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Abstract 

Protein arginine methyltransferase 1 (PRMT1) is a protein responsible for the asymmetric 

dimethylation of arginine. PRMT1 is upregulated in a wide range of cancers and the reduction of 

PRMT1 activity reduces cell proliferation and tumour growth in cell and animal models of cancer. A 

reduction in PRMT1 can also sensitise cancer cells to other treatments. Therefore, targeting PRMT1 is 

a promising therapeutic strategy in cancer treatment. Published inhibitors for PRMT1 show poor 

selectivity and dose-limiting toxicities that have precluded their translation to the clinic. The 

degradation of PRMT1 using a PROTAC may be superior to inhibition as PROTACs can act catalytically 

at a low dose. PROTACs can also exhibit high selectivity and cause a more pronounced functional 

outcome compared to inhibition.  

In this thesis, PRMT1 is explored as a target protein for PROTAC-induced degradation. The 

endogenous properties of PRMT1 were evaluated and PRMT1 was determined to be amenable to 

degradation by a PROTAC. PROTACs were designed that comprised a PRMT1 ligand, a linker and an 

E3-ligase ligand. Ten PROTACs that recruit the VHL E3-ligase and six PROTACs that recruit the CRBN 

E3-ligase were synthesised. The degradation of PRMT1 was assessed by Western blot and 

degradation was not observed for the PROTACs synthesised. Suitable pharmacokinetic properties and 

target engagement have been shown for selected candidates by the detection of the downstream 

effects of PRMT1 inhibition and by a NanoBRET assay for E3-ligase binding. 

Regioselectivity challenges in the synthesis of the CRBN-recruiting PROTACs led to the isolation of a 

heterobifunctional molecule with the linker attached to the binding pharmacophore of the CRBN 

ligand. This molecule was found to degrade PRMT1 and is proposed to be a monomeric degrader 

that destabilises the structure of PRMT1 upon binding. 

This thesis details a novel approach to degrade PRMT1 using a PROTAC and provides insights that 

may assist the rational design of PROTACs that target PRMT1 in the future. 
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1 Introduction 

1.1 The Protein Arginine Methyltransferases  

Post-translational modifications are chemical changes to a protein’s structure that occur after protein 

synthesis and allow cells to rapidly react to their environment without the need to synthesise new 

proteins1. One such post-translational modification is the methylation of the amino acid arginine in 

protein substrates. The protein arginine methyltransferases (PRMTs) are the family of proteins 

responsible for arginine methylation. These proteins are enzymes that catalyse the transfer of a 

methyl group (CH3) from the compound S-adenosyl methionine (SAM) to an arginine of the protein 

substrate (Figure 1.1). 

A 

PRMT PRMT PRMT

 

B 

 

Figure 1.1 PRMT-catalysed arginine methylation. A) Schematic of the PRMT-catalysed methylation of protein 

substrates. B) Structure of the three key components.  

There are nine different PRMT proteins and each PRMT protein has a different protein substrate 

specificity and a distinct and non-redundant role in the cell1. The PRMTs are categorised into three 

‘Types’ depending on the arginine methylated product that they form (Figure 1.2). 

Type I PRMT catalyses the formation of the asymmetric dimethylation of arginine (ADMA) where two 

methyl groups are placed upon the same terminal nitrogen atom of the arginine. Type I PRMT 

includes the proteins PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and PRMT8. 

Type II PRMT catalyses the symmetric dimethylation of arginine (SDMA) where a total of two methyl 

groups are transferred but one is added to each terminal nitrogen of the arginine. Type II PRMT 

includes PRMT5 and PRMT9. 
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Type III PRMT catalyses the monomethylation of arginine (MMA) where a single methyl group is 

added. Type III includes PRMT7. MMA is also an intermediate for the Type I and Type II PRMTs. 

 

Figure 1.2 Arginine methylation products catalysed by the PRMTs. The protein substrate is made up of a linear 

chain of amino acids and contains an arginine amino acid. The products following the methylation of arginine 

by the three Types of PRMT are shown. ADMA is the asymmetric dimethylation of arginine. SDMA is the 

symmetric dimethylation of arginine. MMA is the monomethylation of arginine.  

The methylation of an arginine amino acid in a protein’ structure alters the properties of the amino 

acid. First, the positive charge is retained but distributed over more atoms, thus increasing the 

hydrophobicity of the amino acid. Second, methylation reduces the hydrogen bonding capacity of 

the amino acid and changes the relative position of the hydrogen bonding atoms2. Finally, 

methylation changes the steric properties of the amino acid3. An MMA, ADMA or SDMA modification 

can result in a change of a protein substrate’s localisation, its enzymatic ability and its interactions 

with other proteins. Therefore, arginine methylation regulates many processes in the cell4. 

Despite the clear regulatory role of arginine methylation in the cell, the mechanism for arginine 

demethylation is unclear. Arginine methylation was at first considered to be a very stable post-
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translational modification where methylation was lost due to protein turnover rather than an 

enzymatic pathway5. However, recent studies now suggest the modification is dynamic as arginine 

amino acids have been identified that can be cyclically methylated/demethylated in the cell6,7. A 

protein that uniquely demethylates arginine is yet to be identified. The lysine demethylase jumonji 

domain containing protein 6 (JMJD6) was reported as an arginine demethylase however a consensus 

on whether JMJD6 can demethylate arginine amino acids has not been reached8–11. Future studies 

are required to clarify whether the demethylation of arginine has an important regulatory role in the 

cell and identify proteins that can demethylate arginine. 

1.1.1 PRMT1 and its role in regulating transcription 

PRMT1 is the predominant Type I PRMT and accounts for 85% of cellular ADMA levels12. PRMT1 

regulates many cellular processes to maintain homeostasis which includes gene transcription, RNA 

processing, signal transduction and the DNA damage response13. This project focuses on the role of 

PRMT1 as a regulator of transcription.  

Transcription is the process of making an RNA copy of a gene’s DNA sequence. To achieve this, RNA 

Polymerase II transcription machinery (RNA Pol II) is recruited to the promotor of a gene where it 

transcribes a gene into its complementary mRNA sequence14. The spatial and temporal control of 

RNA Pol II recruitment is highly controlled and is affected by a range of factors, including the 

structure of chromatin and the activity of regulatory proteins such as transcription factors and 

cofactors15. Transcription factors are proteins that bind to specific DNA sequences and, in 

combination with cofactors, can modify the conformation of chromatin, or affect the ability of RNA 

Pol II to be recruited to a specific gene promotor16 (Figure 1.3).  

 

Figure 1.3 Schematic of chromatin and factors that affect transcription. In the cell DNA exists as chromatin 

where it is highly condensed and in complex with histone proteins. The structure of chromatin is dynamic and 

for a gene to be transcribed, the required regulatory proteins and RNA Pol II must be recruited. Alternatively, 

transcription can be prevented by the structure of chromatin and the presence of protein complexes. 
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PRMT1 has a key role in the regulation of transcription. First, PRMT1 can methylate arginine amino 

acids on histone proteins. This alters the ability of the histone to form hydrogen bonds and changes 

the histone’s hydrophobicity which can affect the intermolecular interactions between histone 

proteins as well as the histone-DNA interaction. This can lead to a change in the structure of 

chromatin which can affect the accessibility of the chromatin to regulatory proteins and RNA Pol II15. 

Second, PRMT1 can modulate the activity of transcription factors and cofactors through methylation. 

The PRMT1-catalysed methylation of transcription factors can have a significant effect on their 

activity, their DNA binding ability and their interactions with other regulatory proteins17. For 

example, the transcription factor breast cancer type 1 susceptibility protein (BRCA1) is a substrate for 

PRMT1, and the ADMA post-translational modification on BRCA1 affects the ability of this 

transcription factor to bind to particular promotors18. The ADMA modification also alters the cellular 

localisation of BRCA1, reducing its presence in the nucleus which further impacts its ability to bind to 

chromatin and initiate transcription19. A review of the substrates of PRMT1 that are implicated in the 

regulation of transcription can be found in Pham et al.17. 

Finally, the PRMT1 protein itself can form protein-protein interactions with other regulatory proteins 

and be a part of protein complexes on the chromatin. One example is a chromatin-bound complex 

containing PRMT1 and the regulatory proteins, forkhead box protein A1 (FOXA1) and hepatocyte 

nuclear factor 4 gamma (HNF4G)20.  

1.1.2 PRMT1 in cancer 

Aberrant PRMT1 expression leads to the dysregulation of transcription which affects cellular 

processes that affect cell growth, proliferation and differentiation21. Upregulated PRMT1 expression 

has been identified in a range of cancers (reviewed in Yang et al.21) and this project focuses on 

PRMT1 in breast cancer and pancreatic ductal adenocarcinoma (PDAC).  

Breast cancer is the most common cancer in the UK and was diagnosed over 46,000 times in 201722. 

Heterogeneity in breast cancer has led to its classification into molecular subtypes based on the 

expression of three hormone receptors: the oestrogen receptor (ER), the progesterone receptor (PR) 

and the human epidermal growth factor receptor 2 (HER2)23. The subtype is indicative of prognosis 

and is used to inform treatment plans for patients with breast cancer24.  

PDAC has the lowest survival rate of all common cancers and is the fourth most frequent cause of 

cancer-related deaths worldwide with a five-year survival rate of less than 8%25. It is particularly 

challenging to treat due to profound heterogeneity in gene mutations, metastasis occurring early in 
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the disease and a dense, desmoplastic microenvironment around the cancer cells that limits drug 

delivery26. These are cancers where a novel therapeutic strategy could make a significant impact.  

In clinical samples of breast cancer and PDAC, upregulated PRMT1 presence has been associated 

with poor prognosis (breast cancer27–29, PDAC30,31). Knockdown studies in cell and animal models of 

these cancer types have shown that the PRMT1 overexpression is strongly associated with a 

proliferative phenotype (breast cancer27,32,33, PDAC31,34). These knockdown studies have facilitated 

substantial work that uncovered specific protein substrates of PRMT1 whose aberrant methylation 

dysregulates transcription and promotes tumourigenesis. A full summary is available in Hwang et 

al.35.  

One notable protein substrate of PRMT1 is the histone H4R3. In homeostasis, there is a sophisticated 

and competitive mechanism between PRMT1 (Type I PRMT) and PRMT5 (Type II PRMT) to modulate 

transcription at this site. The ADMA modification catalysed by PRMT1 leads to gene activation 

whereas the SDMA by PRMT5 leads to gene repression35. Histone H4R3 is located at the promotor 

for the gene that encodes the zinc-finger E-box-binding homeobox 1 (ZEB1). In breast cancer, the 

upregulation of PRMT1 leads to the increased transcription of ZEB1 which increases the capability of 

breast cancer cells for invasion and migration and inhibits senescence (irreversible cell-cycle arrest)33.  

PRMT1 has also been found to be responsible for modulating the activity of the transcription factor, 

the Progesterone receptor (PR). The PRMT1-catalysed methylation of PR leads to a reduction in PR 

stability, increasing its rate of degradation. This modulates the transcriptional activity of PR and 

dysregulates the expression of several genes that control breast cancer cell proliferation and 

migration27. Hence, there is strong evidence that targeting PRMT1 to reduce its activity is a promising 

strategy in cancer treatment. 

In vitro studies have also highlighted PRMT1 as a promising target in combinatory treatments where 

a reduction in PRMT1 activity has been shown to make cancer cells more sensitive to existing 

therapies that target the inhibition of alternative proteins. Synergistic interactions have been 

identified between PRMT1 and various chemotherapeutics32, immunotherapies36, as well as in 

combination with inhibitors of the epidermal growth factor receptor (EGFR)4,32,37 or the Type II PRMT, 

PRMT513,38.  

Synergy can be exemplified by Suresh et al. where the inhibition of PRMT1 in combination with an 

inhibitor of EGFR has a greater effect on cell viability than the expected additive effects of the two 

individual inhibitors32 (Figure 1.4). The overexpression of EGFR is associated with a metastatic 

phenotype39, and the synergy between PRMT1 and EGFR inhibition can be rationalised biologically by 
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the effect of PRMT1 on regulating EGFR transcription. PRMT1 binds directly to the promotor region 

of the gene that encodes EGFR and activates its transcription, shown by a reduction in EGFR mRNA 

and decreased EGFR protein expression with PRMT1 knockdown32. Thus, a reduction in PRMT1 

activity will reduce the protein expression of EGFR, and in a cell with lower EGFR expression, an 

inhibitor for EGFR will have greater potency as a greater fractional occupancy of active sites will be 

achieved at a given dose.  

  

Figure 1.4 PRMT1 inhibition sensitises breast cancer cells to EGFR inhibition. The effect on cell viability of the 

PRMT1 inhibitor, GSK3368715 in combination with EGFR inhibitor Erlotinib was assessed at various 

concentrations. The plot on the left shows percentage cell viability compared to a DMSO control. The drug 

interactions were calculated using the Loewe model and the resulting synergy matrix and isobologram are 

shown in the middle and on the right. Experiment in the triple-negative breast cancer cell line MBA-MB-468. 

Figure reprinted from Suresh et al.32.  

1.2 Current Therapeutic Approaches for Targeting PRMT1  

The identified role that PRMT1 plays in tumourigenesis has led to the development of multiple 

chemical inhibitors for this protein. These have been used as tools to investigate the physiological 

role of PRMT1 and an inhibitor for PRMT1 has entered clinical trials.  

The first inhibitor for PRMT1 was AMI-1, published in 2004. This inhibitor has low potency for PRMT1 

(IC50 = 8.8 µM)40. Since then, several potent PRMT1 inhibitors have been published. The two most 

frequently used in epigenetic studies are MS023 and GSK336871513,41. Both inhibitors bind in the 

protein substrate binding pocket of PRMT1 and are competitive with the protein substrates. 

GSK3368715 is uncompetitive with the methyl-donor SAM so SAM needs to be bound to PRMT1 for 

the inhibitor to be able to bind. SAM may stabilise the protein substrate binding pocket allosterically 

or form direct interactions with the inhibitor13,42,43. MS023 is non-competitive with SAM42. 

Despite being potent inhibitors of PRMT1, neither MS023 nor GSK3368715 exhibit selectivity for 

PRMT1 over other Type I PRMTs and are pan-Type I inhibitors13,41 (Figure 1.5). The development of a 

selective PRMT1 ligand has been challenging due to the high sequence similarity within the active 

sites of the Type I PRMTs35, and a specific and potent PRMT1 inhibitor has yet to be discovered.  
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Figure 1.5 Published PRMT1 inhibitors do not exhibit selectivity to PRMT1 over other Type I PRMTs. IC50 is the 

concentration required to exert half its maximal inhibitory effect. The IC50 values were determined by a 

biochemical assay measuring the incorporation of [3H]SAM into protein substrates following incubation with 

recombinant protein. IC50 values published in Eram et al.41 and Fedoriw et al.13. 

MS023 and GSK3368715 have been studied extensively in in vitro and in vivo cancer models and the 

dose-dependent reduction in tumour volume in mouse xenograft models has been observed. For 

MS023 this includes models of ER-positive breast cancer38,41 and triple-negative breast cancer44, and 

for GSK3368715 this includes models of triple-negative breast cancer13 and PDAC13,34. 

GSK3368715 entered a phase one clinical trial to treat participants with solid tumours and diffuse 

large B-cell lymphoma [NCT03666988]. The results were published in May 2023 following the early 

termination of the trial45. Several factors led to its termination. First, GSK3368715 treatment did not 

cause a reduction in tumour burden in any of the participants. The best response observed was 

stable disease in 28% of participants, and the remainder saw disease progression. Furthermore, the 

safety profile of GSK3368715 was poor; 97% of participants experienced treatment-emergent 

adverse effects and 52% were severe. Dose-limiting toxicity also led to dose reduction.  

Target engagement for GSK3368715 was moderate and variable. For patients treated with 100 mg of 

GSK3368715, on day 15 there was a 43.1 ± 5.81% (SE) reduction in a specific ADMA modification 

(ADMA-hnRNP-A1) in the blood. In contrast, in the tumour the same modification was only reduced 

by 18.5 ± 9.6% levels.  

This trial raises the critical question of whether the lack of clinical efficacy and poor safety profile 

associated with GSK3368715 results from pan-Type I PRMT inhibition or it is associated with off-

target effects and poor pharmacokinetic properties of the inhibitor. An alternative tool to investigate 

the clinical utility of targeting PRMT1 is needed, and a proteolysis targeting chimera (PROTAC) to 

degrade PRMT1 may be the answer. The following section will introduce the pharmacology behind 

PROTAC-induced degradation and will show why a PROTAC that degrades PRMT1 may have a greater 
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efficacy and a better safety profile compared to GSK3368715 or any future small-molecule inhibitors 

for PRMT1.  

1.3 The Ubiquitin Proteasome System 

The degradation of proteins is an important way in which a cell removes unneeded or damaged 

proteins to maintain homeostasis. A key system responsible for this degradation is the Ubiquitin 

Proteasome System (UPS). Protein degradation is regulated by the covalent modification of the 

amino acid lysine on the protein’s surface with ubiquitin, a 76 amino-acid protein. The proteasome is 

a multicomplex enzyme that recognises covalently attached ubiquitin chains and subsequently 

degrades proteins tagged with a ubiquitin chain into short peptide fragments46 (Figure 1.6).  

 

Figure 1.6 Schematic of the degradation pathway of an endogenous protein substrate. A polyubiquitin chain is 

transferred to a lysine on the surface of a protein substrate which tags a protein for degradation by the 

proteasome. 

The ubiquitination of protein substrates is a highly regulated process that is mediated by three 

classes of ubiquitination enzymes: the ubiquitin-activating enzyme (E1-enzyme), the ubiquitin-

conjugating enzyme (E2-enzyme) and ubiquitin-protein ligase (E3-ligase). These three enzymes work 

catalytically and in a sequential process to mediate the ubiquitination of a protein substrate (Figure 

1.7). First, ubiquitin is adenylated at its C-terminal glycine to form ubiquitin adenylate. A cysteine 

amino acid of the E1-enzyme then undergoes a nucleophilic substitution reaction with ubiquitin 

adenylate to form a thioester bond to ubiquitin. Ubiquitin is then transferred via a trans-

thioesterification reaction to a cysteine on the E2-enzyme. This E2-ubiquitin complex is recognised by 

the E3-ligase which mediates the transfer of ubiquitin from the E2-enzyme to a surface lysine of a 

protein substrate. An isopeptide bond is formed between the C-terminal glycine on ubiquitin and a 

lysine of the protein substrate47. The Really Interesting New Gene (RING) family of E3-ligases act as 

scaffolding molecules to bring the ubiquitin-charged E2-enzyme into close contact with a protein 

substrate48. There are more than 600 RING E3-ligases and each can recognise different protein 

substrates for ubiquitination49. 
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Figure 1.7 The ubiquitin cascade. The production of a ubiquitin-charged E2-enzyme that forms a complex with 

E3-ligase to mediate ubiquitin transfer to protein substrates. The E1-enzyme, E2-enzyme and E3-ligase are 

catalytic in this cascade. ATP = adenosine triphosphate. PPi = inorganic pyrophosphate. AMP = adenosine 

monophosphate. 

However, ubiquitination of a protein substrate does not always lead to its recognition and 

degradation by the proteasome. Ubiquitin contains seven lysine amino acids and an N-terminal 

amino group that can form isopeptide bonds to the C-terminal glycine amino acid on a subsequent 



10 
 

unit of ubiquitin to generate polyubiquitination chains on the surface of a protein substrate50. 

Depending on the topology of the polyubiquitin chain, ubiquitination can lead to different biological 

outcomes in the cell51. For recognition by the proteasome, it has been deciphered that polyubiquitin 

chains linked at the Lysine-48/ Lysine-11 of ubiquitin are required52. This requirement for the correct 

topology of polyubiquitin chain on a protein substrate adds additional complexity to the regulation of 

protein degradation.  

1.4 Targeted Protein Degradation with a PROTAC 

A PROTAC hijacks the UPS by modifying which cellular proteins are ubiquitinated. A PROTAC is a 

heterobifunctional small molecule; one end binds to a target protein, and one end binds to an E3-

ligase. This induces proximity between an E3-ligase and a target protein through a ternary complex 

and increases the likelihood of ubiquitin transfer which leads to the proteasomal degradation of the 

target protein (Figure 1.8). By changing the structure of the PROTAC, different proteins can be 

recruited to the E3-ligase, and in this system, the selectivity of which proteins are ubiquitinated is no 

longer regulated by E3-ligase substrate specificity.  

 

Figure 1.8 Schematic of PROTAC-induced degradation of a target protein. A PROTAC forms a ternary complex 

with a target protein and E3-ligase which increases proximity between the ubiquitin-charged E2 enzyme and 

the target protein, facilitating ubiquitin transfer and its recognition by the proteasome. Figure adapted from 

Huang et al.48. 

1.4.1 Introducing literature PROTACs 

The first PROTAC was published in 2001 by Sakamoto et al. and degraded the protein methionine 

aminopeptidase-2 (MetAP-2). This PROTAC, protac-1, consisted of a phosphopeptide joined to a 

small-molecule ligand by a linker. The phosphopeptide IκBα binds to the E3-ligase Skp1-Cullin-F box 

complex containing Hrt1 (SCF), and the small-molecule ligand binds to the target protein MetAP-253 

(Figure 1.9). It was shown that the degradation of MetAP-2 was protac-1 dependent that protac-1 

recruited both MetAP-2 and SCF, and that MetAP-2 was ubiquitinated. The biological assays in this 

publication were undertaken in hen egg extract as the peptidic E3-ligase ligand made the PROTAC 

impermeable to a cell membrane. This publication demonstrated proof-of-principle that a PROTAC 

can be used for selective target protein degradation.  
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Poor cell permeability was a key limitation of PROTACs until 2008 when the first cell-permeable 

PROTAC was published, protac-2. This PROTAC degraded the androgen receptor and used a small-

molecule ligand to recruit the mouse double minute 2 homologue (MDM2) E3-ligase54. However this 

PROTAC exhibited low potency with incomplete degradation observed at 10 µM in a cervical cancer 

cell line, precluding its potential for clinical translation.  

The identification of small-molecule ligands for two E3-ligases belonging to the Cullin RING family of 

E3-ligases, Cereblon (CRBN)55 and Von-Hippel Lindau (VHL)56,57, has led the field to expand 

tremendously and the publication of a large number of potent and cell-permeable PROTACs. This 

includes the PROTACs MZ1 and ARV-471 (Figure 1.9). 

 

 

Figure 1.9 Structure of selected PROTACs from the literature. PROTACs follow a general structure of a ligand 

for the target protein (blue) connected to a linker (black) which is attached to a ligand for a E3-ligase (lilac). 

Published in 2017, MZ1 comprised a small-molecule ligand for the E3-ligase VHL joined via a linker of 

repeating polyethylene glycol units (PEG) to a small-molecule ligand for the bromodomain-containing 

proteins BRD2, BRD3 and BRD458. ARV-471 comprises a small-molecule ligand for the E3-ligase CRBN 

attached via a linker to a ligand for the target protein, the oestrogen receptor (ER). In 2019, this 

PROTAC entered a phase 1/2 clinical trial in patients with ER+/HER2- locally advanced or metastatic 

breast cancer [NCT04072952]. ARV-471 degraded ER with a median degradation of 69% and clinical 
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benefit was observed in 38% of participants59. Subsequently, ARV-471 was the first PROTAC to enter 

a phase 3 trial and the trial is currently underway for patients with advanced ER+/HER2- metastatic 

breast cancer [NCT05654623]. 

Using the PROTACs introduced above, the next section will highlight the three major advantages that 

PROTAC-induced degradation of PRMT1 may have over PRMT1 inhibition. To date there have not 

been any PROTACs published that target PRMT1 or a Type I PRMT.  

1.4.2 Advantages of PROTACs 

1.4.2.1 Event-driven 

A PROTAC proceeds by an event-driven pharmacological strategy where PROTAC binding and ternary 

complex formation trigger an event, the transfer of a ubiquitin group. Once the ubiquitination of the 

target protein has occurred, the PROTAC can be released and can act catalytically to mediate the 

ubiquitination of multiple copies of a given target protein60. This has the advantage that a low dose 

can elicit a strong biological response.  

PROTACs can act at low nanomolar concentrations. For an inhibitor molecule, a cellular IC50 

(concentration required to exert half its maximal inhibitory effect) of below 100 nM is generally 

considered a suitable potency61. PROTACs can operate below this level; the DC50 (concentration 

required to degrade half the protein) of ARV-471 in the MCF-7 breast cancer cell line is 0.9 nM62 and 

between 6-33 nM for MZ1 in eight breast cancer cell lines63. 

This high potency means that a PROTAC could be administered at a lower dose compared to an 

inhibitor. Off-target effects are frequently associated with inhibition-driven pharmacology. Inhibitors 

bind to proteins and block their function, and hence the higher the dose the greater the efficacy. 

Therefore, a high and sustained concentration of the inhibitor molecule is required for therapeutic 

benefit64. However with most drugs there is also a dose-toxicity relationship65 and in phase one 

clinical trials off-target toxicity is the primary basis for halting dose escalation rather than achieving 

the maximum efficacy from target inhibition66,67. A PROTAC for PRMT1 has the potential to be 

administered at a lower dose than an inhibitor resulting in less off-target effects.  

The speed at which PROTACs have emerged from a proof-of-concept to their translation to the clinic 

has meant that their safety profile and utility for human patients are still being investigated68. 

However the data emerging from clinical trials is promising. In the phase ½ clinical trials of ARV-471, 

high tolerability was observed at a 200 mg dose with only 6 % of patients experiencing an treatment 

related adverse effect at stage 3 or 4, and none at stage 559. 
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1.4.2.2 Ternary complex  

One reason why the PROTAC field has expanded so rapidly, and a large range of target proteins have 

been degraded, is that previously published ligands for a target protein can be readily adapted into a 

PROTAC through the attachment of the linker and E3-ligase ligand. 

MZ1 contains the same pharmacophore as the inhibitor JQ1. In this thesis, pharmacophore is 

defined as the precise arrangement of atoms or functional groups in a small molecule required for 

the binding interaction with its biological target. Similar to the inhibitor JQ1, PROTAC MZ1 has a 

similar in vitro binding affinity to the proteins BRD2, BRD3 and BRD4 (Figure 1.10). However MZ1 

only degrades BRD457. Selective degradation can be observed with a non-selective target protein 

ligand and degradation efficacy cannot be rationalised through a difference in binding affinity. 

A 

 

B 

Protein MZ1 equilibrium dissociation 

constant (Kd), nM 

BRD2 228 

BRD3 115 

BRD4 120 
 

Figure 1.10 Inhibitor JQ1 and PROTAC MZ1 contain the same pharmacophore. PROTAC MZ1 has similar 

binding affinities to BRD2, BRD3 and BRD4 but selectively degrades BRD4. A) Chemical structure of inhibitor 

JQ1. B) Data for MZ1 binding to bromodomain 2 of the indicated protein. The higher the Kd value, the lower the 

affinity. The Kd values were obtained by isotherm titration calorimetry and published in Zengerle et al.57. 

The selectivity of degradation arises because of the ternary complex formed with the target protein, 

PROTAC and E3-ligase. Gadd et al. investigated the selectivity exhibited with MZ1 and highlighted a 

correlation between the stability of the ternary complex and degradation58. By elucidating the X-ray 

crystal structure of the ternary complex and looking at the thermodynamics of its formation, they 

showed that the ternary complex is affected by protein-protein interactions between the E3-ligase 

and the target protein. They call this cooperativity. Positive cooperation is when the PROTAC-induced 

protein-protein interactions enhance the formation of the ternary complex. Negative cooperativity 

diminishes ternary complex formation through repulsive interactions or steric hindrance between 

the two proteins (Figure 1.11). For MZ1, they found that BRD4 has greater PROTAC-induced 

cooperativity than BRD2 or BRD3 and rationalised the observed selective degradation based on 

this58,69.  
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B 

 

Figure 1.11 Protein-protein interaction between the E3-ligase and target protein can occur in the ternary 

complex. A) Crystal structure of ternary complex of PROTAC MZ1, BRD4 and the VHL E3-ligase. A folded 

conformation of PROTAC MZ1 facilitates extensive protein-protein interactions between BRD4BRD2 and VHL. 

Crystal structure first reported by Gadd et al.58 and figure reprinted from 70. B) Schematic of how PROTAC-

induced protein-protein interactions can affect the stability of a ternary complex. Figure adapted from Gadd et 

al.58.  

However Bondeson et al. show that ternary complex stability is not the only factor. They synthesised 

a PROTAC with the same pharmacophore as the promiscuous kinase ligand Foretinib and produced 

protac-3 that has a high affinity to 54 kinases but only degrades 9 kinases (Figure 1.12). To determine 

which kinases form a ternary complex with this PROTAC, they undertook a pull-down experiment 

with GST-tagged VHL followed by Western blot. The 9 kinases protac-3 degraded were identified 

however it also revealed additional kinases that form a stable ternary complex but are not degraded. 

They propose that despite stable ternary complexes forming, the orientation of a lysine on the target 

protein is not suitable and cannot accept a ubiquitin group from the E2-enzyme71.  

 

Figure 1.12 Structure of the promiscuous kinase inhibitor Foretinib and protac-3 that has the same binding 

pharmacophore. The PROTAC is comprised of the target protein ligand (blue), a PEG linker (black) and the VHL 

E3-ligase ligand (lilac). 
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No PRMT1-selective inhibitors have been published however a PROTAC containing the same 

pharmacophore as a pan-Type I inhibitor such as MS023 or GSK3368715 could show selectivity for 

PRMT1 degradation because of ternary complex formation. Specifically targeting PRMT1 over the 

other Type I PRMTs may result in a different (and superior) physiological effect. 

1.4.2.3 Protein degradation 

The final advantage of a PROTAC over an inhibitor is that PROTAC-induced degradation removes the 

entire protein unlike an inhibitor which blocks the active site. This can lead to a difference in 

physiological effect as non-enzymatic functions of the protein are also removed. MZ1 exemplifies this 

as the mRNA expression profile obtained by the MZ1-induced degradation of BRD4 is more similar to 

that from the knockdown of BRD4 using siRNA than the inhibition of BRD4 with the parent inhibitor 

JQ157. 

PRMT1 may have non-enzymatic regulatory roles that promote cancer progression. It has been 

identified that binding between PRMT1 and the orphan nuclear receptor TR3 does not lead to 

methylation but stabilises TR3 and modulates its DNA binding and transcriptional activity72. PRMT1 

may also have a role as a cofactor where it may have scaffold-like properties that facilitate protein-

protein interactions on the DNA, such as those between transcription factors and cofactors20. PRMT1 

degradation could lead to a different physiological effect compared to inhibition.  

1.4.3 Targeting PRMT1 with a PROTAC 

As with any compound that aims to change cellular function in a new way, there are challenges and 

limitations that may need circumventing when using a PROTAC for PRMT1.  

First, it has been postulated that a drug targeting PRMT1 in cancer should aim to restore PRMT1 to 

normal levels rather than completely eliminating its activity73–75. This is because PRMT1 is 

ubiquitously expressed in all cell types and tissues in the human body, it is required for distinct 

cellular differentiation processes and the genetic knockout in mice is embryonically lethal. However 

PRMT1 is not required for viability12. If a PROTAC that degrades PRMT1 is produced, an investigation 

will be required to see if the PROTAC-induced degradation of PRMT1 leads to cytotoxicity or if it 

reduces the cell’s capability to contribute to tumourigenesis and whether the balance between these 

two outcomes can be modulated by the efficacy of PRMT1 degradation.  

Second, Patient stratification may be required with a PROTAC for PRMT1 to maximise therapeutic 

effect. In renal cancer, there is evidence that the clinical utility of reducing PRMT1 activity can vary 

depending on the grade and stage of the disease76. Furthermore, it has been identified that in PDAC 

patients following tumour resection or chemotherapy, upregulated PRMT1 expression correlates 



16 
 

with an extended survival rate suggesting that PRMT1 may contribute to a tumour-suppressive 

response under certain circumstances77. 

Finally, no PROTACs have yet been approved for clinical use and a complete understanding of the 

safety and utility of this event-driven pharmacological strategy is still being investigated68. Only 

further research and time will enable a conclusion on whether PROTACs can be a safe and efficacious 

therapy in the clinic. 
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2 Project Aims 

The degradation of PRMT1 by a PROTAC is a promising therapeutic strategy. In clinical samples of 

breast cancer and PDAC PRMT1 upregulation is associated with poor prognosis and the genetic 

knockdown of PRMT1 and the inhibition of PRMT1 in models of cancer have shown strong 

antiproliferative effects. The PROTAC-induced degradation of PRMT1 may lead to a superior safety 

profile and functional outcome compared to PRMT1 (and pan-Type I PRMT) inhibition as a PROTAC 

may be more potent, may lead to the selective degradation of PRMT1 and may remove non-

enzymatic functions of PRMT1.  

The project aims to: 

• Determine if endogenous PRMT1 has suitable properties for PROTAC-induced degradation. 

• Design and synthesise PROTACs for PRMT1 (Figure 2.1). 
 

 

Figure 2.1 Structure of a PROTAC for PRMT1.  

• Assess the synthesised PROTACs for their ability to degrade PRMT1 in models of breast 

cancer and PDAC. 

If PRMT1 degradation is observed this project should: 

• Confirm that the PRMT1 degradation occurs by the ternary complex-mediated ubiquitination 

of PRMT1. 

• Investigate the PROTAC-induced degradation of PRMT1 for selectivity to PRMT1 over other 

Type I PRMTs. 
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3 The Suitability of PRMT1 for PROTAC-Induced Degradation 

In this chapter, the endogenous properties of PRMT1 are assessed to determine if it is a suitable 

target for PROTAC-induced degradation. The ability to measure changes in PRMT1 protein levels was 

confirmed and a sensitive and selective Western blot assay for this purpose was validated. This 

included the knockdown of PRMT1 and an investigation into the associated downstream effects. The 

validated assay was then used, alongside available literature data, to assess what properties of a 

target protein make it amenable to PROTAC-induced degradation and whether PRMT1 has these 

properties.  

3.1 Development of an Assay to Measure a Change in PRMT1  

Human tumour-derived cell lines are an in vitro model system that have been used for many years in 

anti-cancer drug discovery. The cell line retains the genomic features of the primary tumour from 

which it was derived and can be used to predict the clinical efficacy of new therapeutic compounds78. 

This makes it a suitable model system to investigate the effect of PRMT1 degradation on 

tumourigenesis.  

3.1.1 Selecting the tumour-derived cell line 

The most diagnosed subtype of breast cancer, accounting for over 70% of cases, is the luminal A 

subtype which is characterised by the expression of the ER and PR hormone receptors but not 

HER279. PRMT1 has been shown to be upregulated in this breast cancer subtype, and this 

upregulation correlates with a reduction in relapse-free survival for patients27,80. The MCF-7 cell line 

is derived from metastatic breast adenocarcinoma of the luminal A subtype, and it is the most 

studied breast cancer cell line in the world81. Anti-proliferative effects have been observed in MCF-7 

cells with the pan-Type I inhibition MS02338,41, and the genetic knockdown of PRMT1 leads to a 

decrease in ADMA levels on histone H4R341. This cell line is sensitive to a reduction in PRMT1 activity 

and has been used in this project. 

PDAC is a disease characterised by vast heterogeneity, but specific genes are frequently mutated and 

drive disease progression. The most frequently mutated genes in PDAC are the oncogene KRAS and 

the tumour suppressive gene p5382. The HPAF-II and KP-3 cell lines have been selected for this 

project as they have mutations in the KRAS and p53 genes that differ from each other83. These cell 

lines also have different sensitivity to pan-Type I PRMT inhibition34 (Figure 3.1). 
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Figure 3.1 The potency of pan-Type I PRMT inhibition varies between different PDAC-derived cell lines. The Y-

axis is the IC50 values of the pan-Type I PRMT inhibitor GSK3368715 (PRMTi) as calculated by a dose-response 

curve in a colony formation assay. The X-axis is the different PDAC-derived cell lines. Figure adapted from 

Giuliani et al.34. 

3.1.2 The Western blot assay 

Following the treatment of a cell line with a PROTAC or other probe compound, the Western blot 

assay was proposed as a suitable method to measure the level of PRMT1 protein. Western Blot is a 

fixed endpoint method where the amount of a target protein is measured after a defined incubation 

time following treatment and a change in protein level is inferred by comparing the protein level to a 

control (untreated) sample84. The semi-quantitative measurement of protein levels is achieved using 

a primary antibody that specifically recognises the target protein. A fluorescent secondary antibody 

selectively binds to the primary antibody and the fluorescent signal intensity is proportional to the 

amount of target protein. The key stages of the assay are shown in Figure 3.2. 

  



20 
 

 

Figure 3.2 The key steps in the Western blot protocol used for the assessment of PRMT1 levels. The protein 

concentration of each cell lysate is determined by spectrophotometer and a defined amount of total protein is 

denatured and treated with the detergent SDS. SDS anions coat the linear polypeptide chain at approximately 

1.4 g of SDS per 1 g of protein and ensure all proteins in the sample have the same charge-to-mass ratio. This 

leads to their separation by their molecular weight once the electrical current is applied. Protein transfer is 

achieved by a dry transfer method with the iBlot 2 gel transfer device. Wash steps after incubation with primary 

and secondary antibodies remove any unbound or weakly-bound antibodies. 

To account for variation in the amount of protein loaded per lane of the gel and to allow cross-lane 

comparisons, the fluorescent signal intensity from the target protein must be normalised to that of a 

housekeeping protein. A housekeeping protein is a cellular protein whose concentration will not 

change with treatment as the gene is transcribed at a constant level regardless of the cell 

environment conditions85.  

However there are limitations of the Western blot method. First, it is a low throughput method that 

relies heavily on manual steps. Furthermore, it was initially designed as a qualitative method and 

only with appropriate validation can it be used to assess protein levels semi-quantitatively85. Mass 

spectrometry-based proteomic experiments can allow for the quantitative analysis of cellular protein 

levels however this method requires specialist equipment, extensive method development and 

technical expertise in data analysis and has not been used in this project86. A good relationship 

however has been shown between the quantitative values obtained by proteomic experiments and 

Western blot when measuring the degradation efficacy of the promiscuous kinase degrader protac-

371 (Figure 3.3). Therefore a validated Western blot method will provide sufficient accuracy and 

precision for measuring PROTAC-induced changes in PRMT1 levels. 
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Figure 3.3 For the protac-3-induced degradation of selected kinases, there is good agreement between the 

quantitative values for the efficacy of degradation determined by mass-spectrometry based proteomics and 

Western blot. protac-3 degrades six kinases as it contains a promiscuous pharmacophore with high affinity to 

multiple kinases (protac-3 was introduced in Section 1.4.2.2). The identities of the six kinases shown in the 

figure were not published. The X-axis is the maximal percent decrease in protein levels determined by Western 

blot. The Y-axis shows the percent degradation in the whole cell proteomics dataset for the treatment of protac-

3 at 100 nM (black dots) or 1 µM (gray dots). Figure reprinted from Bondeson et al.71.  

The following sections detail the validation of a Western blot protocol previously developed in-house 

by Dr Shalini Rao to ensure it is sensitive to changing PRMT1 levels and detects PRMT1 specifically. 

3.1.2.1 Sensitivity 

Western blot can be used for the semi-quantitative analysis of protein levels if the signal intensity of 

the band is proportional to the abundance of the protein85. The band must also have an acceptable 

signal-to-noise ratio (SNR). The cell lysate of untreated MCF-7 was loaded onto a gel for SDS-PAGE. To 

assess the linearity between the signal intensity and PRMT1 concentration, a two-fold dilution series 

of the lysate was prepared and loaded onto a gel. To assess the cross-gel variation and the accuracy 

of the dilution series, additional QC samples were also loaded at the start and end of the gel at the 

recommended loading amount of total protein (14.4 µg), and one-fifth of this value.  

Analysis by Western blot showed that the band intensity for PRMT1 had a linear relationship with the 

amount of total protein loaded in the range assessed. The SNR was acceptable by visual inspection 

for total protein loadings greater than 1.5 µg and cross-gel variation was found to be minimal 

(determined by QC1 and QC2) (Figure 3.4). The membrane was also probed with a different 

commercially available antibody for PRMT1 but did not show an improved SNR at the low protein 

loading (Appendix 1A). The housekeeping protein vinculin however did not show linearity in the 

range investigated as the band intensity plateaued at high protein loading. The membrane was 

probed for an alternative housekeeping protein β-tubulin but this also showed non-linearity at high 

protein loadings (Figure 3.4).  
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Figure 3.4 Linear relationship between PRMT1 and total protein. The housekeeping protein shows non-

linearity. A) A dilution series of the cell-lysate derived from MCF-7 cells was analysed by Western blot. B) The 

protein bands were quantified with Image Studio analysis software and plotted against the amount of total 

protein loaded to the well. 

To use Western blot to assess PRMT1 levels semi-quantitatively, the intensity of the band from the 

target protein and the housekeeping must both be linear with the total protein loaded. From this 

point forward, the amount of total protein was lowered from 14.4 µg per well to 11 µg per well. This 

provided a suitable SNR for PRMT1 and an improved linear relationship between the vinculin signal 

intensity and the total protein loaded (Figure 3.5). The visual inspection of the blot was deemed 

sufficient to assess PRMT1 degradation and the quantification of PRMT1 has only been used in 

Chapter 7. 
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Figure 3.5 The determined linear range for the semi-quantitative measurement of PRMT1 and vinculin levels 

by Western blot. A total protein loading of 11 µg per well was chosen for future assays. Data from Figure 3.4. 
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3.1.2.2 Specificity 

To show that the available PRMT1 primary antibody binds only to PRMT1, the knockdown of PRMT1 

by RNA interference was undertaken and the level of PRMT1 was measured. A siRNA (short 

interfering RNA) for PRMT1 leads to the selective degradation of the mRNA that encodes PRMT1. 

This prevents the translation of mRNA into the amino acid sequence for PRMT1 and thus inhibits de 

novo PRMT1 synthesis87. Compared to untreated cells, the cells treated with PRMT1 siRNA should 

have a significantly reduced PRMT1 signal intensity when analysed by Western blot.  

MCF-7 cells were treated with PRMT1 siRNA, following a 48- and 72-hour incubation, the level of 

PRMT1 was analysed by Western blot. PRMT1 has a molecular weight of 41 kDa, and a single band at 

this molecular weight was observed in the untreated cells but absent in the PRMT1 siRNA-treated 

cells (Figure 3.6). When the membrane was probed for the housekeeping protein vinculin, a 

persistent band with constant intensity was visible, which shows that the loss of signal is not due to 

variation in the amount of total protein loaded into each well. The antibody is specific to PRMT1.  

 

Figure 3.6 The PRMT1 primary antibody is specific to PRMT1. MCF-7 cells were treated with PRMT1 siRNA or 

non-targeting control siRNA (nt siRNA) for 48 or 72 hr and then the cells were harvested for SDS-PAGE. Before 

membrane blocking, the membrane was cut and the top section was analysed by Western blot for vinculin and 

the bottom section was analysed for PRMT1 using the Cell Signaling #2449 primary antibody. Mw refers to the 

molecular weight of the protein. Image representative of two independent experiments. 

3.1.3 Investigation of the effect of PRMT1 knockdown on arginine methylation  

The effect of PRMT1 knockdown was probed further to glean information of the downstream effects 

of the loss of PRMT1 activity in the MCF-7 cell line. A PRMT1 PROTAC that degrades PRMT1 should 

cause a similar biological effect to PRMT1 knockdown57, and thus the effect of PRMT1 knockdown on 

arginine methylation and cell viability can used as a guide for the predicted effect of PROTAC-induced 

PRMT1 degradation. 
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The siRNA was first shown to selectively knockdown PRMT1 as a change in the protein level of two 

other PRMTs, PRMT5 (Type II) and PRMT6 (Type I), was not observed. The effect of PRMT1 

knockdown on the arginine methylation products MMA and ADMA was then investigated. Upon 

PRMT1 knockdown, a significant increase in monomethylated arginine (MMA) was observed and a 

modest reduction in the asymmetric dimethylation of arginine (ADMA) (Figure 3.7). 

 

Figure 3.7 The effect of siRNA for PRMT1 on global arginine methylation levels and PRMT proteins. The 

experiment shown in Figure 3.6 was analysed by Western blot for PRMT5 (Mw=72 kDa), PRMT6 (Mw=42 kDa) 

and the arginine methylation products ADMA and MMA. Data representative of two independent experiments. 

The significant increase in MMA can be attributed to a reduction in PRMT1 activity. There is literature 

precedence that the loss of PRMT1 activity specifically causes an increase in MMA and this increase 

is not observed with the loss of activity of any of the other Type I PRMTs. Giuliani et al. use 

CRISPR/cas9-mediated knockdown of PRMT1, PRMT4 and PRMT6 in a PDAC-derived cell line and 

show that a large increase in MMA is only observed with PRMT1 knockout34 (Figure 3.8 A). The same 

trend was observed by Dhar et al. in mouse embryonic fibroblasts where PRMT1, PRMT3, PRMT4 

and PRMT6 were knocked down and only PRMT1 knockdown caused a large increase in MMA88.  
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Figure 3.8 Literature example of the effect of PRMT1 knockdown on arginine methylation. A) The effect of 

CRISPR/Cas9-mediated knockdown of PRMT1, PRMT4 and PRMT6 individually, or in combination, on arginine 

methylation status. PATC153 cells were treated with guide RNA (gRNA) that induce efficient depletion of target 

protein levels. gPRMT1 indicates a gRNA specific to PRMT1. NTC = non-targeting control gRNA. B) PRMT1 

genetic knock-down in the PATC153 cell line engineered with two independent PRMT1-targeting or non-

targeting (NT) short hairpin RNA (shRNA). Figures reprinted from Giuliani et al.34. 

The activity of PRMT1 accounts for approximately 85% of cellular ADMA levels, and therefore a 

significant loss of ADMA levels was expected upon PRMT1 knockdown12. However only a modest 

reduction in ADMA was observed. A similar result was obtained by Giuliani et al. upon PRMT1 

knockdown (Figure 3.8 B) which they attribute to substrate scavenging; substrates that were 

previously methylated by PRMT1 are now methylated by a different Type I PRMT88 and thus the level 

of ADMA does not change significantly as all Type I PRMTs deposit the ADMA post-translational 

modification. The ability of a protein substrate to be methylated by multiple Type I PRMTs has been 

shown89,90. This hypothesis is further supported by Dhar et al. who observe an increase in the protein 

levels of PRMT4 and PRMT6 following PRMT1 knockdown88. This suggests that the absence of PRMT1 

alters the activity of other Type I PRMTs, potentially to compensate for the loss of PRMT1. 

Alternatively, as the AMDA modification is considered a stable modification, and the processes that 

regulate arginine demethylation are not understood, the persistent presence of ADMA signal may be 

a protein substrate that was methylated prior to siRNA treatment. The level of ADMA over a greater 

time following PRMT1 knockdown should be monitored. 
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Finally, PRMT1 knockdown was accompanied by a reduction in cell viability which supports the 

hypothesis that PRMT1 degradation will have anti-tumourigenic effects (Figure 3.9).  
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Figure 3.9 Viability loss was observed with PRMT1 knockdown. A) MCF-7 cells were treated with PRMT1 siRNA 

or nt siRNA for 72 hr and viability was assessed using the Promega Cell Titre-Glo assay. In this assay, the 

generation of a luminescent signal is proportional to the amount of ATP present. The amount of ATP is directly 

proportional to the number of viable cells present in the culture. Data from two independent experiments with 

three technical replicates. Mean and standard error plotted. Statistical analysis by an unpaired t-test, **** p ≤ 

0.0001.  

 

3.2 The PROTACability of PRMT1 

Schneider et al. coined the term ‘PROTACability’, a contraction of the words PROTAC and tractability, 

and use it to describe a systematic approach to assess whether the properties of a protein make it an 

amenable target for PROTAC-induced degradation91. They used the following criteria to evaluate a 

target protein’s PROTACability: 

1) The cellular location of the target protein 

2) Evidence that the target protein has ubiquitylation sites 

3) Information about the target protein’s half-life  

4) The availability of a small-molecule ligand for the target protein 

 

Using a diverse range of publicly available resources, they analysed over 19,000 targets and identified 

1,067 proteins where the criteria were met. They labelled these proteins as a ‘discovery opportunity’. 

