascin ligand B 3.53 (60 mg, 0.13 mmol, 1 equiv), 2-[2-(2-

aminoethoxy)ethoxy]-ethanol (21 μL, 0.16 mmol, 1.2 equiv), BrettPhos Pd G3 (6 mg, 0.007 

mmol, 5 mol%), BrettPhos (4 mg, 0.007 mmol, 5 mol%) and caesium carbonate (110 mg, 

0.31 mmol, 2.4 equiv), and flask was evacuated and filled with argon three times. The 

reaction was stirred for 24 hours under reflux before allowing it to reach room 

temperature. The reaction mixture was partitioned between water (10 mL) and 

dichloromethane (10 mL), and the aqueous phase was extracted with dichloromethane (3 

× 10 mL). The combined organic extracts were washed with brine (20 mL), dried over 

magnesium sulfate, filtered and concentrated in vacuo. Purification by column 

chromatography on silica gel with an eluent of 0% to 5% ethanol in dichloromethane 

afforded fragment 3.61c (14 mg, 0.026 mmol, 21%) as a light yellow oil. 

1H NMR (400 MHz, chloroform-d) δ 8.86 (1H, s, -NH), 8.19 (1H, s, -NH), 8.06 (1H, dd, J = 9.0, 

1.6 Hz, indazole-CHa), 7.62 – 7.49 (2H, m, 2 × Ar-CH), 7.38 – 7.27 (5H, m, 2 × Ar-CH & 2 × 

indazole-CH & furan-CH), 6.63 (1H, d, J = 2.1 Hz, furan-CH), 5.54 (2H, s, -CH2), 3.85 – 3.60 

(12H, m, 6 × -CH2), 2.67 (3H, s, -CH3). 13C NMR (101 MHz, chloroform-d) δ 173.7 (-CONH), 

158.4 (furan-C), 142.9 (Ar-C), 141.1 (indazole-C), 140.7 (furan-CH), 138.7 (Ar-C), 136.7 (Ar-

CaH), 130.1 (d, 2JC-F = 32.5 Hz, Ar-C), 127.4 (2 × Ar-CH), 125.8 (d, 3JC-F = 3.8 Hz, 2 × Ar-CH), 

125.5 (d, 1JC-F = 279.2 Hz, -CF3), 120.0 (indazole-CH), 118.5 (furan-C), 115.4 (indazole-C), 

109.8 (furan-CH), 108.7 (indazole-CH), 101.9 (indazole-C), 72.8 (-CH2), 70.7 (-CH2), 70.6 (-

CH2), 70.4 (-CH2), 69.6 (-CH2), 61.8 (-CH2), 52.2 (-CH2), 13.8 (-CH3). HRMS (ESI) exact mass 

calculated for C27H30N3F3N4O5 [M+H]+ m/z 547.2163, found m/z 547.2171. LCMS (ESI) mass 

calculated for C27H30N3F3N4O5 [M+H]+ m/z 547.22, found m/z 547.08 with tR = 6.09 min.
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Appendix 1 – additional biology data 

CRISPR-Cas9 gene editing 

Fascin gRNA-Cas9-GFP plasmid sequencing 

 

 

Fluorescence activated cell sorting (FACS) 
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Proliferation and wound healing assays 

Fascin knock-down trials 

Normalised proliferation index  

(mean ± SEM) 

SK-OV-3 (at t = 70 h) HT-1080 (at t = 70 h) 

Untreated ctrl 3.4 ± 0.35 8.2 ± 0.41  

siRNA ctrl 3.9 ± 0.61  5.7 ± 0.70  

siRNA07 3.6 ± 0.15  5.1 ± 0.31  

siRNA08 1.3 ± 0.085  2.2 ± 0.44  

FSCN-B (10 μᴍ) 4.2 ± 0.29  7.2 ± 1.3  

FSCN-B (30 μᴍ) 3.5 ± 0.52  6.7 ± 0.21  

 

Migration – wound closing rate  

(mean ± SEM) 

SK-OV-3 (at t = 6 h) HT-1080 (at t = 4 h) 

Untreated ctrl 52 ± 0.67 μm/h 110 ± 6.6 μm/h 

siRNA ctrl 50 ± 4.5 μm/h 130 ± 2.6 μm/h 

siRNA07 51 ± 0.90 μm/h 109 ± 1.8 μm/h 

siRNA08 38 ± 1.1 μm/h 89 ± 2.4 μm/h 

FSCN-B (10 μᴍ) 59 ± 2.3 μm/h 120 ± 1.7 μm/h 

FSCN-B (30 μᴍ) 46 ± 1.8 μm/h 95 ± 2.3 μm/h 

 

Invasion – wound closing rate  

(mean ± SEM) 

SK-OV-3 (at t = 36 h) HT-1080 (at t = 12 h) 

Untreated ctrl 14 ± 3.9 μm/h 44 ± 5.6 μm/h 

siRNA ctrl 10 ± 1.7 μm/h 46 ± 5.2 μm/h 

siRNA07 7.6 ± 2.1 μm/h 45 ± 2.4 μm/h 

siRNA08 9.9 ± 4.4 μm/h 24 ± 2.5 μm/h 

FSCN-B (10 μᴍ) 5.7 ± 1.8 μm/h 38 ± 4.4 μm/h 

FSCN-B (30 μᴍ) 7.6 ± 3.9 μm/h 40 ± 1.9 μm/h 
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Fascin knock-out cell line 

Normalised proliferation index (mean ± SEM) SK-OV-3 (at t = 94 h) 

WT ctrl 4.4 ± 0.40  

200% fascin 6.2 ± 0.52  

Fascin KO + VHL-HP-1 3.8 ± 0.43  

Fascin KO 4.2 ± 0.31  

Fascin KO + HaloTag–fascin 3.0 ± 0.35  

Fascin KO + HaloTag–fascin + VHL-HP-1 3.2 ± 0.28 

 

