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Drug discovery is the process by which new drugs are found and developed into the market 1. Given 
the scope of this thesis, the term “drug” will refer to small molecules and the term “target” to 
proteins, otherwise noted. 

Currently, most drug discovery strategies rely on the resolved three-dimensional structure of the 
target. Structure-based drug discovery (SBDD) 2–4 is advantageous as it accelerates and lowers the 
cost of the drug discovery process. However, the essential requisite for SBDD, the prior knowledge 
of the target protein structure, has narrowed the types of proteins in drug discovery programs to 
globular proteins 5.  

It is estimated that 33-50% of our proteome is intrinsically disordered 6,7. Intrinsically disordered 
proteins (IDPs) and protein regions (IDRs) do not spontaneously fold into a stable secondary and 
tertiary structure in their native state yet are functionally active 8–12. IDPs have long been considered 
undruggable as their lack of a stable tertiary structure impedes the application of SBDD. 
Nevertheless, IDPs participate in many physiological processes 13, as well as in diseases 14. Hence 
finding new approaches to target IDPs is crucial to expand the druggable proteome and fill 
unmet needs across diseases in which disorder plays a role.  
 
 

1.1. Intrinsically disordered proteins 
The discovery and study of IDPs (and IDRs, which will be included in the term IDP for the rest of 
the thesis) in the late 1990s questioned the central dogma in molecular biology that structure defines 
function, exemplified by the “lock-and-key” model put forward by Emil Fisher in 1894 15.  
 
IDPs lack a defined secondary and tertiary structure. They have multiple minima in their free-
energy landscape and can therefore populate several distinct conformations (from fully extended to 
completely collapsed). Their overall structure is better defined as a dynamic ensemble of many 
discrete conformational states, each of which is populated with a certain statistical weight. The 
structure of IDPs contrasts with that of globular proteins, which have a well-defined global minima 
in their free-energy landscape and their three-dimensional fold, therefore, fluctuates around one 
equilibrium position 16 (Fig 1.1.1). 
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Fig. 1.1.1. Comparison of the energy landscape and conformational ensemble of IDPs and globular proteins. 

Adapted from Flock et al. 2014 16. 
 
Intrinsic disorder (ID) propensity is encoded in the primary sequence of proteins. Compared with 
folded proteins, IDPs have an overall low mean hydrophobicity and high net charge 9,17. Protein 
folding is a spontaneous process. When the hydrophobic core of a protein collapses, there is a large 
release of water molecules, thereby increasing the entropy of the system. Once the protein is 
depleted of water, the enthalpy of the interactions between amino acid residues is enhanced 
(hydrogen bonds and van der Waals interactions) 18. The low hydrophobic content of IDPs leads to 
a weakened hydrophobic effect, thereby preventing their folding into a stable globular structure. 
 
Globular proteins are involved mostly in processes requiring a large control of the three-
dimensional structure, for instance enzymatic reactions. In contrast, IDPs have prevalent roles in 
regulation and signalling processes and in protein-protein interaction hubs 8. For example, ID is 
widespread in transcription and transcription regulation 19, particularly in the activation domain of 
transcription factors 20. More recently, it has been demonstrated that IDPs are also involved in 
biomolecular condensation 21–23, which will be further discussed in sections 1.3 and 3.1.  
 
IDPs can: i) interact with their partners with both high specificity and low affinity, i.e. their 
interactions are highly specific and short-lived 24, with some exceptions 25; ii) rapidly respond to 
changes in the environment 26,27; iii) bind to distinct partners through single and/or multivalent 
interactions 28,29 and iv) bind to multiple partners. In the bound state, IDPs can remain disordered or 
“fuzzy” 30 or become structured 31. Most binding events are through short motifs embedded within 
larger disordered sequences (named molecular recognition features or short linear motifs, MoRFs). 
MoRFs are evolutionarily conserved and usually amphiphatic, which allows for the gain in 
secondary structure when binding 32.   
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To avoid promiscuous binding, IDPs are tightly regulated by post-transcriptional modifications 
(PTMs) and/or by ensuring appropriate protein levels during the required time. On the one hand, 
PTMs can change the energy landscape of IDPs, thus stabilising or destabilising secondary 
structures and causing a switch between disordered and ordered states 33. On the other hand, 
ensuring appropriate IDP levels is important to prevent non-specific interactions 34. The cellular 
concentration of IDPs is regulated at all steps of production from transcript clearance and 
translation rate to protein degradation 35, as exemplified by the observation that IDPs have shorter 
half-lives than structured proteins 36.  
 
The misregulation of IDPs is associated with disease. In fact, the D2 concept (disorder in disorders) 
was introduced to highlight the involvement of ID in numerous conditions 14, including cancer, 
neurodegeneration, cardiovascular diseases and diabetes 14,34,37. For example, the disordered 
oncogene c-Myc and the cancer suppressor p53 have altered abundance in many types of cancers. 
Also, mutations or misregulation of some disordered proteins like amyloid ß-peptide and ɑ-
synuclein promote aggregation in neurodegenerative conditions like Alzheimer’s disease and 
Parkinson’s disease, respectively. 
 
IDPs are promising drug targets 38. They are very abundant in our proteome 6,7, are involved in 
many important biological functions, and are over-represented in major pathologies 14.  
 