PRMT1 is identified as a discovery opportunity and in the following sections the data used by 

Schnieder et al. to come to this conclusion is evaluated. Their analysis however did not specifically 

look at the target protein in cancer and therefore additional published data is presented, as well as 
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results from experiments undertaken as part of this project, to assess the PROTACability of PRMT1 in 

cancer. 

3.2.1 Criterion 1: The cellular location of the target protein 

It is well documented that PRMT1 is highly mobile and shuttles between the cytoplasm and nucleus 

depending on the methylation status of its protein substrates28,92. In the PROTACability criteria, a 

target protein located in the cytoplasm and/or nucleus is given the score of ‘good’. The rationale 

behind this score is not given however the work of Simpson et al. can validate this assessment. They 

interrogated how the subcellular location of a protein affects its ability to be degraded by a PROTAC 

that recruits the CRBN or VHL E3-ligase. Fusion proteins that localise to specific compartments in the 

cell were generated and high degradation efficacy was observed with proteins localised to the 

nucleus and cytoplasm93.  

3.2.2  Criterion 2: Evidence that the target protein has ubiquitylation sites 

As described in the introduction, the key step for PROTAC-induced degradation is the E3-ligase 

mediated transfer of a ubiquitin group onto a target protein. Schnieder et al. surveyed the available 

data from three genomic databases of proteins and assessed target proteins based on the presence 

of reported ubiquitination sites94–96. PRMT1 was identified in all three databases as a protein that can 

be ubiquitinated and thus met criterion 2. 

It can also be inferred that PRMT1 can be ubiquitinated as the degradation of endogenous PRMT1 is 

E3-ligase dependent and proteasome dependent. PRMT1 is a substrate of the E3-ligase E4B, and 

PRMT1 degradation is accelerated with the overexpression of this E3-ligase97. Furthermore, PRMT1 

degradation does not occur when the activity of proteasome is inhibited with the small-molecule 

inhibitor MG132. This inhibitor binds to the 20S subunit of the proteasome and blocks its peptidase 

function which prevents the cleavage of peptide bonds and hence the degradation of proteins84. 

Published data has shown that PRMT1 degradation is proteasome dependent as in a Western blot 

assay an increase in signal intensity for PRMT1 was observed in MG132-treated cells compared to 

untreated cells in mouse lung epithelial cells98 and in mouse primary hepatocytes99.  

As part of this project the effect of MG132 on PRMT1 levels in the MCF-7 cell line was investigated 

and a time-dependent increase in PRMT1 signal was observed when the activity of the proteasome 

was inhibited (Figure 3.10). The degradation of endogenous PRMT1 is proteasome dependent. 
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Figure 3.10 PRMT1 degradation in MCF-7 cells can be inhibited by the proteasome inhibitor MG132. A) 

Structure of MG132. B) MCF-7 cells were treated with the proteasome inhibitor MG132 (100 µM) for the 

indicated time and PRMT1 levels were analysed by Western blot. Results are representative of two independent 

experiments.  

3.2.3 Criterion 3: Information about the target protein’s half-life 

The third criterion focuses on the half-life of the target protein. A protein’s half-life tells us about the 

propensity of a protein to be degraded by the UPS and it is defined as the time required for the 

amount or concentration of a protein to be reduced by 50% under physiological conditions100. A 

short half-life indicates rapid protein turnover in homeostasis and therefore that the protein has a 

rapid resynthesis rate101.  

Schneider et al.’s criterion is that ‘information about the protein’s half-life’ is available. It is striking 

that they only require ‘information’. They state that ‘a very short protein half-life may limit the 

effective utility of a PROTAC’91 however they do not state what constitutes a short half-life nor 

provide any suitable quantitative values. A search of the literature has highlighted that the half-life of 

a target protein is often discussed as a critical parameter for the efficacy of PROTAC-induced 

degradation however quantitative values for a suitable half-life are never given91,100–102. This may be 

because, rather than the half-life having a defined value, it is more important that the PROTAC-

induced rate of degradation is significantly faster than the resynthesis rate of the endogenous 

protein; it is the balance between these two processes that affects the efficacy, selectivity and 

duration of PROTAC-induced degradation103. The half-life of a protein should not be included in the 

PROTACability criteria as it has no discriminatory value as suitable values are not known. A systematic 

investigation into published PROTACs and the half-life of their respective target protein could yield 

valuable information that could enhance the PROTACability criteria going forward. 

It should also be highlighted that Schnieider et al. used a single database to source the protein half-

lives. This database lists the half-life of >4000 proteins in four non-dividing cell types: human B-cells, 

mouse neurons, primary human monocytes and primary human hepatocytes104. The half-life of a 

protein in a non-dividing cell can be very different from a dividing cell105. As cancer cells divide, only a 

half-life determined in a dividing cell type would be informative. 
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There is however value in determining the half-life of a target protein as it can provide information 

that helps determine the time point after PROTAC treatment that protein levels should be evaluated 

and what dosing interval/frequency may result in maximal degradation103,106. The following sections 

look at the evidence for the half-life of PRMT1 in dividing cells.  

3.2.3.1 Reported half-life values for PRMT1 

There are two methods frequently used to determine the half-life of PRMT1. The first is to inhibit 

protein synthesis in the cell using the translational inhibitor cycloheximide (CHX). This small-

molecule inhibitor prevents the relocation of tRNA and mRNA to the ribosome and inhibits 

translation84 (Figure 3.11).  

 

Figure 3.11 Structure of cycloheximide (CHX).  

A more rigorous assay to determine a protein’s half-life is stable isotope labelling by amino acids in 

cell culture (SILAC) coupled to mass spectrometry. This method involves incubating cells in cell media 

containing isotopically labelled amino acids for a defined duration. New proteins synthesised during 

this time will incorporate the labelled amino acids and can be distinguished from their non-labelled 

protein counterpart by mass spectrometry. This method can be used to determine protein half-life 

(by measuring the reduction in nonlabelled protein) and the rate of de novo synthesis (by measuring 

the increase in labelled protein)102.  

The half-lives for PRMT1 in a range of dividing mammalian cell lines have been published and are 

shown in Table 3.1. There is vast variation in the values, even between the same cell line, and no 

conclusions can be made. An attempt was therefore made to empirically determine the half-life of 

PRMT1 in the MCF-7 cell line.  
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Table 3.1 Published half-life data for PRMT1 in dividing mammalian cells.  

Cell line Origin of cell line Half-life, 

hr 

Method Ref 

MLE12 Mouse lung epithelial  4 Western Blot with CHX 98 

HEK293 transfected 

with empty pLenti 

 

Human embryonic kidney  5 Western blot with CHX 97 

U2OS 

 

Human osteosarcoma 

 

>8* Proteomics with CHX 107 

HEK293 

 

Human embryonic kidney 

 

>8* Proteomics with CHX 107 

HCT116 

 

Human colorectal 

carcinoma 

 

>8* Proteomics with CHX 107 

RPE1 

 

Human retinal pigment 

epithelial 

>8* Proteomics with CHX 107 

HEK293 Human embryonic kidney  

 

>10** Western blot with CHX  108 

HeLa Human uterus/cervical 

epithelial adenocarcinoma  

 

44.7 SILAC-Proteomics 109 

C2C12 Mouse myoblast  69.7 SILAC-Proteomics 109 

*No significant change in protein level at 8 hr compared to 0 hr. ** persistent band, equal intensity at 
indicated time to the untreated control. 
 

3.2.3.2 Experimental investigation of the half-life of PRMT1 

A cycloheximide chase experiment was undertaken and endogenous PRMT1 in MCF-7 cells was 

monitored by Western blot. A time-dependent reduction in PRMT1 signal would be expected as CHX 

inhibits de novo synthesis of PRMT1 but does not affect PRMT1 degradation.  

MCF-7 cells were treated with CHX at 50, 100, 150 and 200 µg mL-1 and a reduction in PRMT1 signal 

was not observed (Figure 3.12). A visual inspection of the cells showed that cytotoxicity increased 

with CHX concentration and time, and longer time points were precluded because of high levels of 

cytotoxicity. The results from these cycloheximide chase experiments suggest that PRMT1 is long-

lived with a half-life greater than 8 hours.  
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Figure 3.12 Cycloheximide treatment did not affect the level of PRMT1. MCF-7 cells were treated with the 

translational inhibitor cycloheximide for the indicated time and PRMT1 levels were analysed by Western blot. 

The level of the housekeeping proteins vinculin and beta-tubulin were also determined. The dose of CHX was 

escalated from 50 µg mL-1 (A) to 100, 150 and 200 µg mL-1 (B, C and D). 

There is evidence that the potency of CHX in the MCF-7 cell line is reduced when serum is present in 

the cell media as ‘factors present in the serum may stabilise some crucial cell proteins such as key 

enzymes, cytoskeletal, or membrane components, which are vital for cell life’110. To eliminate the 

possibility that the serum may stabilise PRMT1, further studies were undertaken using serum free 

cell media. The change to serum free media however had no effect on PRMT1 levels as persistent 

bands of unchanging intensity were observed by Western blot. To confirm that CHX was inhibiting 

translation, the protein level of the FOXA1 protein was also investigated. This protein has a published 

half-life of 4-6 hours in MCF-7 cells111,112 and hence a loss of signal should be observed upon CHX 

treatment. However a change in FOXA1 was not observed. The assay was repeated in the KP-3 cell 

line to confirm that the observed results were dependent on the cell line. The levels of FOXA1 and 

PRMT1 also remained unchanged in this cell line (Figure 3.13). 
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Figure 3.13 Cycloheximide treatment with serum free media did not affect the level of PRMT1 or FOXA1 in 

MCF-7 and KP-3 cells. MCF-7 and KP-3 cells were seeded for the experiment in DMEM supplemented with 10% 

FBS and left for 24 hr. The media was then replaced with serum free media and the cells incubated for a further 

24 hr. The media was then removed and replaced with serum free media containing 150 µg mL-1 CHX. The cells 

were incubated for the indicated time and PRMT1 and FOXA1 levels were analysed by Western blot. The top 

band in the FOXA1 blot correlates with the molecular weight of this protein (49 kDa). 

Due to the persistence of the FOXA1 band it was questioned if the CHX stock was inhibiting 

translation. CHX was purchased from a commercial supplier and obtained as a lyophilised powder. 

The identity of this compound was characterised in-house and NMR analysis matched previously 

reported spectra. Analysis by LC/MS showed the presence of a compound with the correct mass-to-

charge ratio (m/z) for CHX but at a purity of 61% (Appendix 1B). It was not possible to confirm the 

diastereomeric purity of the sample. The cycloheximide chase assay was repeated with MCF-7 and 

KP-3 cells with this new CHX supply, and the lyophilised powder was dissolved in DMSO immediately 

before addition to the cells. No reduction in PRMT1 nor FOXA1 was observed in this assay (Figure 

3.14).  

 

Figure 3.14 A fresh stock of cycloheximide and treatment in serum free media did affect the level of PRMT1 

or FOXA1 in MCF-7 and KP-3 cells. MCF-7 and KP-3 cells were seeded for the experiment in DMEM 

supplemented with 10% FBS and left for 24 hr. The media was then replaced with serum free media and the 

cells incubated for a further 24 hr. The media was then removed and replaced with serum free media containing 

150 µg mL-1 CHX. The cells were incubated for the indicated time and PRMT1 and FOXA1 levels were analysed 

by Western blot. 
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It was not determined whether translation was being inhibited in the CHX chase. Future work should 

validate that the correct diastereomer of CHX is present as the inversion of a single stereogenic 

centre in cycloheximide can significantly reduce its ability to inhibit translation113 (Figure 3.15).  

 

Figure 3.15 Changing the configuration of stereogenic centre in cycloheximide changes its potency to 

translational inhibition. Analogues differ from cycloheximide by inversion at the stereogenic centre shown in 

red. IC50 values determined by a O-propargyl puromycin translation inhibition assay in K562 cells and published 

in Park et al.113.  

Further work to determine the half-life of PRMT1 in MCF-7 cells should use an alternative protein 

synthesis inhibitor in a chase assay114 or a SILAC experiment should be undertaken. However, as 

discussed previously, knowledge of the target protein half-life is not a discriminative factor when 

assessing the suitability of a target protein for PROTAC-induced degradation. 

3.2.4 Criterion 4: The availability of a small-molecule ligand for the target 

protein 

Small-molecule pan-Type I inhibitors that bind to PRMT1 were highlighted in the introduction. This 

enables the design of a PROTAC for PRMT1 and this is discussed in depth in section 4.2. 

3.3 Conclusions  

Considering the PROTACability criteria laid out by Schneider et al., three out of the four criteria are 

met for targeting PRMT1 in cancer. There is strong evidence that PRMT1 is localised to the nucleus 

and cytoplasm (Criterion 1), PRMT1 can be ubiquitinated and its degradation is proteasome 

dependent (Criterion 2) and there are published small-molecule ligands for PRMT1 (Criterion 4). The 

knowledge of a reproducible half-life for PRMT1 is lacking however this does not impact the 

assessment of PRMT1 as a protein that is amenable to degradation by a PROTAC.  

PRMT1 is a promising target protein for PROTAC-induced degradation and focus should turn to 

synthesising PROTACs that target PRMT1. A Western blot assay has been validated for the semi-

quantitative assessment of PRMT1 levels in the MCF-7 cell line and this will provide a screening tool 

to evaluate the efficacy of synthesised PROTACs.   
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4 PROTAC Design and Ligand Synthesis 

PRMT1 is a promising target for PROTAC-induced degradation due to its therapeutic potential and 

the properties of endogenous PRMT1. This chapter outlines the design of each part of a PROTAC for 

PRMT1: the E3-ligase ligand, the PRMT1 ligand and the linker that joins these two ligands into a 

PROTAC. A modular synthetic strategy was chosen so the design and synthesis of the three parts are 

discussed independently (Figure 4.1).  

* * * * *

 

Figure 4.1 Retrosynthesis of PROTACs for PRMT1.  

4.1 The E3-Ligase Ligands 

For the design of the E3-ligase ligand, literature precedence was used. The majority of published 

PROTACs recruit either the VHL or CRBN E3-ligase and these E3-ligases have been used successfully 

to degrade a wide range of target proteins with high potency115, including in the MCF-7 cell line116,117. 

As previously discussed, the subcellular location of PRMT1 makes it suitable for degradation by the 

VHL and CRBN E3-ligases (Section 3.2.1). It has however been observed that the identity of the E3-

ligase recruited can be critical to whether degradation occurs118 and therefore to maximise the 

likelihood of synthesising a PROTAC that can degrade PRMT1, PROTACs that recruit both the VHL and 

CRBN E3-ligases will be synthesised. 

4.1.1 Ligands for VHL 

In addition to the identity of the E3-ligase recruited, the position of linker attachment on the VHL 

ligand can affect degradation efficacy119,120. Two different positions of linker attachment on the high-

affinity VHL ligand VH032 will be investigated, both of which have strong literature evidence to show 

that binding affinity is not lost upon linker attachment56,115. Following N-Boc deprotection, VHL ligand 

1 will attach to the linker by an amide bond at the nitrogen following the tert-leucine amino acid. 

VHL ligand 2 will be attached to the linker at the phenol functional group on the benzene ring (Figure 

4.2).  
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Figure 4.2 Published small-molecule ligand for VHL and positions on the molecule suitable for linker 

attachment. A) Crystal structure of VH032 bound to VHL (PDB: 4W9H). Two published linker attachment 

positions are indicated by the black arrows. Molecular surface representation of VHL (blue) and a ball and stick 

model of VH032 (brown) generated with Mol*121. Crystal structure first published in Galdeano et al.56. B and C) 

The two VHL ligands to be used in this project. The site for linker attachment is shown by the black arrow. VHL 

ligand 1 will require N-Boc deprotection prior to linker attachment.  

VHL ligands 1 and 2 were synthesised using published procedures. Aryl-bromide 3 (3a for the 

synthesis of VHL ligand 1 and 3b for VHL ligand 2) was coupled to 4-methyl triazole by the Heck 

reaction to give 4. The nitrile group of 4 was then reduced to produce 5 that contained a free 

benzylic amine (Figure 4.3). 

 

Figure 4.3 Synthesis of amine 5. Synthetic route from Buckley et al.122. 
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5b was produced in moderate yield and taken forward for subsequent amide couplings and N-Boc 

deprotection to produce VHL ligand 2 (Figure 4.4). 

 

Figure 4.4 Synthesis of VHL ligand 2. 

The reduction of the nitrile 4a was low yielding, with multiple products produced. The reduction was 

attempted twice (6% and 8% yield of 5a), and then a different synthesis route was followed123. A 

reductive amination with commercially available 4-bromobenzaldehyde and tert-butyl carbonate 

produced amine 8 which was then coupled to 4-methyl triazole by a Heck coupling to give 9. 9 was 

then deprotected and subjected to successive amide couplings and deprotections to produce VHL 

ligand 1 (Figure 4.5). 

 

Figure 4.5 Synthesis of VHL ligand 1. Synthetic route from Steinebach et al.123. 
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4.1.2 Ligands for CRBN 

The most frequently used ligands for the CRBN E3-ligase contain the pharmacophore of a 

phthalimide group coupled to a glutamine ring. The attachment of the linker to the phthalimide ring 

at the 4-position and 5-position is tolerated with various functional groups115 (Figure 4.6). CRBN 

ligands that contain a reactive functional group at the position for linker attachment are 

commercially available.  

A 

 

B 

 

Figure 4.6 Frequently used small-molecule ligands for the Cereblon (CRBN) E3-ligase. A) Pharmacophore for 

CRBN binding. B) Frequency of CRBN ligands used in PROTAC compounds. Figure reprinted from Bricelj et al.115. 

4.2 The PRMT1 Ligand  

A pharmacophore for PRMT1 binding can be taken from published high-affinity ligands for PRMT1. 

The two frequently used pan-Type I inhibitors GSK3368715 and MS023 were introduced in the 

introduction, and both inhibitors cause potent inhibition of PRMT1, bind reversibly to PRMT1 and 

occupy the protein substrate binding pocket of PRMT1. Despite the termination of the phase one 

trial with GSK3368715, the pharmacophore of GSK3368715 is suitable for use in a PROTAC; target 

engagement was observed in the blood and the low target engagement in the tumours may be 

explained by pharmacokinetic factors124. In addition, the poor safety profile of GSK3368715 may be 

associated with inhibition-driven pharmacology and may not be observed with a PROTAC that targets 

PRMT1. 

The pharmacophore essential for PRMT1 binding in GSK3368715 and MS023 is an ethylenediamino 

group attached to a pyrrole or pyrazole heterocycle. The crystal structure of GSK3368715 bound to 

PRMT1 shows that the ethylenediamino group and pyrazole interact with histidine and glutamic acid 
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amino acids in the protein substrate binding pocket of PRMT113. In addition, chemical modifications 

to the ethylenediamino group in MS023 result in a loss of potency for PRMT1 inhibition41 (Figure 

4.7). The linker must not be attached to this pharmacophore. 

A 

 

 

B 

 

Figure 4.7 The ethylenediamino functional group is required for PRMT1 binding. A) Crystal structure of 

GSK3368715 bound to PRMT1 (PDB: 6NT2). Crystal structure first published by Fedoriw et al.13 and figure 

reprinted from this publication. B) Structure activity-relationship of the ethylenediamino group and potency for 

PRMT1. Replacing the terminal primary amino group with a hydroxyl group or replacing the either of the two 

basic amino groups with an amide group reduces potency for PRMT1. IC50 was determined by a scintillation 

proximity assay using [3H]SAM and published in Eram et al.41.  

Linker attachment to the 6-membered ring will likely be tolerated without a significant loss in PRMT1 

binding affinity. The crystal structure of GSK3368715 bound to PRMT1 shows that the cyclohexane 

ring and the diethylene chains on this ring do not interact with amino acids in PRMT1. In addition, 

PRMT1 is active as a homodimer where a toroidal structure is formed from two PRMT1 protein 

molecules, and the binding pocket of each PRMT1 molecule faces inwards and into a solvent-filled 

channel43. When GSK3368715 is bound to this dimer, the substituted cyclohexane ring projects into 

the centre of this toroidal structure (Figure 4.7 A). Substantial structure modification can often be 

tolerated at a position on a drug molecule when it is solvent exposed without serious loss of 

activity125. Finally, structure-activity experiments undertaken by Mitchell et al. in their search for a 

selective PRMT6 inhibitor show that a wide range of substituents can be tolerated at the para-

position and meta-position of an aryl ring that is attached to the pharmacophore of GSK3368715 
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without a significant loss of binding affinity126 (Figure 4.8). The attachment of the linker to the aryl or 

cyclohexane ring should result in a molecule that retains high PRMT1 binding affinity. 

 

Figure 4.8 A range of substituents can be tolerated on the aryl ring without a significant loss of PRMT1 

affinity. The substituent can also affect the selectivity of PRMT1 inhibition over PRMT6. IC50 determined by a 

[3H]SAM methylation assay and published in Mitchell et al.126. 

Two options for the structure of the PRMT1 ligand have been proposed and are shown in Figure 4.9. 

Structure A and B both contain the PRMT1 binding pharmacophore of GSK3368715 and MS023 and 

have the linker attached at the para-position of either a cyclohexane ring or an aryl ring. The 

attachment of a linker to an unsaturated 6-membered ring will introduce stereogenic centres on the 

ring (Structure A in Figure 4.9). This is undesirable synthetically and biologically as each isomer would 

require isolation and evaluation in vitro as they can possess different activity127. Hence, an aryl ring 

was chosen (Structure B).  
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Figure 4.9 Proposed structures for the PRMT1 ligand. A red asterisk indicates a stereogenic centre. 

In the design of the PRMT1 ligand, the focus has been on PRMT1 affinity rather than the selectivity of 

the ligand to PRMT1 over other Type I PRMTs. Mitchell et at. show that selectivity to PRMT1 over 

PRMT6 varies significantly with changing aryl ring substituent (Figure 4.8) and therefore each 

PROTAC with a different structure may have a different selectivity profile to the Type I PRMTs. In 

addition, the selectivity of a PROTAC to the different members of the Type I PRMTs will be affected by 

cooperativity in the ternary complex (as discussed with PROTAC MZ1 in section 1.3.2.2) and this 

cooperativity may be significantly affected by the linker used and the E3-ligase recruited. 

Finally, the pharmacophore chosen was found to be suitable as a cursory look at the distribution of 

lysine amino acids in PRMT1 highlighted that there are lysine amino acids on the same surface as the 

protein substate binding pocket in which GSK3368715 binds (Figure 4.10). As the PROTACs 

synthesised contain the same pharmacophore as GSK3368715, PROTAC binding will induce proximity 

between this surface on PRMT1 and the ubiquitin-charged E2-enzyme in complex with the E3-ligase. 
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Figure 4.10 Lysine amino acids (red) are present on the same surface of PRMT1 as GSK3368715 (pink) binds. 

Crystal structure of GSK3368715 bound to PRMT1 (PDB: 6NT2) where the lysine amino acids are shown in red 

and all other amino acids are shown in grey. GSK3368715 is shown in pink. Molecular surface representation of 

dimerised PRMT1 and ball and stick model of GSK3368715 generated with Mol* 121. Crystal structure first 

published in Fedoriw et al.13. 

4.2.1 The synthesis of the ligand 

To allow for linker attachment, a phenol was chosen as a reactive-functional group at the para-

position of the phenyl ring. To ensure the regioselective attachment of the linker, protecting groups 

were employed for the pyrazole and the secondary amine. The protecting groups were taken from 

the synthesis of GSK3368715 and both are acid labile so they can be readily removed in a single step 

following regioselective linker attachment. The structure for the PRMT1 ligand to be used in PROTAC 

synthesis is shown in Figure 4.11.  

 

Figure 4.11 PRMT1 ligand for PROTAC synthesis. The pyrazole and secondary amine are protected to enable 

regioselective linker attachment to the phenol. 

A retrosynthetic scheme for PRMT1 ligand 11 was produced by adapting the published synthesis of 

GSK336871513. The synthesis is split into three key stages (Figure 4.12).  
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Figure 4.12 Retrosynthesis of 11.  

4.2.1.1 Stage A 

Stage A followed the literature procedure for GSK3368715 directly13. Ethyl 3-amino-1H-pyrazole-4-

carboxylate was iodinated to give the pyrazole 12 which was then protected with 3,4-dihydropyran to 

give 13. The ester was then hydrolysed to give carboxylic acid 14 which was reduced to alcohol 15 

and then oxidised to aldehyde 16 (Figure 4.13). 

 

Figure 4.13 Stage A in the synthesis of PRMT1 ligand 11. 

To reduce the number of steps, the reduction of 13 was attempted with diisobutylaluminium hydride 

(DIBALH) however due to poor control over deiodination and low conversion, this route was 

abandoned (Table 4.1). 
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Table 4.1 Attempted reduction of 13. 1 equivalent of DIBALH led to incomplete reduction. 3 equivalents formed 

the deiodinated alcohol 17. Other species indicated by LC/MS or crude 1H NMR. 

 

Entry Equivalents of 

DIBALH 

Isolated product Other species present 

1 1 32% 15 Starting material 13 

2 3 41% 17 Alcohol 15 and starting material 13 

 

4.2.1.2 Stage B 

Stage B is the addition of the ethylenediamino group. A single nitrogen in methyl[2-

(methylamino)ethyl]amine was protected with the N-Boc protecting group to give 18 at quantitative 

yield (Figure 4.14). 

 

Figure 4.14 Synthesis of 18. 

Using reductive amination conditions published in the literature, 18 was reacted with aldehyde 16 

but none of the conditions yielded the desired product (Table 4.2).  
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Table 4.2 Attempted reductive amination with amine 18 and aldehyde 16. 

 

Entry Conditions Reference Product 19, 

% 

Starting material 16 

recovered, % 

1 NaH(OAc)3, DCM, rt, 12 hr 13 0 quantitative 

2 NaH(OAc)3, AcOH, DCE, rt, o/n* 128 0 84 

3 Et3SiH, TFA, rt, 12 hr 123 0 60 

4 NaBH3CN in EtOH, MeOH, 64oC, o/n 129 0 87 

*The reaction conditions were modified but no reaction occurred: 1) Temperature increased to 80oC. 2) 

Addition of molecular sieves. 3) Aldehyde 16 and AcOH were mixed in DCE for 1 hr. Amine 18 was then 

added and the mixture stirred for a further 1 hr. NaH(OAc)3 was then added. 4) The reaction underwent 

microwave irradiation at 100oC for 30 min.  

 

Since the reductive amination to synthesise 19 was unsuccessful with a range of reducing agents, 

alkylation was considered as an alternative strategy. Alcohol 15 was resynthesised through the 

reduction of aldehyde 16 with borane-tetrahydrofuran and the alcohol was then converted to a good 

leaving group and alkylated with amine 18. Both proceeding via a bromide and tosylate intermediate 

product yielded the desired product 19 (Figure 4.15). 

 

Figure 4.15 Two routes for the synthesis of 19. 
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4.2.1.3 Stage C 

The final stage in the synthesis of PRMT1 ligand 11 was the addition of the phenol ring. To ensure the 

proposed Suzuki-Miyaura cross-coupling can tolerate a phenol group, the reaction was first 

undertaken on the model substrate ester 13 using a range of conditions (Table 4.3).  

Table 4.3 Optimisation of the Suzuki-Miyaura cross coupling on model substrate 13. 

 

Entry X Conditions  Reference Yield of 22, % 

1 B(OH)2 Pd(OAc)2, Na2CO3, acetone/H2O, 35oC, o/n 130 34 

2 B(OH)2 Pd(dppf)Cl2, Cs2CO3, 1,4-dioxane/H2O, 100oC, o/n 13 12 

3 BPin Pd(dppf)Cl2, Cs2CO3, 1,4-dioxane/H2O, 100oC, o/n 13 78 

 

Entry 3 gave the highest yield, and the conditions were used to produce 11. Following failed attempts 

to isolate the product using silica gel flash column chromatography, PRMT1 ligand 11 was isolated in 

high yield by automated reverse-phase chromatography with ammonium hydroxide as an additive in 

the mobile phase (Figure 4.16). 

 

Figure 4.16 Synthesis of PRMT1 ligand 11. Purification by reverse phase automated chromatography under 

basic conditions.  

4.2.2 Evaluation of the deprotected PRMT1 ligand  

Before synthesising a library of PROTACs, it was confirmed that 11 can be deprotected to produce a 

ligand with affinity to PRMT1. The N-Boc and THP protecting groups on 11 were removed under 

acidic conditions to give deprotected PRMT1 ligand 23. Due to the high polarity of 23, purification 

was undertaken using reverse-phase chromatography on a preparative HPLC instrument with 0.05-
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0.1% trifluoroacetic acid (TFA) as an additive in the mobile phase. This was followed by lyophilisation 

and the resulting product was characterised as the trifluoroacetate salt of 23 (Figure 4.17).  

 

Figure 4.17 Deprotection of 11 to give the active pharmacophore for PRMT1 binding. Purification using 

preparative HPLC with TFA in the mobile phase yielded the trifluoroacetate salt of 23. The 2D-NMR spectra of 

23 and the NMR spectra of silver trifluoroacetate used for characterisation are shown in Appendix 1C. 

Characterisation of 23 as the trifluoroacetate salt shown in Figure 4.17 was confirmed by NMR 

(Appendix 1C). The 13C NMR spectra contains two quartets that can be attributed to the two carbons 

atoms in a trifluoroacetate anion through comparison to the 13C spectra for silver trifluoroacetate 

which contains the trifluoracetate anion. In addition, in the 1H NMR spectra for 23, the peak at ~8.9 

ppm has an integral of two protons. This peak has been assigned as the protonated terminal 

secondary amine on the ethylenediamino chain of 23.  

The 13C and 1H NMR spectra also exhibit broad peaks which can be attributed to the presence of 

isomers that co-exist in solution. These isomers can constantly interconvert in solution and this leads 

the nuclei of the molecule to experience a constantly changing local magnetic field. When the 

interconversion of the isomers is slow with respect to the NMR timescale, the peaks in the spectra 

appear broad131. The presence of tautomers and conformational isomers of 23 is likely the cause of 

the observed peak broadening. Tautomerism is the existence of two or more structural isomers that 

interconvert by an intramolecular proton transfer, and in 23 it is the pyrazole group that can 

tautomerise132,133 (Figure 4.18). Conformational isomers (rotamers) are produced by rotation around 

a single bo-nd. The broad peaks in the 1H NMR and 13C NMR spectra have been assigned to the 

pyrazole and the ethylenediamino chain, and it is inferred that there is restricted rotation around the 

bond highlighted in Figure 4.18134.  
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A 

 

B 

 

Figure 4.18 Proposed isomers of deprotected ligand 23. A) Tautomers of 23 that interconvert in solution by an 

intramolecular proton transfer. B) Proposed rotational isomers that are energetically unfavourable and lead to 

restricted rotation around the highlighted bonds. 

The ability of 23 to bind to PRMT1 was investigated by Western blot. For this assay, cells were treated 

with 23 at a concentration (10 µM) that is significantly greater than the published IC50 for 

GSK3368715 (3 nM)13. A similar approach was taken by Fedoriw et al. where they published an IC50 

of 3 nM for GSK3368715 yet used a concentration of 2 µM in cellular assays to investigate the effect 

of GSK3368715 on arginine methylation by Western blot13.  

Potency in biochemical assays can vary significantly from potency in a cellular assay. The IC50 of 

GSK3368715 was determined in a biochemical assay where a mixture of recombinant PRMT1 

protein, [3H]SAM, GSK3368715 and a solution of peptide substrates were incubated for 60 minutes 

and the incorporation of tritium-labelled methyl groups into peptide substrates was measured13. The 

potency of a compound is often reduced in a cellular assay compared to a biochemical assay because 

of several factors. First, the effective concentration of the compound in the cell can be affected by 

the permeability of the compound across the cell membrane, the binding of the compound to serum 

in the cell culture media, as well as the hydrolytic and metabolic stability of the compound135. 

Second, for a compound that binds to (and inhibits) PRMT1, potency may also be affected by 

competition with endogenous protein substrates for binding in the active site. Furthermore, PRMT1 

is predominantly present as a component of multi-protein complexes136. This may alter the binding 

affinity of the compound (compared to recombinant protein); the presence of PRMT1 in a complex 

may hinder the accessibility of the binding site to a compound or may alter the conformation of the 

protein137. A change in binding affinity may also occur due to post-translational modifications on 

PRMT1 iteslf138,139. 
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To account for a reduction in potency in the cellular assay compared to a biochemical assay, MCF-7 

cells were treated with 10 µM 23 and the change in PRMT1 protein level, and the level of the MMA 

and ADMA modification, were compared to that of untreated cells by Western blot. GSK3368715 was 

also tested as a positive control. Cytotoxicity was not observed with either compound (Figure 4.19). 

 

Figure 4.19 23 and GSK3368715 inhibit the activity of PRMT1 and Type I PRMTs. MCF-7 cells were treated with 

the indicated compound for 24, 48 or 72 hr and then protein levels were analysed by Western blot. The level of 

the post-translational modifications ADMA, MMA and SDMA were analysed in addition to the protein levels of 

PRMT1 and vinculin. Full uncropped blots are shown in Appendix 1D. 

First, as expected for an inhibitor of PRMT1, 23 does not affect the level of PRMT1.  

As the chosen pharmacophore for PRMT1 binds in the protein-substrate binding pocket and is 

competitive with the protein substrates of PRMT113, the ability of 23 to bind to PRMT1 can be 

inferred from whether 23 inhibits arginine methylation.  

The ability of 23 and GSK3368715 to bind to PRMT1 is shown by the large increase in MMA upon 

treatment with 23 and GSK3368715. An increase in MMA was observed with the knockdown of 

PRMT1 by siRNA shown previously in Figure 3.7 which is indicative of the specific inhibition of PRMT1 

activity34,88.  

However, in contrast to PRMT1 knockdown where a modest reduction in ADMA was observed, both 

23 and GSK3368715 resulted in the complete loss of ADMA signal. The modest loss of ADMA with 

PRMT1 knockdown by siRNA was rationalised by shared protein substrates within the Type I PRMT 
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family and substrates that were previously methylated by PRMT1 are methylated by a different Type I 

PRMT upon PRMT1 knockdown (Section 3.1.3). However in contrast to the selective knockdown of 

PRMT1 by siRNA, 23 and GSK3368715 contain a pharmacophore that is pan-selective for the Type I 

PRMTs and inhibits the activity of multiple Type I PRMT proteins13. Thus substrate scavenging does 

not occur and the ability of the cell to deposit the ADMA modification is significantly diminished. The 

complete inhibition of ADMA can be attributed to 23 and GSK3368715 binding (and inhibiting) 

multiple Type I PRMTs.  

SDMA is the unique post-translation modification catalysed by the Type II PRMTs and a time-

dependent increase in SDMA was observed following treatment with 23 and GSK3368715. A similar 

increase in SDMA following PRMT1 knockdown was observed by Dhar et al.88. They rationalise the 

observation by “with the loss of PRMT1, a large number of substrates become targets for Type II and 

Type III PRMTs, because these substrates are presumably no longer blocked by an ADMA 

modification”88. 

23 is suitable for use in a PROTAC for PRMT1 as it inhibits PRMT1 activity and therefore must bind to 

PRMT1. A summary of the change in arginine methylation status with inhibition is shown in Figure 

4.20. 

 

Figure 4.20 The effect of inhibition on Type I-catalysed arginine methylation. 

Following the evaluation of the effect of 23 on arginine methylation, the biochemical potency of this 

molecule was published and corroborated that 23 is a potent PRMT1 ligand and a pan-Type I 

inhibitor. It also identified that 23 has the greatest potency to PRMT6140 (Table 4.4). Consequently, all 

PROTACs synthesised in this project that contain the same pharmacophore of 23 were investigated 

for PRMT6 degradation in addition to PRMT1 degradation. It is however likely that the selectivity 

profile of the PRMT1 ligand to the Type I PRMTs will change on linker attachment. 
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Table 4.4 23 is potent for both PRMT1 and PRMT6 inhibition. All the proteins listed are Type I PRMTs. Values 

determined by a biochemical assay measuring the incorporation of [3H]SAM into peptide substrates. IC50 values 

published in patent140. 

 IC50, nM 

PRMT1 98 

PRMT3 >10,000 

PRMT4 1710 

PRMT6 19 

PRMT8 712 

 

4.3 Linker Design 

The following sections discuss the challenges in designing a linker for a PROTAC and highlight how 

rational design is hindered by two factors: ternary complex formation and pharmacokinetics. 

4.3.1 The linker and ternary complex formation  

As discussed in the introduction, a PROTAC brings two proteins into close proximity and protein-

protein interactions affect the stability of a ternary complex. The length of the linker is important as, 

if the linker is too short, the ternary complex may not form due to a steric clash between the target 

protein and E3-ligase, and if too long, entropic effects can prevent favourable protein-protein 

interactions occurring between the E3-ligase and target protein141. However ternary complex 

formation alone does not cause degradation as ubiquitin transfer must occur for the target protein to 

be recognised by the proteasome142. This ubiquitin transfer will be dependent on the distance 

between, as well as the relative orientation of, the ubiquitin-charged E2-enzyme (which is in a 

complex with the E3-ligase) and a lysine that can be ubiquitinated on the surface of the target 

protein. It is this required conformation that makes rational linker design challenging. 

With PROTACs that degrade their target protein, X-ray crystallographic data of binary and ternary 

complexes has led to the development of reliable computational models that look at the energy 

landscapes of the protein-protein interfaces in the ternary complex. These models have successfully 

guided structure optimisation and have been used to rationalise the potency and selectivity of 

degradation in pre-existing, bioactive PROTACs (summarised in Bemis et al.141).  

It is challenging to design a PROTAC for a novel target protein such as PRMT1 as the required 

relationship between a lysine on the target protein and the ubiquitin-charged E2-enzyme is not fully 

understood142,143. The elucidation of the relationship required has been hindered by the inability to 
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characterise ternary complex structure routinely144. Ternary complexes are difficult to study as they 

can be short-lived and exhibit multiple stable conformations in situ145. Furthermore, for the most 

frequently used assays, X-ray crystallography and cryogenic electron microscopy (cryo-EM), sample 

preparation and purification conditions can influence which ternary complexes are observed, and it is 

not guaranteed that the in vivo functional conformation will be captured145. Multiple ternary 

complexes with differing conformations may also exist in situ and it is difficult to ascertain which 

ternary complexes induce ubiquitin transfer and which do not146. 

4.3.2 The linker and pharmacokinetic properties 

The linker is also decisive for the pharmacokinetic properties of the PROTAC. Pharmacokinetics 

describes the movement and fate of the PROTAC molecule in the body and generally examines four 

key processes of the molecule: absorption, distribution, metabolism and excretion. 

Lipinski’s ‘rule of 5’ and Veber’s rules are guidelines for medicinal chemists in designing molecules 

with suitable pharmacochemical properties for oral administration and focus on solubility and 

permeability147,148. Solubility refers to how effectively the molecule will be absorbed into the 

bloodstream across the intestinal membrane, whereas permeability is concerned with the passage of 

the molecules across a lipid bilayer, for example entry into a cancer cell. PROTACs frequently exhibit 

high molecular weight, high polarity and many rotatable bonds, and these properties fall outside the 

guidelines149 (Figure 4.21 A-B). Focussing on permeability (as poor solubility can be overcome 

through administration through intravenous infusion150), the use of a suitable linker can allow a 

PROTAC to be cell permeable even if its properties fall outside Lipinski’s rule of 5 and Veber’s rules. 

For example, a flexible linker can allow a PROTAC to adopt a conformation that sufficiently minimises 

its size and polarity to allow it to pass through the cell membrane (Figure 4.21 C-D)151,152. The 

screening of flexible linkers should be undertaken. 
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A 

Lipinskis rule of 5: 

• Molecular weight (Mw) ≤ 500 Da 

• Partition coefficient (cLogP) ≤ 5 (measure of 

lipophilicity) 

• Number of hydrogen bond acceptors (HBA) ≤ 10 

• Number of hydrogen bond donor (HBD) ≤ 5 

Veber’s rule: 

• Polar surface area (TPSA) ≤ 140 Å2 

• Number of rotatable bonds (NRotB) ≤ 10 

B 

 ARV-471 MZ1 

Mw, Da 723.9  1001.4 

cLogP 6.8 4.9 

HBA 8 17 

HBD 2 4 

TPSA, Å2 96.4 210 

NRotB 7 25 
 

C 

 

D  

 

Figure 4.21 PROTACs sit outside the ‘Rule-of-5’ chemical space but can be cell permeable A) Lipinski rules and 

the expanded rules by Veber. B) Pharmacochemical properties of the PROTACs ARV-471 and MZ1100,149. Values in 

red indicate they break Vebers and Lipinksi’s rules. ARV-471 in in phase 3 clinical trials with oral-delivery. C) 

Chemical structure of protac-4. D) The major conformation adopted by protac-4 in chloroform. Chloroform has 

a similar dielectric constant to the cell membrane and was chosen to mimic this environment. The 

intermolecular bond between the hydroxyl group of the VHL ligand and the tertiary amide of the ERK5 ligand is 

shown in yellow. Figure reprinted from Atilaw et al.152. 

Furthermore, the linker has been found to impact PROTAC metabolism. One striking result, published 

by Goracci et al., is that linker length and composition can significantly affect the metabolic stability 

of a PROTAC153 (Figure 4.22). The linker identity is hypothesised to affect the ability of the PROTAC to 

enter the catalytic site of metabolic enzymes however general trends that lead to the increased 

metabolic stability of a PROTAC could not be identified which highlights how an empirical approach 

for linker design is required.  
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A 

 

 

B 

 

Figure 4.22 Linker identity can affect the metabolic stability of a PROTAC. t1/2 is the half-life of the indicated 

PROTAC in cryopreserved human hepatocytes in Williams E medium at 37oC. A) Changing the linker length 

affects t1/2. B) Changing the linker composition affects t1/2. Target protein ligand shown in blue and E3-ligase 

ligand shown in lilac. Half-life values published in Goracci et al.153.  

4.3.3 The linkers for this project 

The approach frequently adopted when developing a PROTAC for a novel target protein such as 

PRMT1 is an iterative trial and error approach where a library of PROTACs with varying length and 

polarity linkers are synthesised and screened for degradation efficacy. The most promising candidates 

are structurally optimised through alterations in their linker design and retested. This continues until 

degradation efficacy is maximised143. 

This project will synthesise a library of PROTACs with linkers containing PEG and alkyl chains; 64% of 

published PROTACs contain PEG or alkyl linkers154 and these linkers allow the exploration of the effect 

of linker length on ternary complex formation and their high flexibility allows for multiple spatial 

orientations between the E3-ligase and the target protein. The PEG and alkyl chains also have a 

different hydrophobicity, and by synthesising PROTACs using both linkers, a range of pharmacokinetic 

properties are also screened118. The use of both PEG and alkyl linkers maximises the likelihood of 

forming an intracellular stable ternary complex with positive cooperativity between the E3-ligase and 

target protein155. 

If degradation is observed, structure-activity optimisation would be undertaken where linkers with a 

more rigid backbone or that can be protonated to improve solubility would be investigated, for 

example a piperazine-containing linker156. A literature example of this is Han et al. where 41 PROTACs 

were screened and structure-activity guided optimisation culminated in a PROTAC for the oestrogen 

receptor that has a DC50 < 1 nM and a maximum degradation efficacy (Dmax) of > 95% in a prostate 

cancer cell line157. 

Linkers with suitable reactive functional groups on either end are commercially available, and this 

will allow for a modular approach to be followed when synthesising PROTACs for PRMT1. 
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4.4 PROTAC Design for PRMT1 Degradation 

The chosen structures for the initial library of PROTACs that target PRMT1 is shown in Figure 4.23.  

 

Figure 4.23 Design of PROTACS for PRMT1. 

 

4.5 Controls Experiments to show PROTAC-Induced Degradation 

If PRMT1 degradation is observed upon PROTAC treatment, it should be confirmed that the 

degradation is PROTAC-induced and UPS-dependent. This can be achieved by blocking distinct steps 

in the proposed mechanism of action and monitoring the effect on PRMT1 degradation.  

First, the dependence of degradation on PROTAC binding to the E3-ligase and PRMT1 must be shown. 

Inactive negative control heterobifunctional molecules, where the PRMT1 ligand or the E3-ligase 

ligand is replaced with its inactive non-binding control ligand, should be synthesised (Figure 4.24). 

Heterobifunctional molecules that contain these ligands will be unable to form a ternary complex but 

will retain a close structural similarity to the active PROTAC and therefore retain off-target activity158. 

PRMT1 degradation would not be observed if degradation is PRMT1/E3-ligase binding dependent. 

Alternatively, incubating the PROTAC with a saturating concentration of the PRMT1 ligand or E3-

ligase ligand would reduce PROTAC binding and ternary complex formation. The absence of 

degradation in this experiment would confirm the necessity of PROTAC binding to both the E3-ligase 

and the target protein. 
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Figure 4.24 Inactive control ligands for the synthesis of inactive control heterobifunctional molecules. The 

position where the ligand differs from its active ligand is highlighted in blue. For the PRMT1 ligand an amide 

functional group has been introduced adjacent to the pyrazole ring. In the structure-activity relationship studies 

for MS023, this change in structure resulted in a total loss of potency for PRMT1 inhibiton41 (previously shown 

in Figure 4.7). For the VHL ligand, the stereochemistry of the hydroxyproline has been changed from R (active) 

to S (inactive), and for the CRBN ligand, the nitrogen of the glutarimide ring is methylated. Literature 

precedence for these inactive control molecules includes Bondeson et al.71.  

The dependence of degradation on the UPS can be shown by an absence of degradation when cells 

are co-treated with the PROTAC and the proteasome inhibitor MG13284. In addition, for PROTACs 

that recruit Cullin-RING E3-ligases such as VHL and CRBN, the active complex required for the 

ubiquitination of the target protein (which contains the E3-ligase and ubiquitin-charged E2-enzyme) 

can be inactivated by the neddylation inhibitor MLN4924159 (Figure 4.25); an absence of degradation 

upon co-treatment with PROTAC and MLN4924 would show that the degradation is dependent on 

the ubiquitinating enzymes. E3-ligase dependence can also be shown by the absence of degradation 

in a cell line with E3-ligase knockdown160. 

 

Figure 4.25 Structure of MLN4924. This molecule blocks Cullin neddylation (a post-translational modification) 

which deactivates Cullin-RING ligases and prevents the ubiquitination of protein substrates as part of the UPS.  
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5 VHL-Recruiting PROTACs 

This chapter details the synthesis and in vitro evaluation of PROTACs that recruit the VHL E3-ligase 

(Figure 5.1).  

 

Figure 5.1 Design of the VHL-recruiting PROTACs. The structure of the left is synthesised from VHL ligand 1 and 

on the right from VHL ligand 2. 

5.1 PROTACs with VHL Ligand 1 

A retrosynthesis for PROTACs from VHL ligand 1 was devised. An amide bond connects the VHL ligand 

to an alkyl or PEG linker. A leaving group on the other end of a linker can then be O-alkylated by 11 

and the subsequent deprotection of the N-Boc and THP group on the PRMT1 ligand gives the 

pharmacophore for PRMT1 binding (Figure 5.2). 
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Figure 5.2 Retrosynthesis of PROTACs with VHL ligand 1. LG = leaving group. 

5.1.1 Synthesis with an alkyl linker  

The first PROTAC was synthesised. VHL ligand 1 was deprotected to give a primary amine which 

underwent an amide coupling reaction with commercially available 6-chlorohexanoic acid to give 24 

(Figure 5.3). Purification by column chromatography resulted in a mixture of 24 with unreacted 6-

chlorohexanoic acid. The acid was removed by washing with aqueous sodium hydrogen carbonate 

and this wash step was incorporated into the initial work-up after the reaction in future amide 

coupling reactions.  

 

Figure 5.3 Synthesis of alkyl chloride 24. 
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The alkyl chloride of 24 was O-alkylated by PRMT1 ligand 11 to give 25. This reaction proceeds by a 

bimolecular nucleophilic substitution (SN2) and a catalytic amount of potassium iodide was added to 

enable halogen exchange in situ and convert the alkyl chloride into a better leaving group. However 

the O-alkylation with 11 was slow and 11 was only completely consumed after five days of heating. 

After purification, 25 was deprotected using acidic conditions to give PROTAC B (Figure 5.4).  

 

Figure 5.4 Synthesis of PROTAC B. 