Random migration – velocity (mean ± SEM) SK-OV-3 

WT ctrl 0.20 ± 0.013 μm/h 

200% fascin 0.21 ± 0.013 μm/h 

Fascin KO + VHL-HP-1 0.14 ± 0.011 μm/h 

Fascin KO 0.27 ± 0.018 μm/h 

Fascin KO + HaloTag–fascin 0.32 ± 0.013 μm/h 

Fascin KO + HaloTag–fascin + VHL-HP-1 0.27 ± 0.024 μm/h 

 

 Migration – wound closing rate (mean ± SEM) SK-OV-3 (at t = 6 h) 

WT ctrl 53 ± 3.9 μm/h 

200% fascin 68 ± 4.4 μm/h 

Fascin KO + VHL-HP-1 37 ± 1.6 μm/h 

Fascin KO 32 ± 1.7 μm/h 

Fascin KO + HaloTag–fascin 43 ± 3.7 μm/h 

Fascin KO + HaloTag–fascin + VHL-HP-1 42 ± 1.9 μm/h 

 

Invasion (matrigel) – wound closing rate (mean ± SEM) SK-OV-3 (at t = 48 h) 

WT ctrl 2.1 ± 0.30 μm/h 

200% fascin 7.3 ± 0.62 μm/h 

Fascin KO + VHL-HP-1 3.3 ± 0.28 μm/h 

Fascin KO 3.3 ± 0.30 μm/h 

Fascin KO + HaloTag–fascin 5.6 ± 1.1 μm/h 

Fascin KO + HaloTag–fascin + VHL-HP-1 4.1 ± 0.48 μm/h 

 

 

Invasion (matrigel/collagen I) – wound closing rate (mean ± SEM) SK-OV-3 (at t = 48 h) 

WT ctrl 1.3 ± 0.43 μm/h 

200% fascin 5.2 ± 0.39 μm/h 

Fascin KO + VHL-HP-1 3.9 ± 0.99 μm/h 

Fascin KO 2.2 ± 0.24 μm/h 

Fascin KO + HaloTag–fascin 5.2 ± 0.53 μm/h 

Fascin KO + HaloTag–fascin + VHL-HP-1 4.1 ± 0.45 μm/h 
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Surface plasmon resonance (SPR) data 

FSCN-A-VHL-1 (3.7) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 6.30 Not measured 

n = 2 6.15 Not measured 

 

Sensorgram 

 

Steady state fit 
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FSCN-A-CRBN-1 (3.9) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 7.00 Not measured 

n = 2 6.60 Not measured 

 

Sensorgram 

 

Steady state fit 

 

 

 

 

FSCN-A-CRBN-2 (3.10) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 Not binding Not measured 

n = 2 Not binding Not measured 

 

Sensorgram 

 

 

 

-4

-2

0

2

4

6

8

10

-20 0 20 40 60 80 100 120 140

Time s

RU

R
e

s
p

o
n

s
e

Blank Subtracted Sensorgrams

-25

-20

-15

-10

-5

0

5

-20 0 20 40 60 80 100 120 140

Time s

RU

R
e

s
p

o
n

s
e

Blank Subtracted Sensorgrams



Appendix 1 – additional biology data | 293  

FSCN-A-VHL-3 (3.14) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 2.38 2.34 68100 0.16 4.35 

n = 2 4.71 4.12 43700 0.18 3.86 

 

Sensorgram Steady state fit Kinetic fit 

 

 
 

 

 

 

FSCN-A-VHL-4 (3.19) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 4.19 4.12 43100  0.18  3.9 

n = 2 3.44 3.34 51500  0.17  4.03 

 

Sensorgram Steady state fit Kinetic fit 

 

 
 

 

 

 

 



Appendix 1 – additional biology data | 294  

FSCN-A-CRBN-3 (3.22) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 0.804 0.737 204000  0.15  4.61 

n = 2 1.35 1.22 134000  0.16  4.24 

 

Sensorgram Steady state fit Kinetic fit 

 

 
 

 

 

 

FSCN-A-HyT-1 (3.24) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 KD > 5 μᴍ  

Binds but not soluble enough to determine accurate KD with steady state analysis  

n = 2 3.72 3.07 43500                   0.13  5.19 

 

Sensorgram Steady state fit Kinetic fit 

   

 

 

 



Appendix 1 – additional biology data | 295  

 

FSCN-B (1.5) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 0.0528 0.0446 681000  0.03  22.8 

n = 2 0.0426 0.0358 752000  0.03  25.7 

 

Sensorgram Steady state fit Kinetic fit 

 

 
 

 

 

 

 

FSCN-B-VHL-1 (3.35) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 2.04 1.73 38900  0.07  10.3 

n = 2 2.04 1.8 38600  0.07  9.98 

 

Sensorgram Steady state fit Kinetic fit 
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FSCN-B-VHL-2 (3.36) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 0.765 0.726 104000  0.08  9.16 

n = 2 0.856 0.741 70900  0.05  13.2 

 

Sensorgram Steady state fit Kinetic fit 

 

 
 

 

 

 

 

FSCN-B-CRBN-1 (3.42) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd  (s-1)  t½ (s) 

n = 1 0.565 0.473 130000  0.06  11.3 

n = 2 0.531 0.464 126000  0.06  11.9 

 

Sensorgram Steady state fit Kinetic fit 
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FSCN-B-CRBN-2 (3.47) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 0.216 0.196 220000  0.04  16 

n = 2 0.294 0.249 181000  0.05  15.3 

 

Sensorgram Steady state fit Kinetic fit 

 

  

 

 

 

 

FSCN-B-HyT-1 (3.48) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 1.08 1.08 71700  0.08  8.97 

n = 2 0.925 0.875 84900  0.07  9.32 

 

Sensorgram Steady state fit Kinetic fit 
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FSCN-B-HyT-2 (3.51) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 1.16 1.15 43700  0.05  13.8 

n = 2 1.38 1.15 35600  0.04  17 

 

Sensorgram Steady state fit Kinetic fit 
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FSCN-C (1.7) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 Not binding 

n = 2 Not binding 

 

Sensorgram 

 

 

 

 

FSCN-C-VHL-1 (3.60) 

 Steady state KD (μᴍ) Kinetic KD (μᴍ) ka (ᴍ-1s-1)  kd (s-1)  t½ (s) 

n = 1 Not binding 

n = 2 Not binding 

 

Sensorgram 
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Appendix 2 – additional chemistry data 

Compound characterisation data 

E3 ligase ligands 

- VHL ligand VHL-2 (2.3) and epimer control cisVHL-2 (2.4): 

2.5: 
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2.6: 
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2.7a: 
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2.7b: 

 

 

 

 

 

 



Appendix 2 – additional chemistry data | 304  

2.8a: 
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2.8b: 
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VHL-2 (2.3): 
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cisVHL-2 (2.4): 
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- CRBN ligand CRBN-1 (2.9) and methylated control MeCRBN-1 (2.10): 

2.13: 
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CRBN-1 (2.9):  
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2.9b: 
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MeCRBN-1 (2.10):  
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2.14:  
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CRBN-2 (2.11):  
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MeCRBN-2 (2.12):  
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HaloPROTACs and mono-functional controls 

- VHL HaloPROTACs and mono-functional controls  

2.15a: 
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2.15b: 
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2.17a: 
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2.17b: 
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VHL-HP-1 (2.18):  
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cisVHL-ctrl-1 (2.19): 

 

 

 

 

 

 



Appendix 2 – additional chemistry data | 321  

noHTL-VHL-ctrl-1 (2.20): 
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2.21a: 
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2.21b: 
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VHL-HP-2 (2.22): 
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cisVHL-ctrl-2 (2.23): 
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noHTL-VHL-ctrl-2 (2.24): 

 

 

 

 

 

 



Appendix 2 – additional chemistry data | 327  

- CRBN HaloPROTACs and mono-functional controls: 

2.27: 
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2.28a: 
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2.28b: 
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CRBN-HP-1 (2.29): 
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MeCRBN-ctrl-1 (2.30): 
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noHTL-CRBN-ctrl-1 (2.31):  
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CRBN-HP-2 (2.32):  
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MeCRBN-ctrl-2 (2.33):  
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noHTL-CRBN-ctrl-2 (2.34):  
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- HyT HaloPROTAC: 

2.35:  
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HyT-HP-1 (2.36):  
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1st series amide PROTACs 

- E3 ligase ligand–linker fragments: 

3.2a: 
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3.3a: 
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3.4a: 
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3.4b: 
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3.5: 
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FSCN-A-ctrl (3.6): 

 

 

 

  



Appendix 2 – additional chemistry data | 344  

- 1st series amide PROTACs: 

FSCN-A-VHL-1 (3.7): 
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FSCN-A-CRBN-1 (3.9): 
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FSCN-A-CRBN-2 (3.10): 
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Preparation of 1st series alkylation PROTACs 

- Fascin ligand A alkylation VHL PROTACs: 

3.11: 
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3.12:  
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3.13:  
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FSCN-A-VHL-3 (3.14):  
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3.15:  
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3.16:  
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3.17: 
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3.18:  
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FSCN-A-VHL-4 (3.19):  
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- Fascin ligand A alkylation CRBN PROTAC: 

3.20: 
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3.21: 
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FSCN-A-CRBN-3 (3.22): 
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- Fascin ligand A alkylation HyT PROTAC: 

3.23:  
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FSCN-A-HyT-1 (3.24):  
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Fascin ligand B FSCN-B (1.5) 

3.25: 
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3.26a: 
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3.28:  
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3.29:  

 

 

 

  



Appendix 2 – additional chemistry data | 366  

3.31:  
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FSCN-B (1.5):  
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2nd series PROTACs 

- Fascin ligand B VHL PROTACs: 

3.32: 
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3.33: 
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3.34a: 
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3.34b: 
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FSCN-B-VHL-1 (3.35): 
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FSCN-B-VHL-2 (3.36): 
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- Fascin ligand B CRBN PROTACs: 

3.37: 
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3.38: 
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3.39:  
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3.40: 
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3.41: 
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3.43:  
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3.44:  
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FSCN-B-CRBN-1 (3.42) via Route B:  
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3.45: 
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3.46:  
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FSCN-B-CRBN-2 (3.47):  
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- Fascin ligand B HyT PROTACs: 

FSCN-B-HyT-1 (3.48):  
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3.49:  
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3.50:  

 

 

 

  



Appendix 2 – additional chemistry data | 388  

FSCN-B-HyT-2 (3.51):  
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Fascin ligand C FSCN-C (1.7) and analogues 

3.54: 
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3.55: 
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3.56a: 
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3.56b: 
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3.57a:  
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3.57b:  
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FSCN-C (1.7):  
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3.52:  
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3.53:  
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3rd series PROTACs 

3.59: 
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FSCN-C-VHL-1 (3.60): 
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3.61c:  
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X-ray diffraction data for FSCN-B (1.5) 

Structure report for 2019GU34 / SM-100 

 

View showing the structure and atom labelling scheme for SM-100; atomic displacement 
ellipsoids drawn at 50% probability level. 0.5 molecule of cyclohexane  (per molecule) 
omitted for clarity. A region of poorly defined solvent was accounted for using SQUEEZE. 
Refinement 

Crystal data, data collection and structure refinement details are summarized in Table 1. 