To reduce the reaction time for O-alkylation, the same reaction conditions were used with an alkyl 

bromide. The bromide anion is more stable than chloride and therefore the in situ iodination and O-

alkylation should occur more readily. VHL ligand 1 was deprotected and underwent an amide 

coupling reaction with 8-bromooctanoic acid (entry c, Table 5.1). 26c was isolated at a 30% yield and 

taken forward for O-alkylation. The major product of the amide coupling was not the alkyl bromide 

26c, but 27c which forms from a substitution of the alkyl bromide with a by-product from the HATU 

coupling reagent (proposed mechanism in Figure 5.5). When the reaction was repeated with linkers 

of different lengths, shortening the reaction time to 30 minutes reduced the yield of undesired 

product 27 (entry d-f, Table 5.1). 
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Table 5.1 Amide coupling of 1 with various alkyl bromide linkers to give 26. Product 27 forms from the 

substitution of the alkyl bromide by the anion of 1-hydroxy-7-azabenzotriazol. N.D. = not determined.  

 

Entry n= Reaction Time Product 26, % Product 27, % 

c 7 3 hr 30 33 

d 9 0.5 hr 78 14 

e 11 0.5 hr 81 N.D. 

f 15 0.5 hr 84 N.D. 

 

 

Figure 5.5 Mechanism for formation of product 26c and one possible mechanism for product 27c formation. 

An amide coupling reaction with the HATU coupling reagent. Anion of 1-hydroxy-7-azabenzotriazol is produced 

from the HATU reagent and can undergo a SN2 reaction at the alkyl bromide of product 26c to give product 27c. 

27c may also form if the anion substitutes the alkyl bromide prior to the linker undergoing the amide coupling 

(not shown for simplicity). 



60 
 

With alkyl bromide 26 in hand, the O-alkylation reaction with PRMT1 ligand 11 was undertaken and 

the reaction went to full completion overnight. This was significantly faster than the alkyl chloride 

analogue which took 5 days. The solvent was removed from the O-alkylation reaction and the 

product taken forward without purification for deprotection to give PROTAC C-F (Table 5.2).  

Table 5.2 Synthesis of PROTAC C-F.  

 

Entry n= Yield over two steps, % Product 

c 7 53 PROTAC C 

d 9 15 PROTAC D 

e 11 24 PROTAC E 

f 15 10 PROTAC F 

 

To avoid the side reaction observed with HATU, amide bond formation was attempted using an 

electrophilic derivative of a carboxylic acid, an acyl chloride. With chloroacetyl chloride, the desired 

product 28 formed at a moderate yield, with the major side product being the di-acetylated product 

29. With the alkyl bromide linker 4-bromobutyryl chloride, the desired product was not formed and 

the isotope pattern for bromine was not present in any of the products in the crude LC/MS following 

the reaction. The route was abandoned (Figure 5.6). 
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A 

 

B 

 

Figure 5.6 Amide bond synthesis using an acyl chloride. 

28 was taken forward for O-alkylation with 11 and deprotected to give PROTAC A (Figure 5.7).  

 

Figure 5.7 Synthesis of PROTAC A. 

5.1.2 Synthesis with a PEG Linker 

The synthetic route optimised with the alkyl linkers was then used PEG linkers. The required linkers 

were not commercially available so a route was devised for their synthesis. For synthetic accessibility, 

alkyl chlorides were chosen despite the longer reaction time for O-alkylation compared to an alkyl 

bromide (Figure 5.8).  
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Figure 5.8 Retrosynthesis of PEG linker 31. 

Analogues of 30 with m=1 and m=2 are commercially available. For the longer PEG linkers, m=3 and 

m=5, 30 was synthesised by a ring opening reaction with Zirconium (IV) chloride in good yield. This 

reaction was first described in 1986 and the conditions optimised by Abronina et al.161,162(Figure 5.9). 

A 

 

B 

 

 

Figure 5.9 Ring opening of a crown ether to give alcohol 30 A) Synthesis of 30. B) Mechanism for the ring 

opening reaction. An oxygen atom in the crown ether adds to the zirconium atom. A chloride is then transferred 

from the zirconium to the carbon atom adjacent to the now-positively charged oxygen atom, A chloride is then 

abstracted from the zirconium ion to give the pentagonal-bipyramidal cation. X-ray crystallography structure 

first published in Prinz et al.161. The addition of potassium hydrogen carbonate cleaves the zirconium oxygen 

bond to give the ring-opened product. The geometry around the zirconium ion is unspecified except where 

labelled. Solvent molecules are not shown. 

With alcohol 30 in hand, oxidation was performed by Jones oxidation where chromic acid is 

produced in situ from chromium (VI) oxide and sulfuric acid163. Carboxylic acid 31 was taken forward 

without purification (Figure 5.10).  
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Figure 5.10 Synthesis of the linkers 7. Yields are not reported as they were used without purification. 31i and 

31j likely a mix of products with m, m-1, m-2… repeating units.  

To produce PROTAC G-J, carboxylic acid linker 31 was coupled to VHL ligand 1 by an amide coupling 

reaction. The resulting product 32 was then O-alkylated with PRMT1 ligand 11 and deprotected 

(Table 5.3).  

Table 5.3 Synthesis of PROTACs G-I. 

 

Entry m= Yield of 32, % Yield over 2 steps, % Final product 

g 1 79 19 PROTAC G 

h 2 67 3 PROTAC H 

i 3 - 5% over 3 steps from 31 PROTAC I 

j 5 - Insufficient product isolated  - 

However, following the deprotection step, for entry i and j in Table 5.3, purification by preparative 

HPLC showed multiple products with similar retention times (Figure 5.11). Each product was 

collected, its molecular weight investigated by LC/MS and where sufficient material was available 

characterised by NMR. It was identified that the peak that eluted at the longest retention time had 

the correct mass for the desired PROTAC. Each peak to the left of this had a m/z of 44 units less. Each 

peak has been characterised as a PROTAC with a different length PEG chain (Table 5.4). 
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A 

 

B

 

Figure 5.11 The preparative UV-HPLC chromatogram following the final step of entry i and entry j in Table 

5.3. A) Chromatogram for entry i where m=3. B) Chromatogram for entry j where m=5. The number of peaks is 

equal to the value of m in the linker used. Absorbance recorded at λ = 254 nm. 

Table 5.4 Characterisation of the peaks of the UV-HPLC chromatogram shown in Figure 5.11. [M+H]+ is the 

proton adduct molecular ion that is generated upon ionisation in LC/MS, where [M+H]+ is equal to the sum of 

the monoisotopic mass of the molecule, M, and the mass of a proton.  

Peak m/z m/z equal to [M+H]+ of NMR characterisation 

A 775 PROTAC G (m=1) - 

B 819 PROTAC H (m=2) PROTAC H (m=2) 

C 863 PROTAC I (m=3) PROTAC I (m=3) 

D 775 PROTAC G (m=1) PROTAC G (m=1) 

E 819 PROTAC H (m=2) - 

F 863 PROTAC I (m=3) - 

G 847 - - 

H 951 PROTAC J (m=5) - 

 

It is probable that PEG chain cleavage was a side reaction during the synthesis of linker 31, and by 

size exclusion chromatography, it should be determined whether it was the conditions of the ring 

opening reaction and/or Jones oxidation reaction that led to a mixture of products of varying length 

PEG chains. Substantial PEG chain cleavage has been previously reported with the direct oxidation of 

a PEG alcohol using the Jones conditions164 however the conditions of both the ring-opening reaction 

and the Jones oxidation may lead to PEG chain cleavage by a free-radical process165,166. A transition 

metal or an impurity such as peroxide may act as an initiator in a radical mechanism167. Alternatively, 

the hydrolysis or nucleophilic substitution at an ether bond of the PEG chain may occur in the 
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presence of a Lewis acid168,169 (Figure 5.12). Both mechanisms would generate an alcohol functional 

group on a shorter PEG chain that may be oxidised to give a shorter analogue of linker 31. 

A 

 

B 

 

Figure 5.12 Possible mechanisms for PEG chain cleavage. A) A free-radical mechanism where hydrogen-atom 

abstraction is followed by a reaction with oxygen and subsequent hydrolysis to give formaldehyde, formic acid, 

and a PEG chain with a chain of less repeating PEG units. I• is a radical initiator and may be a metal (such as the 

zirconium used in the ring opening or the chromium in the Jones oxidation) or an impurity. B) A SN2 where the 

nucleophilic attack is catalysed by a Lewis acid (such as zirconium or chromium). The nucleophile in this reaction 

may be water or a neighbouring oxygen of the PEG chain. 

An alternative route should be used to introduce a carboxylic acid onto a PEG chain to produce linker 

31 however the biological properties of PROTACs G-I meant that this was not required (shown in 

Section 5.2). 

5.1.3 The chemical library of VHL-recruiting PROTACs  

In total, 9 PROTACs were synthesised using VHL ligand 1 (Table 5.5).  
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Table 5.5 VHL-recruiting PROTACs synthesised.  

 

Linker  

n=1 PROTAC A 

n=5 PROTAC B 

n=7 PROTAC C 

n=9 PROTAC D 

n=11 PROTAC E 

n=15 PROTAC F 

m=1 PROTAC G 

m=2 PROTAC H 

m=3 PROTAC I 

 

Each PROTAC was purified by preparative HPLC with 0.05-0.1% trifluoroacetic in the mobile phase to 

afford high-purity PROTAC. Purity was determined by analytical HPLC and the UV-HPLC 

chromatograms of the PROTACs synthesised in this project are shown in Appendix 2. Similar to 

deprotected ligand 23, characterisation by NMR indicates that each PROTAC exists as a salt with the 

trifluoroacetate anion and that the secondary amine on the PRMT1 ligand is protonated. 

GSK3368715 is characterised as the di-hydrochloride salt by elemental analysis13 and therefore in an 

attempt to make accurate stock solutions of the PROTAC, the molecular weight of 

[PROTAC+2H+][2TFA-] was used throughout this project (Figure 5.13). However future work should 

empirically quantify the number of trifluoroacetate anions per PROTAC molecule to increase the 

accuracy of the stock solution’s concentration. This could be achieved by a quantitative NMR 

experiment where, by reference to external reference samples, the relative concentration of the 

trifluoroacetate anion, determined by 19F NMR, is compared to the relative concentration of the 

PROTAC molecule, determined by 1H NMR170,171. 
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A 

 

B 

 

Figure 5.13 Each PROTAC has been assumed to exist as a di-trifluoroacetate salt. A) The species of 

GSK3368715 isolated following a deprotection step with HCl followed by filtration. Synthetic route published in 

Fedoriw et al.13. B) The molecular weight of [PROTAC+2H+][2TFA-] was used to make precise stock solutions. TFA- 

is the trifluoroacetate anion (CF3COO-). The protonation of the terminal secondary nitrogen is seen in the 1H 

NMR spectra. 

A ≥10 mM stock of each PROTAC was produced in sterile d6-DMSO and this stock solution was 

analysed by NMR prior to use in cell culture. The presence of a high concentration of TFA in cell 

culture can affect cell viability and proliferation172 however for the initial screen of PROTAC activity by 

Western blot, this should not affect whether the degradation of PRMT1 is observed. If a PROTAC is 

taken forward for more rigorous in vitro investigation, the PROTAC would be synthesised as a 

hydrochloride salt and an accurate molecular weight would be determined173.  

5.1.4  Stability in cell culture media  

Prior to in vitro studies, the stability of the PROTACs in cell culture media was measured as the 

stability of a PROTAC will affect its therapeutic efficacy as well as its pharmacokinetic properties and 

toxicology174. The PROTAC should be stable so that the PROTAC enters the cell intact and can bind to 

PRMT1 and the E3-ligase.  

The stability of PROTAC C (alkyl linker n=7) and PROTAC G (PEG liker m=1) was investigated. Cell 

culture media was incubated at 37oC with 400 µM of the chosen PROTAC and 400 µM of caffeine. At 

frequent intervals, an aliquot was taken and analysed by HPLC. The respective peak areas of the 

PROTAC and caffeine in the UV-HPLC chromatogram were compared as the peak area is proportional 

to the concentration of the compound. As caffeine is stable under the conditions of this experiment 

and its concentration will not change over time it can be used as an internal standard. Any change in 

the PROTAC peak area and the caffeine peak area ratio can be attributed to PROTAC instability. 

PROTAC C and PROTAC G were found to be stable with >85% of the PROTAC remaining following a 94 

hour incubation (Figure 5.14).  
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Figure 5.14 Stability of PROTAC C and PROTAC G in cell culture media. 400 µM PROTAC and 400 µM caffeine 

were incubated in DMEM supplemented with 10% FBS at 37oC in an ambient atmosphere for 94 hr. A) 

Representative UV-HPLC chromatograms for PROTAC C at various time intervals. Absorbance recorded at λ = 

254 nm. B) Same as A with PROTAC G. C) The Y-axis is the percentage of PROTAC remaining compared to the 

peak area ratio of PROTAC-to-caffeine at 0 hr. Data from three independent experiments. Mean and standard 

error plotted.  

5.2 Degradation Efficacy by Western Blot 

The ability of the synthesised PROTACs to degrade PRMT1 in vitro was investigated by Western blot. 

MCF-7 cells were incubated with 10 µM of each PROTAC for 24 hours and analysed by Western blot. 

Neither PRMT1 nor PRMT6 degradation was observed with any of the PROTACs. Type I PRMT 

inhibition was observed with PROTAC B, PROTAC C and PROTAC D (shown by a reduction in the signal 

intensity for ADMA), and PROTAC C and PROTAC D were also shown to inhibit PRMT1 (shown by an 

increase in the signal intensity for MMA) (Figure 5.15). PROTAC E and PROTAC F were cytotoxic at 

this concentration and not analysed. 
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Figure 5.15 Western blot of PROTAC A-I in the MCF-7 cell line at 10 µM. MCF-7 cells were treated with the 

indicated compounds at 10 µM for 24 hr and then harvested for analysis by Western blot. PROTAC E and F were 

cytotoxic and not analysed. ‘n=’ and ‘m=’ refer to the length of the linker in the PROTAC. Image representative 

of two independent experiments. 

PROTAC-induced degradation of a target protein is dependent on ternary complex formation and 

PROTACs exhibit a ‘hook effect’ where increasing the PROTAC concentration above an optimal level 

reduces degradation efficacy. At high PROTAC concentrations, binary complexes predominate and 

there is a reduction in the number of ternary complexes. This reduces the likelihood of the 

ubiquitination of the target protein and its subsequent degradation46 (Figure 5.16). 

 

Figure 5.16 Schematic of the Hook effect. The E3-ligase would be in a complex with a ubiquitin-charged E2-

enzyme (not shown). 

The hook effect can be exemplified with the published PROTAC protac-5 which recruits the VHL E3-

ligase to degrade the B-cell lymphoma-extra large protein (Bcl-xL)175. Degradation is dose-dependent 

until an optimal concentration of 0.3 µM is reached and above this concentration, Bcl-xL degradation 

is reduced (Figure 5.17).  
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Figure 5.17 Bcl-xL degradation with protac-5 exhibits the hook effect. A) Structure of protac-5. A ligand for Bcl-

xL (blue) is connected to a ligand for the VHL E3-ligase (lilac) by a PEG linker (black). B) THP-1 cells were treated 

with protac-5 at various concentrations for 24 hr and then harvested for analysis by Western blot. Beta-actin is 

a housekeeping protein. Figure adapted from Chung et al.175. 

The optimal concentration for degradation varies with PROTAC and target protein176,177 however if 

PROTAC A-I have a similar potency as protac-5, degradation would not be seen with a 10 µM 

treatment because of the hook effect. Therefore the PROTACs that inhibited at 10 µM, PROTAC B, 

PROTAC C and PROTAC D, were tested at 1 and 0.1 µM in MCF-7 cells. PROTAC E and PROTAC F, 

which were cytotoxic at 10 µM were also tested at the lower concentrations. PRMT1 degradation 

was not observed with any of the PROTACs (Figure 5.18).  

 

Figure 5.18 Western blot of PROTAC B-F in the MCF-7 cell line at 1 and 0.1 µM. MCF-7 cells were treated with 

the indicated compounds at 1 or 0.1 µM for 24 hr and then harvested for analysis by Western blot. Image 

representative of two independent experiments.  
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Finally, reproducibility was assessed in two PDAC cell lines. HPAF-II and KP-3 cells were treated with 

10 µM PROTAC A-I and incubated for 24 hours. The HPAF-II line was less sensitive to treatment and 

PROTAC E and PROTAC F were not cytotoxic at this concentration. PRMT1 degradation was not 

observed and the trends in target engagement were the same as observed in the MCF-7 cell line 

(Figure 5.19). 

 

Figure 5.19 Western blot of PROTAC A-F in two PDAC-derived cell lines at 10 µM. HPAF-II and KP-3 cells were 

treated with the indicated compounds at 10 µM for 24 hr and then harvested for analysis by Western blot. 

PROTAC E and PROTAC F were cytotoxic in the KP-3 line.  

5.3 PROTACs with VHL Ligand 2 

A single PROTAC with VHL ligand 2 was synthesised. The O-alkylation of the phenol ring of VHL ligand 

2 with commercially available 1,10-diiododecane gave 33. This was then O-alkylated by PRMT1 ligand 

11 and subsequently deprotected to give PROTAC K (Figure 5.20).  

 

Figure 5.20 Synthesis of PROTAC K. 

The degradation efficacy of PROTAC K was then investigated. PROTAC K was cytotoxic at 10 µM in the 

MCF-7, HPAF-II and KP-3 cell line following treatment for 24 hours. At a reduced concentration in the 



72 
 

MCF-7 cell line, PRMT1 and PRMT6 degradation was not observed and Type I PRMT activity was 

inhibited (Figure 5.21). 

 

Figure 5.21 Western blot of PROTAC K in the MCF-7 cell line at 1 and 0.1 µM. MCF-7 cells were treated with 

PROTAC K at 1 and 0.1 µM for 24 hr and then harvested for analysis by Western blot. 

5.4 The HaloPROTAC Assay 

As PRMT1 degradation was not observed with the PROTACs synthesised it was investigated whether 

PRMT1 can be degraded by the VHL E3-ligase using the HaloPROTAC assay178. In this in vitro assay, 

proximity is induced between the VHL E3-ligase and a fusion protein comprising the target protein 

fused to the HaloTag protein. The HaloTag protein is a 33 kDa protein that covalently binds to a hexyl 

chloride tag in a highly specific, rapid and biorthogonal reaction179. The heterobifunctional small-

molecule HaloPROTAC3 can simultaneously bind the HaloTag fusion protein by a covalent bond and 

the VHL E3-ligase through high-affinity interactions. This HaloPROTAC3-induced ternary complex 

facilitates ubiquitin transfer and the subsequent proteasomal degradation of the fusion protein 

(Figure 5.22). This assay can confirm whether PRMT1 is present in the same subcellular location as 

VHL, and HaloPROTAC3-induced degradation can be used to assess the effect of PRMT1 degradation 

on tumourigenesis. It must be highlighted that this assay does not provide evidence that PRMT1 can 

be ubiquitinated by VHL as the HaloTag protein is predominantly ubiquitinated in this assay180. 
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Figure 5.22 The HaloPROTAC assay. A) Schematic of the degradation pathway induced by HaloPROTAC3. Figure 

adapted from the HaloPROTAC3 Technical Manual (Promega, #GA3110). B) The structure of HaloPROTAC3. The 

hexylchloride motif is attached to an analogue of the VHL ligand VH032. 

The first step towards this assay was the expression of a fusion protein of PRMT1 and the HaloTag 

protein. A plasmid that encodes the ‘PRMT1-HaloTag-6xHis’ fusion protein was obtained in a bacteria 

stab from addgene.org. The bacteria stab was streaked onto an agar plate and a single colony was 

picked and inoculated to form a bacteria culture. The DNA plasmid was isolated using a plasmid 

purification kit, transiently transfected into MCF-7 cells and the protein levels of the cells analysed by 

Western blot.  

An antibody for PRMT1 would be expected to give two bands; a band for endogenous PRMT1 at 41 

kDa, and if the transfection was successful and the fusion protein was transcribed, an additional 

band for the PRMT1-HaloTag-6xHis fusion protein at 75 kDa {the sum of the molecular weights of 

PRMT1 (41 kDa) + HaloTag (33 kDa) + 6xHis (0.8 kDa)}. However when the plasmid was transfected 

into MCF-7 cells at the recommended concentration for use with HaloPROTAC3, a single band that 

correlated with the molecular weight of endogenous PRMT1 was observed. A band for the fusion 

protein was not observed (Figure 5.23). 



74 
 

 

Figure 5.23 Western blot following the transfection of MCF-7 cells with the ‘PRMT1-HaloTag-6xHis’ plasmid. 

The fusion protein is not observed. The single band is for endogenous PRMT1. A band that at 75 kDa would 

correlate to the fusion protein. MCF-7 cells harvested 48 hr after transfection.  

The experiment was repeated with an increased concentration of the DNA plasmid but again only a 

single band for endogenous PRMT1 was observed (Figure 5.24). Considering the possibility that the 

PRMT1 antibody does not bind to the fusion protein, the membrane was reprobed with an antibody 

for the 6xHis protein. Again, no band at the expected molecular weight for the fusion protein was 

observed. It was concluded that the fusion protein was not expressed. 

A 

 

B 

 

Figure 5.24 Western blot following the transfection of MCF-7 cells with the ‘PRMT1-HaloTag-6xHis’ plasmid 

at an increased concentration of the DNA plasmid. The fusion protein was not observed. A band that at 75 

kDa would correlate to the fusion protein. MCF-7 cells harvested 48 hr after transfection. A) Antibody for 

PRMT1. B) Antibody for 6x-His. Non-specific binding is observed. 

Examination of the sequence of the plasmid revealed why the fusion protein was not expressed 

(Appendix 1E). The promotor of a gene is a region of DNA where the RNA polymerase machinery 

binds to initiate transcription, and in the PRMT1-HaloTag-6xHis plasmid, the promotor is T7. This 
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promotor is recognised by the T7 RNA polymerase which is only present in prokaryotic (bacteria) 

cells181. The plasmid was not transcribed in the MCF-7 cells as the promotor was not recognised by 

the mammalian RNA polymerase machinery. The assay was abandoned.  

5.5 Discussion and Conclusions 

Neither PRMT1 nor PRMT6 degradation was observed with the VHL-recruiting PROTACs synthesised. 

The binary interaction between the PROTAC and PRMT1 was observed with selected PROTACs (Table 

5.6).  

Table 5.6 A summary of the biological activity of the VHL-recruiting PROTACs in the MCF-7 cell line. Inhibition 

and degradation were determined by Western blot with 24 hr treatment of ≤10 µM of the PROTAC in the MCF-

7 cell line. Type I PRMT inhibition was characterised by a reduction in ADMA and PRMT1 inhibition was 

characterised by an increase in MMA.  

 

 VHL Ligand Linker  Degradation  Inhibition 

   PRMT1 PRMT6   Type I PRMT PRMT1 

PROTAC A 1 n=1      

PROTAC B 1 n=5    ✓  

PROTAC C 1 n=7    ✓ ✓ 

PROTAC D 1 n=9    ✓ ✓ 

PROTAC E 1 n=11    ✓ ✓ 

PROTAC F 1 n=15    ✓  

PROTAC G 1 m=1      

PROTAC H 1 m=2      

PROTAC I 1 m=3      

PROTAC K 2 n=10    ✓  
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Except for PROTAC A (which has the shortest alkyl chain), Type I PRMT inhibition was observed with 

all the PROTACs containing an alkyl linker. PROTAC D (n=9) showed the highest potency for PRMT1 

inhibition. None of the PROTACs with a PEG linker inhibited the activity of the Type I PRMTs. 

Since PROTAC D and PROTAC H have the same number of atoms in their linker, the difference in 

inhibitory activity must be due to linker composition (Figure 5.25).  

 

Figure 5.25 Structure of PROTAC D and PROTAC I.  

Linker composition may alter the PROTAC’s activity in two ways: by affecting pharmacokinetic 

properties or by affecting binding affinity. Regarding pharmacokinetics, the PEG linker may limit the 

cell permeability of the PROTAC. A PEG linker is more polar and less flexible than an alkyl linker of the 

same length, and this may affect the diffusion of the PROTAC across the hydrophobic cell 

membrane151,182. Alternatively, the PEG chain may reduce the binary affinity of the PROTAC to 

PRMT1. A cell permeability assay and an assay that measures affinity (such as isothermal titration 

calorimetry183) should be undertaken with PROTAC D and PROTAC H to rationalise the observed 

differences in their inhibitory properties. 

Prior to the synthesis of any further PROTACs that recruit VHL, it be determined if any of the 

PROTACs form a ternary complex with VHL and PRMT1. A number of in vitro biophysical techniques 

have been developed to measure ternary complex formation and are summarised in Ward et al.144. 

If a ternary complex is not observed, the effect of changing linker composition should be explored 

further. This should focus on PROTACs with long linkers because, on a more careful analysis of the 

binding mode of GSK3368715, it is observed that it binds at the bottom of a deep pocket in PRMT1. 

As the PROTACs synthesised contain the same binding pharmacophore, it is likely that a long linker 

will be required to enable the VHL ligand of the PROTAC to enter the intracellular fluid and bind to 

VHL (Figure 5.26). However longer alkyl chain linkers cannot be used as they tend to collapse in on 

themselves in the polar intracellular environment. Rigid hydrophobic linkers, for example, a cyclic or 

alkyne group, should be investigated so that the longer lengths can be accessed155. 
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Figure 5.26 GSK3368715 binds in a deep binding pocket of PRMT1 and a PROTAC with a long linker is 

envisaged to be required to allow the E3-ligase ligand to enter the intracellular environment. A) Crystal 

structure of GSK3368715 bound to PRMT1 (PDB: 6NT2). A molecular surface representation of PRMT1 (grey) 

and the dark grey indicates where the protein is cut to enable visualisation of the protein substrate binding 

pocket. GSK3368715 as a ball and stick model (pink) and with the chemical structure is shown at the correct 

orientation. Crystal structure published in Fedoriw et al.13 and visualised using Mol*121 B) The predicted 

required trajectory for the linker that will enable the E3-ligase ligand to recruit VHL.  

If a ternary complex is observed, optimisation of linker length is not required as it is likely that the 

conformation of the ternary complex does not induce the ubiquitination of the target protein in a 

way that leads to its recognition by the proteasome. Therefore focus should turn to synthesising 

PROTACs that promote the ubiquitination of a different lysine of PRMT1, or a different topology of 

polyubiquitin chain. This may be achieved by using a ligand that binds to a different surface on VHL 

or PRMT1 or by recruiting a different E3-ligase. 
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6 CRBN-Recruiting PROTACs 

This chapter details the synthesis and in vitro evaluation of PROTACs that recruit the CRBN E3-ligase 

(Figure 6.1). 

 

Figure 6.1 General design of CRBN-recruiting PROTACs. 

6.1 Ether bond between linker and CRBN ligand 

6.1.1 Synthesis 

A retrosynthesis was devised for CRBN-recruiting PROTACs that have an ether bond between the 

CRBN ligand and the linker. This route will allow the use of the same linkers as the previous chapter 

and proceeds by a Mitsunobu reaction with the PRMT1 ligand followed by an O-alkylation of 

commercially avaliable 4-hydroxythalidomide (Figure 6.2). 

 

Figure 6.2 Retrosynthesis of CRBN-recruiting PROTACs with an ether bond between the linker and CRBN 

ligand. 

6.1.1.1 Synthesis attempt  

A Mitsunobu reaction between PRMT1 ligand 11 and 2-(2-chloroethoxy)ethanol gave the desired 

product 34 in moderate yield (Figure 6.3).  



79 
 

 

Figure 6.3 Synthesis of 34. 

A single product was isolated from the O-alkylation of 34 with 4-hydroxythalidomide with a m/z of 

605.3. This m/z matches the [M+H]+ for the desired PROTAC however in 4-hydroxythalidomide, both 

the proton of the hydroxyl group and the amide proton of the glutarimide ring are acidic and have 

similar pKa values. Therefore, both are likely to be nucleophilic during the alkylation reaction and 

alkylation at either position would give a product with the molecular weight of 604.3 Da (Figure 6.4). 

 

Figure 6.4 Alkylation of 34 with 4-hydroxythalidomide. The structures in the dashed box are possible products 

that result from the alkylation of 4-hydroxythalidomide. m/z determined by LC/MS. Mw is the molecular weight 

in Da. pKa predicted by MolGpka184. 

By two-dimensional NMR spectroscopy, the isolated product has been characterised as 

heterobifunctional molecule 1 (HBM1) resulting from the N-alkylation of the glutarimide ring. The 

HSQC spectrum shows that a single carbon of the linker has a chemical shift much lower than that of 

the other three. This can be attributed to increased shielding upon binding to the nitrogen of the 

glutarimide ring (Figure 6.5 A-B). The HMBC spectrum shows 1H-13C correlations from the protons on 

the linker to the carbonyl groups of the glutarimide ring (Figure 6.5 C-D). The full 2D NMR spectra are 

shown in Appendix 1F and HBM1 is investigated in vitro in Chapter 7. 
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Figure 6.5 The two-dimensional NMR spectra of HBM1 support that N-alkylation of the glutarimide ring 

occurred. A) Structure of HBM1. B) 1H-13C HSQC correlations of the PEG linker. The peak for the carbon [Cd] 

appears at a low chemical shift. C) Structure of HBM1 with selected 3J couplings shown by green arrow. D) 

HMBC correlations from protons [Hd] of the PEG linker to the carbonyls of the glutarimide ring [C30 and C31]. 

Full 2D spectra in Appendix 1F.  

An examination of the binding interactions of thalidomide shows that the glutarimide ring is crucial 

for CRBN binding; hydrogen bonds between the carbonyl groups and amide proton of the 

glutarimide ring, as well as hydrophobic interactions, lead to a ‘tight-fit’ of the glutarimide ring in the 

binding pocket on CRBN185(Figure 6.6). HBM1 does not contain the unmodified glutarimide ring and 

will therefore have a reduced binding affinity to CRBN. 
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Figure 6.6 The glutarimide ring of the CRBN ligand is essential for CRBN binding. Binding interactions of 

thalidomide when bound to CRBN (PBD: 4CI1). Hydrogen bonds are shown as dashed lines and hydrophobic 

interactions as green semi-circles. Crystal structure first published in Fischer et al.185 and figure reprinted from 

this publication. 

An alternative synthetic route was required to synthesise CRBN-recruiting PROTACs. Poor control 

over regioselectivity will likely be a persistent problem with 4-hydroxythalidomide because of the 

similarity in pKa values for the two acidic hydrogens, however the use of a protecting group on the 

nitrogen of the glutarimide ring may circumvent this problem (Figure 6.7). 

 

Figure 6.7 A protecting group on the glutarimide ring would prevent N-alkylation.  

6.1.1.2 Synthesis of a protected CRBN Ligand 

There is literature precedence for the use of the 2-(trimethylsilyl)ethoxymethyl group (SEM) to 

protect the amide of the glutarimide ring of a CRBN ligand. This protecting group is used in the 

synthesis of PROTAC SJF608, a degrader of Brutons’s tyrosine kinase (BTK)186, and the SEM group is 

removed in the final step following selective O-alkylation of the phthalimide ring (Figure 6.8).  
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Figure 6.8 The published synthetic route of SJF608. The SEM protecting group is used on the glutarimide ring of 

a CRBN ligand. Synthetic route published in Jaime-Figueroa et al.186. 

A new retrosynthetic scheme was devised for PROTACs for PRMT1 that recruit CRBN. An analogue of 

4-hydroxythalidomide with a protected glutarimide ring will lead to selective O-alkylation. The SEM 

protecting group is acid labile and should be removed in the same deprotecting step as the THP and 

N-Boc protecting groups on the PRMT1 ligand (Figure 6.9). 

 

Figure 6.9 Updated retrosynthesis of CRBN-recruiting PROTACs with an ether bond between the linker and 

CRBN ligand.  
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To produce the N-SEM-protected CRBN ligand 35, 4-hydroxythalidomide was reacted with 2-

(trimethylsilyl)ethoxymethyl chloride (SEMCl) using a range of conditions. However in each case, the 

nitrogen of the glutarimide ring was not protected and the only product isolated was 36 where the 

hydroxyl group on the phthalimide ring is protected by SEM (Table 6.1). 

Table 6.1 Attempted protection of the glutarimide ring with SEMCl. Product 35 is the desired product with the 

amide of the glutarimide ring protected. 36 results from the protection of the hydroxyl group attached to the 

phthalimide ring. In entry 1, the low yield is likely due to the hydrolysis of the glutarimide ring (discussed in 

more detail later). 

 

Entry Conditions Yield of 35, % Yield of 36, % 

1 SEMCl, KI, K2CO3, DMSO, 80oC, o/n 0 11 

2 SEMCl, DBU, DMF, rt, 2 hr 0 58 

 

To confirm that the glutarimide ring can be protected, 4-fluorothalidomide was reacted with SEMCl 

and the protection of the glutarimide ring was observed at quantitative yield (Figure 6.10). 

 

Figure 6.10 SEM protection of 4-fluorothalidomide.  

Attempts at the regioselective protection of 4-hydroxythalidomide were abandoned and 35 was 

synthesised using a literature procedure where the glutarimide ring is protected prior to the 

presence of other acidic groups187. tert-Butyl(2,6-dioxopiperidin-3-yl)carbamate was protected with 

SEMCl to give 38, which subsequently underwent a deprotection/condensation reaction with 4-

hydroxyisoindole-1,3-dione to give 35 (Figure 6.11). The reaction time for this step was optimised to 

2 hours. After 4 hours of heating, the only product identified in the reaction mixture was 4-

hydroxythalidomide, likely occurring due to deprotection of the SEM group of product 35 with 

extended heating in trifluoroethanol188. 
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Figure 6.11 Synthesis of SEM-protected 4-hydroxythalidomide. Conditions adapted from Burslem et al.187.  

6.1.1.3 PROTAC synthesis  

With SEM-protected CRBN ligand 35 in hand, PROTAC synthesis commenced. An O-alkylation 

reaction with PRMT1 ligand 11 and linker 39 produced 40 in moderate yield (Table 6.2). The over-

alkylated product, where both iodine atoms of the linker are substituted with the PRMT1 ligand, was 

identified in the reaction mixture by LC/MS, however its formation was minimised by the slow 

addition of four equivalents of linker 39 to PRMT1 ligand 11 at 0oC.  

Table 6.2 Synthesis of 40. Linker 39 was synthesised Dr F. Javier Pérez-Areales. 

 

Entry m= Yield of 40, % 

l 3 65 

m 4 58 

n 5 38 

 

40n was taken forward for O-alkylation with CRBN ligand 35 and then deprotected under acidic 

conditions. The THP, N-Boc and SEM protecting group would be expected to be removed as they are 

all acid labile189 however in the deprotection of 41n, the SEM group was only partially removed to 

give the hemiaminal 42n with a N-hydroxymethyl group (Figure 6.12). This compound has a 

distinctive singlet in the 1H NMR spectrum at δ 5.05 which is characteristic of the methylene protons 

(N-CH2OH). 
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Figure 6.12 Synthesis of 42n. The incomplete removal of the SEM protecting group was observed with the same 

acidic deprotection conditions (1:1 TFA:DCM) used in the synthesis of SJF608 (Figure 6.8). 41n was taken 

forward to the deprotection step without purification.  

With the intention to obtain a model substrate on which conditions for the removal of the N-

hydroxymethyl group could be optimised, SEM-protected 4-fluorothalidomide 37 was deprotected 

using the acidic conditions used in Figure 6.12 but complete SEM deprotection was observed (Figure 

6.13). 

 

Figure 6.13 Complete SEM deprotection when 37 was subjected to the deprotection conditions used in Figure 

6.12.  

The removal of the SEM protecting group on a nitrogen has been reported to be more problematic 

than an oxygen and the ease of deprotection varies with the substrate190,191. In the deprotection of 

41n, the N-hydroxymethyl product 42n may form because the nitrogen of the glutarimide ring is not 

protonated due to resonance stabilisation (Figure 6.14). The N-hydroxymethyl group of 42n may be 

stable to further deprotection because of intramolecular hydrogen bonding interactions192.  
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A 

 
B 

 

Figure 6.14 Proposed mechanism for complete (A) and partial (B) N-SEM deprotection. A) In a molecule that 

contains a nitrogen that can readily act as a Lewis base, full deprotection of the SEM group occurs under acidic 

conditions. B) With a SEM-protected CRBN ligand, the nitrogen is not protonated under the acidic conditions 

due to resonance stabilisation (a single resonance structure is shown) and the N-hydroxymethyl product forms.  

To remove the N-hydroxymethyl group, a range of conditions were attempted in small-scale reactions 

of 42n with reaction monitoring by LC/MS. The hemiaminal was found to be stable to acidic 

conditions (entry 1-5) but was successfully removed under basic conditions (entry 7) (Table 6.3).  

Table 6.3 Attempted deprotection of 42n. Analysis by LC/MS must use the spectra obtained from ionisation in 

the ESI+ mode as fragmentation in the ESI- mode results in the same m/z value for both the products from 

partial and complete SEM deprotection.  

 
Entry Conditions Ref Result indicated by LC/MS 

1 HCl, MeOH, rt, 1 hr - No change 

2 1:1 TFA/EtOAc, rt, 1 hr - No change 

3 100% TFA, rt, 5 hr 193  No change 

4 Methane sulfonic acid, MeCN, rt, o/n 194  No change 

5 MgBr2, Et2O, MeNO2, rt, 2 hr 195 No change 

6 TBAF, THF, rt, 1 hr 195 Multiple UV active products formed. 

7 NH4OH, MeCN, rt, 1 hr 196 Full conversion to desired product  
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The requirement of a two-step deprotection of an N-SEM group with acidic conditions followed by 

basic conditions is reported in the literature194,196–198. Furthermore, in the synthesis of SJF608, 

although complete N-SEM deprotection was reported with a single acidic deprotection step, 

purification was then undertaken by preparative TLC using a basic mobile phase186. It is unclear at 

which stage complete deprotection to the glutarimide occurred. 

Caution was taken as the hydrolysis of thalidomide, which has the same pharmacophore as the CRBN 

ligands used in this project, is base-catalysed199,200. The hydrolysis of thalidomide results in the 

opening of the glutarimide ring, or the 5-membered ring of the phthalimide group (Figure 6.15) 

which affects the binding affinity of the ligand to CRBN and the ligand’s pharmacokinetic 

properties201. 

A 

pH  Thalidomide half-life, 

hr 

2.0 >100 

3.6 >100 

6.1 25 

7.4 3 

8.0 0.8 
 

B 

 

Figure 6.15 Thalidomide is hydrolysed under basic conditions. A) pH has a significant effect of the half-life of 

thalidomide at 37oC in 0.1 M phosphate buffer with an ionic strength of 0.3. Half-life values published in Reist et 

al.200. B) Structure of the three major products of thalidomide hydrolysis199. 

Reaction monitoring by LC/MS identified that complete deprotection of the N-hydroxymethyl group 

in 42n occurred within 5 minutes. The reaction was then acidified to pH 1 to minimise hydrolysis. 

This optimised route was used to afford three CRBN-recruiting PROTACs, PROTAC L-N (Table 6.4).  
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Table 6.4 Synthesis of PROTAC L-N. 

 

Entry m= Yield over 3 steps, % Product 

l 3 7 PROTAC L 

m 4 4 PROTAC M 

n 5 25 PROTAC N 

 

6.1.2 Stability in cell culture media  

The stability of PROTAC L and PROTAC N was tested in cell culture media and the PROTACs were 

found to have low stability and were converted to compounds with higher polarity. The low stability 

is likely due to the hydrolysis of the glutarimide ring which, under the conditions of this experiment, 

is expected to follow pseudo first-order kinetics200,202. An exponential decay curve was fitted and the 

half-life of PROTAC L and PROTAC N was determined as 0.9 hours and 1.0 hour respectively (Figure 

6.16).   
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Figure 6.16 Stability of PROTAC L and PROTAC N in cell culture media. 400 µM PROTAC and 400 µM caffeine 

were incubated in DMEM supplemented with 10% FBS at 37oC in an ambient atmosphere. A). Representative 

UV-HPLC chromatograms for PROTAC L at various time intervals. Absorbance recorded at λ = 254 nm. B) Same 

as A with PROTAC N. C) The Y-axis is the percentage of PROTAC remaining compared to the peak area ratio of 

PROTAC-to-caffeine at 0 hr. Data from three independent experiments. Mean and standard error plotted. The 

data was fitted with an exponential decay function with the plateau constrained to zero. 

This assay is sufficient to show that the half-lives are short. To calculate a more accurate half-life, 

analysis should be undertaken at more frequent time intervals. In addition, an analytical method 

with a shorter analysis time should be used as the run time of the HPLC method in this experiment 

was 15 minutes and on-column hydrolysis may have affected the accuracy of the observed half-life203. 

Bricelj et al. show that changing the functional group between the CRBN ligand and the linker can 

have a large effect on PROTAC stability in aqueous buffer. They show that an amide and a secondary 

amine have significantly greater stability than an ether functional group204 (Table 6.5). Thus, focus 

turned to synthesising PROTACs that contain these functional groups.  
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Table 6.5 Published stability of different functional groups between a ligand and CRBN ligand. Stability refers 

to the remaining starting material as determined by HPLC. The PEG linker and benzyl ether group were shown 

to be stable under the conditions of the experiment. Stability data published in Bricelj et al.204. 

 

Entry X Y Stability after 24 hr in PBS 

(pH 7.4) at 37oC, %204 

1 O CO 46 

2 

 

CH2 79 

3 NH CO 80 

 

6.2 Amide bond between linker and CRBN ligand 

A retrosynthetic scheme was devised to synthesise PROTACs with an amide bond between the CRBN 

ligand and the linker. The PRMT1 ligand must be alkylated first to avoid N-alkylation of the CRBN 

ligand’s glutarimide ring. In the first step, a protecting group must be employed to protect the 

carboxylic acid on the linker. It should then be removed selectively prior to the amide coupling 

reaction (Figure 6.17).  

 

Figure 6.17 Retrosynthesis of CRBN-recruiting PROTACs with an amide bond between the linker and CRBN 

ligand. 
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The tert-butyl ester (tBu) protecting group was chosen as there are reports of the selective removal 

of the tBu group in the presence of a N-Boc protecting group205,206. The tBu-protected linker 43 was 

reacted with PRMT1 ligand 11 to give 44. 44 was subjected to the published literature conditions for 

selective tBu deprotection however non-selective deprotection was observed and the route was 

abandoned (Table 6.6). 

Table 6.6 Attempts to remove the tBu protecting group selectively in the presence of the N-Boc and THP 

protecting groups. The acid labile protecting groups are shown in a black dashed box. Linker 43 was 

synthesised by Dr F. Javier Pérez-Areales. 

 

Entry Conditions Reference Result indicated by LC/MS analysis 

1 ZnBr2, DCM, rt, o/n 205 N-Boc and tBu deprotection 

2 1. CeCl3.7H2O-NaI, MeCN, 85oC, o/n 

2. Reaction quenched with large 

excess of acid 

206 N-Boc, tBu and THP deprotection 

3 1. CeCl3.7H2O-NaI, MeCN, 85oC, o/n 

2. Reaction quenched with acid to 

give a 0.1 mM solution 

206 Large number of products. None 

with correct mass for selective tBu 

deprotection. 

 

Future work should repeat the proposed route with a protecting group for the carboxylic acid that 

can be selectively removed, for example the methyl ester207. Alternatively, the product from entry 1 

of Table 6.6 should be re-protected with di-tert-butyl dicarbonate (Boc2O) to give the desired 

product208.  

6.3 Amine bond between linker and CRBN ligand 

6.3.1 Synthesis 

The nitrogen of a primary amine is a better nucleophile than the oxygen of a primary alcohol and can 

undergo nucleophilic aromatic substitution reactions (SNAr)209. 6-amino-1-hexanol was reacted with 

PRMT1 ligand 11 in a Mitsunobu reaction to give 45 which contains a nucleophilic primary amine. A 

SNAr was then undertaken with 4-fluorothalidomide and the product deprotected to give the 
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PROTAC P at low yield (Figure 6.18). Each step in this synthesis saw conversion to multiple products 

and careful, time-intensive purification was required. The route required optimisation. 

 

Figure 6.18 Synthesis of PROTAC P. Despite multiple rounds of purification, 45 was taken forward to the SNAr 

reaction impure. The SNAr reaction produced many products and purification was undertaken before and after 

the deprotection step. 

The order of the first two steps was reversed so the SNAr occurred first to give 46 which contains a 

hydroxyl group. A Mitsunobu reaction with PRMT1 ligand 11 was then attempted but produced many 

products, none of which had the desired m/z in the LC/MS spectrum (Figure 6.19). 

 

Figure 6.19 Attempted alternative synthetic route for PROTAC P. The order of Mitsunobu reaction and SNAr 

was reversed compared to the route shown in Figure 6.18. 

The Mitsunobu reaction appeared to be the yield-limiting step and therefore it was abandoned and 

replaced with an alkylation reaction. To prevent a competing alkylation reaction on the glutarimide 

ring of the CRBN ligand, the SNAr reaction was repeated with SEM-protected 4-fluorothalidomide 37. 

37 underwent a SNAr with the primary amine of the linker to give 47. The hydroxyl group on 47 was 

converted to a good leaving group by mesylation followed by iodination to give 49. This underwent 

an alkylation reaction with PRMT1 ligand 11 and then deprotection using acidic conditions to afford 

50. The N-hydroxymethyl group from the partial deprotection of the SEM group was then removed 

using basic conditions to give PROTAC O, PROTAC P and PROTAC Q (Table 6.7). 

The yield of PROTAC P achieved via this route (13%) was higher yielding that the first route 

attempted (3% in Figure 6.18). 
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Table 6.7 Synthesis of PROTAC O-Q.  

 

Entry 

 

Yield of 47, % Yield over 5 steps, % Product 

o m=5 51 35 PROTAC O 

p n=6 47 27 PROTAC P 

q n=10 65 5 PROTAC Q 

 

6.3.2 Stability in cell culture media 

The stability of PROTAC O-Q in cell media was greater than that for the PROTACs with an ether bond 

between the linker and CRBN ligand. The half-life of PROTAC O and PROTAC P were determined as 

2.1 and 2.2 hours respectively and PROTAC Q had a longer half-life of 6.2 hours (Figure 6.20).  
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Figure 6.20 Stability of PROTAC O-Q in cell culture media. 400 µM PROTAC and 400 µM caffeine were 

incubated in DMEM supplemented with 10% FBS at 37oC in an ambient atmosphere for 48 hr. A) The Y-axis is 

the percentage of PROTAC remaining compared to the peak area ratio of PROTAC-to-caffeine at 0 hr. Data from 

three independent experiments. Mean and standard error plotted. The data was fitted with an exponential 

decay function with the plateau constrained to zero. B-D) Representative UV-HPLC chromatograms for PROTAC 

O-Q at various time intervals. Absorbance recorded at λ = 254 nm. * indicates the peak integrated for the 

respective PROTAC. 

To validate the precision and accuracy of the determined half-lives for the PROTACs, a comparison of 

the half-life of pomalidomide using this assay to literature values was attempted. However the 

absence of reported values for pomalidomide prevented any conclusions on the validity of the assay 

to be made (Appendix 1G).  

6.4 Library of CRBN-Recruiting PROTAC 

The six CRBN-recruiting PROTACs synthesised were taken forward for in vitro testing (Table 6.8). 
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Table 6.8 CRBN-recruiting PROTACs synthesised. 

 

Linker X PROTAC 

m=3 O  PROTAC L 

m=4 O PROTAC M 

m=5 O PROTAC N 

m=5 NH PROTAC O 

n=6 NH PROTAC P 

n=10 NH PROTAC Q 

 

6.5 Degradation Efficacy by Western Blot  

The six PROTACs were tested in MCF-7 cells at 10 µM. Neither PRMT1 nor PRMT6 degradation was 

observed. PROTAC P inhibited PRMT1 and Type I PRMT as shown by an increase in the level of MMA 

and a decrease in ADMA. A small decrease in ADMA was observed with PROTAC Q suggesting Type I 

PRMT inhibition (Figure 6.21). 

 

Figure 6.21 Western blot of PROTAC L-Q in the MCF-7 cell line at 10 µM. MCF-7 cells were treated with the 

indicated compounds at 10 µM for 24 hr and then harvested for analysis by Western blot. Image representative 

of two independent experiments. 
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To account for the hook effect, the PROTACs that showed inhibitory activity at 10 µM were tested at 

lower concentrations in the MCF-7 cells. PRMT1 and PRMT6 degradation was not observed (Figure 

6.22).  