Computing details 

Data collection: APEX3 Ver. 2016.9-0 (Bruker-AXS, 2016); cell refinement: SAINT V8.37A 
(Bruker-AXS, 2016); data reduction: APEX3 Ver. 2016.9-0 (Bruker-AXS, 2016); program(s) 
used to solve structure: SHELXT 2014/5 (Sheldrick, 2014); program(s) used to refine 
structure: XL (Sheldrick, 2008); molecular graphics: Olex2 (Dolomanov et al., 2009); 
software used to prepare material for publication: Olex2 (Dolomanov et al., 2009). 
References 

Dolomanov, O. V., Bourhis, L. J., Gildea, R. J., Howard, J. A. K. & Puschmann, H. (2009). J. 
Appl. Cryst. 42, 339–341. 
Sheldrick, G. M. (2008). Acta Cryst. A64, 112–122. 
(2019gu0034_150k_sq) 
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Crystal data 

 C24H24Cl2N6O2·2(Cl)·C3H6 F(000) = 1272 

Mr = 612.37 Dx = 1.370 Mg m-3 

Monoclinic, P21/c Mo K  radiation,  = 0.71073 Å 

a = 19.2837 (6) Å Cell parameters from 9975 reflections 

b = 12.1401 (4) Å  = 2.5–26.4° 

c = 12.6821 (4) Å  = 0.43 mm-1 

 = 90.670 (1)° T = 150 K 

V = 2968.75 (16)  Å3 Hexagonal, colourless 

Z = 4 0.17 × 0.08 × 0.02 mm 

 
Data collection 

 Bruker D8 VENTURE  
diffractometer 

6045 independent reflections 

Radiation source: microfocus sealed tube, 
INCOATEC I s 3.0 

5227 reflections with I > 2 (I) 

Multilayer mirror optics monochromator Rint = 0.036 

Detector resolution: 7.4074 pixels mm-1 max = 26.4°, min = 2.3° 

 and  scans h = -24 24 

Absorption correction: multi-scan  
SADABS2016/2 (Bruker,2016/2) was used 
for absorption correction. wR2(int) was 
0.1005 before and 0.0547 after correction. 
The Ratio of minimum to maximum 
transmission is 0.8785. The /2 correction 
factor is Not present. 

k = -13 15 

Tmin = 0.655, Tmax = 0.745 l = -15 11 

26464 measured reflections  

 
Refinement 

 Refinement on F2 0 restraints 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2 (F2)] = 0.041 H atoms treated by a mixture of 
independent and constrained refinement 

wR(F2) = 0.114  w = 1/[ 2(Fo
2) + (0.0514P)2 + 2.2569P]   

where P = (Fo
2 + 2Fc

2)/3 

S = 1.04 ( / )max = 0.001 

6045 reflections max = 0.63 e Å-3 

364 parameters min = -0.51 e Å-3 

 
Special details 

 Geometry. All esds (except the esd in the dihedral angle between two l.s. planes)  are 
estimated using the full covariance matrix.  The cell esds are taken  into account 
individually in the estimation of esds in distances, angles  and torsion angles; 
correlations between esds in cell parameters are only  used when they are defined by 
crystal symmetry.  An approximate (isotropic)  treatment of cell esds is used for 
estimating esds involving l.s. planes. 

 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
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parameters (Å2) 

 x y z Uiso*/Ueq 

Cl1 0.61538 (3) 0.14297 (6) 0.35593 (5) 0.04913 (17) 

Cl2 0.65465 (3) 0.17386 (6) 0.59589 (6) 0.05507 (18) 

O1 0.35084 (8) 0.28542 (12) 0.31084 (10) 0.0346 (3) 

O2 0.22189 (8) 0.42530 (11) 0.75366 (11) 0.0366 (3) 

N1 0.22450 (8) 0.52511 (13) 0.51047 (12) 0.0251 (3) 

N2 0.23855 (9) 0.57386 (14) 0.41528 (12) 0.0310 (4) 

N8 0.31831 (8) 0.22513 (13) 0.47389 (12) 0.0254 (3) 

N13 0.14121 (10) 0.78390 (15) 0.70033 (15) 0.0333 (4) 

H13A 0.1576 (14) 0.841 (2) 0.667 (2) 0.047 (7)* 

H13B 0.1138 (13) 0.812 (2) 0.750 (2) 0.043 (7)* 

N17 0.18643 (8) 0.24750 (13) 0.73057 (12) 0.0248 (3) 

H17 0.189583 0.190508 0.688027 0.030* 

N21 0.06977 (9) 0.19182 (15) 0.99492 (14) 0.0333 (4) 

H21 0.0440 (15) 0.169 (2) 1.050 (2) 0.057 (8)* 

C3 0.27476 (11) 0.50159 (16) 0.36188 (15) 0.0304 (4) 

H3 0.291424 0.513325 0.292591 0.036* 

C4 0.28566 (10) 0.40467 (16) 0.42044 (14) 0.0246 (4) 

C5 0.25282 (9) 0.42276 (15) 0.51644 (14) 0.0224 (4) 

C6 0.25171 (9) 0.33618 (15) 0.59405 (14) 0.0234 (4) 

C7 0.28546 (9) 0.24211 (15) 0.56696 (14) 0.0252 (4) 

H7 0.286163 0.183733 0.616847 0.030* 

C9 0.32094 (10) 0.30491 (16) 0.39374 (14) 0.0264 (4) 

C10 0.18758 (10) 0.58969 (15) 0.58959 (14) 0.0252 (4) 

H10 0.161724 0.537650 0.635941 0.030* 

C11 0.13557 (11) 0.66843 (18) 0.53894 (17) 0.0355 (5) 

H11A 0.160259 0.724460 0.496857 0.043* 

H11B 0.103880 0.627324 0.491216 0.043* 

C12 0.09428 (11) 0.7244 (2) 0.62527 (18) 0.0397 (5) 

H12A 0.061125 0.777158 0.593080 0.048* 

H12B 0.067355 0.668345 0.664073 0.048* 

C14 0.19741 (11) 0.71327 (17) 0.74536 (16) 0.0339 (5) 

H14A 0.176930 0.657091 0.792240 0.041* 

H14B 0.229484 0.759190 0.788166 0.041* 

C15 0.23750 (10) 0.65653 (16) 0.65859 (15) 0.0289 (4) 

H15A 0.273031 0.607242 0.690025 0.035* 

H15B 0.261397 0.712248 0.615092 0.035* 

C16 0.21983 (10) 0.34320 (15) 0.69980 (14) 0.0251 (4) 

C18 0.14867 (9) 0.23279 (15) 0.82146 (14) 0.0240 (4) 

C19 0.11384 (10) 0.13246 (16) 0.83260 (16) 0.0294 (4) 

H19 0.117173 0.077399 0.779677 0.035* 

C20 0.07493 (10) 0.11440 (18) 0.92042 (17) 0.0331 (4) 

H20 0.051361 0.046260 0.928553 0.040* 

C22 0.10234 (11) 0.28820 (18) 0.98590 (16) 0.0333 (4) 

H22 0.097320 0.341883 1.039772 0.040* 

C23 0.14285 (10) 0.31161 (17) 0.90083 (15) 0.0295 (4) 

H23 0.166474 0.380063 0.895988 0.035* 

C24 0.35627 (10) 0.12076 (16) 0.45880 (16) 0.0291 (4) 

H24A 0.354274 0.099690 0.383416 0.035* 

H24B 0.333835 0.061656 0.499980 0.035* 
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C25 0.43122 (10) 0.13213 (15) 0.49381 (15) 0.0272 (4) 

C26 0.48327 (10) 0.13262 (15) 0.41961 (15) 0.0279 (4) 

H26 0.471904 0.125185 0.346871 0.034* 

C27 0.55203 (10) 0.14396 (16) 0.45124 (17) 0.0311 (4) 

C28 0.56890 (11) 0.15634 (16) 0.55653 (18) 0.0347 (5) 

C29 0.51753 (12) 0.15623 (17) 0.63113 (17) 0.0372 (5) 

H29 0.529197 0.164551 0.703677 0.045* 

C30 0.44898 (11) 0.14397 (17) 0.60024 (16) 0.0334 (4) 

H30 0.413668 0.143610 0.651852 0.040* 

Cl3 0.19230 (3) 0.00421 (4) 0.60410 (4) 0.03699 (14) 

Cl4 -0.00811 (3) 0.37615 (6) 0.68736 (4) 0.04690 (16) 

C1S 0.53880 (17) 0.4548 (2) 0.5889 (2) 0.0631 (8) 

H1SA 0.559454 0.521331 0.621734 0.076* 

H1SB 0.553690 0.390097 0.630888 0.076* 

C2S 0.46037 (17) 0.4638 (2) 0.5910 (3) 0.0651 (8) 

H2SA 0.439625 0.393701 0.566193 0.078* 

H2SB 0.445268 0.476370 0.664372 0.078* 

C3S 0.43495 (16) 0.5567 (2) 0.5222 (3) 0.0623 (8) 

H3SA 0.450967 0.627679 0.552145 0.075* 

H3SB 0.383605 0.557082 0.520967 0.075* 

 
Atomic displacement parameters (Å2) 

 U11 U22 U33 U12 U13 U23 

Cl1 0.0355 (3) 0.0622 (4) 0.0500 (3) -0.0071 (3) 0.0115 (2) -0.0092 (3) 

Cl2 0.0416 (3) 0.0566 (4) 0.0665 (4) 0.0017 (3) -0.0205 (3) -0.0125 (3) 

O1 0.0422 (8) 0.0389 (8) 0.0228 (7) 0.0013 (6) 0.0089 (6) -0.0035 (6) 

O2 0.0613 (10) 0.0258 (7) 0.0228 (7) -0.0071 (7) 0.0084 (6) -0.0024 (6) 

N1 0.0342 (8) 0.0230 (8) 0.0181 (7) -0.0007 (6) -0.0009 (6) 0.0004 (6) 

N2 0.0441 (10) 0.0280 (8) 0.0209 (8) 0.0002 (7) 0.0001 (7) 0.0051 (7) 

N8 0.0279 (8) 0.0231 (8) 0.0253 (8) -0.0012 (6) 0.0037 (6) -0.0014 (6) 

N13 0.0393 (10) 0.0266 (9) 0.0340 (10) -0.0001 (8) 0.0027 (8) -0.0058 (8) 

N17 0.0310 (8) 0.0223 (8) 0.0211 (8) -0.0015 (6) 0.0051 (6) -0.0008 (6) 

N21 0.0302 (9) 0.0419 (10) 0.0280 (9) -0.0009 (7) 0.0074 (7) 0.0062 (8) 

C3 0.0395 (11) 0.0315 (10) 0.0202 (9) -0.0016 (8) 0.0008 (8) 0.0035 (8) 

C4 0.0287 (9) 0.0278 (9) 0.0174 (8) -0.0043 (7) -0.0011 (7) 0.0000 (7) 

C5 0.0262 (9) 0.0222 (9) 0.0188 (8) -0.0043 (7) -0.0028 (7) -0.0021 (7) 

C6 0.0274 (9) 0.0244 (9) 0.0184 (8) -0.0041 (7) 0.0002 (7) 0.0004 (7) 