 

Figure 6.22 Western blot of PROTAC P and PROTAC Q in the MCF-7 cell line at 1 and 0.1 µM. MCF-7 cells were 

treated with the indicated compounds for 24 hr and then harvested for analysis by Western blot. Image 

representative of two independent experiments. 

The empirically determined half-lives for PROTAC L-Q were between 0.9 and 6.2 hours. To maintain a 

concentration of at least 50% of the initial concentration of PROTAC, an experiment was undertaken 

where MCF-7 cells were treated hourly with 1 µM of the PROTAC for six hours. PRMT1 and PRMT6 

degradation was not observed with any of the PROTACs (Figure 6.23).  

 

Figure 6.23 Western blot of selected VHL-recruiting PROTACs and CRBN-recruiting PROTACs in the MCF-7 cell 

line. 1 µM of PROTAC was added hourly for six hours. MCF-7 cells were treated with 1µM of the indicated 

PROTAC and one-hour later an additional 1 µM of PROTAC was added. This was repeated 4 further times (the 

total concentration of PROTAC added was 6 µM and the total incubation time was 6 hr). The cells were then 

harvested for analysis by Western blot.  
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Finally, the PROTACs were tested at 10 µM in the PDAC cell lines. PRMT1 and PRMT6 degradation 

was not observed. Type I PRMT and PRMT1 inhibition was observed with PROTAC P and PROTAC Q 

(Figure 6.24). 

 

Figure 6.24 Western blot of PROTAC L-Q in two PDAC-derived cell lines at 10 µM. HPAF-II and KP-3 cells were 

treated with the indicated compounds at 10 µM for 24 hr and then harvested for analysis by Western blot.  

6.6 NanoBRET Target Engagement Assay 

To gain mechanistic insight into whether the PROTACs bind to CRBN, a NanoBRET target engagement 

assay was undertaken. Bioluminescence resonance energy transfer (BRET) is measured in this assay. 

BRET is achieved by the transfer of luminescent energy from a fusion protein comprising NanoLuc 

luciferase and CRBN (NLuc-CRBN) to a fluorescent tracer. When the tracer is bound to NLuc-CRBN, 

BRET occurs. When the tracer is incubated with a PROTAC that also binds to the CRBN-NLuc fusion 

protein, there is competition for binding and a decrease in BRET (Figure 6.25). The decrease in BRET 

is proportional to ‘target engagement’ which refers to the ability of the PROTAC to bind to the NLuc-

CRBN fusion protein. Target engagement will reflect the PROTAC’s binding affinity to CRBN and the 

PROTAC’s pharmacokinetic properties such as cell permeability and PROTAC stability. 
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B 

 

Figure 6.25 Schematic of the NanoBRET assay to measure the ability of a PROTAC to bind to CRBN in live cells. 

A) The effect of PROTAC binding on BRET. B) Summary of key steps in the protocol. A NanoBRET assay was first 

described by Machleidt et al.210. Figure adapted from the ‘NanoBRET TE Intracellular E3 Ligase Assay’ technical 

manual (Promega, #N2910). 

The assay was undertaken with selected PROTACs and pomalidomide was used as a positive control. 

It can be assumed that binding to the NLuc-CRBN fusion protein is representative of binding to 

endogenous CRBN211. BRET was measured after a two hour incubation so the data is representative 

of this timepoint and the IC50 is defined as the concentration of the PROTAC that results in half-

maximal inhibition of tracer binding to NLuc-CRBN fusion protein. The results are shown in Figure 

6.26 and Table 6.9.  
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Figure 6.26 Target engagement of selected PROTACs to NLuc-CRBN in the MCF-7 cell line. Data is normalised 

to untreated cells and BRET calculated by BRET emission intensity / NLuc emission intensity. The mean and 

standard error of two independent experiments, with multiple biological replicates, are shown.  

Table 6.9 IC50 for PROTAC binding to NLuc-CRBN in the MCF-7 cell line. The lower the IC50 the greater the target 

engagement of the PROTAC. IC50 values calculated using the [inhibitor] vs. response curve fit with variable slope 

in GraphPad Prism.  

 

 X Linker IC50, µM 

Pomalidomide  NH2 - 0.1 

 PROTAC L  O m=3 1.2 

PROTAC N  O m=5 >10 

PROTAC O NH m=5 1.9 

PROTAC P  NH n=6 0.2 

 

PROTAC P showed a similar target engagement to CRBN as pomalidomide. A dose-dependent 

reduction in BRET was observed at 1 and 10 µM with PROTAC L and PROTAC O, whereas PROTAC M 

saw only a reduction in BRET at 10 µM. These results show that all the PROTACs tested are cell 

permeable and bind to CRBN, albeit at differing potencies.  

PROTAC N and PROTAC O differ only in the functional group between the CRBN ligand and the linker, 

and therefore target engagement for CRBN appears greater with an amine bond between the linker 

and CRBN ligand compared to an ether bond (Figure 6.27).  
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Figure 6.27 Structure of PROTAC N and PROTAC O.  

This assay should be repeated with a greater range of PROTACs to gain insight into the effect of 

varying linker identity and the functional group that connects the linker on CRBN target engagement. 

6.7 Discussion and Conclusions 

PRMT1 degradation was not observed with any of the six CRBN-recruiting PROTACs synthesised. 

PROTAC stability and CRBN target engagement were greater with an amine functional group between 

the linker and CRBN ligand than an ether functional group. The two PROTACs that contain an alkyl 

linker inhibited PRMT1 (Table 6.10). 

Table 6.10 A summary of the biological activity of the CRBN-recruiting PROTACs in the MCF-7 cell line. 

Inhibition and degradation were determined by Western blot with 24 hr treatment of ≤10 µM of the PROTAC in 

the MCF-7 cell line. CRBN target engagement was determined by the NanoBRET assay and scored depending on 

the fold-change in IC50 compared to pomalidomide. High is < 5-fold less potent. Medium is < 20-fold less potent. 

Low is > 20-fold less potent but potency is observed. N.D. = not determined.  

 

 Linker X t1/2, 

hr 

Degradation  Inhibition CRBN target 

engagement 

    PRMT1 PRMT6   Type I  PRMT1 

PROTAC L m=3 O 0.9       Medium 

PROTAC M m=4 O N.D.      N.D. 

PROTAC N m=5 O 1.0      Low 

PROTAC O m=5 NH 2.1      Medium 

PROTAC P n=6 NH 2.2    ✓ ✓ High 

PROTAC Q n=10 NH 6.2    ✓ ✓ N.D. 
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The CRBN-recruiting PROTACs with a PEG linker did not inhibit Type I PRMT activity despite the 

NanoBRET target engagement assay showing they were cell permeable. The VHL-recruiting PROTACs 

with a PEG linker also did not inhibit Type I PRMT activity. This leads to the tentative conclusion that 

the PEG chain prevents PRMT1 binding, and this is likely through unfavourable electrostatic 

repulsions between the PEG chain oxygens of the PROTAC and amino acid sidechains in the binding 

pocket on PRMT1. The effect of the linker composition on PRMT1 binding affinity should be 

determined by measuring the binding affinity of the PROTACs to recombinant PRMT1 protein, and 

the reason behind any differences could be investigated by computational protein-ligand docking212.  

Further investigation into PROTAC P should be undertaken as it can bind both PRMT1 and CRBN. As 

degradation was not observed, it can be assumed that the ubiquitination of PRMT1 does not occur 

with PROTAC P. Before the synthesis of further PROTACs, it should be determined if a ternary 

complex does occur, as this will determine the next stage for PROTAC design (Figure 6.28). 

 

Figure 6.28 Schematic of the binding interactions of PROTAC P.  

All the CRBN-recruiting PROTACs synthesised in this project were unstable in cell culture media. 

CRBN ligands that are more stable to hydrolysis have been published which include a phenyl 

glutarimide213 and two phenyl dihydrouracils214,215 (Figure 6.29). These ligands should be used in the 

future synthesis of CRBN-recruiting PROTACs for PRMT1. 

 

Figure 6.29 Published CRBN ligands that have high stability to hydrolysis. Ligands published by Min et al.213, 

Jarusiewicz et al.214 and Xie at al.215.   
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7 Heterobifunctional Molecules with N-Glutarimide Ring 

Alkylation 

During the synthesis of the CRBN-recruiting PROTACs, the undesired N-alkylation of the glutarimide 

ring of the CRBN ligand led to the isolation of product HBM1 (Figure 7.1). 

 

Figure 7.1 Structure of HBM1. The synthesis and characterisation of HBM1 were discussed in Section 6.1.1.1. 

In MCF-7 cell culture media, the half-life of HBM1 was determined as 9.5 hours (Figure 7.2). Similar 

to thalidomide, the hydrolysis of the glutarimide ring and the 5-membered ring of the phthalimide 

group of the CRBN ligand are considered the reasons for this instability199. 
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Figure 7.2 Stability of HBM1 in cell culture media. 400 µM HBM1 and 400 µM caffeine were incubated in 

DMEM supplemented with 10% FBS at 37oC in an ambient atmosphere for 48 hr. A). The Y-axis is the 

percentage of HBM1 remaining compared to the peak area ratio of HBM1-to-caffeine at 0 hr. Data from two 

independent experiments with duplicate technical replicates. Mean and standard error plotted. The data was 

fitted with an exponential decay function with the plateau constrained to zero. B) Representative UV-HPLC 

chromatograms for HBM1 at various time intervals. Absorbance recorded at λ = 254 nm. * indicates the peak 

integrated for caffeine. 

7.1 Degradation Efficacy by Western Blot 

HBM1 was investigated in the MCF-7 cell line and a loss of PRMT1 signal was observed at 10 µM 

(Figure 7.3).  
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Figure 7.3 Western blot of HBM1 in the MCF-7 cell line. MCF-7 cells were treated with HBM1 at the indicated 

concentration for 24 hr and then harvested for analysis by Western blot.  

The reproducibility of the observed reduction in PRMT1 signal was investigated further with an 

increased dose of HBM1 and in three cell lines. Quantification of the signal has been undertaken 

however the values have been rounded to one decimal place to account for the uncertainty in the 

measurements in the Western blot assay85. The dose-dependent degradation of PRMT1 by HBM1 

was observed in all three cell lines. For MCF-7 cells treated with 10 µM HBM1 for 24 hours, the mean 

PRMT1 degradation efficacy is 63 ± 6 % (SE) (n=6), and the degradation appears selective to PRMT1 

over PRMT6. In the HPAF-II and KP-3 cell lines, PRMT1 degradation was observed however the effect 

of HBM1 on the protein level of PRMT6 is inconclusive (Figure 7.4).  

 

Figure 7.4 Western blot of HBM1 in the MCF-7, HPAF-II and KP-3 cell lines. Cells were treated with HBM1 at 

the indicated concentration for 24 hr and then harvested for analysis by Western blot. The arrow (←) indicates 

the band quantified for MMA.  

Additional time points were also investigated, and PRMT1 degradation was not observed at the 

shorter time points tested (4 and 8 hours). Degradation was however observed at 48 hours (Figure 

7.5). 
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Figure 7.5 Western blot of HBM1 in the MCF-7 cell line at various time points. MCF-7 cells were treated with 

HBM1 at the concentration and time indicated and then harvested for analysis by Western blot The arrow (←) 

indicates the band quantified for MMA.  

To assess the effect of HBM1 on cell proliferation, a colony formation assay was undertaken with 

MCF-7 cells treated with HBM1 for 15 days. In this assay, the ability of single cells to survive and 

reproduce to form colonies is assessed. Cells are seeded at a very low density and after the desired 

period, cell colonies are fixed and stained with crystal violet. The fewer the number and smaller the 

size of colonies, the lower the proliferation. The effect of HBM1 was investigated following a 15-day 

incubation in MCF-7 cells with treatment on day 0 and day 8. With 10 µM HBM1 treatment, a 

reduction in cell proliferation was observed alongside the reduction in the protein level of PRMT1. 

There was no change in the level of PRMT6. The expected inhibitory effects on Type I PRMT and 

PRMT1 activity were also observed indicating that HBM1 binds to Type I PRMT and PRMT1. In this 

experiment, GSK3368715 was found to be a more potent inhibitor of PRMT1 but it did not degrade 

PRMT1 (Figure 7.6). 
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B 

 

Figure 7.6 Colony formation experiment with HBM1 in the MCF-7 cell line. MCF-7 cells were treated with 

HBM1 at the indicated concentration. On day 7, the media was replaced, and the cells retreated with HBM1 at 

the indicated concentration. On day 15, the cells were (A) harvested for analysis by Western blot or (B) stained 

with crystal violet. The arrow (←) indicates the band quantified for MMA. Image representative of two 

independent experiments. 

Finally, a cell viability assay was undertaken and neither HBM1 nor GSK3368715 had a significant 

effect on cell viability at 48 hours following treatment. At 120 hours, treatment with HBM1 at 10 µM 

resulted in a significant loss of cell viability compared to untreated cells (Figure 7.7). 

A 

 

B 

 

Figure 7.7 A significant loss in cell viability was observed in MCF-7 cells following incubation with HBM1 for 

120 hr, but not 48 hr. MCF-7 cells were treated with GSK3368715 or HBM1 for (A) 48 hr or (B) 120 hr, and 

viability was assessed using the Promega Cell Titre-Glo assay. Mean and standard error plotted. For HBM1, 

data is from a single experiment with six technical replicates. For GSK3668715, data is representative of two 

independent experiments. Statistical analysis by a one-way ANOVA, *** p ≤ 0.001, **** p ≤ 0.0001, p > 0.05 are 

not significant and are not labelled.  
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7.2 Mechanism for HBM1-Induced PRMT1 Degradation 

The mechanism by which HBM1 degrades PRMT1 was investigated. First, the assumption that HBM1 

does not bind to CRBN was confirmed using the NanoBRET target engagement assay. In contrast to 

pomalidomide where a dose-dependent loss of BRET was observed, treatment with HBM1 does not 

affect BRET (Figure 7.8).  
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Figure 7.8 HBM1 does not bind to the E3-ligase CRBN. Data is normalised to untreated cells and BRET 

calculated by BRET emission intensity / NLuc emission intensity. The mean and standard error of two 

independent experiments with multiple biological replicates are shown. 

The degradation of PRMT1 by HBM1 was also found to be dependent on the proteasome; when 

MCF-7 cells were treated with both HBM1 and the proteasome inhibitor MG132, PRMT1 

degradation was not observed. MG132 also affected the ability of HBM1 to inhibit PRMT1 and Type I 

PRMT activity (Figure 7.9). 

 

Figure 7.9 The HBM1-induced degradation of PRMT1 is proteasome dependent. MCF-7 cells were treated with 

MG132 (100 µM), HBM1 (25 µM) or both compounds for 24 hr. The cells were harvested for analysis by Western 

blot. The arrow (←) indicates the band quantified for MMA. Image representative of two independent 

experiments. 
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7.3  Analogues of HBM1 

With the aim of increasing the maximum degradation efficacy observed, analogues of HBM1 were 

synthesised and evaluated for their ability to induce PRMT1 degradation. These heterobifunctional 

molecules differed from HBM1 in their linker composition and/or the substituent on the phthalimide 

ring of the CRBN ligand. The synthetic route for HBM1 was followed; a Mitsunobu reaction 

synthesised analogues of 34 which were N-alkylated by a CRBN ligand and deprotected to give 

HBM1-5 (Table 7.1). 

Table 7.1 Synthesis of HBM1-5. 

 

Entry 

 

Z Yield of 34, %  Yield over two steps, % Product 

1 m=1 4-OH 54 34 HBM1 

2 m=1 5-OH 54 14 HBM2 

3 n=5 4-OH 70 75 HBM3 

4 n=5 4-NH2 70 39 HBM4 

5 m=2 4-NH2 46 7(a) HBM5 

(a) Alternative conditions used: 1) NaI, Acetone, 80oC, 4 hr. 2) NaHCO3, NMP, 110oC, 3 days. Step 3) HCl 

MeOH, rt, 1 hr.  

 

HBM1-5 were tested at 10 µM and 25 µM in the MCF-7 cell line for 24 hours. HBM1 and HBM3 

degraded PRMT1, and HBM1 had the greatest potency for degradation out of the molecules tested. 

HBM4 had high potency for PRMT1 inhibition but did not degrade PRMT1 (Figure 7.10). From this 

data, it can be tentatively concluded that a 4-OH substituent on the phthalimide ring of the CRBN 

ligand is required for the degradation of PRMT1. 
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Figure 7.10 Western blot of HBM1-5 in the MCF-7 cell line. MCF-7 cells were treated with HBM1-5 at either 10 

µM (left) or 25 µM (right) for 24 hr and then harvested for analysis by Western blot. Image representative of 

two independent experiments.  

The molecules were further investigated. MCF-7 cells were treated hourly with 1 µM HBM1-5 for 6 

hours and PRMT1 degradation was not observed with any of the molecules. Upon the treatment of 

MCF-7 cells with 10 µM HBM1-4 for 48 hours, the same trends as shown in Figure 7.10 were 

observed, and with 1 µM HBM1-4 PRMT1 degradation was not observed (Appendix 1H). 

7.4 Discussion and Conclusions  

Five heterobifunctional molecules were synthesised and evaluated for PRMT1 degradation (Table 

7.2). 
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Table 7.2 A summary of the biological activity of the heterobifunctional molecules in the MCF-7 cell line. 

Inhibition and degradation determined by Western blot with 24 hr treatment of ≤ 25 µM of the molecule in the 

MCF-7 cell line. N.D. = not determined (inconclusive data in this instance).  

 

 Linker Z Degradation  Inhibition 

   PRMT1 PRMT6   Type I  PRMT1 

HBM1 m=1 4-OH ✓   ✓ ✓ 

HBM2 m=1 5-OH    N.D. N.D. 

HBM3 n=5 4-OH ✓   ✓ ✓ 

HBM4 n=5 4-NH2    ✓ ✓ 

HBM5 m=2 4-NH2    ✓ ✓ 

 

PRMT1 degradation was observed with HBM1 in the MCF-7, HPAF-II and KP-3 cell lines. In the MCF-7 

cell line, the degradation appears selective to PRMT1 over PRMT6 and is proteasome dependent. 

HBM1 also inhibited PRMT1 and Type I PRMT activity, and a loss of cell viability and proliferation was 

observed with the prolonged incubation of MCF-7 cells with HBM1.  

The degradation and observed selectivity of HBM1 should be investigated further. Considering the 

delay between HBM1 treatment and an observed loss of cell viability, as well as the sustained PRMT1 

degradation observed by Western blot in the colony formation experiment, a quantitative assay to 

measure the time course of PRMT1 degradation should be used to determine at what time point 

maximal PRMT1 degradation occurs. A fusion protein should be used where PRMT1 is tagged with a 

fluorescent protein (such as green fluorescent protein) or a luminescent protein (such as the HiBit 

protein) as this would enable the sensitive and kinetic measurement of PRMT1 protein levels86.  

The mechanism by which HBM1 induces the degradation of PRMT1 will now be considered. The 

degradation of HBM1 is proteasome dependent and does not require binding to the E3-ligase CRBN. 

Since the PRMT1 ligand 23 does not cause degradation (Section 4.2.2), nor any of the PROTACs 

synthesised in this project, it is proposed that the binding of the PRMT1 pharmacophore does not 

induce degradation, but instead it is the bifunctional nature of HBM1 with the N-alkylated CRBN 

ligand and a hydroxyl group at the 4-position of the phthalimide ring. The importance of the hydroxyl 
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functional group in causing PRMT1 degradation should be probed by evaluating the O-methylated 

analogue of HBM1 in vitro (Figure 7.11).  

 

Figure 7.11 A methylated analogue of HBM1 should be investigated to determine if the 4-OH substituent on 

the CRBN ligand is critical for PRMT1 degradation. 

From the literature, two mechanisms for monomeric degradation are highlighted as the potential 

route by which HBM1 induces PRMT1 degradation. First, the degradation may occur by a mechanism 

similar to the FDA-approved selective estrogen receptor degrader (SERD) fulvestrant. Fulvestrant is a 

heterobifunctional molecule comprising the endogenous ligand for ER oestradiol attached to a highly 

lipophilic perfluoroalkyl functional group216 (Figure 7.12). Fulvestrant induces ER degradation by 

binding to a monomer of ER. This prevents the dimerisation of ER and its translocation to the 

nucleus. Monomeric ER cannot translocate which results in the acceleration of ER degradation in the 

nucleus217.  

A 

 

B 

 

 

Figure 7.12 Fulvestrant degrades the oestrogen receptor (ER). A) Structure of oestradiol and Fulvestrant. B) ER 

degradation is induced by fulvestrant. T47D cells were treated with 0.1 mmol/L fulvestrant for 2 hr and 

analysed by Western blot. Figure adapted from Ishii et al.218.  

To proceed by this mechanism, HBM1 must bind to non-dimerised PRMT1. Ligands frequently have 

high affinity to a specific conformation of their target protein219, and the only available data for the 

PRMT1 pharmacophore used in HBM1 is for dimerised PRMT113. Therefore, to validate if HBM1 

induces degradation in an analogous way to Fulvestrant, it should be determined whether HBM1 can 

bind to non-dimerised PRMT1. 
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The second proposed mechanism for the HBM1-induced degradation of PRMT1 is protein 

destabilisation upon molecule binding. The rational design of molecules that induce destabilisation 

has been achieved with a hydrophobic tagging approach48. A major driving force for protein folding is 

to minimise the number of hydrophobic amino acid sidechains that are exposed to the polar 

intracellular environment. This is because the exposure of hydrophobic sidechains can lead to the 

recognition of the protein as misfolded and its subsequent degradation220,221. A hydrophobic ligand 

can cause protein degradation by causing a change in the structure of the protein upon binding and 

exposing hydrophobic amino acids, or because the ligand bound to the protein can mimic a 

misfolded protein state48. An example can be shown with the degradation of the target protein EZH2. 

The addition of the bulky, hydrophobic adamantyl group to the EZH2 inhibitor C24 gives the 

heterobifunctional molecule MS1943. This molecule induces the dose-dependent and proteasome-

dependent degradation of EZH2222 (Figure 7.13). 

A 

 

 

B 

 

C 

 

Figure 7.13 The proteasome-dependent degradation of EZH2 with monomeric degrader MS1943. A) Structure 

of the monomeric degrader MS1943 which is produced by the addition of a hydrophobic group to the ligand of 

EZH2, C24. B) Dose-dependent degradation of EZH2 by MS1943 in the MDA-MB-468 cell line. Figure adapted 

from Ma et al.222. C) Proteasome-dependent degradation of EZH2 by MS1943. MG132 is a proteasome inhibitor, 

and when cells are treated with MG132 and HBM1, EZH2 degradation is not observed. Figure adapted from Ma 

et al.222. 

Because of the high polarity of HBM1, it is unlikely that HBM1 bound to PRMT1 mimics a misfolded 

protein state or that the binding of HBM1 causes the exposure of hydrophobic amino acids of PRMT1 

to the intracellular environment. However HBM1 may destabilise PRMT1 as a conformational change 

may be induced in PRMT1 due to HBM1 binding223, or the binding of HBM1 may lead to molecular 

chaperone deprivation. Molecular chaperones are proteins that facilitate homeostasis by assisting 
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protein folding. The inability to recruit the molecular chaperone can lead to protein misfolding and 

their recognition for degradation by the ubiquitin-proteasome system84,224.  

A Cellular Thermal Shift Assay (CETSA) should be used to determine whether HBM1 binding 

destabilises the structure of PRMT1. This assay measures a change in the thermal stability of a 

protein upon ligand binding. Upon heating to a certain temperature, a protein will unfold and lose its 

tertiary structure. The temperature when this occurs can be altered if, upon ligand binding, the 

protein is stabilised or destabilised225. In a CETSA, cells are exposed to a ligand and heated to a range 

of defined temperatures. The cells are then lysed and the soluble proteins are separated from 

insoluble protein aggregates by centrifugation. Denatured (unstable) protein precipitates whereas 

stable proteins remain solubilised. The amount of solubilised protein is quantified and plotted as a 

function of the temperature. If HBM1 destabilises the structure of PRMT1 upon binding, a decreased 

amount of solubilised protein at a given temperature would be observed compared to untreated 

cells (Figure 7.14). 

 

Figure 7.14 Expected results for a cellular thermal shift assay where HBM1 destabilises PRMT1 upon binding. 

Tagg is the temperature where 50% aggregation (unfolding) is observed. Protein destabilisation upon ligand 

binding will lead to a decreased Tagg. 

With the aim of provoking the destabilisation of PRMT1, a small library of hydrophobic tagged 

molecules should also be synthesised and evaluated for PRMT1 degradation. A range of linker 

compositions and lengths should be used to increase the likelihood of potent PRMT1 degradation 

(Figure 7.15). If degradation is observed, the biological effects of PRMT1 degradation should be 

evaluated as this may provide insight into the clinical utility of PRMT1 degradation. In addition, the 

selectivity of the molecules to PRMT1 over the other Type I PRMTs should be investigated.  
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Figure 7.15 Retrosynthesis of a library of hydrophobic-tagged monomeric degraders for PRMT1. 

Focus should however remain on developing a PROTAC for PRMT1 rather than a monomeric 

degrader as provoking degradation through protein instability has its disadvantages. One example is 

that the accumulation of misfolded proteins in the cell can cause stress which can lead to adverse 

effects, including cytotoxicity by apoptotic cell death226. Furthermore, it is unclear whether 

monomeric degraders proceed by event-driven pharmacology and can act catalytically or whether a 

high and sustained concentration of the molecule is required for effective degradation. The 

requirement of a high and sustained concentration would be disadvantageous as this often results in 

off-target binding and adverse effects64. 
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8 Conclusion and Future Work  

8.1 Conclusions  

This thesis details a novel approach to degrade PRMT1 using a PROTAC. PRMT1 has been highlighted 

as a protein whose degradation is a promising strategy for the treatment of breast cancer and PDAC. 

PRMT1 has also been determined to possess properties that make it amenable to PROTAC-induced 

degradation.  

Sixteen PROTACs comprised of a PRMT1 ligand, a linker and an E3-ligase ligand were synthesised. 

Synthetic routes were optimised for both VHL-recruiting PROTACs and CRBN-recruiting PROTACs and 

can be readily adapted to synthesise PROTACs with a range of linker lengths and compositions. In the 

synthesis of CRBN-recruiting PROTACs, regioselectivity challenges were overcome by the 

employment of a protecting group on the nitrogen of the glutarimide ring. The stability of the 

PROTACs in cell media was explored and improved for the CRBN-recruiting PROTACs by changing the 

functional group that attaches the linker to the CRBN ligand.  

A selective and sensitive Western blot protocol was used to measure changes in PRMT1 levels. 

PRMT1 degradation was not observed with any of the PROTACs synthesised. Cell permeability and 

PRMT1 binding were shown with selective PROTACs by the increased level of mono-methylated 

arginine upon PROTAC treatment. In addition, despite the short half-life of the CRBN-recruiting 

PROTACs in cell media, these PROTACs were shown to bind to CRBN. 

Five heterobifunctional molecules comprised of the PRMT1 ligand connected via a linker to the 

pharmacophore of the CRBN ligand were evaluated in vitro. The degradation of PRMT1 was observed 

with HBM1 in the MCF-7, HPAF-II and KP-3 cell lines. The degradation was proteasome dependent 

and appeared selective to PRMT1 over PRMT6. HBM1 does not bind to CRBN and is proposed to 

induce degradation by preventing PRMT1 dimerisation or destabilising the quaternary protein 

structure of PRMT1.  

8.2 Future Direction for PROTAC Development 

The PROTACs synthesised in this project should be assessed for their ability to form a ternary 

complex with PRMT1 and their respective E3-ligase. A BRET assay should be employed in which BRET 

occurs when proximity is induced between a fusion protein of PRMT1 and a fusion protein of the E3-

ligase211. In the absence of ternary complex formation, additional PROTACs should be synthesised 

with different linkers. If a ternary complex is observed, PROTACs that have a different chemical 

structure should be synthesised to increase the conformational diversity in the induced ternary 

complexes; this would increase the likelihood that a suitable orientation and distance between a 
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PRMT1 surface lysine and the ubiquitin of a charged E2-enzyme would occur and enable ubiquitin 

transfer. 

However, it is plausible that properties of the chosen PRMT1 ligand may prevent the PROTAC from 

simultaneously binding PRMT1 and the E3-ligase. GSK3368715 binds at the base of the large deep 

substrate binding pocket of PRMT113, and as the PROTACs synthesised in this project contain the 

same pharmacophore as GSK3368715, they will bind at the same position. Binding at the base of a 

deep pocket may limit the ability of the E3-ligase ligand to project into the intracellular fluid; the 

linker may not be of a sufficient length, or the flexible linker may ‘collapse’ to form favourable 

intermolecular interactions or interactions with amino acids in the hydrophobic substrate binding 

pocket of PRMT1. When selecting the PRMT1 ligand, focus was on the selection of a potent PRMT1 

ligand that could tolerate linker attachment without a loss in PRMT1 binding affinity. The spatial 

position of the ligand bound to PRMT1, and the predicted trajectory of the linker and E3-ligase 

ligand, were not considered and may be unsuitable. A PRMT1 ligand, that binds at a shallower pocket 

of PRMT1 should be used in the design of future PRMT1 PROTACs. 

A further limitation of the PRMT1 ligand used in this project is that the pharmacophore is not 

selective to PRMT1 over the other Type I PRMTs, and although a pan-selective ligand can be 

converted into a selective PROTAC, this has generally been a fortuitous occurrence and not through 

rational design227–230. The synthesis of additional PROTACs for PRMT1 should use an alternative 

PRMT1 ligand. However no selective PRMT1 ligands have been published to date; the PRMT1 ligands 

published are either a protein substrate mimetic or a SAM mimetic and because of the high 

sequence homology between the Type I PRMTs in the binding pockets for the protein substrate or 

SAM, they are all pan-Type I PRMT ligands231. A selective, allosteric, high-affinity ligand for PRMT1 

that binds in a shallow binding pocket should be developed and incorporated into a PROTAC. 

Schapira et al. have used a computational model to systematically search the PRMT1 structure for 

potential ligand binding pockets on the protein’s surface but do not identify one selective to PRMT1, 

nor PRMT6232. However a selective PRMT6 inhibitor was identified by Shen et al. by a high-

throughput screening assay and subsequent structure-activity relationship studies233. This empirical 

approach will likely be required to identify a suitable ligand for PRMT1.  

Regarding the E3-ligase, focus should turn to synthesising PROTACs that recruit a different E3-ligase 

as it has yet to be elucidated if a single E3-ligase can promote the degradation of every given target 

protein234. In particular, it may be beneficial to recruit E4B as PRMT1 is a native substrate of this E3-

ligase97. Hijacking this existing process may increase the chance of inducing ubiquitin transfer and 

PRMT1 degradation.  
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8.3 Future Direction for PRMT1 Degradation 

Moving forward from PROTAC-induced degradation, the efficient degradation of PRMT1 may be 

achieved by a heterobifunctional molecule that recruits a different component of the ubiquitin 

proteasome system.  

There are more than 600 different E3-ligases but only around 40 E2-enzymes235. A heterobifunctional 

molecule that recruits an E2-enzyme may induce the degradation of a broader and different scope of 

target proteins. This heterobifunctional molecule would still proceed via a ternary complex that 

facilitates the ubiquitination of the target protein and therefore it could act catalytically and have the 

ability for selective degradation. Forte et al. use heterobifunctional molecules containing a covalent 

ligand for the E2-enzyme UBE2D to degrade the proteins BRD4 and the androgen receptor236. An 

analogous heterobifunctional molecule for PRMT1 could lead to effective PRMT1 degradation, and a 

small library of molecules should be synthesised (Figure 8.1).  

A 

 

B 

 

Figure 8.1 Direct E2-enzyme recruitment for PRMT1 degradation. A) Schematic of ternary complex with a 

heterobifunctional molecule bound to the target protein and the E2-enzyme. Ubiquitination of the target 

protein would lead to its recognition by the proteasome for degradation. B) Proposed structure of a library of 

heterobifunctional molecules that recruit the UBE2D E2-enzyme (green) and PRMT1 (blue). A heterobifunctional 

molecule using the UBE2D ligand is published in Forte et al.236. Similar to the design of PROTACs, a range of 

linkers would be screened to maximise the likelihood of ternary complex formation and favourable 

pharmacokinetic properties.  

To avoid the necessity of the ubiquitination of PRMT1, a library of heterobifunctional molecules that 

directly bind to the proteasome should also be investigated. A macrocycle for binding to the 

proteasome has been published, and heterobifunctional molecules with this ligand have been coined 

‘chemical inducers of degradation’ (CIDE). Proof-of-principle has been shown with the degradation of 

the target protein BRD4237. For PRMT1 degradation, a small-molecule library of CIDEs with the 

PRMT1 ligand used in this project should be investigated (Figure 8.2). 
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Figure 8.2 Direct 26S recruitment for PRMT1 degradation. A) Schematic of ternary complex with a CIDE bound 

to the target protein and a subunit of the 26S proteasome. The proximity of the target protein to the 

proteasome would lead to its degradation. B) Proposed structure of a library of CIDEs comprised of a PRMT1 

ligand (blue) and a peptidic macrocycle that binds to the proteasome (green) connected by a linker. The full 

structure of the macrocycle is published in Bashore et al.237. 
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9 Experimental 

9.1 General Experimental 

All chemistry experiments were undertaken at the Yusuf Hamied Department of Chemistry, 

University of Cambridge. All non-aqueous reactions were conducted under a stream of dry nitrogen 

using oven-dried glassware. Temperatures of 0oC were maintained using an ice-water bath. All 

temperatures below -10oC were maintained using an acetone-cardice bath. Room temperature (rt) 

refers to ambient temperature. Reactions performed under microwave irradiation were performed in 

sealed vials using a Biotage Initiator+ microwave synthesiser. 

Solvents and Reagents Solvent and reagents were used as received from commercial sources unless 

otherwise stated. Anhydrous dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and 1,4-dioxane 

were purchased from commercial sources and used without further purification. Ethyl acetate 

(EtOAc), methanol (MeOH), dichloromethane (DCM) and acetonitrile were distilled from calcium 

hydride. Diethyl ether (Et2O) was distilled from a mixture of lithium aluminium hydride and calcium 

hydride. Tetrahydrofuran was dried using sodium wire and distilled from a mixture of lithium 

aluminium hydride and calcium hydride with triphenylmethane as an indicator. Petroleum ether (PE) 

was distilled before use and refers to the fraction between 40–60 °C. All other solvents and reagents 

were obtained from commercial suppliers and used without further purification.  

Reaction Monitoring Thin layer chromatography (TLC) was performed using pre-coated Merck glass 

backed silica gel 60 F254 plates and visualised by quenching of UV fluorescence (λmax = 254 nm) or by 

staining with potassium permanganate or ninhydrin. LC/MS was also used. 

LC/MS Liquid chromatography mass spectroscopy (LC/MS) was carried out using a Waters ACQUITY 

HClass UPLC with an ESCi Multi-Mode Ionisation Waters SQ Detector 2 spectrometer and a PDA eλ 

Detector (220–800 nm). The instrument was operated and data analysed using MassLynx 4.1. The 

instrument was equipped with a ACQUITY UPLC CSH C18 column (2.1 mm × 50 mm, 1.7 µm, PN: 

186005296) at 40 °C. A linear gradient system was used of 5-95% mobile phase B in mobile phase A, 

with constant 5% mobile phase C over 1 minute at flow rate of 0.6 mL/minute. Mobile phase A = 

2mM NH4OAc in H2O/MeCN (95:5), mobile phase B = MeCN, and mobile phase C = 2% HCOOH(aq). 

Low resolution mass spectrometry (LRMS) data was obtained from this instrument. 

Purification Flash column chromatography was carried out as detailed in Still et al.238 using Merck 

9385 Kieselgel 60 SiO2 (230–400 mesh) under a positive pressure of air. Automated flash column 

chromatography was carried out on a Combiflash Rf200 automated chromatography system with 

Redisep reverse-phase C18-silica flash columns (20–40 µm, 5.5/15/50 g). Preparative HPLC was 
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carried out using an Agilent 1260 Infinity with a reversed-phase Supelcosil™ ABZ+PLUS column (C18, 

250 mm × 21.2 mm, 5 µm, PN:54885) or Agilent Prep Agilent Prep 100Å (C18, 250 x 21.2 mm, 10 µm, 

PN: 410910-702). A linear gradient system was used (solvent A: 0.1% TFA in H2O, solvent B: 0.05% 

TFA in MeCN) at a flow rate of 20 mL min-1. HPLC was monitored by UV absorbance at 220 and 254 

nm. 

Analytical HPLC High pressure Liquid chromatography (HPLC) retention times (Rt) are reported from 

an Agilent 120 or 12600 Infinity system with a reversed-phase Agilent ZORBAX Eclipse XDB-C18 (150 

x 4.6 mm, 5 µm, PN:993967-902) or a Supelcosil™ ABZ+PLUS column (150 x 4.6mm, 3 µm PN:59194) 

eluting with a linear gradient system (solvent A: 0.05% TFA in H2O, solvent B: 0.05% TFA in MeCN) 

over 15 minutes at a flow rate of 1 mL min-1. HPLC was monitored by UV absorbance at 220 and 254 

nm.  

NMR Nuclear magnetic resonance spectra were recorded at ambient temperature on a Bruker DPX-

400 (400 MHz, 101 MHz), Bruker Advance 400 QNP (400 MHz, 101 MHz), Bruker Avance 500 Cryo 

Ultrashield (500 MHz, 126 MHz) and Bruker Advance 700 TXO Cryo Ultrashield (700 MHz). For proton 

NMR, 1H NMR chemical shifts (δH) are reported in parts per million (ppm), to the nearest 0.01 ppm, 

and are referenced to the residual non-deuterated solvent peak (CDCl3: 7.26, DMSO-d6: 2.50). 

Coupling constants (J) are reported in Hertz (Hz) to the nearest 0.1 Hz. Data are reported as follows: 

chemical shift, multiplicity (s = singlet; d = doublet; t = triplet; q = quartet, m = multiplet, br=broad 

peak) or as a combination of these), coupling constant(s), integration and assignment. For carbon 

NMR, 13C Chemical shifts (δC) are quoted in ppm, to the nearest 0.1 ppm, and are referenced to the 

residual non-deuterated solvent peak (CDCl3: 77.16, DMSO-d6: 39.52). 1H NMR and 13C NMR spectra 

assignments were supported by DEPT-135, COSY (2D, 1H-1H correlations), HSQC (2D, one bond 1H-13C 

correlations), HMBC (2D, multiple bond 1H-13C correlations) and NOESY/ROESY (2D, 1H-1H 

correlations) where appropriate. The numbering of molecules used for 13C and 1H NMR assignments 

does not conform to IUPAC standards. Spectra were processed using TopSpin v.4.1.3 (Bruker).  

HRMS High resolution mass spectrometry (HRMS) measurements were recorded with an Agilent 

6230 time-of-flight LC/MS with the Agilent 1260 Infinity II Prime LC system using Electrospray 

ionisation (ESI) techniques.  

IR Infrared (IR) spectra were recorded neat on a Perkin-Elmer Spectrum One or Bruker Alpha II FT-IR 

spectrometer using an Attenuated Total Reflectance (ATR) sampling accessory either as solids or oils. 

Selected absorptions (νmax) are reported in wavenumbers (cm-1) with the following abbreviations: w, 

weak; m, medium; s, strong; br, broad. Peaks were assigned using Coates et al.239.  
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9.2 Synthetic Procedures 

9.2.1 General Methods 

General method A The respective N-Boc protected amine (1 eq) was dissolved in DCM (5 mL/mmol) 

and TFA (5 mL/mmol) was added and the mixture and stirred at room temperature for 30 minutes. 

The solvent was removed in vacuo. To remove excess TFA, the residue was coevaporated with MeOH 

(x2) and toluene (x2). The deprotected amine and alcohol (1 eq) were dissolved in DMF (1 mL/mmol) 

and EtOAc (5 mL/mmol). DIPEA (2 eq) was added dropwise and the mixture was stirred for 10 

minutes at room temperature. HATU (1 eq) was added and the mixture was stirred at room 

temperature for 2 min. DMF (1 mL/mmol) was then added and the solution stirred for 1 hr at room 

temperature. DIPEA (1 eq) was then added and the reaction stirred for another 1 hr. The solvent was 

then removed in vacuo.  

General method B VHL ligand 1 (1 eq) was dissolved in DCM (5 mL/mmol) and TFA (5 mL/mmol) was 

added and the mixture stirred at room temperature for 30 minutes. The solvent was removed in 

vacuo. To remove excess TFA, the residue was coevaporated with MeOH (x2) and toluene (x2). The 

deprotected amine and the respective linker (1.2 eq) were dissolved in DMF (1 mL/mmol) and EtOAc 

(5 mL/mmol). DIPEA (3.2 eq) was added dropwise and the mixture was stirred for 10 minutes at 

room temperature. HATU (1.2 eq) was added and the mixture was stirred at room temperature for 2 

min. DMF (1 mL/mmol) was then added and the solution stirred for 2 hr (alkyl chloride linker) or 30 

min (alkyl bromide linker). The solvent was then removed in vacuo.  

General method C Crown ether (1 eq) was dissolved in nitrobenzene (1 ml/mmol) and ZrCl4 (1.5 eq) 

was added. The reaction was stirred at 135oC overnight. After allowing to cool to reach room 

temperature, the reaction was quenched with solid KHCO3 and water and the resulting suspension 

filtered through Celite and the solids washed with DCM. The filtrate was extracted with DCM (x3) and 

the combined organic layers dried with Na2SO4 and the solvent removed in vacuo to give a brown 

liquid. The nitrobenzene was removed by a short silica plug column (0% followed by 9% MeOH in 

DCM) to give the title compound.  

General method D The alcohol (1 eq) was dissolved in acetone (1 mL/mmol) and chromic acid 

solution {CrO3 (1.5 eq), water (100 µL/1 mmol of CrO3) and concentrated H2SO4 (66 µL/1 mmol of 

CrO3)} was slowly added at 0oC. The reaction was then stirred overnight at room temperature. The 

mixture was extracted with diethyl ether (x3). The combined organic layers were washed with brine, 

washed with water, dried with Na2SO4 and the solvent removed in vacuo to give the carboxylic acid 

which was used without further purification.  
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General method E To a solution of triphenylphosphine (2 eq) and alcohol (2 eq) dissolved in THF (1 

mL/mmol) was added DTBAD (2 eq) in THF (1 mL/mmol) at 0oC. Finally, a solution of PRMT1 ligand 11 

(1 eq) in THF (1 mL/mmol) was added dropwise at 0oC. The mixture was stirred for 1 hr at 0 °C then 

allowed to warm to room temperature and stirred overnight. The solvent was removed in vacuo and 

the residue purified by automated column chromatography (C18 Gold, 5-60% MeCN in 1% HCOOH(aq) 

over 45 CV).  

General method F The glutarimide-containing starting material (1 eq) and DBU (1.5 eq) were 

dissolved in DMF (5 mL/mmol). SEMCl (1.2 eq) was added dropwise at 0oC and the reaction stirred at 

room temperature for 2 hr. The reaction was quenched with NH4Cl(aq, saturated) and extracted with 

EtOAc (x3). 

General method G PRMT1 ligand 11 (1 eq) and Cs2CO3 (2 eq) were dissolved in DMF (10 mL/mmol). 

The respective diiodo-linker (4 eq) in DMF (5 mL/mmol) was added dropwise at 0oC and the rection 

stirred overnight at room temperature. The reaction was then purified by automated column 

chromatography (C18 Gold, 5-60% MeCN in 1% HCOOH(aq) over 40 CV). 

General method H CRBN ligand 37 (1 eq) and linker (1.1 eq) were dissolved in DMSO (10 mL/mmol). 

DIPEA (2 eq) was added and the mixture heated at 130oC for 2 hr. The mixture was then diluted with 

water and extracted with EtOAc. The organic layer was washed with water (x3), washed with brine, 

dried with Na2SO4 and the solvent removed in vacuo. The residue was then purified by automated 

column chromatography (C18 Gold, 5-95% MeCN in 1% HCOOH(aq) over 40 CV). 

General method I Alkyl halide (1 eq), PRMT1 ligand 11 (1 eq), K2CO3 (2 eq) and KI (0.2 eq) were 

dissolved in MeCN (15 mL/mmol) and heated at 80oC. The solvent was removed in vacuo and the 

residue dissolved in MeOH (20 mL/mmol) and HCl(aq, 37%) (20 mL/mmol) was added dropwise and the 

mixture stirred at room temperature for 1 hr. The solvent was then removed in vacuo. 

General method J The alcohol (1 eq) was dissolved in DCM (5 mL/mmol). At 0oC, Et3N (1.5 eq) and 

methanesulfonyl chloride (1.5 eq) were added in succession and the mixture stirred at room 

temperature for 3 hr. The reaction was quenched by the careful addition of MeOH and the solvent 

removed in vacuo. The residue was dissolved in water and extracted with EtOAc. The organic layer 

was washed with brine, dried with Na2SO4 and the solvent removed in vacuo. The residue and NaI (2 

eq) were dissolved in MeCN (5 mL/ml) and heated at 50oC overnight. The solvent was removed in 

vacuo and the residue diluted with Na2S2O3(aq, 10%) and extracted with DCM (x3). The combine organic 

layers were washed with water, dried with Na2SO4 and the solvent removed in vacuo. 
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General method K The alkyl chloride (1 eq) in DMSO (1.4 mL) was added to the respective CRBN 

ligand (1.2 eq), K2CO3 (2 eq) and KI (1 eq) and heated overnight at 80oC. The mixture was then diluted 

with water and extracted with DCM (x3). The combined organic layers were washed with water, dried 

with Na2SO4 and the solvent removed in vacuo. The residue was dissolved in MeOH (20 mL/mmol) 

and HCl(aq, 37%) (20 mL/mmol) was added dropwise and the mixture stirred at room temperature for 1 

hr. The solvent was then removed in vacuo. 

 

9.2.2 Compound 1-47 

tert-butyl N-[(1S)-1-[(2S,4R)]-4-hydroxy-2-[[4-(4-methylthiazol-5-yl)phenyl]methyl-

carbamoyl)pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl]carbamate (1) 

 

General method A was followed with N-Boc protected amine 10 (2.6 g, 6.3 mmol) and N-Boc-L-tert-

leucine. The resulting residue was then dissolved in EtOAc, washed with water, washed with brine, 

dried with Na2SO4 and the solvent removed in vacuo. The residue was purified by silica gel 

chromatography (0-5% MeOH in DCM) to give the title compound as a white solid (3.1 g, 92%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.58 (t, J=5.9 Hz, 1H, 9-NH), 7.40 (m, 4H, H6 and 

H7), 6.46 (d, J=9.3 Hz, 1H, 16-NH), 5.14 (d, J=3.1 Hz, 1H, 13-OH), 4.46-4.36 (m, 3H, H9 and H13), 4.23 

(dd, J=15.8 and 5.6 Hz, 1H, H11), 4.15 (d, J=9.3 Hz, 1H, H16), 3.67-3.60 (m, 2H, H14), 2.44 (s, 3H, H1), 

2.07-2.02 and 1.93-1.88 (m, 2H, H12), 1.38 (s, 9H, H21), 0.93 (s, 9H, H18). 13C NMR (125 MHz, d6-

DMSO) δ 171.9 (C10), 169.8 (C19), 155.3 (C15), 151.4 (C3), 147.7 (C2), 139.5 (C5), 131.2 and 129.7 

(C4 and C8), 128.7 and 127.4 (C6 and C7), 78.1 (C20), 68.9 (C13), 58.7 (C9), 58.4 (C16), 56.4 (C14), 

41.6 (C11), 38.0 (C12), 35.4 (C17), 28.2 (C21), 26.3 (C18), 15.9 (C1). Lab reference PM26 and PM27. 

Data are in accordance with those reported previously in literature123. 

 

(2S,4R)-4-hydroxy-N-{[2-hydroxy-4-(4-methylthiazol-5-yl)phe-nyl]methyl}-1-{(2S)-2-[(1-

isocyanocyclopropanecarbonyl)amino]-3,3-dimethylbutanoyl}pyrrolidine-2-carboxamide (2) 
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General method A was followed with N-Boc protected amine 7 (420 mg, 0.77 mmol) and 1-cyano-1-

cyclopropanecarboxylic acid. The resulting residue was purified by silica gel chromatography (0-7% 

MeOH in DCM with 0.5% NH4OH(aq)) to give the title compound as a colourless oil (332 mg, 84%).  

1H NMR (500 MHz, d6-DMSO) δ 9.81 (s, 1H, 16-OH), 8.94 (s, 1H, H22), 8.52 (t, J=5.9 Hz, 1H, 14-NH), 

7.36 (d, J=8.9 Hz, 1H, 5-NH), 7.31 (d, J=7.8, 1H, H20), 6.91 (d, J=1.8, 1H, H17) 6.83 (dd, J=7.8 and 1.8 

Hz, 1H, H19), 5.16 (d, J=3.7 Hz, 1H, 10-OH), 4.51 (m, 2H, H12 and H5), 4.34 (m, 1H, H10), 4.22 (m, 2H, 

H14), 3.64-3.55 (m, 2H, H9), 2.44 (s, 3H, H24), 2.09-1.88 (m, 2H, H11) 1.65-1.7 (m, 4H, H3), 0.94 (s, 

9H, H7). 13C NMR (125 MHz, d6-DMSO) δ 171.9 (C13), 168.7 (C8), 164.5 (C4), 154.8 (C16), 151.3 

(C22), 147.5 (C23), 131.3 and 130.7 (C18 and C21), 128.5 (C20), 125.2 (C15), 120.2 (C1), 119.3 (C19), 

115.0 (C17), 68.9 (C10), 58.8 and 57.4 (C12 and C5), 56.7 (C9), 37.9 (C14), 37.3 (C11), 36.3 (C6), 26.1 

(C7), 16.8 and 16.6 (C3), 16.1 (C24), 13.8 (C2). Lab reference PM13 and PM16. 

Data are in accordance with those reported previously in literature123. 

 

4-(3-methylthiophen-2-yl)benzonitrile (4a) 

 

To a solution of 4-bromo-2-hydroxybenzonitrile (2.5 g, 13.7 mmol, 1 eq) and Pd(OAc)2 (31 mg, 0.1 

mmol, 0.1 eq) in dimethylacetamide (40 mL) were added KOAc (2.7 g, 27.5 mmol, 2 eq) and 4-

methyltriazole (2.5 mL, 27.5 mmol, 2 eq). The resulting mixture was heated overnight at 150oC and 

then diluted with water and extracted with DCM (x4). The combined organic layers were dried with 

MgSO4 and the solvent removed in vacuo. The residue was purified by silica gel chromatography (0-

30% EtOAc in PE) to give the title compound as a pale yellow solid (2.5 g, 93%). 

1H NMR (400 MHz, CDCl3) δ 8.76 (s, 1H, H5’), 7.73 (d, J=8.2 Hz, 2H, H2 or H3), 7.56 (d, J=8.3 Hz, 2H, 

H2 or H3), 2.57 (s, 3H, 3’-CH3). Lab reference PM01 (13.7 mmol, 87%), PM08 (13.7 mmol, 93%). 

Data are in accordance with those reported previously in literature240. 

 

javascript:
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2-hydroxy-4-(4-methylthiazol-5-yl)benzonitrile (4b) 

 

To a solution of 4-bromo-2-hydroxybenzonitrile (2.5 g, 12.6 mmol, 1 eq) and Pd(OAc)2 (28 mg, 0.1 

mmol, 0.1 eq) in dimethylacetamide (50 mL) were added KOAc (2.5 g, 25.3 mmol, 2 eq) and 4-

methyltriazole (2.3 mL, 25.3 mmol, 2 eq). The resulting mixture was heated overnight at 150oC and 

then diluted with water and extracted with DCM (x5). The combined organic layers were dried with 

MgSO4 and the solvent removed in vacuo. The residue was purified by silica gel chromatography (0-

50% EtOAc in PE) to give the title compound as a pale yellow solid (2.0 g, 74%). 

1H NMR (500 MHz, d6-DMSO) δ 11.44 (br s, 1H, 2-OH), 9.05 (s, 1H, H2’), 7.69 (d, J=7.7 Hz, 1H, H6), 

7.11 (d, J=1.6 Hz, 1H, H3), 7.06 (dd, J=8.1 and 1.6 Hz, 1H, H5), 2.48 (s, 3H, 4’-CH3). Lab reference 

PM02 

Data are in accordance with those reported previously in literature178. 

 

(4-(4-methylthiazol-5-yl)phenyl)methanamine (5a) 

 

4a (2.4 g, 12 mmol, 1 eq) was dissolved in anhydrous THF (60 mL) and cooled to 0oC. LiAlH4 (2.4 M in 

THF, 9.0 mL, 36 mmol, 3 eq) was added dropwise and the resulting mixture was stirred at room 

temperature overnight. The mixture was cooled to 0oC and quenched sequentially with water (10 

mL) and NaOH(aq) (1M, 10 mL) then stirred for 15 minutes. The solvent was then removed in vacuo 

and the resulting residue purified by silica gel chromatography (0-4% MeOH in DCM with 0.5% 

NH4OH) to give an orange oil, which was further purified by automated column chromatography (C18 

Gold, 5-95% MeCN in 0.5% CH3COOH(aq) over 40 CV) to give the title compound as an orange oil (137 

mg, 6%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H2’), 7.49-7.45 (m, 4H, H2, H3, H5 and H6), 3.88 (s, 2H, 

4-CH2), 2.45 (s, 3H, 3’-CH3). NH2 not identified. Lab reference PM03 (12.0 mmol, 6%) and PM10 (12.7 

mmol, 8%). 

Data are in accordance with those reported previously in literature122. 
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2-hydroxy-4-(4’-methylthiazol-5-yl)benzylamine (5b) 

 

4b (2.0 g, 9.25 mmol, 1 eq) was dissolved in anhydrous THF (40 mL) and cooled to 0oC. LiAlH4 (2.4 M 

in THF, 11.3 mL, 3 eq) was added dropwise and the resulting mixture was stirred at room 

temperature overnight. The mixture was cooled to 0oC and quenched sequentially with water (10 

mL) and NaOH(aq) (1M, 10 mL) and stirred for 15 minutes. The solvent was then removed in vacuo 

and the resulting residue purified by silica gel chromatography (0-10% MeOH in DCM with 0.5% 

NH4OH) to give an orange oil, which was further purified by automated column chromatography (C18 

Gold, 5-95% MeCN in 0.5% CH3COOH(aq) over 40 CV) to give the title compound as an orange oil (987 

mg, 46%). 

1H NMR (500 MHz, d6-DMSO) δ 8.94 (s, 1H, H2’), 7.21 (d, J=7.7 Hz, 1H, H6), 6.87 (d, J=1.5 Hz, 1H, H3), 

6.84 (dd, J=7.7 and 1.7 Hz, 1H, H5), 3.89 (s, 2H, 1-CH2), 2.44 (s, 3H, 4’-CH3). 2-OH and NH2 not 

identified. Lab reference PM04. 

Data are in accordance with those reported previously in literature178. 

 

(2S,4R)-tert-butyl 4-hydroxy-2-((2-hydroxy-4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidine-1-

carboxylate (6) 

 

5b (940 mg, 4.3 mmol, 1 eq) and Boc-Hyp-OH (980 mg, 4.3 mmol, 1 eq) were dissolved in DMF (4.3 

mL) and EtOAc (21 mL). DIPEA (0.74 mL, 1 eq) was added dropwise and the mixture was stirred for 

10 minutes at room temperature. HATU (1.6 g, 4.3 mmol, 1 eq) was added and the mixture was 

stirred at room temperature for 2 min. DMF (4.3 mL) was added and the solution stirred for 1 hr at 

room temperature. DIPEA (0.74 mL, 1 eq) was then added and the reaction stirred for another 1 hr. 

The solvent was then removed in vacuo and the residue dissolved in EtOAc, washed with water (x2), 

washed with brine (x2), dried with MgSO4 and the solvent removed in vacuo. The residue was 

purified by silica gel chromatography (0-5% MeOH in DCM with 0.5% NH4OH) to yield the title 

compound as white crystals (360 mg, 20%).  
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1H NMR (500 MHz, d6-DMSO) δ 9.94 and 9.83 (s, 1H, 2-OH), 8.95 (s, 1H, H2’), 8.48 and 8.33 (t, J=6.0 

Hz, 1H, NH), 7.24 and 7.19 (d, J=7.8 Hz, 1H, H6), 6.91 (d, J=1.7 Hz, 1H, H3), 6.87 and 8.83 (dd, J=7.8 

and 1.7 Hz, 1H, H5), 5.03 (m, 1H, 4’’-OH), 4.29-4.14 (m, 4H, H2’’ and H4’’ and 1-CH2), 3.29 (m, 2H, 

H5’’), 2.43 (s, 3H, 4’-CH3), 2.10-1.83 (m, 2H, H3’’), 1.40 and 1.23 (s, 9H, C(CH3)3). Rotamers present. 

Lab reference PM06 

Data are in accordance with those reported previously in literature178. 

 

tert-butyl((S)-1-((2R,4R)-4-hydroxy-2-((2-hydroxy-4-(4-methylthiazol-5-

yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate (7) 

 

General method A was followed with N-Boc protected amine 6 (360 mg, 0.83 mmol) and N-Boc-L-

tert-leucine. The resulting residue was dissolved in EtOAc, washed with water (x3), washed with 

brine (x2), dried with Na2SO4 and the solvent removed in vacuo. The residue was purified by silica gel 

chromatography (0-5% MeOH in DCM with 0.5% NH4OH(aq)) to give the title compound as a white 

solid (421 mg, 68%).  

1H NMR (500 MHz, d6-DMSO) δ 9.83 (s, 1H, 2-OH), 8.93 (s, 1H, H2’), 8.46 (t, J=5.9 Hz, 1H, 1-CH2-NH), 

7.34 (d, J=7.8 Hz, 1H, H6), 6.89 (d, J=1.7 Hz, 1H, H3), 6.81 (dd, J=7.8 and 1.6 Hz, 1H, H5), 6.43 (d, J=9.0 

Hz, 1H, 1’’-CO-C-NH), 5.17 (d, J=3.1 Hz, 1H, 4’’-OH), 4.48-4.12 (m, 5H, H2’’ and H4’’ and 1-CH2, and 

1’’-C(O)-CH)), 3.66-3.59 (m, 2H, H5’’), 2.43 (s, 3H, 4’-CH3), 2.06-1.89 (m, 2H, 3’’), 1.37 (s, 9H, Boc 

C(CH3)3), 0.91 (s, 9H, C(CH3)3). Lab reference PM07 and PM09 

Data are in accordance with those reported previously in literature241. 

 

tert-butyl N-[(4-bromophenyl)methyl]carbamate (8) 

 

tert-butyl carbamate (4.75 g, 40.5 mmol, 3 eq) and 4-bromobenzaldehyde (2.5 g, 13.5 mmol, 1 eq) 

were dissolved in DCM (27 mL) and MeCN (81 mL). Et3SiH (6.5 mL, 40.5 mmol, 3 eq) was added 
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dropwise, followed by the dropwise addition of trifluoroacetic acid (2.1 mL, 27 mmol, 2 eq). The 

resulting mixture was stirred overnight at room temperature and then carefully quenched by the 

addition of NaHCO3(aq) (10 mL) and the solvent removed in vacuo. The residue was diluted with water 

and extracted with DCM (x3). The combined organic layers were washed with water, dried with 

Na2SO4 and the solvent removed in vacuo. The residue was purified by automated column 

chromatograph (C18 Gold, 30-100% MeCN in 0.1 M NH4OH(aq) over 15 CV) to give the title 

compounds as a white solid (2.8 g, 73%).  

1H NMR (500 MHz, d6-DMSO) δ 7.47 (d, J=8.3 Hz, 2H, H3), 7.36 (t, J=6.0 Hz, 1H, NH), 7.17 (d, J=8.4 

Hz, 2H, H2), 4.06 (d, J=6.2 Hz, 2H, 1-CH2), 1.36 (s, 9H, C(CH3)3). Lab reference PM15 (2.7 mmol, 65%) 

and PM19 (40.5 mmol, 73%). 

Data are in accordance with those previously reported in the literature123. 

 

tert-butyl N-{[4-(4-methylthiazol-5-yl)phenyl]methyl}carbamate (9) 

 

8 (2.8 g, 9.8 mmol, 1 eq), Pd(OAc)2 (22.1 mg, 0.1 mmol, 0.01 eq) and KOAc (1.93 g, 19.6 mmol, 2 eq) 

were dissolved in N,N-dimethylacetamide (10 mL). 4-Methylthiazole (1.8 mL, 19.6 mmol, 2 eq) was 

added and the solution was heated to 130°C for 4 hr. The mixture was cooled to room temperature, 

diluted with water and extracted with DCM (x3). The combined organic layers were washed with 

water, dried with Na2SO4 and the solvent removed in vacuo. The residue was purified by silica gel 

chromatography (0-5% EtOAc in PE) to give the title compound as a pale yellow solid (2.8 g, 93%).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H2’), 7.44 (m, 3H, NH and H2 or H3), 7.33 (d, J=8.1 Hz, 

2H, H2 or H3), 4.17 (d, J=6.2 Hz, 2H, 1-CH2), 2.45 (s, 3H, 4’-CH3), 1.40 (s, 9H, C(CH3)3). Lab reference 

PM17 (1.7 mmol, 88%) and PM21 (9.8 mmol, 93%). 

Data are in accordance with those reported previously in literature123. 

 

tert-butyl (2S,4R)-4-hydroxy-2-[[4-(4-methylthiazol-5-yl)phenyl]methylcarbamoyl] pyrrolidine-1-

carboxylate (10) 
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General method A was followed with N-Boc protected amine 9 (2.8 g, 9.1 mmol) and N-Boc-trans-4-

hydroxy-L-proline. The resulting residue was then dissolved in EtOAc, washed with water (x2), 

washed with brine (x2), dried with Na2SO4 and the solvent removed in vacuo. The residue was 

purified by silica gel chromatography (0-5% MeOH in DCM with 0.5% NH4OH(aq)) to give the title 

compound as a white solid (2.6 g, 69%).  

1H NMR (500 MHz, d6-DMSO) δ 8.96 (s, 1H, H2’), 8.51 (m, 1H, NH), 7.37 (m, 4H, H2 and H3), 5.10 (s, 

1H, 4’’-OH), 4.36-4.19 (m, 4H, H2’’, H4’’ and 1-CH2), 3.36 (m, 2H, H5’’). 2.43 (s, 3H, 4’-CH3), 1.95 (m, 

2H, H3’’), 1.39 and 1.23 (s, 9H, C(CH3)3). Rotamers present. Lab reference PM23 and PM25. 

Data are in accordance with those reported previously in literature123. 

 

tert-butyl (2-(((3-(4-hydroxyphenyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-

yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (11) 

 

19 (2.3 g, 4.8 mmol, 1 eq), 4-hydroxybenzeneboronic acid pinacol ester (2.1 g, 9.5 mmol, 2 eq) and 

Cs2CO3 (4.7 g, 14.3 mmol, 3 eq) were dissolved in dioxane (15 mL) and water (1.5 mL). Pd(dppf)Cl2 

(170 mg, 0.2 mmol, 0.05 eq) was then added and the resulting mixture heated overnight at 100oC. 

The resulting solution then was cooled to room temperature, diluted with water and extracted with 

DCM (x3). The combined organic layers were washed with water, dried with Na2SO4 and the solvent 

removed in vacuo. The residue was purified by automated column chromatography (C18 Gold, 5-95% 

MeCN in 0.1 M NH4OH(aq) over 40 CV) to give a dark brown solid (1.75 g, 83%). 

1H NMR (400 MHz, d6-DMSO) δ 9.42 (s, 1H, 14-OH), 7.75 (s, 1H, H15), 7.63 (d, J=8.3 Hz, 2H, H12), 

6.79 (d, J=8.5 Hz, 2H, H13), 5.34 (dd, J=9.5 and 2.1 Hz, 1H, H16), 3.92 and 3.62 (m, 2H, H20), 3.32 (s, 

2H, H8), 3.28 (m, 2H, H5), 2.74 and 2.72 (s, 3H, H4), 2.46 (t, J=6.3 Hz, 2H, H6), 2.16 (s, 3H, H7), 2.10-

2.07 (m, 1H, H17), 1.95-1.89 (m, 2H, H17 and H18), 1.69-1.64 (m, 1H, H18), 1.56-1.50 (m, 2H, H19), 

1.36 and 1.34 (s, 9H, H1). Rotamers present. 13C NMR (100.6 MHz, d6-DMSO) δ 156.8 (C14), 154.7 
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(C3), 149.6 (C10), 130.3 (C15), 128.9 (C12), 124.6 (C11), 115.2 (C9), 115.1 (C13), 86.7 (C16), 78.2 (C2), 

66.8 (C20), 54.5 and 54.2 (C6), 52.3 (C8), 45.9 and 45.2 (C5) 41.2 (C7), 33.9 (C4), 29.8 (C17), 28.0 (C1), 

24.6 (C19), 22.1 (C18). Rotamers present. IR (neat film, νmax, cm-1) 3292 (br, w, -OH), 3087 (m, C-H 

aromatic), 2959 (m, C-H alkane), 1661 (s, C=O), 1622 (s, C=O), 1519 (s, C=C), 1083 (m, C-O-C cyclic 

ether). HRMS (ESI) m/z calcd for C24H36N4O4 [M+H]+: 445.2809; found 445.2822. Lab reference PM79 

(0.10 mmol, 77%), PM80 (0.78 mmol, 53%), PM96 (2.0 mmol, 37%), PM122 (4.8 mmol, 83%), PM166 

(4.5 mmol, 45%), PM243 (1.5 mmol, 33%).  

 

Ethyl 3-iodo-1H-pyrazole-4-carboxylate (12) 

 

Ethyl 3-amino-1H-pyrazole-4-carboxylate (2.5 g, 16.1 mmol, 1 eq) was added portionwise to a 

solution of H2SO4(aq, 95-99%) (5.3 mL) in water (4.4 mL) at 0oC. The mixture was stirred at 0oC for 30 min. 

A solution of NaNO2 (1.7 g, 24.2 mmol, 1.5 eq) in water (7.4 mL) was added dropwise at 0oC, and the 

mixture was stirred at 0oC for an additional hour. Next a solution of KI (5.4 g, 32.3 mmol, 2 eq) in 

water (7.4 mL) was added dropwise at 0oC. The mixture was stirred at room temperature overnight 

and then extracted with EtOAc (x3) and the combined organic layers were washed with Na2SO3(aq, 

saturated) (x3) and brine. The resulting organic layer was dried with Na2SO4 and the solvent removed in 

vacuo to give the title compound as a yellow solid (3.7 g, 87%).  

1H NMR (500 MHz, d6-DMSO) δ 13.76 (s, 1H, NH), 8.27 (s, 1H, H5), 4.21 (q, J= 7.1 Hz, 2H, H7), 1.27 (t, 

J=7.0 Hz, 3H, H8). Lab reference PM12 (1.3 mmol, 61%), PM20 (16.1 mmol, 79%), PM49 (16.1 mmol, 

87%), PM108 (16.1 mmol, 79%), PM110 (16.1 mmol, 91%), PM182 (16.1 mmol, 82%).  

Data are in accordance with those reported previously in literature128. 

 

Ethyl 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carboxylate (13) 

 

12 (7.2 g, 27.0 mmol, 1 eq) and TsOH (460 mg. 2.7 mmol, 0.1 eq) were dissolved in THF (40 mL). 3,4-

dihydro-H-pyran (7.4 mL, 81.2 mmol, 3 eq) was added dropwise at 0oC and the resulting solution 
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stirred overnight at room temperature. The solvent was then removed in vacuo and the residue 

diluted with water and extracted with EtOAc (x2). The combined organic layers were washed with 

brine (x2), dried with Na2SO4 and the solvent removed in vacuo. The residue was purified by silica gel 

chromatography (0-15% EtOAc in PE) to give the title compound as an orange oil (7.4 g, 78%). 

1H NMR (500 MHz, d6-DMSO) δ 8.40 (s, 1H, H5), 5.45 (dd, J=10.0 and 2.4 Hz, 1H, H1’), 4.22 (q, J=7.0 

Hz, 2H, H7), 3.94-3.90 and 3.63-3.58 (m, 2H, H3’), 2.11-2.03 (m, 1H, H6’), 1.92-1.87 (m, 2H, H6’ and 

H5’), 1.68-1.59 (m, 1H, H5’), 1.55-1.50 (m, 2H, H4’), 1.27 (t, J=7.0 Hz, 3H, H8). Lab reference PM14 

(0.8 mmol, 27%), PM22 (12.7 mmol, 65%), PM53 (27.0 mmol, 78%), PM113 (37.5 mmol, 83%), 

PM185 (26.3 mmol, 51%).  

Data are in accordance with those reported previously in literature128. 

 

3-iodo-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-carboxylic acid (14) 

 

13 (3.0 g, 8.6 mmol, 1 eq) was dissolved in THF (6 mL) and methanol (6 mL). LiOH (600 mg, 25.7 

mmol, 3 eq) in water (4.5 mL) was added dropwise with stirring at 0oC and the resulting solution 

stirred overnight at room temperature. The solvent was removed in vacuo and the residue diluted 

with HCl(aq, 1M) and extracted with DCM (x3). The combined organic layers were washed with water, 

dried with Na2SO4 and the solvent removed in vacuo to give the title compound as a white solid (2.4 

g, 87%). 

1H NMR (500 MHz, d6-DMSO) δ 12.59 (s, 1H, 6-COOH) 8.32 (s, 1H, H5), 5.43 (dd, J= 2.4 and 10.0 Hz, 

1H, H1’), 3.92 and 3.64-3.58 (m 2H, H3’), 2.12-2.02 (m, 1H, H6’), 1.94-1.86 (m, 2H, H6’ and H5’), 1.68-

1.58 (m, 1H, H5’), 1.55-1.49 (m, 2H, H4’). Lab reference PM28 (0.1 mmol, 82%), PM33 (0.7 mmol, 

78%), PM56 (8.6 mmol, 87%), PM67 (12.8 mmol, 93%), PM114 (30.9 mmol, 86%), PM192 (13.4 

mmol, 53%). 

Data are in accordance with those reported previously in literature128. 

 

3-iodo-1-(oxan-2-yl)-1H-pyrazol-4-yl]methanol (15) 
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To 14 (2.3 g, 7 mmol, 1 eq) was added a 1M solution of BH3 in THF (35 mL, 35 mmol, 5 eq) dropwise 

at 0oC and the resulting solution was stirred overnight at room temperature. The resulting mixture 

was quenched with NH4Cl(aq, saturated), diluted with water and extracted with EtOAc (x3). The combined 

organic layers were washed with brine, dried with Na2SO4 and the solvent removed in vacuo to give 

the title compound as a pale yellow oil (2.2 g, 96%). 

1H NMR (500 MHz, d6-DMSO) δ 7.73 (s, 1H, H5), 5.35 (dd, J=10.1 and 2.5 Hz, 1H, H1’), 4.91 (t, J=5.2 

Hz, 6-OH), 4.20 (d, J=5.0 Hz, 2H, H6), 3.91-3.87 and 3.62-3.57 (m, 2H, H3’), 2.07-2.00 (m, 1H, H6’), 

1.93-1.83 (m, 2H, H6’ and H5’), 1.68-1.59 (m, 1H, H5’), 1.53-1.46 (m, 2H, H4’). Lab reference PM38 

(0.3 mmol, 107%), PM44 (1.3 mmol, 200%), PM51 (0.3 mmol, 99%), PM57 (7.0 mmol, 96%), PM68 

(11.8 mmol, 92%), PM117 (26.5 mmol, quantitative), PM196 (7.1 mmol, 89%). 

Data are in accordance with those reported previously in literature128. 

 

3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (16) 

 

To a solution of 15 (2.1 g, 6.7 mmol, 1 eq) in DCM (15 mL) was added MnO2 (2.9 g, 33.5 mmol, 5 eq) 

and the resulting mixture was stirred overnight at 50oC. The solids were filtered off and the filtrate 

was concentrated in vacuo. The resulting solid was resuspended in DCM and the resulting mixture 

filtered through celite and the filtrate concentrated in vacuo. The residue was purified by silica gel 

chromatography (0-4% MeOH in DCM) to give the title compound as an orange oil (1.7 g, 85%). 

1H NMR (500 MHz, d6-DMSO) δ 9.69 (1H, s, COH), 8.56 (s, 1H, H5), 5.49 (dd, J=9.7 and 2.5 Hz, 1H, 

H1’), 3.95-3.90 and 3.66-3.61 (m, 2H, H3’), 2.09-2.01 (m, 1H, H6’), 1.95-1.89 (m, 2H, H6’ and H5’), 

1.69-1.60 (m, 1H, H5’), 1.56-1.51 (m, 2H, H4’). Lab reference PM46 (1.3 mmol, 45%), PM58 (6.7 

mmol, 85%). 

Data are in accordance with those reported previously in literature128. 
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1-(oxan-2-yl)-1H-pyrazol-4-yl]methanol (17) 

 

To a solution of 13 (100 mg, 0.3 mmol, 1 eq) in DCM (1.5 mL) was added diisobutylaluminium hydride 

solution (1M in heptanes, 0.9 mL, 0.9 mmol, 3 eq) dropwise at -78oC. The resulting solution was 

stirred at -78oC for 3 hr before the reaction was quenched with HCl(aq, 1M) (3 mL) and allowed to reach 

room temperature. The resulting mixture was diluted with HCl(aq, 1M) and extracted with DCM (x3). 

The combined organic layers were washed with water, dried with Na2SO4 and the solvent removed in 

vacuo to give the title compound as a colourless oil (22 mg, 41%). 

1H NMR (500 MHz, d6-DMSO) δ 7.72 (s, 1H, H5), 7.39 (s, 1H, H3), 5.33 (dd, J=10.1 and 2.5 Hz, 1H, 

H1’), 4.35 (s, 2H, H6), 3.9-3.88 and 3.63-3.57 (m, 2H, H3’), 2.09-2.01 (m, 1H, H6’), 1.94-1.84 (m, 2H, 

H6’ and H5’), 1.69-1.60 (m, 1H, H5’), 1.54-1.49 (m, 2H, H4’). 6-OH not identified. Lab reference PM31 

(0.3 mmol, 44%), PM32 (0.3 mmol, 41%). 

Data are in accordance with those reported previously in literature242. 

 

N-(tert-butoxycarbonyl)-N-methyl-2-(methylamino)ethylamine (18) 

 

To a solution of methyl[2-(methylamino)ethyl]amine (6 mL, 55.8 mmol, 4 eq) in DCM (20 mL) was 

added Boc2O (3.0 g, 13.8 mmol, 1 eq) in DCM (20 mL) dropwise at 0oC. The resulting solution was 

stirred for 3 hr at room temperature. The solvent was then removed in vacuo and the residue diluted 

with water and subsequently extracted with EtOAc (x3). The combined organic layers were washed 

with brine (x2), dried with Na2SO4 and the solvent removed in vacuo to give the title compound as a 

colourless oil (2.7 g, quantitative yield). 

1H NMR (500 MHz, d6-DMSO) δ 3.18 (t, J=6.7 Hz, 2H, H4), 2.77 (s, 3H, H3), 2.55 (t, J=6.7 Hz, 2H, H5), 

2.26 (s, 3H, H6), 1.38 (s, 9H, H1). 6-NH not identified. Lab reference PM59 (9.3 mmol, 91%), PM73 

(14.0 mmol, quantitative), PM115 (25.6 mmol, 91%), PM160 (34.5 mmol, 93%). 

Data are in accordance with those reported previously in literature243. 
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tert-butyl (2-((3-iodo-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-yl)methyl)(methyl)amino)ethyl) 

(methyl)carbamate (19) 

 

To a solution of 16 (1.0 g, 3.3 mmol, 1 eq) in DCM (20 mL) was added PBr3 (780 µL, 9.8 mmol, 3 eq) 

dropwise at 0oC. The solution was stirred at room temperature for 3 hr. The reaction was quenched 

with NH4Cl(aq, saturated) and extracted with DCM (x5). The combined organic layers were washed with 

brine, dried with Na2SO4 and the solvent removed in vacuo to give intermediate product 20 as a pale 

yellow oil (750 mg). Intermediate product 20 (750 mg), 18 (1.2 g, 6.6 mmol, 2 eq) and K2CO3 (450 mg, 

3.3 mol, 1 eq) were dissolved in DMF (20 mL) and stirred overnight at room temperature. The 

resulting mixture was diluted with water and extracted with EtOAc (x2). The combined organic layers 

were washed with brine, dried with Na2SO4 and the solvent removed in vacuo. The residue was 

purified by silica gel chromatography (0-4% MeOH in DCM) to give the title compound as a pale 

yellow oil (790 mg, 50% over two steps). 

1H NMR (500 MHz, d6-DMSO) δ 7.70 and 7.69 (s, 1H, H15), 5.34 (dd, J=10.3 and 2.3 Hz, 1H, H16), 

3.90-3.57 (m, 2H, H20), 3.25 (m, 4H, H8 and H5), 2.77 and 2.73 (s, 3H, H4), 2.40 (t, J=6.7 Hz, 2H, H6), 

2.15 and 2.13 (s, 3H, H7), 2.07- 2.00 (m, 1H, H17), 1.91 -1.85 (m, 2H, H17 and H18), 1.65-1.60 (m, 1H, 

H18), 1.52 -1.48 (m, 2H, H19), 1.38 and 1.35 (s, 9H, H1). Rotamers present. Lab reference PM71 (0.7 

mmol, 24%), PM74 (3.3 mmol, 50%), PM92 (5.0 mmol, 48%), PM120 (15.4 mmol, 31%), PM161 (9.4 

mmol, 49%), PM207 (6.3 mmol, 24%). 

Data are in accordance with those reported previously in literature128. 

 

Ethyl 3-(4-hydroxyphenyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-carboxylate (22) 

 

13 (100 mg, 0.3 mmol 1 eq), 4-hydroxybenzeneboronic acid pinacol ester (130 mg, 0.6 mmol, 2 eq), 

Cs2CO3 (280 mg, 0.9 mmol, 3 eq) and Pd(dppf)Cl2 (11 mg, 0.02 mmol, 0.05 eq) were dissolved in 

dioxane (2 mL) and water (0.2 mL) and heated overnight at 100oC. The resulting solution then was 
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cooled to room temperature, diluted with water and extracted with EtOAc (x3). The combined 

organic layers were washed with brine, dried with Na2SO4 and the solvent removed in vacuo. The 

residue was purified by silica gel chromatography (0-3% MeOH in DCM) to give a brown oil (72 mg, 

78%). 

1H NMR (500 MHz, d6-DMSO) δ 9.59 (s, 1H, 14-OH), 8.42 (s, 1H, H15), 7.56 (d, J=8.6 Hz, 2H, H12), 

6.78 (d, J=8.4 Hz, 2H, H13), 5.46 (d, J=2.0 and 10.0 Hz, 1H, H16), 4.17 (q, J=7.1 Hz, 2H, Hb), 3.96-3.94 

and 3.66-3.61 (m, 2H, H20), 2.15-2.08 (m, 1H, H17), 1.96-1.91 (m, 2H, H17 and H18), 1.68-1.64 (m, 

1H, H18), 1.57-1.53 (m, 2H, H19), 1.23 (t, J=7.1 Hz, 3H, Ha). 13C NMR (125 MHz, d6-DMSO) δ 162.5 

(Cc), 157.4 (C14), 151.4 (C10), 134.7 (C15), 130.2 (C12), 123.0 (C11), 114.5 (C13), 110.6 (C9), 86.9 

(C16), 67.0 (C20), 59.6 (Cb), 29.5 (C17), 24.5 (C19), 21.8 (C18), 14.2 (Ca). IR (neat film, νmax, cm-1) 

3336 (br, m, -OH), 2942 (m, C-H aromatic), 2865 (m C-H alkane), 1680 (s, C=O, 1518 (m, C=C). HRMS 

m/z calcd for C17H20N2O4 [M+H]+: 317.1496; found 317.1505. Lab reference PM39. 

 

4-(4-((methyl(2-(methylamino)ethyl)amino)methyl)-1H-pyrazol-3-yl)phenol (23)  

 

11 (37 mg, 0.08 mmol, 1 eq) was diluted in MeOH (1 mL) and HCl(aq, 37%) (1 mL) was added dropwise 

and the mixture stirred at room temperature for 1 hr. The solvent was then removed in vacuo and 

the residue and purified by preparative HPLC (5-20% MeCN (0.05% TFA) in H2O (0.1% TFA) over 10 

min) and lyophilised to give the title compound as a pale orange solid (11.5 mg, 54%).  

1H NMR (500 MHz, d6-DMSO) δ 10.30 and 9.82 (two br s, 2H, 13-OH and 15-NH), 8.87 (s, 2H, 4-NH2
+), 

7.83 (s, 1H, H15), 7.37 (d, J=8.6 Hz, 2H, H12), 6.88 (d, J=6.8 Hz, 2H, H13), 4.33 (s, 2H, H8), 3.29 (m, 

4H, H5 and H6), 2.63 (s, 3H, H4), 2.55 (s, 3H, H7). 13C NMR (125 MHz, d6-DMSO) δ 158.6 (q, 2JC-F = 

33.0 Hz, CF3COO-), 157.9 (C14), 129.6 (C12), 116.5 (q, 1JC-F =295.7 Hz, CF3COO-), 115.7 (C13), 50.1 (C8), 

49.3 and 42.5 (C5 and C6), 39.1 (C4), 32.6 (C7). Peaks indicated by HSQC δ 137.2 (C15). Peaks 

indicated by HMBC δ 147.1 (C10), 121.1 (C11), 105.4 (C9). IR (neat film νmax, cm-1) 3199 (w, -OH), 

2978 (w, C-H aromatic), 2687 (m, C-H alkane), 1781 (w), 1669 (s, -N-N- pyrazole), 1171 (s, C-N tertiary 

amine), 1127 (s, C-N secondary amine). HRMS (ESI) m/z calcd for C14H20N4O[M+H]+: 261.1710; found 

261.1732. Lab reference PM111 and PM151. 
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(2S,4R)-1-((S)-2-(6-chlorohexanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (24) 

 

General method B was followed with VHL ligand 1 (150 mg, 0.28 mmol) and the linker 6-

chlorohexanoic acid. The residue was then purified by silica gel chromatography (0-5% MeOH in 

DCM) and the product dissolved in DCM and washed with saturated Na2HCO3(aq), washed with water, 

dried with Na2SO4 and the solvent removed in vacuo to give the title compound as a white solid (161 

mg, quantitative).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.56 (t, J=6.0 Hz, 1H, 9-NH), 7.88 (d, J=7.9 Hz, 1H, 

16-NH), 7.40 (m, 4H, H6 and H7), 5.12 (d, J=3.5 Hz, 1H, 13-OH), 4.54 (d, J=9.4 Hz, 1H, H16), 4.46-4.34 

(m, 3H, H9 and H13), 4.22 (dd, J=15.9 and 5.5 Hz, 1H, H11), 3.69-3.64 (m, 2H, H14), 3.61 (m, 2H, Hf), 

2.44 (s, 3H, H1), 2.30-2.23 and 2.16-2.09 (m, 2H, Hb), 2.05-2.01 and 1.92-1.87 (m, 2H, H12), 1.74-

1.67 (m, 2H, He), 1.56-1.32 (m, 4H, Hc and Hd), 0.93 (s, 9H, H18). 13C NMR (125 MHz, CDCl3) δ 173.5 

(Ca), 172.0 (C15), 170.9 (C10), 150.5 (C3), 148.6 (C2), 138.2 and 131.7 and 131.1 (C4, C5 and C8), 

129.7 and 128.2 (C6 and C7), 70.1 (C13 or C16), 58.7 (C9), 57.6 (C13 or C16), 56.8 (C14), 44.9 (Cf), 

43.4 (C11), 36.3 and 36.0 (Cb and C12), 35.1 (C17), 32.3 (Ce), 26.5 and 26.5 (C18 and Cd) 24.9 (Cc), 

16.2 (C1). IR (neat film, νmax, cm-1) 3288 (br, w, OH), 2922 (s, C-H aromatic), 2858 (m, C-H aliphatic), 

1623 (C=O). HRMS (ESI) m/z calcd for C28H39ClN4O4S [M+H]+: 263.2453; found 263.2453. Lab 

reference PM82 (0.14 mmol, 43%) and PM152 (0.28 mmol, quantitative). 

 

tert-butyl (2-(((3-(4-((6-(((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-

yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-6-oxohexyl)oxy)phenyl)-

1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (25)  
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PRMT1 ligand 11 (16 mg, 0.04 mmol, 1 eq), 24 (36 mg, 0.06 mmol, 1.8 eq), K2CO3 (17 mg, 0.13 mmol, 

3.5 eq) and KI (2 mg, 0.01 mmol, 0.4 eq) were dissolved in MeCN (1 mL) and heated at 80oC for 5 

days. The solvent was removed in vacuo and the residue purified by automated column 

chromatography (C18 Gold, 5-95% MeCN in H2O over 45 CV) to give the title compound as a white 

solid (14 mg, 40%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.55 (t, J=6.1 Hz, 1H, 9-NH), 7.88 (d, J=9.4 Hz, 1H, 

16-NH), 7.79 (s, 1H, H25), 7.75 (d, J=8.6 Hz, 2H, H21), 7.40 (m, 4H, H6 and H7), 6.94 (d, J=8.9 Hz, 2H, 

H20), 5.36 (dd, J=10.1 and 2.1 Hz, 1H, H34), 5.12 (br s, 1H, 13-OH), 4.55 (d, J=9.4 Hz, 1H, H16), 4.45-

4.41 (m, 2H, H9), 4.35 (m, 1H, H13), 4.21 (dd, J=15.9 and 5.7 Hz, 1H, H11), 3.96 (t, J=6.5 Hz, 2H, Hf), 

3.93 (d, J=12.4 Hz, 1H, H38), 3.69-3.60 (m, 3H, H38 and H14), 3.27 (m, 4H, H26 and H29), 2.74 and 

2.72 (s, 3H, H30), 2.46 (m, 2H, H28), 2.44 (s, 3H, H1), 2.34-2.28 (m, 1H, Hb), 2.16-2.10 (m, 3H, H27 

and Hb), 2.12-2.01 (m, 2H, H12 and H35), 1.96-1.87 (m, 3H, H12 and H35 and H36), 1.72-1.36 (m, 9H 

H36, H37 and Hc-e), 1.36 and 1.33 (s, 9H, H33), 0.94 (s, 9H, H18). Rotamers present. 13C NMR (125 

MHz, d6-DMSO) δ172.0 (Ca), 171.9 (C10), 169.7 (C15), 158.1 (C19), 154.8 (C31), 151.4 (C3), 149.3 

(C23), 147.7 (C2), 139.5 (C4 or C5 or C8), 131.2 (C25), 130.5 (C4 or C5 or C8), 129.6 (C4 or C5 or C8), 

126.1 (C22), 128.8 (C21), 128.7 and 127.4 (C6 and C7), 115.4 (C24), 114.2 (C20), 86.7 (C34), 78.2 

(C32), 68.9 (C13), 67.3 (Cf), 66.8 (C38), 58.7 (C9), 56.4 and 56.3 (C14 and C16), 54.4 (d, C28), 52.2 (d, 

C26 or C29), 45.6 (d, C26 or C29), 41.6 (C11), 41.0 (C27), 37.9 (C12 or C35), 35.2 (Cb), 34.8 (C17), 34.1 

(C30), 29.8 (C12 or C35), 28.4 (C37), 28.0 (C33), 26.4 (C18), 25.2-24.6 (Cc-Ce), 22.1 (C36), 15.9 (C1). 

Rotamers present. IR (neat film, νmax, cm-1) 3296 (br w, OH), 2961 (m, C-H aromatic), 2865 (m, C-H 

aliphatic), 1674 (s, C=O), 1630 (s, C=O), 108 (m, C-O-C cyclic ether). HRMS (ESI) m/z calcd for 

C51H74N8O8S [M+H]+: 971.5423; found 971.5425. Lab reference PM84 (0.02 mmol, 36%), PM91 (0.06 

mmol, 40%), PM153 (0.25 mmol, 27%). 

 

(2S,4R)-1-((S)-2-(8-bromooctanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (26c) 

 

General method B was followed with VHL ligand 1 (150 mg, 0.28 mmol) and the linker 8-

bromooctanoic acid. The reaction was stirred for 3 hr. The residue was then purified by silica gel 
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chromatography (0-5% MeOH in DCM). The product was the dissolved in DCM and washed with 

saturated Na2HCO3(aq) (x2), washed with water, dried with Na2SO4 and the solvent removed in vacuo 

to give a colourless solid (54 mg, 30%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.55 (t, J=6.0 Hz, 1H, 9-NH), 7.84 (d, J=9.4 Hz, 1H, 

16-NH), 7.40 (dd, J=9.1 and 9.0 Hz, 4H, H6 and H7), 5.12 (br s, 1H, 13-OH), 4.54 (d, J=9.4 Hz, 1H, 

H16), 4.46-4.34 (m, 3H, H9 and H13), 4.21 (dd, J=15.8 and 5.5 Hz, 1H, H11), 3.69-3.62 (m, 2H, H14), 

3.51 (t, J=6.7, 2H, Hh), 2.44 (s, 3H, H1), 2.29-2.08 (m, 2H, Hb), 2.05-2.01 and 1.92-1.87 (m, 2H, H12), 

1.80-1.74 (m, 2H, Hg), 1.54-1.43 (m, 2H, Hc), 1.39-1.23 (m, 6H, Hd-f), 0.93 (s, 9H, H18). 13C NMR (125 

MHz, d6-DMSO) δ 172.0 (Ca), 171.9 (C15), 169.7 (C10), 151.4 (C3), 147.7 (C2), 139.5 and 131.2 and 

129.6 (C4, C5 and C8), 128.6 and 127.4 (C6 and C7), 68.8 (C13 or C16), 58.7 (C9), 56.3 and 53.3 (C13 

or C16 and C14), 41.6 (C11), 37.9 (C12), 35.20 and 35.17 and 34.8 (Cb, Ch and C17), 32.2 (Cg), 28.4-

27.4 (Cd-f), 26.4 (C18), 25.3 (Cc), 15.9 (C1). IR (neat film, νmax, cm-1) 3299 (br m, OH), 3071, 2928 (m, 

C-H aromatic), 2857 (C-H aliphatic), 1659 (m, C=O), 1622 (s, C=O), 1531 (m, C=O). HRMS (ESI) m/z 

calcd for C30H43BrN4O4S [M+H]+: 635.2261 ; found 635.2269. Lab reference PM86. 

 

(2S,4R)-1-((S)-2-(10-bromodecanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (26d) 

 

General method B was followed with VHL ligand 1 (100 mg, 0.19 mmol) and the linker 10-

bromodecanoic acid. The residue was then purified by flash column chromatography (C18 Gold, 5-

95% MeCN in 1% HCOOH(aq) over 40 CV) to give a colourless oil (98 mg, 78%).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.55 (t, J=6.1 Hz, 1H, 9-NH), 7.83 (d, J=9.4 Hz, 1H, 

16-NH), 7.40 (m, 4H, H6 and H7), 5.12 (br s, 1H, 13-OH), 4.54 (d, J=9.4 Hz, 1H, H16), 4.43 (m, 2H, H9), 

4.35 (m, 1H, H13), 4.21 (dd, J=15.8 and 5.5 Hz, 1H, H11), 3.66 (m, 2H, H14), 3.50 (m, 2H, Hj), 2.44 (s, 

3H, H1), 2.27-2.23 and 2.13-2.21 (m, 2H, Hb), 2.05-2.00 and 1.92-1.88 (m, 2H, H12), 1.78 (m, 2H, Hi), 

1.48 (m, 2H, Hc), 1.38 (m 2H, Hh), 1.25 (m, 8H, Hd-Hg), 0.93 (s, 9H, H18). 13C NMR (125 MHz, d6-

DMSO) δ 172.1 (Ca), 171.9 (C10), 169.7 (C15), 151.4 (C3), 147.7 (C2), 139.5 and 131.2 and 129.6 (C4, 

C5 and C8), 128.6 and 127.4 (C6 and C7), 68.9 and 58.7 (C9 and C13), 56.3 and 26.3 (C16 and C14), 

41.8 (C11), 37.9 (C12), 35.21 and 35.17 (Cb and Cj), 34.9 (C17), 32.2 (Ci), 28.8-28.0 (Cd-Cg), 27.5 (Ch), 
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26.4 (C18), 25.4 (Cc), 15.9 (C1). IR (neat film, νmax, cm-1) 3301 (br w, OH), 2925 (m, C-H aromatic), 

2854 (w, C-H aliphatic), 1665 (s, C=O), 1621 (s, C=O). HRMS (ESI) m/z calcd for C32H47BrN4O4S [M+H]+: 

663.2574; found 223.2564. Lab reference PM228. 

 

(2S,4R)-1-((S)-2-(12-bromododecanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-

5-yl)benzyl)pyrrolidine-2-carboxamide (26e) 

 

General method B was followed with VHL ligand 1 (100 mg, 0.19 mmol) and the linker 12-

bromododecanoic acid. The residue was then purified by flash column chromatography (C18 Gold, 5-

95% MeCN in 1% HCOOH(aq) over 40 CV) to give a pale yellow oil (106 mg, 81%). 

1H NMR (500 MHz, CDCl3) δ 8.68 (s, 1H, H3), 7.40 (t, J=8.0 Hz, 1H, 9-NH), 7.31 (m, 4H, H6 and H7), 

6.56 (d, J=9.0 Hz, 1H, 16-NH), 4.63 (t, J=8.0 Hz, 1H, H9), 4.56-4.48 (m, 3H, H13 and H16), 4.29 (dd, 

J=15.1 and 5.3 Hz, 1H, H11), 4.02 and 3.63 (m, 2H, H14), 3.36 (m, 2H, Hl), 2.47 (s, 3H, H1), 2.37-2.31 

(m, 1H, H12), 2.19-2.08 (m, 3H, H12 and Hb), 1.81 (m, 2H, Hk), 1.56-1.52 (m, 2H, Hc), 1.37 (m, 2H, 

Hj), 1.23 (m, 12H , Hd-Hi), 0.92 (s, 9H, H18). 13-OH not identified. 13C NMR (125 MHz, CDCl3) δ 174.2 

(Ca), 171.8 (C15). 171.2 (C10), 150.6 (C3), 148.2 (C2), 138.3 and 131.8 and 130.8 (C4, C5 and C8), 

129.5 and 128.0 (C6 and C7), 70.0 (C13 or C16), 59.0 (C9), 57.5 (C13 or C16), 57.0 (C14), 43.2 (C11), 

36.5 and 36.4 (C12 and Cb), 35.3 (Cl), 32.8 and 32.8 (Ck and C17), 29.5-28.8 (Cd-Ci), 28.2 (Cj), 26.4 

(C18), 25.7 (Cc), 15.9 (C1). IR (neat film, νmax, cm-1) 3297 (br m, OH), 3076 (w), 2924 (s, C-H aromatic), 

2852 (m, C-H aliphatic), 1619 (C=O). HRMS (ESI) m/z calcd for C34H51BrN4O4S [M+H]+: 691.2887; 

found 691.2894. Lab reference PM266. 

 

(2S,4R)-1-((S)-2-(16-bromohexadecanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (26f) 
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General method B was followed with VHL ligand 1 (100 mg, 0.19 mmol) and the linker 16-

bromohexadecanoic acid. The residue was then purified by flash column chromatography (C18 Gold, 

5-95% MeCN in 1% HCOOH(aq) over 40 CV) to give a yellow oil (119 mg, 84%). 