C7 0.0290 (9) 0.0228 (9) 0.0237 (9) -0.0028 (7) 0.0017 (7) 0.0025 (7) 

C9 0.0272 (9) 0.0306 (10) 0.0214 (9) -0.0049 (7) 0.0002 (7) -0.0008 (7) 

C10 0.0306 (9) 0.0228 (9) 0.0221 (9) -0.0009 (7) -0.0026 (7) -0.0025 (7) 

C11 0.0386 (11) 0.0354 (11) 0.0321 (11) 0.0075 (9) -0.0118 (9) -0.0077 (9) 

C12 0.0353 (11) 0.0406 (12) 0.0431 (12) 0.0055 (9) -0.0069 (9) -0.0101 
(10) 

C14 0.0453 (12) 0.0275 (10) 0.0287 (10) -0.0016 (9) -0.0067 (9) -0.0059 (8) 

C15 0.0321 (10) 0.0246 (9) 0.0300 (10) -0.0026 (8) -0.0070 (8) -0.0035 (8) 

C16 0.0306 (9) 0.0245 (9) 0.0202 (9) 0.0000 (7) 0.0005 (7) 0.0015 (7) 

C18 0.0229 (8) 0.0268 (9) 0.0222 (9) 0.0033 (7) 0.0009 (7) 0.0048 (7) 

C19 0.0302 (10) 0.0266 (10) 0.0314 (10) 0.0005 (8) 0.0035 (8) 0.0011 (8) 

C20 0.0304 (10) 0.0324 (10) 0.0365 (11) -0.0016 (8) 0.0048 (8) 0.0066 (9) 

C22 0.0347 (10) 0.0400 (12) 0.0253 (10) -0.0005 (9) 0.0028 (8) -0.0016 (8) 

C23 0.0332 (10) 0.0296 (10) 0.0256 (10) -0.0015 (8) 0.0023 (8) 0.0001 (8) 
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C24 0.0321 (10) 0.0222 (9) 0.0331 (10) -0.0010 (8) 0.0048 (8) -0.0042 (8) 

C25 0.0342 (10) 0.0176 (8) 0.0298 (10) 0.0011 (7) 0.0034 (8) -0.0019 (7) 

C26 0.0335 (10) 0.0235 (9) 0.0269 (9) -0.0005 (8) 0.0016 (8) -0.0021 (7) 

C27 0.0325 (10) 0.0242 (9) 0.0365 (11) 0.0001 (8) 0.0037 (8) -0.0032 (8) 

C28 0.0377 (11) 0.0242 (10) 0.0420 (12) 0.0026 (8) -0.0100 (9) -0.0046 (9) 

C29 0.0530 (13) 0.0297 (11) 0.0287 (10) 0.0031 (9) -0.0065 (9) -0.0020 (8) 

C30 0.0448 (12) 0.0271 (10) 0.0284 (10) 0.0021 (9) 0.0043 (9) -0.0012 (8) 

Cl3 0.0505 (3) 0.0272 (2) 0.0333 (3) 0.0011 (2) 0.0039 (2) 0.0023 (2) 

Cl4 0.0459 (3) 0.0613 (4) 0.0339 (3) 0.0108 (3) 0.0136 (2) 0.0029 (3) 

C1S 0.080 (2) 0.0405 (14) 0.0678 (19) 0.0002 (13) -0.0387 
(16) 

0.0066 (13) 

C2S 0.085 (2) 0.0412 (14) 0.0683 (19) -0.0134 
(14) 

-0.0186 
(16) 

0.0040 (13) 

C3S 0.0651 (17) 0.0421 (14) 0.079 (2) -0.0017 
(13) 

-0.0270 
(15) 

-0.0056 
(14) 

 
Geometric parameters (Å, º) for (2019gu0034_150k_sq) 

Cl1—C27 1.729 (2) C12—H12B 0.9900 

Cl2—C28 1.735 (2) C14—H14A 0.9900 

O1—C9 1.228 (2) C14—H14B 0.9900 

O2—C16 1.209 (2) C14—C15 1.518 (3) 

N1—N2 1.374 (2) C15—H15A 0.9900 

N1—C5 1.359 (2) C15—H15B 0.9900 

N1—C10 1.465 (2) C18—C19 1.399 (3) 

N2—C3 1.314 (3) C18—C23 1.394 (3) 

N8—C7 1.362 (2) C19—H19 0.9500 

N8—C9 1.405 (2) C19—C20 1.368 (3) 

N8—C24 1.477 (2) C20—H20 0.9500 

N13—H13A 0.87 (3) C22—H22 0.9500 

N13—H13B 0.89 (3) C22—C23 1.369 (3) 

N13—C12 1.492 (3) C23—H23 0.9500 

N13—C14 1.491 (3) C24—H24A 0.9900 

N17—H17 0.8800 C24—H24B 0.9900 

N17—C16 1.387 (2) C24—C25 1.513 (3) 

N17—C18 1.382 (2) C25—C26 1.384 (3) 

N21—H21 0.90 (3) C25—C30 1.396 (3) 

N21—C20 1.337 (3) C26—H26 0.9500 

N21—C22 1.334 (3) C26—C27 1.388 (3) 

C3—H3 0.9500 C27—C28 1.379 (3) 

C3—C4 1.406 (3) C28—C29 1.378 (3) 

C4—C5 1.396 (2) C29—H29 0.9500 

C4—C9 1.432 (3) C29—C30 1.382 (3) 

C5—C6 1.440 (3) C30—H30 0.9500 

C6—C7 1.361 (3) C1S—H1SA 0.9900 

C6—C16 1.484 (2) C1S—H1SB 0.9900 

C7—H7 0.9500 C1S—C2S 1.517 (5) 

C10—H10 1.0000 C1S—C3Si 1.509 (4) 