1H NMR (500 MHz, CDCl3) δ 8.71 (s, 1H, H3), 7.37 (t, J=5.9 Hz, 1H, 9-NH), 7.31 (m, 4H, H6 and H7), 

6.56 (d, J=8.9 Hz, 1H, 16-NH), 4.68 (t, J=7.9 Hz, 1H, H9), 4.56-4.51 (m, 3H, H13 and H16), 4.30 (dd, 

J=15.1 and 5.3 Hz, 1H, H11), 4.04 and 3.63 (m, 2H, H14), 3.37 (m, 2H, Hp), 2.47 (s, 3H, H1),2.41 (m, 

1H, H12), 2.17-2.10 (m, 3H, H12 and Hb), 1.82 (m, 2H, Ho), 1.60-1.52 (m, 2H, Hc), 1.39 (m, 2H, Hn), 

1.22 (m, 20H, Hd-Hm), 0.92 (s, 9H, H18). 13-OH not identified. 13C NMR (125 MHz, CDCl3) δ 174.2 

(Ca), 171.9 (C15), 171.1 (C10), 150.7 (C3), 148.2 (C2), 138.3 and 131.9 and 130.7 (C4, C5 and C8), 

129.5 and 128.1 (C6 and C7), 70.0 (C13 or C16), 59.0 (C9), 57.5 (C13 or C16), 57.0 (C14), 43.2 (C11), 

36.5 and 36.4 (Cb and C12), 35.3 (Cp), 34.1 and 32.9 (Co and C17), 29.8-28.8 (Cd-Cm) 28.2 (Cn), 26.5 

(C18), 25.8 (Cc), 15.9 (C1). IR (neat film, νmax, cm-1) 3295 (br, m, OH), 3071 (w), 2922 (s, C-H aromatic), 

2852 (m, C-H aliphatic), 1710 (s, C=O), 1620 (s, C=O), 1534 (m, C=O). HRMS (ESI) m/z calcd for 

C38H59BrN4O4S [M+H]+: 747.3513; found 747.3520. Lab reference PM261. 

 

(2S,4R)-1-((S)-2-(8-((3H-[1,2,3]triazolo[4,5-b]pyridin-3-yl)oxy)octanamido)-3,3-dimethylbutanoyl)-

4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (27c) 

 

The reaction that yielded product 26c also produced 27c (64 mg, 33%).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.81 (dd, J=1.4 and 4.4 Hz, 1H, H23), 8.61 (dd, J=1.4 

and 8.4 Hz, 1H, H21), 8.54 (t, J=6.1 Hz, 1H, 9-NH), 7.83 (d, J=9.3 Hz, 1H, 16-NH), 7.57 (dd, J=8.4 and 

4.4 Hz, H22), 7.42-7.37 (m, 4H, H6 and H7), 5.11 (d, J=3.5 Hz, 1H, 13-OH), 4.60 (t, J=6.5 Hz, 2H, Hh), 

4.54 (d, J=9.4 Hz, 1H, H16), 4.43 (m, 2H, H9), 4.36 (m, 1H, H13), 4.21 (dd, J=15.9 and 5.5 Hz,1H, H11), 

3.68-3.65 (m, 2H, H14), 2.44 (s, 3H, H1), 2.28-2.12 (m, 2H, Hb), 2.05-2.01 and 1.93-1.87 (m, 2H, H12), 

1.77-1.74 (m, 2H, Hg), 1.53-1.47 (m, 2H, Hc), 1.36-1.23 (m, 6H, Hd-f), 0.92 (s, 9H, H18). 13C NMR (125 

MHz, d6-DMSO) δ 172.1 (Ca), 171.9 (C15), 169.7 (C10), 151.8 (C23) 151.4 (C3), 147.7 (C2), 139.5 and 

139.2 (C19 and C20), 134.5 and 131.1 and 129.6 (C4, C5 and C8), 129.4 (C21), 128.6 and 127.4 (C6 

and C7), 121.2 (C22), 81.2 (Ch), 68.8 (C13 or C16), 58.7 (C9), 56.32 and 56.25 (C13 or C16 and C14), 

41.6 (C11), 37.9 (C12), 35.2 (Cb), 34.8 (C17), 28.5-28.3 (Cd-f), 27.5 (Cg), 26.4 (C18), 25.3 (Cc), 15.9 
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(C1). IR (neat film, νmax, cm-1) 2395 (br m, OH), 2923 (m, C-H aromatic), 2857 (w, C-H aliphatic), 1664 

(s, C=O), 1626 (s, C=O), 1531 (s, N-O). HRMS (ESI) m/z calcd for C35H46N8O5S [M+H]+: 691.3385; found 

691.3387. Lab reference PM86. 

 

(2S,4R)-1-((S)-2-(10-((3H-[1,2,3]triazolo[4,5-b]pyridin-3-yl)oxy)decanamido)-3,3-dimethylbutanoyl)-

4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (27d) 

 

The reaction that yielded product 26d also produced 27d (19 mg, 14%).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.81 (dd, J=4.4 and 1.4 Hz, 1H, H23), 8.60 (dd, J=8.4 

and 1.4 Hz, 1H H21), 8.56 (t, J=6.1 Hz, 1H, 9-NH), 7.83 (d, J=9.4 Hz, 1H, 16-NH), 7.57 (dd, J=8.4 and 

4.4 Hz, 1H, H22), 7.40 (m, 4H, H6 and H7), 5.13 (br s, 1H, 13-OH), 4.60 (t, J=6.4 Hz, 2H, Hj), 4.54 (d, 

J=9.4 Hz, 1H, H16), 4.42 (m, 2H, H9), 4.35 (m, 1H, H13), 4.21 (dd. J=15.9 and 5.5 Hz, 1H, H11), 3.66 

(m, 2H, H14), 2.44 (3H, s, H1), 2.26 and 2.11 (m, 2H, Hb), 2.03 and 1.90 (m, 2H, H12), 1.76 (m, 2H, 

Hj), 1.53-1.21 (m, 14H, Hc-Hi), 0.93 (s, 9H, H18). LRMS (ESI) m/z calcd for C37H50N8O5S [M+H+]: 719.9; 

found 719.9. Lab reference PM228. 

 

(2S,4R)-1-((S)-2-(2-chloroacetamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (28)  

 

1 (150 mg, 0.28 mmol, 1 eq) was dissolved in DCM (1.4 mL) and TFA (1.4 mL) was added and the 

resulting mixture stirred at room temperature for 30 minutes. The solvent was removed in vacuo. To 

remove excess TFA, the residue was coevaporated with MeOH (x2) and toluene (x2). The residue was 

dissolved in DCM (3 mL) and triethyl amine (200 µL, 1.4 mmol, 5 eq) was added. The reaction was 

cooled to 0oC and chloroacetyl chloride (45 µL, 0.6 mmol, 2 eq) was added and the reaction stirred 

overnight at room temperature. The reaction was diluted with water and extracted with DCM (x3). 
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The combined organic layers were washed with water, dried with Na2SO4 and the solvent removed in 

vacuo. The residue was purified by silica gel chromatography (0-5% MeOH in DCM) to yield the title 

compound as an orange oil (75 mg, 52%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.60 (t, J=6.0 Hz, 1H, 9-NH), 8.29 (d, J=9.3 Hz, 1H, 

16-NH), 7.43-7.38 (m, 4H, H6 and H7), 5.16 (d, J=3.5 Hz, 1H, 13-OH), 4.54 (d, J=9.4 Hz, 1H, H16), 4.43 

(m, 2H, H9), 4.36 (m, 1H, H13), 4.23-4.15 (m, 3H, H11 and Hb), 3.68-3.61 (m, 2H, H14), 2.44 (s, 3H, 

H1), 2.08-2.01 and 1.92-1.88 (m, 2H, H12). 0.95 (s, 9H, H18). 13C NMR (125 MHz, d6-DMSO) δ 171.8 

(C10), 168.9 (C15), 165.7 (Ca), 151.6 (C3), 147.7 (C2), 139.5 and 131.2 and 129.5 (C4, C5 and C8), 

128.6 and 127.4 (C6 and C7), 68.9 and 58.7 (C9 and C13), 56.8 and 56.6 (C16 and C14), 42.5 and 41.7 

(C11 and Cb), 37.9 (C17) 35.7 (C12), 26.2 (C18), 15.9 (C1). IR (neat film, νmax, cm-1) 3665 (br w, OH), 

2395 (br w, NH), 2974 (s, C-H aromatic), 2903 (m, C-H aliphatic), 1751 (m, C=O or C=N), 1660 (s, C=O). 

1630 (s, C=O), 799 (m, C-Cl). HRMS (ESI) m/z calcd for C24H31ClN4O4S [M+H]+: 507.1827; found 

507.1827. Lab reference PM98. 

 

(3R,5S)-1-((S)-2-(2-chloroacetamido)-3,3-dimethylbutanoyl)-5-((4-(4-methylthiazol-5-

yl)benzyl)carbamoyl)pyrrolidin-3-yl 2-chloroacetate (29) 

 

The reaction that yielded product 28 also produced 29 as an oil (57 mg, 34%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.64 (t, J=6.0 Hz, 1H, 9-NH), 8.31 (d, J=8.5 Hz, 1H, 

16-NH), 7.40 (m, 4H, H6 and H7), 5.38 (m, 1H, H13), 4.50 (t, J=8.4 Hz, 1H, H16), 4.56-4332 (m, 4H, H9 

and Hd), 4.25 (m, 1H, H11), 4.17 (dd, J=22.6 and 12.7 Hz, 2H, Hb), 4.04 and 3.84 (m, 2H, H14) 2.44 (s, 

3H, H1), 2.35-2.22 (m, 2H, H12), 0.96 (s, 9H, H18). LRMS (ESI) m/z calcd for C26H33Cl2N4O5S [M+H]+: 

584.5; found 584.6. 

 

2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)ethan-1-ol (30i) 
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General method C was followed with 12-crown-4 (200 µL, 1.2 mmol) to give the title compound as a 

brown oil (189 mg, 75%).  

1H NMR (500 MHz, d6-DMSO) δ 4.56 (t, J=5.5 Hz, 1H, a-OH), 3.72-3.70 (m, 2H, Hh), 3.68-3.66 (m, 2H, 

Hg), 3.55-3.52 (m, 8H, Hc-f), 3.50-3.47 and 3.42-3.40 (m, 4H, Ha and Hb). Lab reference PM119. 

Data are in accordance with those reported in literature244. 

 

2-[2-[2-[2-[2-(2-chloroethoxy)ethoxy]ethoxy]ethoxy]ethoxy]ethanol (30j) 

 

General method C was followed with 18-crown-6 (250 mg, 1.0 mmol) to give the title compound as a 

brown oil (154 mg, 54%). 

1H NMR (400 MHz, d6-DMSO) δ 4.56 (t, J=5.5 Hz, 1H, a-OH), 3.73-3.65 (m, 4H, Hk and Hl), 3.58-3.51 

(m, 16H, Hc-j), 3.45-3.46 and 3.43-3.40 (m, 4H, Ha and Hb). Lab reference PM107. 

Data are in accordance with those previously reported in literature162. 

 

2-(2-chloroethoxy)acetic acid (31g) 

 

General method D was followed with 2-(2-chloroethoxy)ethanol (100 µL, 0.9 mmol) to give the title 

compound as an oil (49 mg) which was used without further purification. 

1H NMR (400 MHz, d6-DMSO) δ 12.68 (s, 1H, COOH), 4.07 (s, 2H, Hb), 3.74-3.66 (m, 4H, Hc and Hd). 

Lab reference PM101. 

Data are in accordance with those previously reported in literature245. 

 

2-(2-(2-chloroethoxy)ethoxy)acetic acid (31h) 

 

General method D was followed with 2-[2-(2-chloroethoxy)ethoxy]ethanol (180 µL, 1.3 mmol) to give 

the title compound as a pale yellow oil (178 mg) which was used without further purification. 
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1H NMR (500 MHz, d6-DMSO) δ 12.59 (s, 1H, COOH), 4.03 (s, 2H, Hb), 3.73-3.66 (m, 4H, He and Hf), 

3.60-3.58 (m, 4H, Hc and Hd). Lab reference PM127. 

Data are in accordance with those previously reported in literature246. 

 

2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)acetic acid (31i) 

 

General method D was followed with 30i (19 mg, 0.9 mmol) to give the title compound as an oil (35 

mg) which was used without further purification. 

1H NMR (500 MHz, d6-DMSO) δ 12.58 (s, 1H, COOH), 4.04 (d, J=5.3 Hz, 2H, Hb), 3.73-3.65 (m, 4H, Hh 

and Hg), 3.60-3.52 (m, 8H, Hc-f). Lab reference PM121. 

Data are in accordance with those reported in literature247. 

 

2-[2-[2-[2-[2-(2-chloroethoxy)ethoxy]ethoxy]ethoxy]ethoxy]acetic acid (31j) 

 

General method D was followed with 30j (118 mg, 0.4 mmol) to give the title compound as a pale 

yellow oil (47 mg) which was used without further purification. 

1H NMR (500 MHz, d6-DMSO) δ 12.60 (s, 1H, COOH), 4.02 (d, J=6.5 Hz, 2H, Hb), 3.73-3.51 (m, 20H, 

Hc-l). Lab reference PM116 and PM198. 

 

(2S,4R)-1-((S)-2-(2-(2-chloroethoxy)acetamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (32g) 
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General method B followed with VHL ligand 1 (150 mg, 0.28 mmol) and linker 31g. The residue was 

then purified by automated column chromatography (C18 Gold, 5-95% MeCN in 1% CH3COOH(aq) over 

40 CV) to give the title compound as a white solid (123 mg, 79%).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.61 (t, J=6.0 Hz, 1H, 9-NH), 7.50 (d, J=9.6 Hz, 1H, 

16-NH), 7.40 (m, 4H, H6 and H7), 5.15 (d, J=3.5 Hz, 1H, 13-OH), 4.57 (d, J=9.6 Hz, 1H, H16), 4.46-4.36 

(m, 3H, H9 and H13), 4.24 (dd, J=15.8 and 5.5 Hz, 1H, H11), 4.03 (s, 2H, Hb), 3.81-3.74 (m, 4H, Hc and 

Hd), 3.64 (m, 2H, H14), 2.44 (s, 3H, H1), 2.08-2.04 and 1.93-1.88 (m, 2H, H12), 0.95 (s, 9H, H18). 13C 

NMR (125 MHz, d6-DMSO) δ 171.8 (C10), 169.1 (C15), 168.3 (Ca), 151.5 (C3), 147.7 (C2), 139.4 and 

131.2 and 129.7 (C4, C5 and C8), 128.7 and 127.5 (C6 and C7), 70.9 (Cc), 67.3 (Cb), 68.9 and 58.8 (C9 

and C13), 56.6 (C16), 43.6 (Cd), 41.6 (C11), 37.8 (C12), 35.8 (C17), 26.2 (C18), 15.9 (C1). IR (neat film, 

νmax, cm-1) 3294 (br m, -OH), 2959 (m, C-H aromatic), 2861 (w, C-H aliphatic), 1661 (m, C=O), 1625 (s, 

C=O), 849 (s, C-Cl). HRMS (ESI) m/z calcd for C26H35ClN4O5S [M+H]+: 551.2089; found 501.2088. Lab 

reference PM99. 

 

(2S,4R)-1-((S)-2-(2-(2-(2-chloroethoxy)ethoxy)acetamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (32h) 

 

General method B followed with VHL ligand 1 (150 mg, 0.28 mmol) and linker 31h. The residue was 

then purified by automated column chromatography (C18 Gold, 5-95% MeCN in 1% CH3COOH(aq) over 

40 CV) to give the title compound as a white solid (113 mg, 67%).  

1H NMR (400 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.59 (t, J=5.9 Hz, 1H, 9-NH), 7.42 (m, 1H, 16-NH), 

7.40 (m, 4H, H6 and H7), 5.15 (br s, 1H, 13-OH), 4.57 (d, J=9.6 Hz, 1H, H16), 4.46-4.36 (m, 3H, H9 and 

H13), 4.24 (dd, J=15.8 and 5.6 Hz, 1H, H11), 3.98 (s, 2H, Hb), 3.79-3.60 (m, 10H, Hc-f and H14), 2.44 

(s, 3H, H1), 2.08-2.03 and 1.93-1.87 (m, 2H, H12), 0.95 (s, 9H, H18). 13C NMR (101 MHz, d6-DMSO) δ 

171.8 (C10), 169.1 (C15), 168.6 (Ca), 151.4 (C3), 147.7 (C2), 139.4 and 131.1 and 129.7 (C4, C5 and 

C8), 128.7 and 127.4 (C6 and C7), 70.6-69.4 (Cb-e), 68.9 and 58.7 (C9 and C13), 56.6 (C14), 55.7 

(C16), 43.4 (Cf), 41.7 (C11), 37.9 (C12), 35.7 (C17), 26.1 (C18), 15.9 (C1). IR (neat film, νmax, cm-1) 3295 

(br m, -OH), 2919 (m, C-H aromatic), 2861 (w, C-H aliphatic), 1659 (m, C=O), 1626 (s, C=O), 849 (s, C-
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Cl). HRMS (ESI) m/z calcd for C28H39ClN4O5S [M+H]+: 595.2352; found 595.2384. Lab reference 

PM128. 

 

(2S,4R)-1-((S)-2-(tert-butyl)-14-chloro-4-oxo-6,9,12-trioxa-3-azatetradecanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (32i) 

 

General method B followed with VHL ligand 1 (83 mg, 0.16 mmol) and linker 31i. The residue was 

then purified by automated column chromatography (C18 Gold, 5-95% MeCN in 1% CH3COOH(aq) over 

40 CV) to give the title compound as a white solid (56 mg, 53%). 

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.61 (m, 1H, 9-NH), 7.40 (m, 5H, 16-NH and H6 and 

H7), 5.16 (br s, 1H, 13-OH), 4.57 (d, J=9.6 Hz, 1H, H16), 4.45-4.35 (m, 3H, H9 and H13), 4.24 (m, 1H, 

H11), 4.03 and 3.97 (m, 2H, Hb), 3.80-3.57 (m, 14H, Hc-Hh and H14), 2.44 (s, 3H, H1), 2.08-2.03 and 

1.93-1.88 (m, 2H, H12), 0.94 (s, 9H, H18).13C NMR (125 MHz, d6-DMSO) δ 171.5 (C10), 169.1 (C15), 

168.6 (Ca), 151.5 (C3), 147.7 (C2), 139.4 and 131.1 and 129.6 (C4, C5 and C8), 128.7 and 127.5 (C6 

and C7), 70.9-69.3 (Cb-g), 68.9 and 58.7 (C9 and C13), 56.6 (C14), 55.7 (C16), 43.6 (Ch), 41.7 (C11), 

37.9 (C12), 35.7 (C17), 26.2 (C18), 15.9 (C1). IR (neat film, νmax, cm-1) 3295 (br m, -OH), 2968 (m, C-H 

aromatic), 2909 (w, C-H aliphatic), 1661 (m, C=O), 1626 (s, C=O), 849 (s, C-Cl). HRMS (ESI) m/z calcd 

for C30H43ClN4O7S [M+H]+: 639.2614; found: 639.2628. Lab reference PM123. 

 

(2S,4R)-1-((S)-2-(tert-butyl)-20-chloro-4-oxo-6,9,12,15,18-pentaoxa-3-azaicosanoyl)-4-hydroxy-N-

(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (32j) 

 

General method B followed with VHL ligand 1 (100 mg, 0.19 mmol) and linker 31j. The residue was 

then purified by automated column chromatography (C18 Gold, 5-60% MeCN in 1% CH3COOH(aq) over 



147 
 

40 CV) to give a white solid (65 mg) which was used without further purification (and likely contained 

a mixture of compounds).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H3), 8.61 (m, 1H, 9-NH), 7.46 (m, 1H, 16-NH), 7.40 (m, 

4H, H6 and H7), 5.15 (d, J=3.4 Hz, 1H, 13-OH), 4.57 (d, J=9.6 Hz, 1H, H16), 4.46-4.36 (m, 3H, H9 and 

H13), 4.24 (dd, J=15.8 and 4.3 Hz, 1H, H11), 4.03, 3.98 and 3.97 (m, 2H, Hb), 3.38-3.57 (m, 9H , Hc-l 

and H14), 2.44 (s, 3H, H1), 2.07-2.04 and 1.92-1.90 (m, 2H, H12), 0.94 (s, 9H, H18). The Integrals for 

Hc-l do not add up to 20H likely due to a mixture of products. HRMS (ESI) m/z calcd for C35H51ClN4O9S 

[M+H]+: 727.3138; found: 727.3128. Lab reference PM105 and PM200. 

 

(2R,4R)-1-((S)-2-(1-cyanocyclopropane-1-carboxamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(2-((10-

iododecyl)oxy)-4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (33) 

 

VHL ligand 2 (50 mg, 0.09 mmol, 1 eq) and Cs2CO3 (61 mg, 0.19 mmol, 2 eq) were dissolved in DMF 

(800 µL). 1,10-Diiododecane (330 mg, 0.28 mmol, 3 eq) in DMF (500 µL) was added and the reaction 

stirred overnight at room temperature. The crude rection mixture was purified by automated column 

chromatography (C18 Gold, 5-95% MeCN in 0.1% HCOOH(aq) over 40 CV) to give the title compound 

as a colourless oil (40 mg, 53%). 

1H NMR (500 MHz, CDCl3) δ 8.70 (s, 1H, H22), 7.33 (d, J=7.7 Hz, 1H, H20), 7.28 (m, 1H, 14-NH), 7.03 

(d, J=8.4 Hz, 1H, 5-NH), 6.95 (dd, J=7.7 and 1.6 Hz, 1H, H19), 6.88 (d, J=1.5 Hz, 1H H17), 4.74 (m, 1H, 

H12), 4.57 (m, 1H, H10), 4.55-4.52 and 4.44-4.40 (m, 2H, H14), 4.46 (d, J=8.5 Hz, 1H, H5), 4.02 (m, 

2H, Ha), 3.91-3.90 and 3.65-3.62 (m, 2H, H9), 3.20 (m, 2H, Hj), 2.61-2.55 and 2.11-2.06 (m, 2H, H11), 

2.54 (s, 3H, H24), 1.83 (m, 2H, Hi), 1.71-1.50 (m, 4H, H3), 1.41-1.31 (m, 14H, obs. 17H, Hb-Hh), 0.93 

(s, 9H, H7). 13C NMR (125 MHz, CDCl3) δ 170.6 (C8), 170.4 (C13), 165.9 (C4), 157.0 (C16), 150.4 (C22), 

148.5 (C23), 132.3 and 132.0 (C18 and C21), 129.4 (C20), 126.3 (C15), 121.5 (C19), 119.7 (C1), 112.2 

(C17), 70.3 (C10), 68.3 (Ca), 58.50 and 58.48 (C5 and C12), 56.5 (C9), 38.9 (C14), 35.9 (C11), 33.6 (Ci), 

30.6 (Ch), 29.6-29.3 (Cd, Ce, Cf, and Cg), 29.2 (Cb), 28.6 (C7), 26.3 (C6), 26.2 (Cc), 18.1 (C3), 16.2 
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(C24), 13.8 (C2), 7.5 (Cj). IR (neat film, νmax, cm-1) 3393 (br m, NH amine), 3340 (br m, OH), 2925 (m, 

C-H aromatic), 2853 (m, C-H aliphatic), 2237 (2, C≡N nitrile), 1679 (s, C=O), 1627 (s, C=O), 593 (s, C-I). 

HRMS (ESI) m/z calcd for C35H52IN5O5S [M+H]+: 806.2807; found 806.2812. Lab reference PM273. 

 

tert-butyl (2-(((3-(4-(2-(2-chloroethoxy)ethoxy)phenyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-

yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (34) 

 

General method E was followed with PRMT1 ligand 11 (100 mg, 0.23 mmol) and 2-(2-

chloroethoxy)ethanol. The title compound was obtained as a white solid (67 mg, 54%). 

1H NMR (500 MHz, d6-DMSO) δ 7.81 (s, 1H, H15), 7.75 (d, J=8.1 Hz, 2H, H12), 6.98 (d, J=8.8 Hz, 2H, 

H13), 5.36 (dd, J=9.8 and 2.3 Hz, 1H, H16), 4.12 (m, 2H, Ha), 3.93 (m, 1H, H20), 3.81 (m, 2H, Hb), 3.75 

(s, 4H, Hc and Hd), 3.63 (m, 1H, H20), 3.42 and 3.38 (s, 2H, H8), 3.29 (m, 2H, H5), 2.75 and 2.73 (s, 

3H, H4), 2.51 (m, 2H, H6), 2.19 (s, 3H, H7), 2.12-2.05 (m, 1H, H17), 1.96-1.90 (m, 2H, H17 and H18), 

1.66-1.63 (m, 1H, H18), 1.55-1.51 (m, 2H, H19), 1.37 and 1.34 (s, 9H, H1). Rotamers present. 13C NMR 

(125 MHz, d6-DMSO) δ 157.9 (C14), 154.8 (C3), 149.3 (C10), 130.7 (C15), 128.9 (C12), 126.3 (C11), 

114.3 (C13), 86.7 (C16), 78.3 (C2), 70.7 (Cc), 68.8 (Cb), 67.1 (Ca), 66.8 (C20) 43.6 (Cd), 40.9 (C7), 34.1 

(C4), 29.8 (C17), 28.0 (C1), 24.6 (C19), 22.1 (C18). Peaks indicated by HSQC δ 54.6 (C6), 52.2 (C8), 

45.9 (C5). Peak indicated by HMBC δ 115.1 (C9). IR (neat film, νmax, cm-1) 2939 (m, C-H aromatic), 

2857 (w, C-H aliphatic), 1686 (s, C=O), 1612 (m, C=C), 1449 (C-H alkane), 1082 (m, C-O-C cyclic ether). 

HRMS (ESI) m/z calcd for C28H43ClN4O5 [M+H]+: 551.2995; found 551.3007. Lab Reference PM135 

(0.11 mmol, 43%), PM154 (0.11 mmol, 45%), PM158 (0.23 mmol, 54%). 

 

tert-butyl (2-(((3-(4-((5-chloropentyl)oxy)phenyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-

yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (34 (n=5)) 
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General method E was followed with PRMT1 ligand 11 (75 mg, 0.17 mmol) and 5-chloro-1-pentanol. 

The product was further purified by automated column chromatography (C18 Gold, 5-60% MeCN in 

0.1 M NH4OH(aq) over 45 CV) to give the title compound as a white solid (42 mg, 46%).  

1H NMR (500 MHz, d6-DMSO) δ 7.78 and 7.74 (two s, 2H, H12 and H15), 6.96 (d, J=7.9 Hz, 2H, H13), 

5.37 (m, 1H, H16), 4.00 (m, 2H, Ha), 3.93 (m, 1H, H20), 3.67 (m, 2H, He), 3.62 (m, 1H, H20), 3.33 and 

3.26 (two s, 4H, H5 and H8), 2.75 and 2.73 (s, 3H, H4), 2.47 (s, 2H, H6), 2.17 (s, 3H, H7), 2.08 (m, 1H, 

H17), 1.95 (m, 2H, H17 and H18), 1.82-1.73 (m, 4H, Hb and Hd), 1.67 (m, 1H, H18), 1.58-1.52 (m, 4H, 

H19 and Hc), 1.37 and 1.34 (s, 9H, H1). Rotamers present. 13C NMR (125 MHz, d6-DMSO) δ 128.9 

(C12), 114.3 (C13), 86.7 (C16), 67.2 (Ca), 66.8 (C20), 45.3 (Ce), 34.1 (C4), 31.8 (Cd), 29.8 (C17), 28.0 

and 27.9 (Cb and C1), 24.6 (Cc), 23.0 (C19), 22.0 (C18). Peaks indicated by HSQC δ 130.6 (C15), 54.8 

(C6), 52.4 and 46.0 (C5 and C8), 40.9 (C7). Peak indicated by HMBC δ 78.3 (C2). C3, C9, C10, C11 and 

C14 not identified. IR (neat film, νmax, cm-1) 2939 (m, C-H aromatic), 2862 (w, C-H aliphatic), 1687 (s, 

C=O), 1612 (m, C=C), 1452 (m, C-H alkane), 1082 (m, C-O-C cyclic ether). HRMS (ESI) m/z calcd for 

C29H45ClN4O4 [M+H]+: 549.3202; found 549.3229. Lab reference PM167. 

 

tert-butyl (2-(((3-(4-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)phenyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-

pyrazol-4-yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (34 (m=2)) 

 

General method E was followed with PRMT1 ligand 11 (100 mg, 0.23 mmol) and 2-[2-(2-

chloroethoxy)ethoxy]ethanol. The title compound was obtained as a white solid (94 mg, 70%). 

1H NMR (500 MHz, d6-DMSO) δ 7.79 (s, 1H, H15), 7.76 (d, J=8.8 Hz, 2H, H12), 6.97 (d, J= 8.9 Hz, 2H, 

H13), 5.36 (dd, J=10.0 and 2.2 Hz, 1H, H16), 4.11 (m, 2H, Ha), 3.93 (m, 1H, H20), 3.77 (m, 2H, Hb), 

3.72-3.67 (m, 4H, He and Hf), 3.64 (m, 1H, H20), 3.61 (m, 4H, Hc and Hd), 3.34 (s, 2H, H8), 3.27 (m, 
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2H, H5), 2.75 and 2.73 (s, 3H, H4), 2.47 (t, J=6.2 Hz, 2H, H6), 2.17 (s, 3H, H7), 2.13-2.06 (m, 1H, H17), 

1.96-1.90 (m, 2H, H17 and H18), 1.72-1.62 (m, 1H, H18), 1.53 (m, 2H, H19), 1.36 and 1.34 (s, 9H, H1). 

Rotamers present. 13C NMR (125 MHz, d6-DMSO) δ 157.8 (C14), 154.8 (C3), 149.2 (C10), 130.6 (C15), 

128.7 (C12), 114.2 (C13), 86.7 (C16), 78.2 (C2), 70.6 (Ce), 69.9 and 69.7 (Cc and Cd), 69.0 (Cb), 67.0 

(Ca), 66.8 (C20) 43.6 (Cf), 41.0 (C7), 34.0 (C4), 29.8 (C17), 28.0 (C1), 24.6 (C19), 22.1 (C18). Peaks 

indicated by HSQC δ 54.7 (C6), 52.3 (C8), 46.0 (C5). Peaks indicated by HMBC δ 126.7 (C11), 115.4 

(C9). IR (neat film, νmax, cm-1) 2957 (m, C-H aromatic), 2873 (w, C-H aliphatic), 1622 (s, C=O), 1623 (s, 

C=O), 1536 (m, C=C), 1434 (m, C-H alkane), 1084 (m, C-O-C cyclic ether). HRMS (ESI) m/z calcd for 

C30H47ClN4O6 [M+H]+: 595.3257; found 595.3255. Lab reference PM159 (0.11 mmol, 18%) PM163 

(0.23 mmol, 70%). 

 

2-(2,6-dioxo-1-((2-(trimethylsilyl)ethoxy)methyl)piperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (35) 

 

A suspension of 38 (47 mg, 0.13 mmol, 1 eq) and 4-hydroxyisobenzofuran-1,3-dione (21 mg, 0.13 

mmol, 1 eq) in trifluoroethanol (2 mL) was heated under microwave conditions for 2 hr at 150 °C. 

The solvent was removed in vacuo and the purified by automated column chromatography (C18 

Gold, 5-95% MeCN in 0.1% HCOOH(aq) over 45 CV) to give a purple solid (30 mg). Taking into account 

residual EtOAc in 1H NMR spectra, the yield is 56%.  

1H NMR (500 MHz, CDCl3) δ 11.22 (br s, 1H, 21-OH), 7.66 (dd, J=8.3 and 7.2 Hz, 1H, H23), 7.39 (d, 

J=7.1 Hz, 1H, H24), 7.25 (d, J=8.4 Hz, 1H, H22), 5.20 (dd, J=13.1 and 5.0 Hz, 1H, H29), 5.07 (s, 2H, Hq), 

3.52 (m, ddd, J=17.1, 9.6 and 6.9 Hz, 2H, Hr), 3.02 and 2.78 (m, 2H, H32), 2.55 and 2.05 (m, 2H, H33), 

0.84 (m, 2H, Hs), -0.02 (s, 9H, Ht). 13C NMR (125 MHz, CDCl3) δ 171.7 and 170.0 (C30 and C31), 167.0 

and 165.7 (C27 and 28), 155.6 (C21), 136.4 (C23), 133.1 (C26), 123.6 (C22), 114.3 (C25), 114.2 (C24), 

68.3 (Cq), 66.0 (Cr), 49.2 (C29), 31.2 (C32), 21.0 (C33), 17.4 (Cs), -1.3 (Ct). IR (neat film, νmax, cm-1) 

3324 (br w, O-H), 2953 (m, C-H aromatic), 2896 (w, C-H aliphatic), 1710 (s, C=O Imide), 1685 (s, C=O 

Imide), 1248 (m, Si-CH3). HRMS (ESI) m/z calcd for C19H24N2O6-Si [M+Na]+: 427.1296; found 427.1295. 

Lab reference PM223 (0.13 mmol, 56%) and PM245 (0.42 mmol, 30%). 

 

2-(2,6-dioxopiperidin-3-yl)-4-((2-(trimethylsilyl)ethoxy)methoxy)isoindoline-1,3-dione (36) 
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2-(2,6-Dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (73 mg, 0.27 mmol, 1 eq), K2CO3 (37 mg, 

0.27 mmol, 1 eq), KI (9 mg, 0.05 mmol, 0.2 eq) were dissolved in DMSO (1 mL). SEMCl (50 µL, 0.27 

mmol, 1 eq) was added and the mixture heated at 80oC overnight. The mixture was diluted with 

water and extracted with EtOAc (x3). The combined organic layers were washed with water, dried 

with Na2SO4 and the solvent removed in vacuo. The residue was then purified by automated column 

chromatography (C18 Gold, 5-95% MeCN in 1% CH3COOH(aq) over 40 CV) to give the title compound 

as an oil (12 mg, 11%).  

Alternative conditions: General method F was followed with 2-(2,6-Dioxopiperidin-3-yl)-4-

hydroxyisoindoline-1,3-dione {CAS: 5054-59-1} (51 mg, 0.19 mmol). The combined organic layers 

were then washed with water, dried with Na2SO4 and the solvent removed in vacuo. The residue was 

then purified by automated column chromatography (C18 Gold, 5-40% MeCN in 1% CH3COOH(aq) over 

40 CV) to give the title compound as an oil (43 mg, 58%).  

1H NMR (500 MHz, d6-DMSO) δ 11.10 (s, 1H, 30-NH), 7.82 (dd, J=8.5 and 7.3 Hz, 1H, H23), 7.58 (d, 

J=8.3 Hz, 1H, H22), 7.51 (d, J=7.1 Hz, H24) 5.45 (m, 2H, Hq), 5.10 (dd, J=12.9 and 5.5 Hz, 1H, H29), 

3.77 (m, 2H, Hr), 2.89 (m, 1H, H32), 2.61-2.47 (m, 2H, H32 and H33), 2.06-2.01 (m, 1H, H33), 0.89 (m, 

2H, Hs), -0.04 (s, 9H, Ht). 13C NMR (125 MHz, d6-DMSO) δ 172.8 and 169.9 (C30 and 31), 166.7 and 

165.2 (C27 and C28), 154.2 (C21), 136.7 (C23), 133.2 (C26), 122.1 (C22), 117.3 (C25), 116.3 (C24), 

93.1 (Cq), 66.3 (Cr), 48.8 (C29), 30.9 (C32), 22.0 (C33), 17.5 (Cs), -1.4 (Ct). IR (neat film, νmax, cm-1) 

3219 (br w, N-H), 3109 (w, C-H aromatic), 2918 (w, C-H aliphatic), 1706 (s, C=O imide), 1252 (s, Si-

CH3), 1195 (m, C-O-C ether). HRMS (ESI) m/z calcd for C19H24N2O6Si [M+Na]+: 427.1296; found 

427.1317. Lab reference PM212 (0.27 mmol, 11%) and PM213 (0.19 mmol, 58%). 

 

2-(2,6-dioxo-1-((2-(trimethylsilyl)ethoxy)methyl)piperidin-3-yl)-4-fluoroisoindoline-1,3-dione (37) 
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General method F was followed with 4-fluorothalidomide (210 mg, 0.68 mmol). The combined 

organic layers were washed with LiCl(aq) (5%), washed with brine, dried with Na2SO4 and the solvent 

removed in vacuo to give the title compound as a yellow oil (312 mg, quantitative). 

1H NMR (500 MHz, d6-DMSO) δ 7.96 (m, 1H, H23), 7.78 (d, J=7.2 Hz, 1H, H24), 7.74 (t, J=8.5 Hz, 1H, 

H22), 5.29 (dd, J=13.1 and 5.4 Hz, 1H, H29), 5.08 (s, 2H, Hq), 3.58-3.46 (m, 2H, Hr), 3.07-3.00 and 

2.82-2.78 (m, 2H, H32), 2.59-2.50 and 2.12-2.07 (m, 1H, H33) 0.84 (m, 2H, Hs), -0.02 (s, 9H, Ht). 13C 

NMR (125 MHz, d6-DMSO) δ 171.6 and 169.7 (C30 and C31), 166.0 and 163.9 (C27 and 28), 156.8 (d, 

1JC-F=262 Hz, C21), 138.1 (d, 3JC-F=7.9 Hz, C23), 133.4 (C25), 123.0 (d, 2JC-F=19.6 Hz, C22), 120.0 (d, 4JC-

F=3.0 Hz, C24), 117.0 (d, 2JC-F=12.5 Hz, C26), 68.3 (Cq), 66.0 (Cr), 49.6 (C29), 31.1 (C32), 20.8 (C33), 

17.4 (Cs), -1.4 (Ct). IR (neat film, νmax, cm-1) 2952 (w, C-H aromatic), 2869 (C-H aliphatic), 1716 (s, C=O 

imide), 1686 (s, C=O imide), 1387 (s, C-F), 1249 (m, Si-CH3), 1095 (m, C-O-C ether). HRMS (ESI) m/z 

calcd for C19H23FN2O5Si [M+Na]+: 429.1252; found 429.1258. Lab reference PM209 (0.33 mmol, 77%) 

and PM256 (0.68 mmol, quantitative).  

 

tert-butyl (2,6-dioxo-1-((2-(trimethylsilyl)ethoxy)methyl)piperidin-3-yl)carbamate (38) 

 

General method F was followed with tert-butyl(2,6-dioxopiperidin-3-yl)carbamate (500 mg, 2.2 

mmol). The combined organic layers were washed with water, dried with Na2SO4 and the solvent 

removed in vacuo to give the title compound as a yellow oil (820 mg) which was used without 

further purification. 

1H NMR (500 MHz, d6-DMSO) δ 7.27 (d, J=8.4 Hz, 1H, 29-NH), 5.02 (m, 2H, Hq), 4.32 (m, 1H, H29), 

3.51 (m, 2H, Hr), 2.84 (m, 1H, H32 or H33), 2.67 (m, 1H, H32 or 33), 1.92 (m, 2H, H32 and 33), 1.40 (s, 

9H, C(CH3)3), 0.82 (t, J=8.1 Hz, 2H, Hs), -0.02 (s, 9H, Ht). Lab reference PM221 (0.2 mmol, 98 mg) and 

PM233 (2.2 mmol, 820 mg). 

Data are in accordance with those previously reported in the literature187. 

 

tert-butyl (2-(((3-(4-(2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)ethoxy)phenyl)-1-(tetrahydro-2H-pyran-

2-yl)-1H-pyrazol-4-yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (40l) 
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General method G was followed with PRMT1 ligand 11 (39 mg, 0.09 mmol) and the linker 39l (1-

iodo-2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)ethane). The title compound was isolated as a yellow oil 

(41 mg, 65%). 

1H NMR (500 MHz, CDCl3) δ 7.72-7.51 (m, 3H, H12 and H15), 6.97 (d, J=8.7 Hz, 2H, H13), 5.39 (dd, 

J=9.7 and 2.4 Hz, 1H, H16), 4.17 (m, 2H, Ha), 4.10 (m, 1H, H20), 3.98 (m, 1H, H8), 3.89 (m, 2H, Hb), 

3.78-3.68 (m, 12H, H20 and H8 and Hc-g), 3.50 and 3.36 (m, 2H, H5), 3.27 (m, 2H, Hh), 2.82 (s, 3H, 

H4), 2.80 and 2.62 (m, 2H, H6), 2.33 (s, 3H, H7), 2.15-2.05 (m, 3H, H17 and H18), 1.73-1.68 (m, 2H, 

H18 and H19), 1.64-1.58 (m, 1H, H19), 1.45 (s, 9H, H1). Rotamers present. 13C NMR (125 MHz, CDCl3) 

δ 167.2 (C3), 158.7 (C14), 130.8 (C15), 129.7 (C12), 114.8 (C13), 87.9 (C16), 79.8 (d, C2), 72.0-70.3 

(Cc-Cg), 69.8 (Cb), 68.0 (C20), 67.5 (Ca), 54.1 and 52.2 (C6), 51.8 and 49.8 (C8), 46.1 and 44.7 (C5), 

40.5 (d, C7), 34.8 (d, C4), 30.6 (C17), 28.5 (C1), 25.0 (C19), 22.6 (C18), 3.1 (Ch). Rotamers present. C9, 

C10, C11 not identified. IR (neat film, νmax, cm-1) 2927 (m, C-H aromatic), 2864 (m, C-H aliphatic), 

1686 (s, C=O), 1082 (s, C-O-C cyclic ether). HRMS (ESI) m/z calcd for C32H51IN4O7 [M+H]+: 731.2875; 

found 731.2878. Lab reference PM229 (0.07 mmol, 51%), PM244 (0.09 mmol, 65%). 

 

tert-butyl (2-(((3-(4-((14-iodo-3,6,9,12-tetraoxatetradecyl)oxy)phenyl)-1-(tetrahydro-2H-pyran-2-

yl)-1H-pyrazol-4-yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (40m) 

 

General method G was followed with PRMT1 ligand 11 (38 mg, 0.08 mmol) and linker 39m (1,14-

diiodo-3,6,9,12-tetraoxatetradecane). The title compound was isolated as an orange oil (38 mg, 

58%). 

1H NMR (500 MHz, CDCl3) δ 7.87-7.56 (m, 3H, H12 and H15), 6.95 (d, J=8.8 Hz, 2H, H13), 5.37 (dd, 

J=9.6 and 2.7 Hz, 1H, H16), 4.15 (m, 2H, Ha), 4.07 (m, 1H, H20), 3.86 (m, 2H, Hb), 3.83 (m, 1H, H8), 
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3.75-3.65 (m, 15H, Hc-Hi and H20), 3.57 (m, 1H, H8), 3.45 and 3.33 (m, 2H, H5), 3.25 (m, 2H, Hj), 2.81 

(s, 3H, H4), 2.75 and 2.55 (m, 2H, H6), 2.29 (m, 3H, H7), 2.16-2.03 (m, 3H, H17 and H18), 1.73-1.64 

(m, 2H, H18 and H19), 1.62-1.58 (m, 1H, H19), 1.43 (s, 9H, H1). Rotamers present. 13C NMR (125 

MHz, CDCl3) δ 158.7 (C14), 130.6 (C15), 129.7 (C12), 114.8 (C13), 88.0 (C16), 79.8 (d, C2), 72.1-70.3 

(Cc-Ci), 69.9 (Cb), 68.1 (C20), 67.6 (Ca), 54.5 and 52.9 (C6), 52.3 and 50.5 (C8), 46.4 and 45.1 (C5), 

40.9 (d, C7), 34.8 (d, C4), 30.6 (C17), 28.5 (C1), 25.1 (C19), 22.7 (C18), 3.1 (Cj). Rotamers present. C3, 

C9, C10, C11 not identified. IR (neat film, νmax, cm-1) 2927 (m, C-H aromatic), 2865 (C-H aliphatic), 

1687 (s, C=O), 1082 (s, C-O-C cyclic ether). HRMS (ESI) m/z calcd for C34H55IN4O8 [M+H]+: 775.3137; 

found 775.3169. Lab reference PM231 (0.07 mmol, 38%), PM247 (0.08 mmol, 58%). 

 

tert-butyl (2-(((3-(4-((17-iodo-3,6,9,12,15-pentaoxaheptadecyl)oxy)phenyl)-1-(tetrahydro-2H-

pyran-2-yl)-1H-pyrazol-4-yl)methyl)(methyl)amino)ethyl)(methyl)carbamate (40n) 

 

General method G was followed with PRMT1 ligand 11 (40 mg, 0.09 mmol) and linker 39n (1,17-

diiodo-3,6,9,12,15-pentaoxaheptadecane). The title compound was isolated as a pale yellow oil (28 

mg, 38%). 

1H NMR (700 MHz, CDCl3) δ 7.72-7.57 (m, 3H, H12 and H15), 6.93 (d, J=8.7 Hz, 2H, H13), 5.36 (dd, 

J=9.9 and 2.5 Hz, 1H, H16), 4.14 (m, 2H, Ha), 4.07 (m, 1H, H20), 3.86 (m, 2H, Hb), 3.74-3.64 (m, 20H, 

Hc-k and H20 and H8), 3.47 (m, 1H, H8), 3.40 and 3.29 (m, 2H, H5), 3.24 (m, 2H, Hl), 2.80 (m, 3H, H4), 

2.62 and 2.51 (m, 2H, H6), 2.26 and 2.24 (m, 3H, H7), 2.15-2.03 (m, 3H, H17 and H18), 1.71-1.65 (m, 

2H, H18 and H19), 1.61-1.56 (m, 1H, H19), 1.42 and 1.41 (m, 9H, H1). Rotamers present. 13C NMR 

(176 MHz, CDCl3) δ 158.5 (C14), 151.1 (d, C10), 129.6 (C12), 129.2 (C15), 114.6 (C13), 87.9 (C16), 

79.5 (d, C2), 72.1-70.3 (Cc-Ck), 69.9 (Cb), 68.0 (C20), 67.5 (Ca), 55.0 and 53.8 (C6), 52.7 and 51.7 (C8), 

46.8 and 45.8 (C5), 41.6 (d, C7), 34.8 (d, C4), 30.7 (C17), 28.5 (C1), 25.1 (C19), 22.7 (C18), 3.1 (Cl). 
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Rotamers present. C3, C9, and C11 not identified. IR (neat film, νmax, cm-1) 2928 (m, C-H aromatic), 

2866 (m, C-H aliphatic), 1685 (s, C=O), 1083 (s, C-O-C cyclic ether). HRMS (ESI) m/z calcd for 

C36H59IN4O9 [M+H]+: 819.3399; found 819.3420. Lab reference PM232 (0.07 mmol, 17%), PM289 

(0.09 mmol, 38%). 

 

2-(1-(hydroxymethyl)-2,6-dioxopiperidin-3-yl)-4-((17-(4-(4-((methyl(2-

(methylamino)ethyl)amino)methyl)-1H-pyrazol-3-yl)phenoxy)-3,6,9,12,15-

pentaoxaheptadecyl)oxy)isoindoline-1,3-dione (42n) 

 

40n (9 mg, 0.01 mmol, 1 eq), CRBN ligand 35 (5 mg, 0.01 mmol, 1 eq) and Cs2CO3 (7 mg, 0.02 mmol, 2 

eq) were dissolved in MeCN (1 mL) and heated at 80oC overnight to produce intermediate product 

41n. The solvent was removed in vacuo and the residue dissolved in DCM (1 mL) and TFA (1 mL) was 

added dropwise and the mixture stirred at room temperature for 1 hr. The solvent was removed in 

vacuo and the residue purified by preparative HPLC (5-40% MeCN (0.05% TFA) in H2O (0.1% TFA) over 

20 min) and lyophilised to give the title compound as a white solid (5 mg, 59%). 

1H NMR (700 MHz, d6-DMSO) δ 10.05 (br s, 15-NH), 8.71 (br s, 2H, 4-NH2
+), 7.87 (s, 1H, H15), 7.81 

(dd, J=8.3 and 7.5 Hz, 1H, H23), 7.54 (d, J=8.6 Hz, 1H, H22), 7.49 (d, J=8.6 Hz, 2H, H12), 7.46 (d, J=7.2 

Hz, 1H, H24), 7.06 (d, J=8.6 Hz, 2H, H13), 5.18 (dd, J=13.1 and 5.4 Hz, 1H, H29), 5.05 (d, J=3.7 Hz, 2H, 

Hq), 4.36 (br s, 2H, H8), 4.34 (m, 2H, Hl), 4.13 (m, 2H, Ha), 3.80 (m, 2H, Hk), 3.76 (m, 2H, Hb), 3.64 

(m, 2H, Hj), 3.58 (m, 2H, Hc), 3.53 (m, 4H, Hd and Hi), 3.50 (m, 8H, He-Hh), 3.23 and 3.16 (two br s, 

4H, H5 and H6), 3.06-2.99 and 2.78-2.74 (m, 2H, H32), 2.63 (s, 3H, H4), 2.59-2.57 (m, 1H, H33), 2.55 

(m, 3H, H7), 2.05-2.03 (m, 1H, H33). q-OH likely the broad peak at ~5.9 ppm. 13C NMR (176 MHz, d6-

DMSO) δ 171.1 and 169.3 (C30 and C31), 166.8 and 165.3 (C27 and C28), 158.6 (C14), 158.1 (q, 2JC-

F=34.8 Hz, CF3COO-), 155.9 (C21), 137.0 (C23), 133.2 (C26), 129.5 (C12), 120.1 (C22), 116.3 (C25), 

115.4 (C24), 114.8 (C13), 70.1 (Cj), 69.9 (Cc), 69.8-69.7 (Cd-Ci), 68.9 (Cb), 68.8 (Cl), 68.7 (Ck), 67.3 
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(Ca), 62.5 (Cq), 50.1 (C8), 49.4 (C29), 49.3 (C5 or C6), 42.5 (C5 or C6), ~39.4 (C4), 32.7 (C7), 31.3 

(C32), 21.0 (C33). Peak indicated by HSQC δ 137.7 (C15). C9, C10, C11 not identified. HPLC (5-95% 

MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.51 min. Purity= 85%. HRMS (ESI) m/z calcd 

for C40H54N6O12 [M+H]+: 811.3872; found 811.3857. Lab reference PM237. 