C10—C11 1.522 (3) C2S—H2SA 0.9900 

C10—C15 1.527 (3) C2S—H2SB 0.9900 

C11—H11A 0.9900 C2S—C3S 1.504 (4) 

C11—H11B 0.9900 C3S—H3SA 0.9900 
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C11—C12 1.521 (3) C3S—H3SB 0.9900 

C12—H12A 0.9900   

    

N2—N1—C10 118.28 (15) C14—C15—H15A 109.8 

C5—N1—N2 111.06 (15) C14—C15—H15B 109.8 

C5—N1—C10 130.51 (15) H15A—C15—H15B 108.2 

C3—N2—N1 106.05 (15) O2—C16—N17 122.97 (17) 

C7—N8—C9 122.93 (16) O2—C16—C6 123.14 (17) 

C7—N8—C24 118.59 (16) N17—C16—C6 113.89 (15) 

C9—N8—C24 118.39 (15) N17—C18—C19 117.07 (17) 

H13A—N13—H13B 104 (2) N17—C18—C23 124.12 (17) 

C12—N13—H13A 107.5 (18) C23—C18—C19 118.80 (17) 

C12—N13—H13B 106.0 (16) C18—C19—H19 120.3 

C14—N13—H13A 112.1 (18) C20—C19—C18 119.37 (19) 

C14—N13—H13B 112.7 (16) C20—C19—H19 120.3 

C14—N13—C12 113.49 (17) N21—C20—C19 120.57 (19) 

C16—N17—H17 116.8 N21—C20—H20 119.7 

C18—N17—H17 116.8 C19—C20—H20 119.7 

C18—N17—C16 126.44 (16) N21—C22—H22 119.2 

C20—N21—H21 111.8 (19) N21—C22—C23 121.56 (19) 

C22—N21—H21 127.0 (19) C23—C22—H22 119.2 

C22—N21—C20 121.14 (18) C18—C23—H23 120.7 

N2—C3—H3 124.3 C22—C23—C18 118.54 (19) 

N2—C3—C4 111.32 (17) C22—C23—H23 120.7 

C4—C3—H3 124.3 N8—C24—H24A 109.5 

C3—C4—C9 130.66 (17) N8—C24—H24B 109.5 

C5—C4—C3 105.21 (17) N8—C24—C25 110.91 (15) 

C5—C4—C9 124.12 (17) H24A—C24—H24B 108.0 

N1—C5—C4 106.34 (15) C25—C24—H24A 109.5 

N1—C5—C6 134.11 (17) C25—C24—H24B 109.5 

C4—C5—C6 119.45 (17) C26—C25—C24 119.91 (18) 

C5—C6—C16 125.82 (16) C26—C25—C30 119.04 (19) 

C7—C6—C5 115.41 (16) C30—C25—C24 121.04 (17) 

C7—C6—C16 118.73 (16) C25—C26—H26 119.9 

N8—C7—H7 117.5 C25—C26—C27 120.13 (19) 

C6—C7—N8 125.08 (17) C27—C26—H26 119.9 

C6—C7—H7 117.5 C26—C27—Cl1 118.55 (16) 

O1—C9—N8 120.51 (18) C28—C27—Cl1 121.15 (17) 

O1—C9—C4 126.49 (18) C28—C27—C26 120.31 (19) 

N8—C9—C4 113.00 (15) C27—C28—Cl2 120.35 (17) 

N1—C10—H10 108.3 C29—C28—Cl2 119.55 (17) 

N1—C10—C11 111.73 (15) C29—C28—C27 120.1 (2) 

N1—C10—C15 111.64 (15) C28—C29—H29 120.1 

C11—C10—H10 108.3 C28—C29—C30 119.9 (2) 

C11—C10—C15 108.42 (16) C30—C29—H29 120.1 

C15—C10—H10 108.3 C25—C30—H30 119.7 

C10—C11—H11A 109.9 C29—C30—C25 120.53 (19) 

C10—C11—H11B 109.9 C29—C30—H30 119.7 

H11A—C11—H11B 108.3 H1SA—C1S—H1SB 108.0 

C12—C11—C10 108.93 (17) C2S—C1S—H1SA 109.3 

C12—C11—H11A 109.9 C2S—C1S—H1SB 109.3 

C12—C11—H11B 109.9 C3Si—C1S—H1SA 109.3 
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N13—C12—C11 110.89 (18) C3Si—C1S—H1SB 109.3 

N13—C12—H12A 109.5 C3Si—C1S—C2S 111.6 (2) 

N13—C12—H12B 109.5 C1S—C2S—H2SA 109.4 

C11—C12—H12A 109.5 C1S—C2S—H2SB 109.4 

C11—C12—H12B 109.5 H2SA—C2S—H2SB 108.0 

H12A—C12—H12B 108.0 C3S—C2S—C1S 111.2 (3) 

N13—C14—H14A 109.4 C3S—C2S—H2SA 109.4 

N13—C14—H14B 109.4 C3S—C2S—H2SB 109.4 

N13—C14—C15 110.95 (17) C1Si—C3S—H3SA 109.4 

H14A—C14—H14B 108.0 C1Si—C3S—H3SB 109.4 

C15—C14—H14A 109.4 C2S—C3S—C1Si 111.2 (3) 

C15—C14—H14B 109.4 C2S—C3S—H3SA 109.4 

C10—C15—H15A 109.8 C2S—C3S—H3SB 109.4 

C10—C15—H15B 109.8 H3SA—C3S—H3SB 108.0 

C14—C15—C10 109.49 (16)   

    

Cl1—C27—C28—Cl2 1.2 (2) C7—C6—C16—N17 -41.4 (2) 

Cl1—C27—C28—C29 -179.62 (16) C9—N8—C7—C6 0.0 (3) 