 

tert-butyl 3-(2-(2-(2-(4-(4-(((2-((tert-butoxycarbonyl)(methyl)amino)ethyl)(methyl)amino)methyl)-

1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-3-yl)phenoxy)ethoxy)ethoxy)ethoxy)propanoate (44) 

 

PRMT1 ligand 11 (50 mg, 0.11 mmol, 1 eq), tert-butyl 3-(2-(2-(2-

iodoethoxy)ethoxy)ethoxy)propanoate (56 mg, 0.14 mmol, 1.2 eq), K2CO3 (31 mg, 0.23 mmol, 2 eq) 

were dissolved in MeCN (0.7 mL) and heated at 80oC for 8 hr. The solvent was removed in vacuo and 

the residue was purified by automated column chromatography (C18 Gold, 5-60% MeCN in 1% 

HCOOH(aq) over 60 CV) to give a pale orange oil (46 mg, 58%).  

1H NMR (500 MHz, CDCl3) δ 7.67-7.51 (m, 3H, H12 and H15), 6.94 (d, J=8.8 Hz, 2H, H13), 5.37 (dd, 

J=9.5 and 2.3 Hz, 1H, H16), 4.14 (m, 2H, Ha), 4.07 (m, 1H, H20), 3.89 (m, 1H, H8), 3.68 (m, 2H, Hb), 

3.73-3.59 (m, 12H, H20 and H8 and Hc-Hg), 3.45 and 3.32 (m, 2H, H5), 2.79 (s, 3H, H4), 2.75 and 2.58 

(m, 2H, H6), 2.49 (m, 2H, Hh), 2.28 (s, 3H, H7), 2.16-2.03 (m, 3H, H17 and H18), 1.73-1.63 (m, 2H, 

H18 and H19), 1.61-1.56 (m, 1H, H19), 1.43 (s, 18H, H1 and Hk). Rotamers present. 13C NMR (125 

MHz, CDCl3) δ 171.0 (Ci), 167.2 (C3), 158.8 (C14), 129.8 (C12), 114.9 (C13) 88.0 (C16), 80.6 (Cj and 

C2), 71.0-70.5 (Cc-Cf), 69.8 (Cb), 68.1 (C20), 67.5 (Ca). 67.0 (Cg), 54.1 and 52.2 (C6), 51.8 and 49.8 

(C8), 46.1 and 44.9 (C5), 40.6 (d, C7), 36.4 (Ch), 34.8 (d, C4), 30.7 (C17), 28.5 and 28.2 (C1 and Ck), 

25.0 (C19), 22.7 (C18). Rotamers present. C9, C10, C11 and C15 not identified. IR (neat film, νmax, cm-

1) 2932 (m, C-H aromatic), 2868 (w, C-H aliphatic), 1728 (m, C=O), 1691 (s, C=O), 1083 (m, C-O-C 

cyclic ether). HRMS (ESI) m/z calcd for C37H60N4O9 [M+H]+:705.4433; found 705.4449. Lab reference 

PM184. 

 

2-(2,6-dioxopiperidin-3-yl)-4-((6-hydroxyhexyl)amino)isoindoline-1,3-dione (46) 
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4-fluorothalidomide (55 mg, 0.20 mmol, 1 eq) and 6-amino-1-hexanol (26 mg, 0.22 mmol, 1.2 eq) 

were dissolved in DMSO (0.5 mL). DIPEA (100 µL, 0.54 mmol, 3 eq) was added and the mixture 

heated at 130oC overnight. The mixture was purified by automated column chromatography (C18 

Gold, 5-60% MeCN in 1% HCOOH(aq) over 40 CV) to give a yellow/green oil (42 mg, 62%). 

1H NMR (500 MHz, CDCl3) δ 8.69 (s, 1H, 30-NH), 7.46 (dd, J=8.5 and 7.1 Hz, 1H, H23), 7.06 (d, J=7.0 

Hz, 1H, H24), 6.86 (d, J=8.5 Hz, 1H, H22), 6.22 (br s, 1H, 21-NH), 4.90 (dd, J=12.3 and 5.4 Hz, 1H, 

H29), 3.62 (m, 2H, Ha), 3.25 (m, 2H, Hf), 2.87-2.68 and 2.12-2.08 (m, 4H, H32 and 33), 1.66 (m, 2H, 

He), 1.57 (m, 2H, Hb) 1.41 (m., 4H, Hc and Hd). a-OH not identified. Lab reference PM174. 

Data are in accordance with those reported previously in literature248. 

 

2-(2,6-dioxo-1-((2-(trimethylsilyl)ethoxy)methyl)piperidin-3-yl)-4-((17-hydroxy-3,6,9,12,15-

pentaoxaheptadecyl)amino)isoindoline-1,3-dione (47o) 

 

General method H was followed with CRBN ligand 37 (27 mg, 0.07 mmol) and linker {CAS: 39160-70-

8} to give the title compound as a green oil (36 mg, 78%). 

1H NMR (500 MHz, CDCl3) δ 7.46 (dd, J=8.5 and 7.5 Hz, 1H, H23), 7.06 (d, J=6.8 Hz, 1H, H24), 6.92 (d, 

J=8.5 Hz, 1H, H22), 6.44 (m, 1H, 21-NH), 5.24 (s, 2H, Hq), 4.92 (m, 1H, H29), 3.70-3.56 (m, 24H, Hr 

and Ha-k), 3.46 (m, 2H, Hl), 3.01-2.92 (m, 1H, H32), 2.80-2.71 (m, 2H, H32 and H33), 2.09-2.05 (m, 

1H, H33), 0.92 (m, 2H, Hs), -0.02 (s, 9H, Ht). a-OH not identified. 13C NMR (125 MHz, CDCl3) δ 171.2 

(C30 or C31), 169.4 (C27 or C28), 169.2 (C30 or C31), 167.8 (C27 or C28), 146.9 (C21), 136.1 (C23), 

132.6 (C25), 116.9 (C22), 111.7 (C24), 110.4 (C26), 72.7-69.7 (Cb-Ck), 69.2 (Cq), 67.4 (Cr), 61.7 (Ca), 

49.6 (C29), 42.5 (Cl), 32.1 (C32), 22.0 (C33), 18.1 (Cs), -1.3 (Ct). IR (neat film, νmax, cm-1) 3450 (br w, 

OH), 3393 (m, NH secondary amine), 2949 (m, C-H, aliphatic), 2869 (w, C-H, aliphatic), 1689 (s, C=O). 

HRMS (ESI) m/z calcd for C31H49N3O11Si [M+H]+: 668.3209; found 668.3214. Lab reference PM214 

(0.07 mmol, 78%), PM282 (0.13 mmol, 51%). 
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2-(2,6-dioxo-1-((2-(trimethylsilyl)ethoxy)methyl)piperidin-3-yl)-4-((6-

hydroxyhexyl)amino)isoindoline-1,3-dione (47p) 

 

General method H was followed with CRBN ligand 37 (49 mg, 0.12 mmol) and 6-amino-1-hexanol to 

give the title compound as a yellow/green solid (29 mg, 47%). 

1H NMR (500 MHz, CDCl3) δ 7.47 (dd, J=8.5 and 7.2 Hz, 1H, H23), 7.07 (d, J=7.0 Hz, 1H, H24), 6.86 (d, 

J=8.5 Hz, 1H, H22),6.21 (m, 1H, 21-NH), 5.26 (s, 2H, Hq), 4.92 (dd, J=12.6 and 5.3 Hz, 1H, H29), 3.67-

3.56 (m, 4H, Ha and Hr), 3.26 (m, 2H, Hf), 3.02-2.94 (m, 1H, H32), 2.81-2.72 (m, 2H, H32 and H33), 

2.13-2.05 (m, 1H, H33), 1.67 (m, 2H, He), 1.58 (m, 2H, Hb), 1.48-1.39 (m, 4H, Hc and Hd), 0.94 (m, 

2H, Hs), -0.01 (s, 9H, Ht). a-OH not identified. 13C NMR (125 MHz, CDCl3) δ 171.2 (C30 or C31), 169.7 

(C27 or C28), 169.3 (C30 or C31), 167.8 (C27 or C28), 147.1 (C21), 136.2 (C23), 132.7 (C25), 116.7 

(C22), 111.5 (C24), 110.1 (C26), 69.3 (Cq), 67.5 (Cr), 62.9 (Ca), 49.7 (C29), 42.7 (Cf), 32.7 (Cb), 32.2 

(C32), 29.3 and 26.7 and 25.6 (Cc, Cd and Ce), 22.1 (C33), 18.2 (Cs), -1.3 (Ct). IR (neat film, νmax, cm-1) 

3510 (br w, OH), 3398 (m, NH secondary amine), 2931 (m, C-H, aliphatic), 2869 (w, C-H, aliphatic), 

1685 (s, C=O). HRMS (ESI) m/z calcd for C25H37N3O6Si [M+Na]+: 526.2344 ; found 526.2346. Lab 

reference PM281 (0.12 mmol, 47%), PM286 (0.15 mmol, 42%). 

 

2-(2,6-dioxo-1-((2-(trimethylsilyl)ethoxy)methyl)piperidin-3-yl)-4-((10-

hydroxydecyl)amino)isoindoline-1,3-dione (47q) 

 

General method H was followed with CRBN ligand 37 (50 mg, 0.12 mmol) and 10-amino-1-decanol to 

give the title compound as a yellow/green oil (51 mg, 69%). 

1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J=8.4 and 7.3 Hz, 1H, H23), 7.05 (d, J=7.1 Hz, 1H, H24), 6.86 (d, 

J=8.5 Hz, 1H, H22), 6.20 (t, J=4.9 Hz, 1H, 21-NH), 5.25 (s, 2H, Hq), 4.92 (dd, J=12.5 and 4.9 Hz, 1H, 
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H29), 3.61 (m, 4H, Ha and Hr), 3.23 (m, 2H, Hj), 2.98-2.95 (m, 1H, H32), 2.81-2.73 (m, 2H, H32 and 

H33), 2.10-2.05 (m, 1H, H33), 1.63 (m, 2H, Hi), 1.54 (m, 2H, Hb), 1.41-1.29 (m, 12H, Hc-Hh), 0.93 (m, 

2H, Hs), -0.01 (s, 9H, Ht). a-OH not identified. 13C NMR (101 MHz, CDCl3) δ 171.2 (C30 or C31), 169.6 

(C27 or C28), 169.3 (C30 or C31), 167.8 (C27 or C28), 147.1 (C21), 136.1 (C23), 132.6 (C25), 116.6 

(C22), 111.3 (C24), 110.0 (C26), 69.2 (Cq), 67.4 (Cr), 63.1 (Ca), 49.6 (C29), 42.7 (Cj), 32.8 (Cb), 32.1 

(C32), 29.6-25.8 (Cc-Ci), 22.1 (C33), 18.2 (Cs), -1.3 (Ct). IR (neat film, νmax, cm-1) 3510 (br w, OH), 3397 

(m, NH secondary amine), 2925 (m, C-H, aliphatic), 2854 (w, C-H, aliphatic), 1687 (s, C=O). HRMS 

(ESI) m/z calcd for C29H45N3O6Si [M+Na]+: 582.2970; found 582.2982. Lab reference PM271 (0.12 

mmol, 69%), PM279 (0.14 mmol, 65%). 

 

9.2.3 PROTAC A-Q and HBM1-5 

The following molecules are characterised as the trifluoroacetate salt of the molecule.  

PROTAC A 

 

General method I was followed with 28 (61 mg, 0.12 mmol, 1 eq) and PRMT1 ligand 11 (60 mg, 0.13 

mmol, 1.1 eq). The alkylation reaction was heated at 80oC for 4 hr. Following deprotection, the 

residue was purified using automated column chromatography (C18 Gold, 5-60% MeCN in 0.5% 

CH3COOH(aq) over 40 CV), followed by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) 

over 20 min) and lyophilised to give the title compound as a white solid (22 mg, 25%). 

1H NMR (500 MHz, d6-DMSO) δ 10.29 (br s, 25-NH), 8.99 (s, 1H, H3), 8.84 (br s, 2H, 30-NH2
+), 8.61 (t, 

J=6.0 Hz, 1H, 9-NH), 7.95 (d, J=9.4 Hz, 1H, 16-NH), 7.88 (s, 1H, H25), 7.52 (d, J=8.7 Hz, 2H, H21), 7.41 

(m, 4H, H6 and H7), 7.07 (d, J=8.8 Hz, 2H, H20), 5.26 (br s, 1H, 13-OH), 4.70 (m, 2H, Hb), 4.60 (d, 

J=9.4 Hz, 1H, H16), 4.47-4.34 (m, 5H, H9, H13 and H26), 4.25 (dd, J=15.8 and 5.6 Hz, 1H, H11), 3.64 

(m, 2H, H14), 3.25 (m, 4H, H28 and H29), 2.61 (s, 3H, H27), 2.56 (s, 3H, H30), 2.45 (s, 3H, H1), 2.09-

2.05 and 1.94-1.88 (m, 2H, H12), 0.95 (m, 9H, H18). 13C NMR (125 MHz, d6-DMSO) δ 171.8 (C10), 

169.1 (C15), 167.1 (Ca), 157.1 (C19), 151.5 (C3), 147.7 (C2), 139.5, 131.1 and 129.7 (C4, C5 and C8), 

128.8 (C21), 128.7 and 127.5 (C6 and C7), 114.6 (C20), 68.9 (C9 or C13), 66.5 (Cb), 60.0 (C9 or C13), 

56.6 and 56.1 (C14 and C16), 52.7 (C27 or C30), 41.7 (C11), 37.9 (C12), 35.8 (C17), 26.2 (C18), 15.9 

(C1). Peaks indicated by HSQC δ 60.0 and 59.0 (C28 and C29), 54.3 (C27 or C30). C22, C23, C24, C25 



160 
 

and C26 not identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.63 

min. Purity= 97%. HRMS (ESI) m/z calcd for C38H50N8O5S [M+H]+: 731.3698; found 731.3705. Lab 

reference PM102. 

 

PROTAC B 

 

25 (13 mg, 0.01 mmol) was dissolved in MeOH (0.5 mL) and HCl(aq, 37%) (0.5 mL) was added dropwise 

and the mixture stirred at room temperature for 1 hr. The solvent was then removed in vacuo and 

the residue purified by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) 

and lyophilised to give the title compound as a white solid (9 mg, 92%). 

1H NMR (500 MHz, d6-DMSO) δ 9.97 (br s, 1H, 25-NH), 8.98 (s, 1H H3), 8.67 (br s, 2H, 30-NH2
+), 8.56 

(t, J=6.1 Hz, 1H, 9-NH), 7.88 (d, J=9.4 Hz, 1H, 16-NH), 7.51 (m, 2H, H21), 7.40 (m, 4H, H6 and H7), 

7.02 (d, J=8.1 Hz, 2H H20), 5.14 (br s, 1H, 13-OH), 4.56 (d, J=9.5 Hz, 1H, H16), 4.42 (m, 2H, H9), 4.35 

(m, 1H, H13), 4.21 (dd, J=5.5 and 15.9 Hz, 1H, H11), 3.99 (t, J=6.4 Hz, 2H, Hf), 3.66 (m, 2H, H14), 3.17 

(m, 4H (overlapping with H2O), H28 and H29), 2.54 (m, 6H, H27 and H30), 2.44 (s, 3H, H1), 2.34-2.28 

and 2.19-2.13 (m, 2H, Hb), 2.06-2.00 and 1.93-1.89 (m, 2H, H12), 1.73 (m, 2H, He), 1.60-1.38 (m, 4H, 

Hc and Hd), 0.94 (s, 9H, H18). H26 likely the broad peak at ~4.2 ppm. H25 not identified. 13C NMR 

(125 MHz, d6-DMSO) δ 172.0 (Ca and C10), 169.7 (C15), 157.8 (q, 2JC-F=31.7 Hz, CF3COO-), 151.5 (C3), 

147.7 (C2), 139.5 and 131.2 and 129.6 (C4, C5 and C8), 128.6 and 127.4 (C6 and C7), 114.7 (C20), 

68.9 (C13), 67.4 (Cf), 58.7 (C9), 56.4 and 56.3 (C14 and C16), 41.6 (C11), 38.0 (C12). 35.2 (C17), 34.8 

(Cb), 32.7 (C27 or C30), 28.4 (Ce), 26.4 (C18), 25.2 and 25.2 (Cc and Cd), 15.9 (C1). Peaks indicated by 

HSQC δ 129.3 (C21). C19, C22, C23, C24, C25, C26, C27, C28, C29, C30 not identified. HPLC (5-95% 

MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.97 min. Purity= 99%. HRMS (ESI) m/z calcd 

for C42H58N8O5S [M+H]+: 787.4324; found 787.4322. Lab reference PM100. 

 

PROTAC C 
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26c (40 mg, 0.06 mmol, 1 eq), PRMT1 ligand 11 (17 mg, 0.13, 2 eq), K2CO3 (17 mg, 0.13 mmol, 2 eq) 

and KI (2 mg, 0.01 mmol, 0.2 eq) were dissolved in MeCN (1 mL) and heated overnight at 80oC. The 

solvent was removed in vacuo and the residue purified by automated column chromatography (C18 

Gold, 5-95% MeCN in 0.5% HCOOH(aq) over 45 CV). The product was then diluted with DCM, washed 

with water, dried with Na2SO4 and the solvent removed in vacuo to give a pale yellow solid (35 mg). 

The solid was dissolved in MeOH (0.5 mL) and HCl(aq, 37%) (0.5 mL) was added dropwise and the 

mixture stirred at room temperature for 1 hr. The solvent was then removed in vacuo and the residue 

purified by preparative HPLC (5-70% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) and 

lyophilised to give the title compound as a white solid (9 mg, 95%). 

1H NMR (500 MHz, d6-DMSO) δ 10.11 (br s, 1H, 25-NH), 8.98 (s, 1H, H3), 8.76 (br s, 2H, 30-NH2
+), 

8.58 (t, J=6.0 Hz, 1H, 9-NH), 7.85 (d, J=9.4, 1H, 16-NH), 7.83 (br s, 1H, H25), 7.49 (d, J=8.2 Hz, 2H, 

H20), 7.40 (m, 4H, H6 and H7), 7.03 (d, J=8.4 Hz, 2H, H21), 4.55 (d, J=9.4 Hz, 1H, H16), 4.45-4.41 (m, 

2H, H9), 4.35 (m, 1H, H13), 4.21 (dd, J=15.9 and 5.4 Hz, 1H, H11), 4.00 (t, J=6.4 Hz, 3H, Hh), 3.65 (m, 

2H, H14), 3.21 and 3.13 (two br s, 4H, H28 and H29), 2.59 and 2.56 (two br s, 6H, H27 and H30), 2.44 

(s, 3H, H1), 2.30-2.25 and 2.15-2.09 (m, 2H, Hb), 2.05-2.01 and 1.92-1.88 (m, 2H, H12), 1.71 (m, 2H, 

Hg), 1.55-1.38 (m, 4H, Cc and f) 1.36-1.26 (m, 4H, Cd and Ce), 0.94 (s, 9H, H18). H26 likely the broad 

peak at ~4.3 ppm. 13-OH likely broad peak at ~5.1 ppm. 13C NMR (176 MHz, d6-DMSO) δ 172.1 (Ca), 

171.9 (C10), 169.7 (C15), 158.8 (C19), 158.1 (q, 2JC-F=33.4 Hz, CF3COO), 151.5 (C3), 147.7 (C2), 139.5 

and 131.2 and 129.6 (C4, C5 and 8), 129.5 (C21), 128.6 and 127.4 (C6 and C7), 116.5 (q, 1JC-F =296.2 

Hz, CF3COO-), 114.8 (C20), 68.9 (C13), 67.5 (Ch), 58.7 (C9), 56.3 and 56.3 (C14 and C16), 41.6 

(C11),~40.3 (C27 or C30), 38.0 (C12), 35.2 (C17), 34.8 (Cb), 32.7 (C27 or C30), 28.6-28.5 (Cd, Ce and 

Cg), 26.4 (C18), 25.4 and 25.4 (Cc and Cf), 15.9 (C1). C22, C23, C24, C25, C26, C28 and C29 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.05% TFA) over 15 min) Rt = 7.63 min. Purity= 

99%. HRMS (ESI) m/z calcd for C54H78N8O8S [M+H]+: 999.5736; found 999.5729. Lab reference PM89 

and PM94. 

 

PROTAC D 
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General method I was followed with 26d (42 mg, 0.06 mmol, 1 eq) and PRMT1 ligand 11 (28 mg, 0.06 

mmol, 1 eq). The alkylation reaction was heated overnight at 80oC. Following deprotection, the 

residue was purified by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) over 30 min) 

and lyophilised to give the title compound as a white solid (8 mg, 15%). 

1H NMR (700 MHz, d6-DMSO) δ 10.08 (br s, 25-NH), 8.98 (s, 1H, H3), 8.75 (br s, 2H, 30-NH2
+), 8.56 (t, 

J=6.0 Hz, 1H, 9-NH), 7.84 (m, 2H, H25 and 16-NH), 7.48 (d, J=8.3 Hz, 2H, H21), 7.40 (m, 4H, H6 and 

H7), 7.04 (d, J=8.3 Hz, 2H, H20), 4.54 (d, J=9.4 Hz, H16), 4.43 (m, 2H, H9), 4.35 (m, 3H, H13 and H26), 

4.22 (dd, J=15.8 and 5.4 Hz, 1H, H11), 4.00 (t, J=6.4 Hz, 2H, Hj), 3.65 (m, 2H, H14), 3.24 and 3.16 (two 

br s, 4H, H28 and H29), 2.63 and 2.55 (two br s, 6H, H27 and H30), 2.44 (s, 3H, H1), 2.29-2.24 and 

2.12-2.08 (m, 2H, Hb), 2.04-2.02 and 1.92-1.88 (m, 2H, H12), 1.72 (m, 2H, Hi), 1.52-1.50 (m, 2H, Hc), 

1.43-1.38 (m, 2H, Hh), 1.32-1.24 (m, 8H, Cd-Cg), 0.93 (s, 9H, H18). 13-OH not identified. 13C NMR 

(176 MHz, d6-DMSO) δ 172.1 (Ca), 171.9 (C10), 169.7 (C15), 158.6 (C19), 158.3 (q, 2JC-F=34.6 Hz, 

CF3COO), 151.5 (C3), 147.7 (C2), 139.5 and 131.2 and 129.6 (C4, C5 and C8), 129.5 (C21), 128.6 and 

127.4 (C6 and C7), 116.3 (q, 1JC-F =288.8 Hz, CF3COO-), 114.8 (C20), 68.9 (C13), 67.6 (Cj), 58.7 (C9), 

26.3 and 56.2 (C14 and C16), 50.2 (C26), 49.3 and 42.5 (C28 and C29), 41.6 (C11), ~39.7 (C27 or C30), 

38.0 (C12), 25.2 (Cb), 33.7 (C17), 32.7 (C27 or C30), 28.9-28.5 (Ci and Cd-Cg), 26.4 (C18), 25.5 and 

25.4 (Cc and Ch), 15.9 (C1). Peak indicated by HSQC δ 137.4 (C25). C22, C23 and C24 not identified. 

HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 8.32 min. Purity= 89%. HRMS 

(ESI) m/z calcd for C46H66N8O5S [M+H]+: 843.4950; found 843.4943. Lab reference PM230. 

 

PROTAC E 
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General method I was followed with 26e (27 mg, 0.04 mmol, 1 eq) and PRMT1 ligand 11 (17 mg, 0.04 

mmol, 1 eq). The alkylation reaction was heated overnight at 80oC. Following deprotection, the 

residue was purified using automated column chromatography (C18 Gold, 5-95% MeCN in 1% 

CH3COOH(aq) over 45 CV), followed by preparative HPLC (5-95% MeCN (0.05% TFA) in H2O (0.1% TFA) 

over 20 min) and lyophilised to give the title compound as a white solid (8 mg, 24%). 

1H NMR (700 MHz, d6-DMSO) δ 10.11 (br s, 1H, 25-NH), 8.98 (s, 1H, H3), 8.74 (br s, 2H, 30-NH2
+), 

8.56 (t, J=6.1 Hz, 1H, 9-NH), 7.84 (m, 2H, H25 and 16-NH), 7.50 (d, J=8.2 Hz, 2H, H21), 7.40 (m, 4H, H6 

and H7), 7.03 (d, J=8.5 Hz, 2H, H20), 5.20 (br s, 1H, 13-OH), 4.54 (d, J=9.4 Hz, 1H, H16), 4.42 (m, 2H, 

H9), 4.35 (m, 1H, H13), 4.21 (dd, J=15.9 and 6.0 Hz, 1H, H11), 4.00 (t, J=6.5 Hz, 2H, Hl), 3.65 (m, 2H, 

H14), 3.21 and 3.11 (two br s, 4H, H28 and H29), 2.58-2.54 (m, 6H, H27 and H30), 2.44 (s, 3H, H1), 

2.28-2.34 and 2.17-2.08 (m, 2H, Hb), 2.04-2.02 and 1.92-1.89 (m, 2H, H12), 1.72 (m, 2H, Hk), 1.53-

1.40 (m, 4H, Hc and Hj), 1.32-1.24 (m, 12H, Hd-Hi), 0.93 (s, 9H, H18). H26 likely the broad peak at 

~4.2 ppm. 13C NMR (176 MHz, d6-DMSO) δ 172.1 (Ca), 172.0 (C10), 169.7 (C15), 158.7 (q, 2JC-F=34.7 

Hz, CF3COO), 158.2 (C19), 151.9 (C3), 147.7 (C2), 139.5 and 131.2 and 129.6 (C4, C5 and C8), 129.4 

(C21), 128.7 and 127.4 (C6 and C7), 114.7 (C20), 68.9 (C13), 67.6 (Cl), 58.7 (C9), 56.3 and 56.3 (C14 

and C16), 41.7 (C11), 38.0 (C12), 35.2 (C17), 34.9 (Cb), 32.7 (C27 or C30), 29.0-28.7 (Cd-i and Ck), 

26.4 (C18), 25.6 and 25.5 (Cc and Cj), 16.0 (C1). C22, C23, C24, C25, C26, C28, C29 and C27 or C30 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 9.01 min. Purity= 

96%. HRMS (ESI) m/z calcd for C48H70N8O5S[M+H]+: 871.5263; found 871.5320. Lab reference PM277. 

 

PROTAC F 
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General method I was followed with 26f (53 mg, 0.07 mmol, 1 eq) and PRMT1 ligand 11 (31 mg, 0.07 

mmol, 1 eq). The alkylation reaction was heated overnight at 80oC. Following deprotection, the 

residue was purified by preparative HPLC (5-95% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) 

and lyophilised to give the title compound as a white solid (7 mg, 10%). 

1H NMR (700 MHz, d6-DMSO) δ 10.17 (br s, 1H, 25-NH), 8.98 (s, 1H, H3), 8.76 (br s, 2H, 30-NH2
+), 

8.56 (t, J=6.1 Hz, 1H, 9-NH), 7.88 (s, 1H, H25), 7.83 (d, J=9.4 Hz, 1H, 16-NH), 7.48 (d, J=8.5 Hz, 2H, 

H21), 7.40 (m, 4H, H6 and H7), 7.063 (d, J=8.5 Hz, 2H, H20), 4.54 (d, J=9.4 Hz, 1H, H16), 4.43 (m, 2H, 

H9), 4.33 (m, 3H, H13 and H26), 4.21 (dd, J=15.8 and 5.5 Hz, 1H, H11), 4.00 (t, J=6.4 Hz, 2H, Hp), 4.65 

(m, 2H, H14), 3.24 and 3.16 (two br s, 4H, H28 and H29), 2.62 and 2.55 (two br s, 6H, H27 and H30), 

2.44 (s, 3H, H1), 2.28-2.24 and 2.11-2.07 (m, 2H, Hb), 2.07-2.01 and 1.92-1.88 (m, 2H, H12), 1.72 (m, 

2H, Ho), 1.53-1.39 (m, 4H, Hc and Hn), 1.32-1.23 (m, 20H, Hd-Hm), 0.93 (s, 9H, H18). 13-OH likely 

broad peak at ~5.2 ppm. 13C NMR (176 MHz, d6-DMSO) δ 172.1 (Ca), 172.0 (C10), 170.0 (C15), 158.8 

(C19), 158.3 (q, 2JC-F=34.7 Hz, CF3COO-), 151.5 (C3), 147.7 (C2), 139.5 (C4, C5 or C8), 131.2 (C4, C5 or 

C8), 129.6 and 129.5 (C21 and C4, C5, or C8), 128.6 and 127.4 (C6 and C7), 116.1 (q, 1JC-F =294.1 Hz, 

CF3COO-), 114.8 (C20), 68.9 (C13), 67.6 (Cp), 58.7 (C9), 56.3 and 56.3 (C14 and C16), 50.1 and 49.4 

(C26 and C28 or C29), 42.5 (C28 or 29), 41.6 (C11), ~39.4 (C27 or C30), 38.0 (C12), 35.2 and 34.9 (Cb 

and C17), 32.6 (C27 or C30), 29.1-28.6 (Cd-m and Co), 26.4 (C18), 25.5 and 25.4 (Cc and Cn), 15.9 

(C1). Peak indicated by HSQC δ 137.7 (C25). C22, C23 and C24 not identified. HPLC (5-95% MeCN 

(0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 10.61 min. Purity= 93%. HRMS (ESI) m/z calcd for 

C52H78N8O5S [M+H]+: 927.5889; found 927.5893. Lab reference PM262. 
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General method I was followed with 32g (33 mg, 0.06 mmol, 1 eq) and PRMT1 ligand 11 (29 mg, 0.06 

mmol, 1.1 eq). The alkylation reaction was heated at 80oC for 4 days. Following deprotection, the 

residue was purified by automated column chromatography (C18 Gold, 5-60% MeCN in 1% 

HCOOH(aq) over 45 CV), followed by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) 

over 20 min) and lyophilised to give the title compound as a white solid (10 mg, 19%).  

1H NMR (500 MHz, d6-DMSO) δ 10.08 (br s, 1H, 25-NH), 8.96 (s, 1H, H3), 8.72 (m, 2H, 30-NH2
+), 5.58 

(t, J=6.0 Hz, 1H, 9-NH), 7.85 (s, 1H, 16-NH), 7.50 (m, 3H, H21 and H25), 7.39 (m, 4H, H6 and H7), 7.10 

(d, J=8.8 Hz, 2H, H20), 4.60 (d, J=9.6 Hz, 1H, H16), 4.43 (m, 1H, H13), 4.34 (m, 2H, H9), 4.28 (dd, 

J=15.7 and 5.8 Hz, 1H, H11), 4.20 (s, 2H, Hd), 4.07 (m, 2H, Hb), 3.87 (m, 2H, Hc), 3.65 (m, 2H, H14), 

3.22 and 3.15 (two br s, 4H, H28 and H29), 4.26 and 4.55 (two br s, 6H, H27 and H30), 2.42 (s, 3H, 

H1), 2.09-2.05 and 1.93-1.88 (m, 2H, H12), 0.96 (s, 9H, H18). H26 likely the broad peak at ~4.3 ppm. 

13-OH likely broad peak at ~5.2 ppm. 13C NMR (125 MHz, d6-DMSO) δ 171.7 (C10), 169.2 (C15) 168.5 

(Ca), 158.3 (C19), 158.1 (q, 2JC-F=34.6 Hz, CF3COO-), 151.5 (C3), 147.7 (C2), 139.4 and 131.1 and 129.7 

(C4, C5 and C8), 129.5 (C21), 128.7 and 127.6 (C6 and C7), 116.2 (q, 1JC-F= 294.5 Hz, CF3COO-), 114.9 

(C20), 69.6 and 69.5 (Cb and Cc), 68.8 (C13), 67.1 (Cd), 58.7 (C9), 56.6 (C14), 55.7 (C16), 41.7 (C11), 

~39.6 (C27 or C30), 38.0 (C12), 35.7 (C17), 32.7 (C27 or C30), 26.2 (C18), 15.9 (C1). C22, C23, C24, 

C25, C26, C28 and C29 not identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 

min) Rt = 6.66 min. Purity= 97%. HRMS (ESI) m/z calcd for C40H54N8O6S [M+H]+: 775.3960; found 

775.3969. Lab reference PM125 and PM131. 
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General method I was followed with 32h (50 mg, 0.08 mmol, 1 eq) and PRMT1 ligand 11 (41 mg, 0.09 

mmol, 1.1 eq) The alkylation reaction was heated at 80oC for 3 days. Following deprotection, the 

residue was purified by automated column chromatography (C18 Gold, 5-60% MeCN in 1% 

HCOOH(aq) over 40 CV), followed by preparative HPLC (5-40% MeCN (0.05% TFA) in H2O (0.1% TFA) 

over 20 min) and lyophilised to give the title compound as a white solid (3 mg, 3%).  

 1H NMR (500 MHz, d6-DMSO) δ 10.09 (br s, 1H, 25-NH), 8.97 (s, 1H, H3), 8.67 (m, 2H, 30-NH2
+), 8.59 

(t, J=6.0 Hz, 1H, 9-NH), 7.84 (br s, 1H, 16-NH), 7.49 (d, J=8.1 Hz, 2H, H21), 7.39 (m, 4H, H6 and H7), 

7.04 (d, J=8.7 Hz, 2H, H20), 5.13 (br s, 1H, 13-OH), 5.46 (d, J=9.6 Hz, 1H, H16), 4.43 (t, J=8.2 Hz, 1H, 

H13), 4.37 (m, 2H, H9), 4.26 (dd, J=15.5 and 5.8 Hz, 1H, H11), 4.15 (t, J=4.6 Hz, 2H, Hf), 3.99 (m, 2H, 

Hb), 3.81 (m, 2H, Hc), 3.68 (m, 2H, H14), 3.64 (m, 4H, Hd and He), 3.20 and 3.10 (two br s, 4H, H28 

and H29), 2.59 and 2.55 (two br s, 6H, H27 and H30), 2.43 (s, 3H, H1), 2.09-2.20 and 1.93-1.88 (m, 

2H, H12), 0.94 (s, 9H, H18). H26 likely the broad peak at ~4.3 ppm. H25 not identified. 13C NMR (125 

MHz, d6-DMSO) δ 171.8 (C10), 169.2 (C15) 168.6 (Ca), 158.0 (C19), 151.5 (C3), 147.7 (C2), 139.4 and 

131.1 and 129.7 (C4, C5 and C8), 129.5 (C21), 128.9 and 128.7 (C6 and C7), 114.8 (C20), 70.5-69.0 

(Cb-Ce), 68.9 (C13), 67.2 (Cf), 58.8 (C9), 56.6 (C14), 55.7 (C16), 41.7 (C11), ~40.3 (C27 or C30), 38.0 

(C12), 35.7 (C17), 32.7 (C27 or C30), 26.2 (C18), 15.9 (C1). C22, C23, C24, C25, C26, 28 and 29 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.58 min. Purity= 

99%. HRMS (ESI) m/z calcd for C42H58N8O7S [M+H]+: 819.4222 ; found 819.4218. Lab reference 

PM134. 
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General method I was followed with 32i (45 mg, 0.07 mmol, 1 eq) and PRMT1 ligand 11 (44 mg, 0.08 

mmol, 1.1 eq). The alkylation reaction was heated at 80oC for 4 days. Following deprotection, the 

residue was purified by automated column chromatography (C18 Gold, 5-60% MeCN in 1% 

HCOOH(aq) over 45 CV), followed by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) 

over 20 min) and lyophilised to give the title compound as a white solid (6 mg, 10%). 

1H NMR (700 MHz, d6-DMSO) δ 9.98 (br, s, 1H, 25-NH), 8.98 (s, 1H, H3), 8.67 (m, 2H, 30-NH2
+), 8.59 

(t, J=6.0 Hz, 1H, 9-NH), 7.85 (br s, 1H, 16-NH), 7.50 (d, J=8.1 Hz, 2H, H21), 7.40 (m, 4H, H6 and H7), 

7.05 (d, J=8.4 Hz, 2H, H20), 5.12 (br s, 1H, 13-OH), 4.57 (d, J=9.6 Hz, 1H, H16), 4.39 (dd, J=15.7 and 

6.4 Hz, 1H, H13), 4.40 (m, 4H , H9 and H26), 4.25 (dd, J=15.7 and 5.6 Hz, 1H, H11), 4.11 (m, 2H, Hh), 

3.97 (m, 2H, Hb), 3.74 (m, 2H, Hg), 3.67 (dd, J=10.7 and 4.0 Hz, 2H, H14), 3.60 (m, 8H, Hc-f), 3.21 and 

3.14 (two br s, 4H, H28 and H29), 2.61 and 2.55 (two br s, 6H, H27 and H30), 2.44 (s, 3H, H1), 2.08-

2.05 and 1.92-1.88 (m, 2H, H12), 0.95 (s, 9H, H18). H25 not identified. 13C NMR (176 MHz, d6-DMSO) 

δ 171.8 (C10), 169.1 (C15) 168.6 (Ca), 158.6 (C19), 158.3 (q, 2JC-F=33.5 Hz, CF3COO-), 151.5 (C3), 147.7 

(C2), 139.5 and 131.1 and 129.7 (C4, C5 and C8), 129.5 (C21), 128.7 and 127.5 (C6 and C7), 116.5 (q, 

1JC-F= 296.6 Hz, CF3COO-), 114.8 (C20), 70.4-69.6 (Cb-g), 68.9 (C13), 67.2 (Ch), 58.8 (C9), 56.6 (C14), 

55.7 (C16), 49.8 and 42.4 (C28 and C29), 41.7 (C11), ~39.7 (C27 or C30), 37.9 (C12), 35.7 (C17), 32.7 

(C27 or C30), 26.2 (C18), 16.0 (C1). C22, C23, C24, C25 and C26 not identified. HPLC (5-95% MeCN 

(0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.61 min. Purity= 86%. The major impurity at 6.51 

min is PROTAC H (12%). HRMS (ESI) m/z calcd for C44H62N8O6S [M+H]+: 863.4490 ; found 863.4476. 

Lab reference PM130. 
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33 (40 mg, 0.05 mmol, 1 eq), PRMT1 ligand 11 (24 mg, 0.06 mmol, 1.1 eq) and K2CO3 (14 mg, 0.1 

mmol, 1 eq) were dissolved in MeCN (1 mL) and heated overnight at 50oC. The solvent was removed 

in vacuo and the residue dissolved in MeOH (2 mL). HCl(aq, 37%) (1 mL) was added dropwise and the 

mixture stirred for 1 hr at room temperature. The solvent was removed in vacuo and the residue 

purified by automated column chromatography (C18 Gold, 5-95% MeCN in 1% CHOOH(aq) over 45 CV) 

to give an orange oil (12 mg, 26%).  

1H NMR (500 MHz, d6-DMSO) δ 8.98 (s, 1H, H22) 8.50 (t, J=5.9 Hz, 1H, 14-NH), 7.62 (s, 1H, H25’), 

7.59 (d, J=8.5 Hz, 2H, H21’), 7.39 (m, 2H, H19 or H20 and 5-NH) 7.00 (m, 3H, H20’ and H17) , 6.93 

(dd, J=7.8 and 1.4 Hz, 1H, H19 or H20), 5.18 (br s, 1H, 10-OH), 4.52 (m, 2H, H5 and H12), 4.34 (m, 1H, 

H10), 4.24 (m, 2H, H14), 4.04 (m, 2H, Ha or Hj), 3.98 (m, 2H, Ha or Hj), 3.60 (m, 2H, H9), 3.41 (m, 2H, 

H26’), 2.96 (t, J=6.3 Hz, 2H, H29’), 2.53 (t, J=6.3 Hz, 2H, H28’), 2.47 (s, 3H, H30’), 2.45 (s, 3H, H24), 

2.14 (s, 3H, H27’), 2.11-2.07 and 1.94-1.90 (m, 2H, H11), 1.74 (m, 4H, Hb and Hi), 1.62 and 1.50 (m, 

4H, H3), 1.47-1.40 (m, 12H, Hc-Hh), 0.94 (s, 9H, H7). 25’-NH and 30’-NH not identified. 13C NMR (125 

MHz, d6-DMSO) δ 172.8 (d, C13), 168.7 (d, C8), 164.4 (d, C4), 158.2 and 155.9 (C19’ and C16), 151.4 

(C22), 147.9 (C23), 131.3 and 130.9 (C18 and C21), 128.8 (C21’), 127.7 (C19 or C20), 126.9 (C15), 

120.6 (C19 or 20), 120.1 (C1), 114.5 (C20’), 111.6 (C17), 68.9 (C10), 67.7 and 67.5 (Ca and Cj), 58.8 ad 

57.3 (two d, C5 and C12), 56.7 (C9), 52.0 and 51.8 (C26’ and C28’), 45.8 (C29’), 41.2 (C27’), 37.9 

(C11), 37.2 (d, C14), 36.2 (C6), 32.9 (C30’), 29.0-28.7 (Cb-Ci), 26.1 (C7), 25.6-25.6 (Cb-Ci), 16.7 (d, C3), 

16.0 (C24), 13.7 (d, C2). Doublets occur due to the exchange N-H protons with deuterium. C22’, C23’, 

C24’, C25’ not identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 14.20 

min. Purity= 96%. HRMS m/z calcd for C51H71N9O6S [M+Na+]: 960.5140; found 960.5131. Lab 

reference PM275. 
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40l (31 mg, 0.04 mmol, 1 eq), CRBN ligand 35 (26 mg, 0.06 mmol, 1.5 eq) and Cs2CO3 (28 mg, 0.09 

mmol, 2 eq) were dissolved in MeCN (1 mL) and heated at 60oC overnight. The solvent was removed 

in vacuo and the residue dissolved in DCM (500 µL) and TFA (500 µL) was added dropwise and the 

mixture stirred at room temperature for 1 hr. The solvent was removed in vacuo and the residue 

purified by automated column chromatography (C18 Gold, 5-40% MeCN in 1% HCOOH(aq) over 45 

CV). The product was then dissolved in MeCN (200 µL) and NH4OH(aq, 35%) (50 µL) was added and the 

reaction stirred for 5 min. The mixture was re-acidified by the dropwise addition of HCl(aq, 37%) until pH 

1 was reached. The solvent was the removed in vacuo and the residue purified by preparative HPLC 

(5-40% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) and lyophilised to give the title compound 

as a colourless oil (2 mg, 7%). 

1H NMR (700 MHz, d6-DMSO) δ 11.10 (s, 1H, 30-NH), 10.0 (br s, 15-NH), 8.69 (br s, 2H, 4-NH2
+), 7.84 

(br s, 1H, H15), 7.80 (dd, J=8.4 and 7.3 Hz, 1H, H23), 7.53 (d, J=8.6 Hz, 1H, H22) 7.50 (d, J=8.0 Hz, 2H, 

H12), 7.46 (d, J=7.2 Hz, 1H, H24), 7.05 (d, J=8.5 Hz, 2H, H13), 5.08 (dd, J=12.9 and 5.5 Hz, 1H, H29), 

4.38 (br s, 2H, H8), 4.34 (m, 2H, Hh), 4.12 (m, 2H, Ha), 3.80 (m, 2H, Hg), 3.75 (m, 2H, Hb), 3.65 (m, 

2H, Hf), 3.58 (m, 2H, Hc), 3.55 (m, 4H, Hd and He), 3.21 and 3.13 (two br s, 4H, H5 and H6), 2.90-2.85 

(m, 1H, H32), 2.67-2.52 (m, 8H, H32 and H33 and H4 and H7), 2.04-2.00 (m, 1H, H33). 13C NMR (176 

MHz, d6-DMSO) δ 172.8 and 169.9 (C30 and C31), 166.8 and 165.3 (C27 and C28), 158.6 (C14), 158.2 

(q, 2JC-F=33.4 Hz, CF3COO-), 155.8 (C21), 137.0 (C23), 133.2 (C26), 129.5 (C12), 120.0 (C22), 116.3 

(C25), 115.4 (C24), 114.8 (C13), 70.2 (Cf), 69.9-69.8 (Cc-Ce), 68.9 (Cb and Ch), 68.7 (Cg), 67.2 (Ca), 

48.7 (C29), ~40.0 and 32.7 (C4 and C7), 30.9 (C32), 22.0 (C33). C5, C6, C8, C9, C10, C11 and C15 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt= 6.25 min. Purity= 

99%. HRMS (ESI) m/z calcd for C35H44N6O9 [M+H]+: 693.3243; found 693.2247. Lab reference PM249 

and PM252. 

 

PROTAC M 
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40m (30 mg, 0.04 mmol, 1 eq), CRBN ligand 35 (23 mg, 0.06 mmol, 1.5 eq) and Cs2CO3 (25 mg, 0.08 

mmol, 2 eq) were dissolved in MeCN (1 mL) and heated at 60oC overnight. The solvent was removed 

in vacuo and the residue dissolved in DCM (500 µL) and TFA (500 µL) was added dropwise and the 

mixture stirred at room temperature for 1 hr. The solvent was removed in vacuo and the residue 

purified by automated column chromatography (C18 Gold, 5-60% MeCN in H2O over 60 CV). The 

product was then dissolved in MeCN (200 µL) and NH4OH(aq, 35%) (50 µL) was added and the reaction 

stirred for 5 min. The mixture was re-acidified by the dropwise addition of HCl(aq, 37%) until pH 1 was 

reached. The solvent was the removed in vacuo and the residue purified by preparative HPLC (5-35% 

MeCN (0.05% TFA) in H2O (0.1% TFA) over 30 min) and lyophilised to give the title compound as a 

colourless oil (1 mg, 4%). 

1H NMR (700 MHz, d6-DMSO) δ 11.10 (s, 1H, 30-NH), 10.12 (br s, 15-NH), 8.70 (br s, 2H, 4-NH2
+), 7.80 

(dd, J=8.5 and 7.2 Hz, 1H, H23), 7.52 (m, 3H, H12 and H22), 7.46 (d, J=7.2 Hz, 1H, H24), 7.04 (m, 2H, 

H13), 5.08 (dd, J=12.8 and 5.4 Hz, 1H, H29), 4.38 (br s, 2H, H8), 4.34 (m, 2H, Hj), 4.12 (m, 2H, Ha), 

3.80 (m, 2H, Hi), 3.75 (m, 2H, Hb), 3.64 (m, 2H, Hh), 3.58 (m, 2H, Hc), 3.53 (m, 4H, Hd and Hg), 3.51 

(m, 4H, He and Hf), 3.20 (m, 4H, H5 and H6), 2.91-2.85 (m, 1H, H32), 2.67-2.52 (m, 8H, H32 and H33 

and H4 and H7), 2.04-2.01 (m, 1H, H33). H15 not identified. 13C NMR (176 MHz, d6-DMSO) δ 172.8 

and 169.9 (C30 and C31), 166.8 and 165.3 (C27 and C28), 158.0 (q, 2JC-F=31.2 Hz, CF3COO-), 155.8 

(C21), 137.0 (C23), 133.2 (C26), 129.4 (C12), 120.0 (C22), 116.3 (C25), 115.4 (C24), 114.7 (C13), 70.2 

(Ch), 69.9 (Cc), 69.8 (Cd-Cg), 68.9-68.7 (Cb, Ci, Cj), 67.2 (Ca), 48.7 (C29), ~40.4 and 32.7 (C4 and C7), 

30.9 (C32), 22.0 (C33). C5, C6, C8, C9, C10, C11, C14 and C15 not identified. HPLC (5-95% MeCN 

(0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt= 6.41 min. Purity= 94%. HRMS (ESI) m/z calcd for 

C37H48N6O10 [M+H]+ :737.3505; found 737.3455. Lab reference PM250, PM257. 