Cl2—C28—C29—C30 179.03 (16) C9—N8—C24—C25 85.6 (2) 

N1—N2—C3—C4 -0.4 (2) C9—C4—C5—N1 -178.71 (17) 

N1—C5—C6—C7 177.42 (19) C9—C4—C5—C6 -1.9 (3) 

N1—C5—C6—C16 -5.0 (3) C10—N1—N2—C3 176.66 (16) 

N1—C10—C11—C12 174.48 (17) C10—N1—C5—C4 -176.07 (17) 

N1—C10—C15—C14 -174.74 (15) C10—N1—C5—C6 7.8 (3) 

N2—N1—C5—C4 -0.8 (2) C10—C11—C12—N13 57.7 (2) 

N2—N1—C5—C6 -176.94 (19) C11—C10—C15—C14 61.8 (2) 

N2—N1—C10—C11 33.7 (2) C12—N13—C14—C15 53.1 (2) 

N2—N1—C10—C15 -87.9 (2) C14—N13—C12—C11 -53.7 (3) 

N2—C3—C4—C5 -0.1 (2) C15—C10—C11—C12 -62.1 (2) 

N2—C3—C4—C9 179.06 (19) C16—N17—C18—C19 174.28 (17) 

N8—C24—C25—C26 -109.55 (19) C16—N17—C18—C23 -5.0 (3) 

N8—C24—C25—C30 69.4 (2) C16—C6—C7—N8 -178.49 (17) 

N13—C14—C15—C10 -56.7 (2) C18—N17—C16—O2 3.4 (3) 

N17—C18—C19—C20 -179.07 (17) C18—N17—C16—C6 -175.60 (16) 

N17—C18—C23—C22 178.29 (18) C18—C19—C20—N21 0.3 (3) 

N21—C22—C23—C18 1.2 (3) C19—C18—C23—C22 -1.0 (3) 

C3—C4—C5—N1 0.5 (2) C20—N21—C22—C23 -0.6 (3) 

C3—C4—C5—C6 177.36 (17) C22—N21—C20—C19 -0.1 (3) 

C3—C4—C9—O1 1.4 (3) C23—C18—C19—C20 0.2 (3) 

C3—C4—C9—N8 -177.99 (19) C24—N8—C7—C6 176.37 (17) 

C4—C5—C6—C7 1.6 (3) C24—N8—C9—O1 4.1 (3) 

C4—C5—C6—C16 179.18 (17) C24—N8—C9—C4 -176.45 (16) 

C5—N1—N2—C3 0.7 (2) C24—C25—C26—C27 179.46 (17) 

C5—N1—C10—C11 -151.30 (19) C24—C25—C30—C29 -178.86 (18) 

C5—N1—C10—C15 87.1 (2) C25—C26—C27—Cl1 179.47 (15) 

C5—C4—C9—O1 -179.55 (19) C25—C26—C27—C28 -0.9 (3) 

C5—C4—C9—N8 1.0 (3) C26—C25—C30—C29 0.1 (3) 

C5—C6—C7—N8 -0.8 (3) C26—C27—C28—Cl2 -178.44 (15) 

C5—C6—C16—O2 -37.8 (3) C26—C27—C28—C29 0.8 (3) 

C5—C6—C16—N17 141.16 (18) C27—C28—C29—C30 -0.2 (3) 

C7—N8—C9—O1 -179.52 (17) C28—C29—C30—C25 -0.3 (3) 

C7—N8—C9—C4 0.0 (2) C30—C25—C26—C27 0.5 (3) 
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C7—N8—C24—C25 -90.9 (2) C1S—C2S—C3S—C1Si 54.9 (3) 

C7—C6—C16—O2 139.6 (2) C3Si—C1S—C2S—C3S -55.2 (3) 

 
Symmetry code:  (i) -x+1, -y+1, -z+1. 

Hydrogen-bond geometry (Å, º) for (2019gu0034_150k_sq) 

 D—H···A D—H H···A D···A D—H···A 

N13—H13A···Cl3ii 0.87 (3) 2.24 (3) 3.105 (2) 171 (2) 

N13—H13B···Cl4iii 0.89 (3) 2.33 (3) 3.155 (2) 153 (2) 

N17—H17···Cl3 0.88 2.50 3.3636 (16) 167 

N21—H21···Cl4iv 0.90 (3) 2.10 (3) 2.9964 (18) 174 (3) 

C7—H7···Cl3 0.95 2.84 3.4366 (19) 122 

C10—H10···O2 1.00 2.32 2.953 (2) 120 

C11—H11B···Cl4v 0.99 2.91 3.795 (2) 150 

C14—H14B···Cl2vi 0.99 2.85 3.505 (2) 124 

C14—H14B···N2vii 0.99 2.59 3.451 (3) 145 

C15—H15A···O2 0.99 2.55 3.071 (2) 113 

C15—H15B···Cl1i 0.99 2.97 3.744 (2) 135 

C19—H19···Cl3 0.95 2.81 3.635 (2) 145 

C20—H20···Cl4viii 0.95 2.66 3.443 (2) 140 

C22—H22···Cl3iv 0.95 2.73 3.398 (2) 128 

C23—H23···O2 0.95 2.18 2.789 (2) 121 

 
Symmetry codes:  (i) -x+1, -y+1, -z+1;  (ii) x, y+1, z;  (iii) -x, y+1/2, -z+3/2;  (iv) x, -y+1/2, 

z+1/2;  (v) -x, -y+1, -z+1;  (vi) -x+1, y+1/2, -z+3/2;  (vii) x, -y+3/2, z+1/2;  (viii) -x, y-1/2, -

z+3/2. 

Document origin: publCIF [Westrip, S. P. (2010). J. Apply. Cryst., 43, 920-925]. 
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