 

PROTAC N 
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42n (3 mg, 0.003 mmol, 1 eq) was then dissolved in MeCN (100 µL) and NH4OH(aq, 35%) (20 µL) was 

added and the reaction stirred for 5 min. The mixture was re-acidified by the dropwise addition of 

HCl(aq, 37%) until pH 1 was reached. The solvent was the removed in vacuo and the residue purified by 

preparative HPLC (5-40% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) and lyophilised to give 

the title compound as a colourless oil (1 mg, 43%). 

1H NMR (700 MHz, d6-DMSO) δ 11.10 (s, 1H, 30-NH), 10.02 (br s, 15-NH), 8.67 (br s, 2H, 4-NH2
+), 7.80 

(dd, J=8.3 and 7.4 Hz, 1H, H23), 7.53 (d, J=8.5 Hz, 1H, H12), 7.51 (m, 1H, H22), 7.46 (d, J=7.2 Hz, 1H, 

H24), 7.05 (d, J=8.1 Hz, 2H, H13), 5.08 (dd, J=13.0 and 5.6 Hz, 1H, H29), 4.38 (br s, 2H, H8), 4.34 (m, 

2H, Hl), 4.13 (m, 2H, Ha), 3.80 (m, 2H, Hk), 3.76 (m, 2H, Hb), 3.64 (m, 2H, Hj), 3.59 (m, 2H, Hc), 3.53 

(m, 4H, Hd and Hi), 3.50 (m, 8H, He-Hh), 3.20 (m, 4H, H5 and H6), 2.91-2.85 (m, 1H, H32), 2.63-2.52 

(m, 8H, H32 and H33 and H4 and H7), 2.03-2.01 (m, 1H, H33). H15 not identified. 13C NMR (176 MHz, 

d6-DMSO) δ 172.8 and 169.9 (C30 and C31), 166.8 and 165.3 (C27 and C28), 155.8 (C21), 137.0 (C23), 

133.2 (C26), 120.0 (C22), 116.3 (C25), 115.4 (C24), 114.7 (C13), 70.2 (Cj), 69.9 (Cc), 69.8-69.7 (Cd-Ci), 

68.9 (Cb), 68.8 (Cl), 68.7 (Ck), 67.2 (Ca), 48.7 (C29), 40.4 (C4), 32.7 (C7), 30.9 (C32), 22.0 (C33). Peak 

indicated by HSQC δ 128.1 (C12), 50.6 (C8), 49.6 and 42.7 (C5 and C6). C9, C10, C11, C14 and C15 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt= 6.52 min. Purity= 

99%. HRMS (ESI) m/z calcd for C39H52N6O11 [M+H]+: 781.3767; found 781.3748. Lab reference PM251. 

 

PROTAC O 
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General method J was followed with 47o (18 mg, 0.03 mmol) to give a yellow oil (19 mg) that was 

used without further purification. The resulting yellow oil, PRMT1 ligand 11 (12 mg, 0.03 mmol, 1 eq) 

and Cs2CO3 (16 mg, 0.05 mmol, 2 eq) were dissolved in MeCN (3 mL) and stirred at room 

temperature overnight. The solvent was removed in vacuo and the residue dissolved in DCM (1 mL) 

and TFA (1 mL) was added dropwise and the mixture stirred at room temperature for 1 hr. The 

solvent was removed in vacuo and the residue dissolved in MeCN (600 µL) and NH4OH(aq, 35%) (200 µL) 

was added and the reaction stirred for 5 min. The mixture was re-acidified by the dropwise addition 

of HCl(aq, 37%) until pH 1 was reached. The solvent was removed in vacuo and the residue purified by 

preparative HPLC (5-35% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) and lyophilised to give 

the title compound as a green oil (7 mg, 38%). 

1H NMR (700 MHz, d6-DMSO) δ 11.09 (s, 1H, 30-NH), 10.06 (br s, 1H, 15-NH), 8.70 (br s, 2H, 4-NH2
+), 

7.85 (s, 1H, H15), 7.58 (dd, J=8.4 and 7.2 Hz, 1H, H23), 7.50 (d, J=8.5 Hz, 2H, H12), 7.14 (d, J=8.6 Hz, 

1H, H22), 7.06 (d, J=8.6 Hz, 2H, H13), 7.07 (d, J=7.0 Hz, 1H, H24), 6.60 (m, 1H, 21-NH), 5.05 (dd, 

J=12.9 and 5.5 Hz, 1H, H29), 4.34 (br s, 2H, H8), 4.13 (m, 2H, Ha), 3.76 (m, 2H, Hb), 3.61 (m, 2H, Hk), 

3.59-3.48 (m, 16H, Hc-Hj), 3.46 (m, 1H, Hl), 3.22 and 3.14 (two br s, 4H, H5 and H6), 2.89 (m, 1H, 

H32), 2.66-2.50 (m, 8H, H4 and H7 and H32 and H33), 2.02 (m, 1H, H33). 13C NMR (176 MHz, d6-

DMSO) δ 172.8 and 170.1 (C30 and C31), 168.9 and 167.3 (C27 and C28), 158.6 (C14), 158.3 (q, 2JC-

F=33.8 Hz, CF3COO-), 146.4 (C21), 136.2 (C23), 132.1 (C25), 129.5 (C12), 117.5 (C22), 116.3(q, 1JC-

F=295.2 Hz, CF3COO-), 114.8 (C13), 110.7 (C24), 109.2 (C26), 69.9-69.9 (Cc-Cj), 68.9 (Cb and Ck), 67.2 

(Ca), 50.2 (C8), 49.4 (C5 or C6), 48.6 (C29), 42.5 (C5 or C6), 41.7 (Cl), ~39.3 and 32.7 (C4 and C7), 31.0 

(C32), 22.1 (C33). Peak indicated by HSQC δ 137.1 (C15). C9, C10 and C11 not identified. HPLC (5-95% 

MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.95 min. Purity= 99%. HRMS (ESI) m/z calcd 

for C39H53N7O10 [M+H]+: 780.3927; found 780.3923. Lab reference PM254 and PM258  

 

PROTAC P 
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Route 1 General method E was followed with PRMT1 ligand 11 (54 mg, 0.13 mmol) and 6-amino-1-

hexanol. The product was further purified by automated column chromatography (C18 Gold, 5-40% 

MeCN in 1% HCOOH(aq) over 45 CV) to give a give intermediate product 45 as pale orange solid (18 

mg, 0.03 mmol) which was used without further purification. The solid (18 mg, 0.03 mmol, 1 eq) and 

4-fluorothalidomide (10 mg, 0.04 mmol, 1.1 eq) were dissolved in DMSO (10 mL/mmol) and DIPEA 

(20 µL, 0.10 mmol, 3 eq) was added. The mixture was heated at 130oC overnight and then purified by 

automated column chromatography (C18 Gold, 5-95% MeCN in 1% HCOOH(aq) over 60 CV). The 

product was dissolved in MeOH (0.5 mL) and HCl(aq, 37%) (0.5 mL) was added dropwise and the mixture 

stirred at room temperature for 1 hr. The solvent was then removed in vacuo and the residue 

purified by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) over 30 min) and 

lyophilised to give the title compound as a yellow oil (2 mg, 3%). 

Route 2 General method J was followed with 47p (32 mg, 0.06 mmol) to give a yellow oil (80 mg) 

that was used without further purification. The resulting yellow oil, PRMT1 ligand 11 (28 mg, 0.06 

mmol, 1 eq), Cs2CO3 (42 mg, 0.12 mmol, 2 eq) and NaI (9 mg, 0.06 mmol, 1 eq) were dissolved in 

MeCN (3 mL) and heated at 60oC overnight. The solvent was removed in vacuo and the residue 

dissolved in DCM (1 mL) and HCl(aq, 37%) (1 mL) was added dropwise and the mixture stirred at room 

temperature for 1 hr. The solvent was removed in vacuo and the residue dissolved in MeCN (600 µL) 

and NH4OH(aq, 35%) (200 µL) was added and the reaction stirred for 5 min. The mixture was re-acidified 

by the dropwise addition of HCl(aq, 37%) until pH 1 was reached. The mixture was then diluted with 

water and washed with DCM. The solvent was removed from the aqueous layer under a stream of 

compressed air. The residue was then purified by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O 

(0.1% TFA) over 30 min) and lyophilised to give the title compound as a green oil (10 mg, 27%). 

1H NMR (700 MHz, d6-DMSO) δ 11.09 (s, 1H, 30-NH), 10.23 (br s, 1H, 15-NH), 8.82 (br s, 2H, 4-NH2
+), 

7.87 (s, 1H, H15), 7.58 (dd, J=8.5 and 7.1 Hz, 1H, H23), 7.48 (d, J=8.7 Hz, 2H, H12), 7.10 (d, J=8.6 Hz, 

1H, H22), 7.03 (m, 3H, H13 and H24), 6.55 (br s, 1H, 21-NH), 5.05 (dd, J=12.9 and 5.5 Hz, 1H, H29), 

4.34 (br s, 2H, H8), 4.01 (m, 2H, Ha), 3.32 (m, 2H, Hf), 3.25 and 3.18 (two br s, 4H, H5 and H6), 2.88 

(m, 1H, H32), 2.62-2.51 (m, 8H, H4 and H7 and H32 and H33), 2.02 (m, 1H, H33), 1.75 (m, 2H, Hb), 

1.62 (m, 2H, He), 1.48 (m, 2H, Hc), 1.43 (m, 2H, Hd). 13C NMR (176 MHz, d6-DMSO) δ 172.8 and 170.1 

(C30 and C31), 169.0 and 167.3 (C27 and C28), 158.8 (C14), 158.4 (q, 2JC-F=34.8 Hz, CF3COO-), 146.4 
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(C21), 136.3 (C23), 132.2 (C25), 129.5 (C12), 117.2 (C22), 114.8 (C13), 110.4 (C24), 109.0 (C26), 67.5 

(Ca), 50.1 (C8), 49.4 (C5 or C6), 48.5 (C29), 42.5 (C5 or C6), 41.8 (Cf), ~39.2 and 32.7 (C4 and C7), 31.0 

(C32), 28.7 (Ce), 28.6 (Cb), 26.1 (Cd), 25.3 (Cc), 22.2 (C33). C9, C10, C11 and C15 not identified. HPLC 

(5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 7.97 min. Purity= 99%. HRMS (ESI) 

m/z calcd for C33H41N7O5 [M+H]+: 616.3242; found 616.3237. Lab reference Route 1: PM173 and 

PM178. Route 2: PM288 and PM291. 

 

PROTAC Q 

 

General method J was followed with 47q (51 mg, 0.09 mmol, 1 eq) to give a yellow oil (90 mg) that 

was used without further purification. The resulting yellow oil, PRMT1 ligand 11 (38 mg, 0.09mmol, 1 

eq), Cs2CO3 (59 mg, 0.18 mmol, 2 eq) and NaI (14 mg, 0.09 mmol, 1 eq) were dissolved in MeCN (3 

mL) and heated at 60oC overnight. The solvent was removed in vacuo and the residue dissolved in 

DCM (1 mL) and TFA (1 mL) was added dropwise and the mixture stirred at room temperature for 1 

hr. The solvent was removed in vacuo and the residue dissolved in MeCN (600 µL) and NH4OH(aq, 35%) 

(200 µL) was added and the reaction stirred for 5 min. The mixture was re-acidified by the dropwise 

addition of HCl(aq, 37%) until pH 1 was reached. The mixture was then diluted with water and extracted 

with DCM. The organic layer was concentrated in vacuo and purified by preparative HPLC (5-60% 

MeCN (0.05% TFA) in H2O (0.1% TFA) over 30 min) and lyophilised to give the title compound as a 

green oil (3 mg, 5%). 

1H NMR (500 MHz, d6-DMSO) δ 11.09 (s, 1H, 30-NH), 10.26 (br s, 1H, 15-NH), 8.83 (br s, 2H, 4-NH2
+), 

7.88 (s, 1H, H15), 7.58 (dd, J=8.5 and 7.1 Hz, 1H, H23), 7.48 (d, J=8.7 Hz, 2H, H12), 7.09 (d, J=8.7 Hz, 

1H, H22), 7.02 (m, 3H, H13 and H24), 6.52 (br s, 1H, 21-NH), 5.04 (dd, J=12.8 and 5.5 Hz, 1H, H29), 

4.33 (br s, 2H, H8), 3.99 (m, 2H, Ha), 3.29 (m, 2H, Hj), 3.25 and 3.20 (two br s, 4H, H5 and H6), 2.88 

(m, 1H, H32), 2.64-2.52 (m, 8H, H4 and H7 and H32 and H33), 2.02 (m, 1H, H33), 1.72 (m, 2H, Hb), 

1.57 (m, 2H, Hi), 1.41 (m, 2H, Hc), 1.31 (m, 10H, Hd-h). 13C NMR (125 MHz, d6-DMSO) δ 172.9 and 

170.1 (C30 and C31), 169.0 and 167.3 (C27 and C28), 158.9 (C14), 158.3 (q, 2JC-F=33.9 Hz, CF3COO-), 

146.5 (C21), 136.3 (C23), 132.2 (C25), 129.6 (C12), 117.2 (C22), 116.2 (q, 1JC-F=274.4 Hz, CF3COO-), 

114.8 (C13), 110.4 (C24), 109.0 (C26), 67.6 (Ca), 50.2 (C8), 49.4 (C5 or C6), 48.6 (C29), 42.6 (C5 or C6), 

41.9 (Cj), ~39.5 and 32.7 (C4 and C7), 31.0 (C32), 29.0-28.8 (Ce-Ch), 28.7 (Ci and Cb), 26.1 (Cd), 25.3 
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(Cc), 22.2 (C33). Peak indicated by HSQC δ 137.7 (C15). C9, C10 and C11 not identified. HPLC (5-95% 

MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 9.67 min. Purity= 95%. HRMS (ESI) m/z calcd 

for C37H49N7O5 [M+H]+: 671.3790; found 671.3757. Lab reference PM274 and PM276. 

 

HBM1 

 

General method K was followed with 34 (27 mg, 0.05 mmol, 1 eq) and 2-(2,6-Dioxopiperidin-3-yl)-4-

hydroxyisoindoline-1,3-dione {CAS: 5054-59-1}. Following deprotection, the residue was purified by 

preparative HPLC (5-40% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) and lyophilised to give 

the title compound a pale yellow solid (11 mg, 34%). 

1H NMR (500 MHz, d6-DMSO) δ 11.35 (br s, 1H, 21-OH), 10.22 (br s, 1H, 15-NH), 8.80 (br s, 2H, 4-

NH2
+), 7.86 (s, 1H, H15), 7.66 (dd, J=8.4 and 7.2 Hz, 1H, H23), 7.49 (d, J=8.7 Hz, 2H, H12), 7.32 (d, 

J=7.2 Hz, 1H, H24), 7.28 (d, J=8.4 Hz, 1H, H22), 7.07 (d, J=8.8 Hz, 2H, H13), 5.17 (dd, J=13.0 and 5.4 

Hz, H29), 4.33 (m, 2H, H8), 4.12 (m, 2H, Ha), 3.94-3.81 (m, 2H, Hd), 3.76 (m, 2H, Hb), 3.52 (m, 2H, 

Hc), 3.23 and 3.17 (two br s, 4H, H5 and H6), 3.01-2.94 and 2.78-2.73 (m, 2H, H32), 2.61 and 2.55 

(two br s, 6H, H4 and H7), 2.54 and 2.07-2.03 (m, 2H, H33). 13C NMR (125 MHz, d6-DMSO) δ 171.6 

and 169.6 (C30 and C31), 167.0 and 165.8 (C27 and C28), 158.4 (q, 2JC-F=33.5 Hz, CF3COO-), 155.6 

(C21), 136.4 (C23), 133.1 (C15), 129.6 (C12), 123.6 (C22), 114.9 (C13), 114.3 (C24), 68.7 (Cb), 67.2 

(Ca), 66.9 (Cc), 49.3 (C29), 38.6 (Cd), 31.2 (C32), 21.3 (C33). Peaks indicated by HSQC δ 50.5 (C8), 49.7 

and 42.9 (C5 and C6), 39.3 and 33.1 (C4 and C7). C9, C10, C11, C14, C25 and C26 not detected. HPLC 

(5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.18 min. Purity= 99%. HRMS (ESI) 

m/z calcd for C31H36N6O7 [M+H]+: 605.2718; found 605.2719. Lab reference PM141 (0.05 mmol, 6%) 

and PM155 (0.05 mmol, 34%). 

 

HBM2 
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General method K was followed with 34 (36 mg, 0.07 mmol, 1 eq) and 2-(2,6-Dioxopiperidin-3-yl)-5-

hydroxyisoindoline-1,3-dione {CAS: 64567-60-8}. Following deprotection, the residue was purified by 

preparative HPLC (20-40% MeCN (0.05% TFA) in H2O (0.1% TFA) over 20 min) and lyophilised to give 

the title compound a colourless oil (5 mg, 14%). 

1H NMR (500 MHz, d6-DMSO) δ 11.11 (br s, 1H, 22-OH), 10.24 (br s, 15-NH), 8.78 (br s, 2H, 4-NH2
+), 

7.89 (s, 1H, H15), 7.74 (d, J=8.1 Hz, H21), 7.49 (d, J=8.8 Hz, 2H, H12), 7.18 (m, 2H, H23 and H24), 7.06 

(d, J=8.8 Hz, 2H, H13), 5.18 (dd, J=13.1 and 5.4 Hz, H29), 4.35 (m, 2H, H8), 4.12 (m, 2H, Ha), 3.94-3.80 

(m, 2H, Hd), 3.76 (m, 2H, Hb), 3.51 (m, 2H, Hc), 3.23 and 3.17 (two br s, 4H, H5 and H6), 3.01-2.94 

and 2.78-2.73 (m, 2H, H32), 2.62 and 2.54 (two br s, 6H, H4 and H7), 2.53 and 2.05-2.03 (m, 2H, 

H33). 13C NMR (125 MHz, d6-DMSO) δ 169.6 and 167.0 (C30 and C31), 166.9 and 163.7 (C27 and 

C28), 158.7 (C14), 158.3 (q, 2JC-F=35.0 Hz, CF3COO-), 134.1 (C22), 129.6 (C12), 125.7 (C21), 120.8 (C23 

or C24), 116.1 (q, 1JC-F =294.3 Hz, CF3COO-), 114.8 (C13), 110.0 (C23 or C24), 68.6 (Cb and C8), 67.2 

(Ca), 66.9 (Cc), 49.5 and 49.4 (C29 and C5 or C6), 42.5 (C5 or C6), ~39.5 (C4 or C7), 38.7 (Cd), 32.6 (C4 

or C7), 31.2 (C32), 21.3 (C33). Peak indicated by HSQC δ 137.4 (C15). C9, C10, C11, C25 and C26 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.28 min. Purity= 

99%. HRMS (ESI) m/z calcd for C31H36N6O7. [M+H]+: 605.2718; found 605.2724. Lab reference PM164. 

 

HBM3 

 

General method K was followed with 34(n=5) (22 mg, 0.04 mmol, 1 eq) and 2-(2,6-Dioxopiperidin-3-

yl)-4-hydroxyisoindoline-1,3-dione {CAS: 5054-59-1}. Following deprotection, the residue was 

purified by preparative HPLC (5-60% MeCN (0.05% TFA) in H2O (0.1% TFA) over 30 min) and 

lyophilised to give the title compound a yellow oil (18 mg, 75%). 

1H NMR (500 MHz, d6-DMSO) δ 11.34 (br s, 21-OH), 10.17 (br s, 1H, 15-NH), 8.79 (br s, 2H, 4-NH2
+), 

7.84 (s, 1H, H15), 7.65 (dd, J=8.4 and 7.2 Hz, 1H, H23), 7.48 (d, J=8.6 Hz, 2H, H12), 7.31 (d, J=7.1 Hz, 

1H, H24), 7.27 (d, J=8.4 Hz, 1H, H22), 7.04 (d, J=8.8 Hz, 2H, H13), 5.16 (dd, J=13.0 and 5.5 Hz, 1H, 

H29), 4.32 (m, 2H, H8), 4.00 (t, J=6.4 Hz, 2H, Ha), 3.68 (m, 2H, He), 3.22 and 3.17 (two br s, 4H, H5 

and H6), 3.01-2.94 and 2.77-2.72 (m 2H, H32), 2.60 and 2.55 (two br s, 6H, H4 and H7), 2.52 and 

2.06-2.03 (m, 2H, H33), 1.75 (m, 2H, Hb), 1.51 (m, 2H, Hd), 1.42 (m, 2H, Hc). 13C NMR (125 MHz, d6-

DMSO) δ 171.7 and 169.6 (C30 and C31), 167.0 and 165.8 (C27 and C28), 158.8 (C14), 158.3 (q, 2JC-
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F=35.2 Hz, CF3COO-), 155.6 (C21), 136.4 (C23), 133.1 (C26), 129.5 (C12), 123.6 (C22), 114.8 (C13), 

114.3 and 114.2 (C24 and C25), 67.4 (Ca), 50.2 (C8), 49.4 (C5 or C6), 49.2 (C29), 42.6 (C5 or C6), ~39.9 

(Ce), ~39.3 (C4 or C7), 32.7 (C4 or C7), 31.2 (C32), 28.3 (Cb), 27.1 (Cd), 22.8 (Cc), 21.3 (C33). Peak 

indicated by HSQC δ 137.1 (C15). C9, C10, C11 not identified. HPLC (5-95% MeCN (0.05% TFA) in H2O 

(0.0.5% TFA) over 15 min) Rt = 6.95 min. Purity= 99%. HRMS (ESI) m/z calcd for C32H38N6O6. [M+H]+ : 

603.2926; found 603.2962. Lab reference PM168. 

 

HBM4 

 

General method K was followed with 34(n=5) (20 mg, 0.04 mmol, 1 eq) and pomalidomide. Following 

deprotection, the residue was purified by preparative HPLC (5-40% MeCN (0.05% TFA) in H2O (0.1% 

TFA) over 30 min) and lyophilised to give the title compound a yellow oil (18 mg, 37%). 

1H NMR (500 MHz, d6-DMSO) δ 10.31 (br s, 1H, 15-NH), 8.84 (br s, 2H, 4-NH2
+), 7.89 (s, 1H, H15), 

7.47 (m, 3H, H12 and H23), 7.02 (m, 4H, H13 and H22 and H24), 6.66 (br s, 2H, 21-NH2), 5.14 (dd, 

J=13.0 and 5.4 Hz, 1H, H29), 4.35 (s, 2H, H8), 4.00 (m, 2H, Ha), 3.68 (m, 2H, He), 3.26 and 3.18 (two 

br s, 4H, H5 and H6), 3.02-2.94 and 2.77-2.72 (m, 2H, H32), 2.63 and 2.55 (two br s, 6H, H4 and H7), 

2.53 and 2.06-2.03 (m, 12, H33), 1.75 (m, 2H, Hb), 1.51 (m, 2H, Hd), 1.42 (m, 2H, Hc). 13C NMR (125 

MHz, d6-DMSO) δ 171.7 and 169.7 (C30 and C31), 168.6 and 167.4 (C27 and C28), 158.8 (C14), 158.4 

(q, 2JC-F=35.2 Hz, CF3COO-), 146.8 (C21), 135.5 (C23), 132.0 (C26), 129.6 (C12), 121.8 (C22), 115.0 

(C25), 114.8 (C13), 111.0 (C24), 67.4 (Ca), 50.1 (C8), 49.4 (C5 or C6), 49.1 (C29), 42.5 (C5 or C6), ~39.4 

(Ce), ~39.2 (C4 or C7), 32.6 (C4 or C7), 31.2 (C32), 28.3 (Cb), 27.1 (Cd), 22.8 (Cc), 21.5 (C33). Peak 

indicated by HSQC δ 137.7 (C15). C9, C10, C11 not identified. HPLC (5-95% MeCN (0.05% TFA) in H2O 

(0.0.5% TFA) over 15 min) Rt = 9.68 min. Purity= 99%. HRMS (ESI) m/z calcd for C32H39N7O5 [M+H]+: 

602.3085; found 602.3077. Lab reference PM169. 

 

HBM5 
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34(m=2) (54 mg, 0.09 mmol, 1 eq) and NaI (27 mg, 0.18 mmol, 2 eq) were dissolved in acetone (2 

mL) and heated at 60oC for 4 hr. The solvent was removed in vacuo. The residue and pomalidomide 

(25 mg, 0.09 mmol, 1 eq) were dissolved in MeCN (2 mL) and DIPEA (40 µL (0.23 mmol, 2 eq) was 

added and the reaction heated at 80oC overnight. The rection was analysed by LC/MS and starting 

material 34(m=2) remained. To the reaction, NMP (1 mL) and DIPEA (100 µL) was added and the 

reaction heated at 110oC for 4 hr. The reaction was quenched with solid NaHCO3 and the solvent 

removed in vacuo. The residue was purified by automated column chromatography (C18 Gold, 5-95% 

MeCN in 1% HCOOH(aq) over 60 CV). The product was dissolved in MeOH (1 mL) and HCl(aq, 37%) (0.5 

mL) was added dropwise and the mixture stirred at room temperature for 1 hr. The solvent was then 

removed in vacuo and the residue purified by preparative HPLC (5-40% MeCN (0.05% TFA) in H2O 

(0.1% TFA) over 20 min) and lyophilised to give the title compound as a yellow oil (4 mg, 7%). 

1H NMR (700 MHz, d6-DMSO) δ 10.02 (br s, 1H, 15-NH), 8.68 (br s, 2H, 4-NH2
+), 7.85 (s, 1H, H15), 

7.48 (m, 3H, H12 and H23), 7.06 (d, J=8.5 Hz, 2H, H13), 7.02 (d, J=8.5 Hz, 1H, H22), 7.00 (d, J=6.9 Hz, 

1H, H24), 6.59 (br s, 2H, 21-NH2), 5.15 (dd, J=13.0 and 5.3 Hz, 1H, H29), 4.35 (s, 2H, H8), 4.14 (m, 2H, 

Ha), 3.91-3.79 (m, 2H, Hf), 3.77 (m, 2H, Hb), 3.58-3.55 (m, 2H, Hc and Hd), 3.44 (m, 2H, He), 3.22 and 

3.14 (two br s, 4H, H5 and H6), 2.99-2.94 and 2.77-2.74 (m, 2H, H32), 2.62 and 2.55 (two br s, 6H, H4 

and H7), 2.54-2.52 and 2.05-2.03 (m, 12, H33). 13C NMR (176 MHz, d6-DMSO) δ 171.6 and 169.7 (C30 

and C31), 168.5 and 167.3 (C27 and C28), 158.7 (C14), 158.3 (q, 2JC-F=35.0 Hz, CF3COO-), 146.8 (C21), 

135.5 (C23), 132.0 (C26), 129.5 (C12), 121.8 (C22), 115.3 (C25), 114.8 (C13), 111.0 (C24), 69.8 and 

69.6 (Cc and Cd), 68.9 (Cb), 67.3 (Ca), 66.7 (Ce), 50.2 (C8), 49.3 (C5 or C6), 49.1 (C29), 42.5 (C5 or C6), 

~39.5 (C4 or C7), 38.6 (Cf), 32.7 (C4 or C7), 31.2 (C32), 21.4 (C33). C9, C10, C11 and C15 not 

identified. HPLC (5-95% MeCN (0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 6.25 min. Purity= 

89%. HRMS (ESI) m/z calcd for C33H41N7O7 [M+H]+: 648.3140; found 648.3131. Lab reference PM172. 
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9.3 Stability Studies 

MCF-7 cell media (DMEM supplemented with 10% BFS), Caffeine (400 µM in DMSO) and PROTAC 

(400 µM in DMSO) was incubated at 37oC in an ambient atmosphere. A 10-50 µL aliquot of the 

mixture was taken at the indicated time point and an equal volume of ice-cold MeCN was 

immediately added. The sample was subjected to vortex mixing for 10 seconds and then 

centrifugation for 3 minutes at 13 G. The supernatants were analysed by analytical HPLC (5-60% or 5-

40% MeCN (0.05% TFA) in H2O (0.05% TFA) over 15 min). The same method was followed for stability 

studies in human serum (Sigma Aldrich, #H4522) and PBS pH 7.4 (in-house). ‘Compound remaining, 

%’ was determined by the integral of the respective peak for caffeine and PROTAC in the UV-HPLC 

chromatogram (λ = 254 nm). The integral for the PROTAC peak was divided by that of the caffeine 

peak and the ratio normalised to 0 hr incubation. Data was processed using GraphPad Prism Version 

10.0.3.  

9.4 Cell Culture 

All in vitro experiments were undertaken at Cancer Research UK Cambridge Institute, University of 

Cambridge. 

Cell Lines The MCF-7 and HPAF-II cell lines were obtained from the American Type Culture Collection 

(ATCC). The KP-3 cell line was obtained from the Japanese Cell Repository. 

Cell Culture MCF-7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (gibco, 41966-

029) supplemented with 10% Fetal Bovine Serum (FBS) (gibco, A3840402). HPAF-II cells cultured in in 

Minimum Essential Medium (MEM) (gibco, 11095-080) supplemented with 1% sodium pyruvate 

(Thermo Scientific, 11360-039) and 10% FBS. KP-3 cells cultured in Roswell Park Memorial Institute 

(RPMI) 1640 Medium (Gibco, 21875-034) supplemented with 1% sodium pyruvate and 10% FBS. Cells 

were maintained for no more than 50 passages at 37oC with 5% CO2. 

Treatment with a probe compound Cells were counted using the Vi-CELL XR cell viability analyser, as 

per manufactures instructions, and the desired number of cells seeded in full media in individual 10 

cm plates (Corning, #430167) or multiple well plate (96 well plate (Corning, #3610), 12 well plate 

(Corning, #3513), 6 well plate (Corning, #3516)) and the cells were allowed to adhere overnight. The 

cells were then treated with the probe compound. For 10 cm plates, the probe compound in DMSO 

was added directly to the cell culture media and the final DMSO concentration was 0.01%. For 96 

well plates, the probe compound was diluted in Opti-MEM reduced serum media (Gibco, 

#31985070). Following treatment, the cells were incubated at 37oC in 5% CO2.  
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Probe compound Source Catalogue # Dilution 

GSK3368715 MCE #HY-128717A 10 µM in DMSO (in house) 

MG132 MCE #HY-13259 50 µM in DMSO (in house) 

Cycloheximide TOKU-E #C084 

#C001 

10% in DMSO 

100 µg mL-1 DMSO (in house) 

 

siRNA MCF-7 cells were plated in a 10 cm plate (for Western blot) or a 96 well plate (for viability 

assay) and grown to 50-60% confluence. Cells were transfected with siRNA targeting PRMT1 or 

negative control siRNA (Horizon Discovery) at a final concentration of 20 nM in the presence of 

Lipofectamine RNAi MAX transfection Reagent (Invitrogen, #13778-150). 

HaloPROTAC 3 The plasmid pH6HTC_PRMT1-Halo was a gift from Claudia Kutter (addgene plasmid # 

175334; http://n2t.net/addgene:175334 ; RRID:Addgene_175334). The bacteria stab was streaked 

into single colonies and a single colony inoculated as per the guidelines published by ‘addgene’249. 

The plasmid was isolated and purified by the QIAfilter Plasmid Maxi Kit (Qiagen, #12263) as per 

manufacturer’s instructions and analysed by NanoDrop ND-1000 Spectrophotometer. MCF-7 cells 

were transfected with the DNA plasmid with Lipofectamine 2000 (Invitrogen, 116680919) in a 1 µg 

DNA:2.5 µL Lipofectamine ratio in Opti-MEM reduced serum media (Gibco, #31985070). After 24 hr, 

the media was replaced with fresh media and after a further 24 hr, the cells were harvested and 

analysed by Western blot.  

9.5 SDS-PAGE followed by Western Blot 

Lysate preparation Upon removal from the incubator, the plates containing the cells were placed on 

ice. The media was aspirated and the plates washed with twice with ice cold PBS. RIPA buffer 

containing protease and phosphatase inhibitor was added and the cells were detached from the 

surface with a cell scraper. After centrifugation (8000 rpm for 3 min at 4oC), the supernatant was 

discarded and the pellet flash frozen and stored at -80oC or taken forward for lysis. The pellet was 

resuspended in RIPA buffer containing protease and phosphatase inhibitor and incubated at 4oC for 

10 minutes with rotation. The sample was sonicated for 3 min (30 seconds on, 30 seconds off) and 

subjected to centrifugation (21,000 x g for 10 min at 4oC). The supernatant was transferred and the 

protein concentration quantified by the Direct Detect Spectrometer as per manufacturer’s 

instructions. 

SDS-PAGE 30 µg of protein was denatured by heating at 80oC for 10 min in NuPAGE LDS sample 

buffer (4X), NuPAGE Sample Reducing Agent (10x) and made up to 25 µL with RIPA buffer (multiplied 
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up as required). The samples were loaded onto a 4-12% Bis-Tris 1.0 mm pre-cast polyacrylamide gel 

(12 µL loaded onto 12 well, 10 µL loaded onto 15 well) with a molecular weight ladder. With the 

MOPS running buffer, voltage was applied with at 60 V for 30 minutes followed by 120 V. The voltage 

was stopped once the dye front reached the bottom of the gel (~90 minutes).  

Western Blot The proteins were transferred from the gel to a PVDF membrane using an iBlot2 gel 

transfer device using the pre-programmed P0 method. Following transfer, the membrane was 

washed sequentially in methanol, H2O and TBS-T (0.1% Tween-20 in TBS). The membrane was 

blocked with 5% milk in TBS for 1 hr at room temperature and then incubated with primary antibody 

in 1% milk in TBS-T overnight at 4 °C. The membrane was then washed three times for 5 min with 

TBS-T and incubated with secondary antibody in 1% milk in TBS-T for 1 hr at room temperature. The 

membrane was washed three times for 5 min with TBS-T washed once with TBS for 5 minutes and 

then imaged using the LiCor CLx or LiCor Odyssey. Protein quantification was performed by 

densitometry using Image Studio analysis software (LI-COR Biosciences). 

Antibodies Source Catalogue # Dilution 

Rabbit anti-PRMT1 Cell Signaling  2449S 1:1000 

Rabbit anti-PRMT1  abcam EPR3292 1:1000 

Rabit anti-PRMT6 Cell Signaling  14641S 1:1000 

Rabbit anti-PRMT5 Active Motif 31001 1:1000 

Rabit anti-asymmetric dimethyl arginine (ADMA) Cell Signaling  13522S 1:1000 

Rabit anti-mono-methyl arginine (MMA) Cell Signaling  8711S 1:1000 

Rabbit anti-symmetric dimethyl arginine (SDMA) Cell Signaling  13222S 1:1000 

Mouse anti-FOXA1 Merck Clone-2F83 1:1000 

Mouse anti-6xHis QIAGEN 34650 1:1000 

Rabbit anti-Vinculin Cell Signaling E1E9V 1:1000 

Mouse anti-β-Tubulin Cell Signaling 86298S 1:1000 

IRDye 800CW donkey anti-rabbit LiCor 926-32213 1:5000 

IRDye 680RD goat anti-mouse LiCor 926-68070 1:7500 

Reagents    

RIPA-Buffer (Pierce) Thermo Scientific 89900 - 

Protease Inhibitor (Pierce cOmplete EDTA-free 

protease inhibitor tablets) 

Roche 11873580001 100x 

Phosphatase Inhibitor (HALT Phosphatase 

inhibitor cocktail) 

Thermo Scientific 78427 100x 

https://www.thermofisher.com/order/catalog/product/78427
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NuPAGE LDS sample buffer Invitrogen NP0007 4x 

NuPAGE sample reducing agent Invitrogen  10x 

Molecular weight ladder (Precision plus protein 

dual colour standard) 

Bio-Rad 1610374 - 

4-12% Bis-Tris 1.0 mm gel (12 well) NuPAGE NP0322 - 

4-12% Bis-Tris 1.0 mm gel (15 well) NuPAGE NP0323 - 

MOPS running buffer NuPAGE NP0001 20x 

iBlot 2 gel transfer device Invitrogen NP0004 - 

PVDF membrane (iBlot 2 transfer stacks, PVDF) Invitrogen IB24001 - 

TBS In-house - - 

Tween-20 (10% Tween 20) Bio-Rad 1610781 100x 

Milk (skimmed milk powder) Marvel Original - - 

 

9.6 in vitro Assays 

Colony Formation Assay MCF-7 cells were seeded into a 12-well plate (Corning, #3513) at a density 

of 200-250 cells/well for 24 hr at 37oC with 5% CO2. Three replicate wells were treated with the 

DMSO stock of the desired compound. The media was replaced after 7 days and the cells allowed to 

adhere for 12-24 hr before retreatment with compound. To count the colonies, the plates were 

washed with PBS, and the cells fixed with ice-cold methanol (1 mL) for 30 minutes. The methanol 

was removed and 0.6 mL crystal violet solution was added (0.5 g Crystal Violet powder, 80 mL 

deionised H2O and 20 mL methanol) and left for 15 minutes at room temperature. The plate was 

washed with H2O (x2) and di-H2O and left to air dry overnight. The plates were imaged using the 

GelCount mammalian-cell colony, spheroid and organoid counter. 

Cell Viability Assay Cells were seeded in 96-well plates for 24 hr at 37oC with 5% CO2. Treatment was 

added in Opti-MEM reduced serum media (Gibco, #31985070) and incubated at 37oC with 5% CO2 

for the defined period. Cell viability was determined using the CellTitre-Glo Luminescent Cell Viability 

assay (Promega, #G7571) as per manufacturer’s instructions. A white back seal was added to the 

plate and luminescence was measured using the PHERAstar FS microplate reader. Cell viability was 

plotted as a percentage of the DMSO-treated cells. Data was processed using GraphPad Prism 

Version 10.0.3. 

CRBN NanoBRET Target Engagement Assay The CRBN NanoBRET TE assay for live-cells was 

performed according to the manufacture’s instruction (Promega, #N2910) with some modifications. 

MCF-7 cells were transiently transfected with the NanoLuc-CRBN fusion vector (Promega) and 
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Lipofectamine 2000 (Invitrogen, 116680919). 24 hr after transfection, the cells were resuspended in 

DMEM without phenol red (Gibco, 31053-028) at a density of 2 × 105 cells per mL and were plated 

into 96-well plates (Corning, #3474). The cells were incubated with 0.5 µM CRBN NanoBRET tracer 

(Promega) and the probe compound for 2 hr at 37 °С with 5% CO2. After 2 hr incubation, the samples 

were transferred to a 96 well plate (Corning, #3610) with a white back seal. 3X Nano-Glo substrate 

(Promega) with NanoLuc extracellular inhibitor (Promega) were added to cells. After 3 minutes at 

room temperature, BRET was measured using a CLARIOstar PLUS microplate reader equipped with a 

450-80 nm band pass filter for donor emission and a 605/30-nm band pass filter for acceptor 

emission. The BRET ratio was calculated with the equation and the BRET was plotted as a percentage 

of the DMSO-treated cells. 

𝐵𝑅𝐸𝑇 = [
𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟𝑆𝑎𝑚𝑝𝑙𝑒

𝐷𝑜𝑛𝑜𝑟𝑆𝑎𝑚𝑝𝑙𝑒
− 

𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟𝑛𝑜 𝑡𝑟𝑎𝑐𝑒𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐷𝑜𝑛𝑜𝑟𝑛𝑜 𝑡𝑟𝑎𝑐𝑒𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
] 

Data was processed using GraphPad Prism Version 10.0.3 and the best-fit IC50 values of each 

compound were calculated using the [inhibitor] vs response (variable slope) (four parameters) 

function. 
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Figure 1 The relationship between PRMT1 and total protein with an alternative anti-PRMT1 antibody (Abcam 

#EPR3292). A) A dilution series of the cell-lysate derived from MCF-7 cells was analysed by Western blot. B) The 

protein bands were quantified with Image Studio analysis software and plotted against the amount of total 

protein loaded to the well. 
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Appendix 1B 

Cycloheximide. Purchased from TOKU-E, Batch C001-46-2 

 

1H NMR (700 MHz, d6-DMSO) δ 10.64 (s, 1H, 2-NH), 4.38 (d, J=6.2 Hz, 1H, 8-OH), 38.3 (m, 1H, H8), 

2.62 (m, 1H, H13), 2.57 (m, 1H, H3 or H5), 2.49 (m, 1H, H3 or H5), 2.46 (m, 1H, H9), 2.26 (m, 2H, H3 

and H5), 2.21 (m, 1H, H4), 2.08 (m, 1H, H11), 1.96 (m, 1H, C10), 1.80 (m, 1H, C12), 1.63 (m, 1H, C10), 

1.49 (m, 1H, C12), 1.31 (m, 2H, H7), 1.18 (d, J=7.1 Hz, 3H, C15), 0.86 (d, J=6.4 Hz, 3H, C16). 13C NMR 

(176 MHz, d6-DMSO) δ 213.6 (C14), 173.5 and 173.3 (C2 and C6), 65.0 (C8), 50.6 (C9), 42.3 (C12), 

40.1 (C7), 39.8 (C13), 38.3 (C3 or C5), 36.8 (C3 or C5), 35.0 (C10), 26.9 (C4), 26.5 (C11), 18.2 (C15), 

14.5 (C16). LRMS (ESI) m/z calcd for C15H23NO4 [M+H]+: 282.4; found 282.3. HPLC (5-60% MeCN 

(0.05% TFA) in H2O (0.0.5% TFA) over 15 min) Rt = 10.46 min. Purity= 61%. Lab reference PM296. 

Data are in accordance with those reported previously in literature250. 

 

Figure 2 1H NMR (700 MHz, d6-DMSO) spectrum of cycloheximide. 
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Figure 3 13C NMR (176 MHz, d6-DMSO) spectrum of cycloheximide. 

 

Figure 4 UV-HPLC chromatogram of cycloheximide. Absorbance recorded at λ = 254 nm. 

A 

 

B 

 

Figure 5 LC/MS analysis of cycloheximide. A) UV-HPLC chromatogram. Absorbance recorded at λ = 254 nm. B) 

ESI+ spectrum for the peak at 1.62 min. The molecular weight of CHX is 281.2.  
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Appendix 1C 

 

 

Figure 6 HSQC NMR spectrum of 23. Peaks indicated in orange do not appear in the 13C spectra. 

 

Figure 7 HMBC NMR spectrum of 23. Peaks indicated in orange do not appear in the 13C spectra.  
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Silver Trifluoroacetate. Obtained from commercial supplier.  

 

1H NMR (700 MHz, d6-DMSO3) δ No peaks (DMSO and H2O only). 13C NMR (176 MHz, d6-DMSO3) δ 

159.3 (q, 2JC-F=32.7 Hz, CF3COO-), 117.5 (q, 1JC-F=295.7 Hz, CF3COO-). Lab reference PM294 

 

Figure 8 13C (176 MHz, d6-DMSO) NMR spectrum of silver trifluoroacetate. 
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Appendix 1D 

A 

 

B  

 

C  

 

D  

 

E  

 

Figure 9 Full uncropped Western blots for Figure 4.19. A) Identity of the protein lysates loaded on each lane. B) 

Membrane cut at 75 kDa and the top section probed for vinculin. The bottom section probed for PRMT1. C) 

Membrane cut at 75 kDa and the top section probed for vinculin. The bottom section probed for ADMA. D) 

Membrane probed for MMA. E) Membrane probed for SDMA. 
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Appendix 1E 

 

Figure 10 Plasmid map of the PRMT1-HaloTag-6xHis fusion protein. Figure reprinted from 251. 
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Appendix 1F 

 

 

Figure 11 HSQC NMR spectrum of HBM1 

 

Figure 12 HMBC NMR spectrum of HBM1  
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Appendix 1G 

The stability of pomalidomide was analysed using conditions identical to those used to determine 

PROTAC stability and the results compared to literature values. The half-life of pomalidomide was 

empirically determined in MCF-7 cell culture media, human serum and PBS (pH 7.4) (Figure 13). 

Unfortunately, due to an absence of reported half-lives and inaccurate empirical results, this 

experiment did not allow any conclusions on the validity of the assay to be made.  
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Figure 13 Pomalidomide Stability in cell culture medium, human serum and PBS. A) Structure of 

pomalidomide B) 400 µM pomalidomide and 400 µM caffeine was incubated at 37oC in an ambient atmosphere 

for 96 hr. Cell culture media is DMEM supplemented with 10% FBS. The Y-axis is the percentage of 

pomalidomide remaining compared to the peak area ratio of pomalidomide-to-caffeine at 0 hr. All data points 

from three independent experiments are shown. For cell culture media and human serum, the data was fitted 

with an exponential decay function with the plateau constrained to zero. The results for PBS do not fit this 

model and no constraints were used. 

The data for PBS was considered inaccurate due to a plateau occurring at a non-zero value. This is 

likely from the coelution of a hydrolysis product with caffeine or pomalidomide. The samples were 

also analysed using a different mobile phase gradient and on a different HPLC instrument but they all 

yielded the same result. A single half-life for pomalidomide in PBS (pH 7.4) is reported in the 

literature of 32.5 hr213. 

The empirically determined half-life for pomalidomide in human serum is 8.9 hr. Due to data 

availability, this has been compared to half-life data for pomalidomides in vivo plasma stability. The 

empirically determined value agrees with these reported values (Table 1). This is promising, yet 

inconclusive. 
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Table 1 The half-life of pomalidomide in human serum. 

 Pomalidomide half-life, hr Reference 

Incubation in human serum 8.9 Empirical observation 

in vivo 7.5 252 

in vivo 6-10 253 

 

For the half-life in cell culture medium, an identical cell culture medium was not used and therefore 

the empirically derived half-life values cannot be compared to the reported values (Table 2). The 

stability of pomalidomide will be dependent on the composition of the cell media, including its pH 

and the concentration of different amino acids199,200. 

Table 2 The half-life of pomalidomide in cell culture media. 

Cell line Cell culture media composition Pomalidomide 

half-life, hr 

Reference 

MCF-7 DMEM+10% FBS 2.1 Empirical observation 

MV4-11 IMDM+ 10% FBS 12.5 213 

HD-MB03 

 

Neural basal medium containing 

Peni-Strep, L-glutamine, B27, 

heparin, bFGF, and EGF. 

5.5 213 
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Appendix 1H 

 

Figure 14 Western blot of selected VHL-recruiting PROTACs, selected CRBN-recruiting PROTACs and HBM1-5 in 

the MCF-7 cell line. 1 µM of PROTAC was added hourly for six hours MCF-7 cells were treated with 1µM of the 

indicated compound and one-hour later an additional 1 µM of the indicated compound was added. This was 

repeated 4 further times (the total concentration added was 6 µM, and the total incubation time was 6 hr). The 

cells were then harvested for analysis by Western blot. 

 

Figure 15 Western blot of HBM1-4 in the MCF-7 cell line for 48 hr. At 10 µM, HBM1 and HBM3 induced the 

degradation of PRMT1 but not PRMT6. MCF-7 cells were treated with HBM1-5 at either 10 µM or 1 µM for 48 

hr and then harvested for analysis by Western blot. The arrow (←) indicates the band quantified for MMA. 
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Appendix 2 UV-HPLC Chromatograms of PROTAC A-Q and 

HBM1-5 
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Table 1 Purity of PROTAC A-Q and HBM1-5 as determined by HPLC. The HPLC method was 5-95% MeCN (0.05% 

TFA) in H2O (0.0.5% TFA) over 15 min and the UV chromatogram was recorded at λ = 220 nm. The DMSO stock 

solution of certain molecules was analysed and the large tailing peak at ~ 2 min can be attributed to DMSO. The 

solvent front has not been integrated in purity determination. 

 Purity, % UV-HPLC chromatogram 

PROTAC A 

 

97 

 

PROTAC B 99 

 

PROTAC C 99 

 

PROTAC D 89 

 

PROTAC E 96 

 

PROTAC F 93 
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PROTAC G 97 

 

PROTAC H 99 

 

PROTAC I 86* 

 

*The shoulder peak at 6.51 minutes is PROTAC H. 
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PROTAC O 99 
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PROTAC Q 95 

 

HBM1 99 

 

HBM2 99 

 

HBM3 99 

 

HBM4 99 
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HBM5 89 
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Appendix 3 NMR Spectra 

Compound 1-47 followed by PROTAC A-Q and HBM1-5 
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