Up to now, most successful strategies to target IDPs have avoided the ID nature of the target37. 
Drugs have been directed to the enzymes that regulate IDPs, the ordered domain of a protein with 
large ID, or the globular binding partner. Only a few strategies are aimed to drug the ID domain 
directly. In fact, only two compounds targeting an IDP have reached clinical trials: MSI-1436, 
which targets the protein tyrosine phosphatase 1B for the treatment of obesity (Trodusquemine, 
NCT00509132) and cardiovascular diseases (Trodusquemine, NCT00005696), and EPI-506, which 
targets the disordered N-terminal transactivation domain of the androgen receptor (AR-
NTD) for the treatment of castration-resistant prostate cancer (Ralaniten, NCT02606123). 
 
 

1.2. Androgen receptor and  
castration-resistant prostate cancer 
The androgen receptor (AR) is a hormone-activated transcription factor that regulates the 
expression of specific genes related to the development and maintenance of the male phenotype 39. 
The AR is a member of the steroid-activated nuclear receptors (NRs) 40. Other members include the 
estrogen receptor (ER), the progesterone receptor (PR), the glucocorticoid receptor (GR), the 
thyroid receptor (TR) and the mineralocorticoid receptor (MR). 
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Like all NRs, the AR has the following domain architecture 41 (Fig. 1.2.1):  
 

● N-terminal intrinsically disordered transactivation domain (AR-NTD) 

The NTD is the least conserved domain among the NR family. The AR-NTD is the largest in size 
(558 amino acids, depending on the variation of several polymorphic regions) and the most 
important for transcriptional activity of the AR 41. The NTD contains the activation function 1 (AF-
1). The AF-1 in AR bears the main transactivation function of the receptor, as opposed to the other 
members of the family, in which it is located in the AR-LBD (in the activation function 2, AF-2). 
The AF-1 can be functionally subdivided into two transactivation units (Tau-1 and Tau-5) 42.  
 
The AR-NTD is the least characterised domain as it is intrinsically disordered. However, it has 
several MoRFs that are key for function, like the 23LQNLF27, the 179LKDIL183 and the 433WHTLF437 
motifs 41. More specific sequence-structure-function details are described in section 2.1.3. 
 

● DNA-binding domain (AR-DBD) 

The DBD is the most conserved domain among NRs. For the AR, the DBD binds as a dimer to the 
androgen response elements (AREs) on the DNA 41. 
 

● Hinge region 

The hinge region serves as a short flexible linker between the DBD and the LBD. It contains the 
nuclear localization signal (NLS) 41. 
 

● C-terminal ligand (steroid)-binding domain (AR-LBD) 

The overall structure of the LBD is similar between the members of the family. Steroid binding, 
dihydrotestosterone (DHT) in the case of the AR, causes a conformational rearrangement, exposing 
the AF-2 surface 41. The AF-2 binds LXXLL motifs of co-activators 43, although in the case of the 
AR, it has higher affinity for the 23LQNLF27 motif in the AR-NTD, establishing the N/C interaction 
44. 
 

 
Fig. 1.2.1. Androgen receptor domain architecture: N-terminal intrinsically disordered transactivation 

domain (AR-NTD), the DNA-binding domain (AR-DBD), the hinge region and the ligand-binding domain 
(AR-LBD). Adapted from De Mol et al. 2016 45. 
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The AR signalling pathway is depicted in Figure 1.2.2 39. Testosterone is produced in the testis and 
transported to the target tissues (e.g. the prostate). In prostate cells, testosterone is converted to 
dihydrotestosterone (DHT) by the enzyme 5-α-reductase. Unactivated AR is bound to chaperones in 
the cytosol. DHT binding to the AR-LBD causes dissociation of the chaperones, a structural 
rearrangement (the N/C interaction) and the translocation of the receptor into the nucleus. In the 
nucleus, the AR dimerises and binds to the AREs in the promoter region of genes such as the 
prostate-specific antigen (PSA) gene. Bound at the promoter, the AR recruits members of the basal 
transcription machinery and other coregulators to start the transcription of genes related to the 
development and maintenance of the male phenotype (Fig. 1.2.2). 
 

 
Fig.1.2.2. Mechanism of action of the androgen receptor. Adapted from Tan et al. 2015 39. 

 
The AR is central in many diseases, including androgen-insensitivity syndrome, spinal and bulbar 
muscular atrophy, benign prostatic hyperplasia and prostate cancer (PC). Given the scope of this 
thesis, we will focus on PC. 
 
PC is the second most commonly diagnosed cancer worldwide and the sixth leading cause of death 
by cancer in men 46. In 2018, it was the most common cancer diagnosed and the third cause of 
cancer death amongst men in Europe 47. Elevated PSA blood level is a biomarker for PC 48. 
 
PC is initially localized in the prostate, hence prostatectomy and radiotherapy are the initial 
treatment options. PC tumour growth and proliferation depends on the transcriptional activity of the 
AR 49. For this reason, men with intermediate to high recurrence of PC and relapsed PC receive 
androgen deprivation therapy (ADT) 50. ADT is based on reducing androgen production. This is 
achieved by surgical or chemical castration or by blocking androgen binding to the AR-LBD with 
antiandrogens such as bicalutamide, enzalutamide and apalutamide. ADT is given alone or in 
combination with abiraterone (that inhibits de novo synthesis of androgen by inhibiting the enzyme 
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CYP17A1) or docetaxel (chemotherapy).  
 
Unfortunately, most PC patients become refractory to these treatments and progress into castration-
resistant prostate cancer (CRPC) 51. Several resistance mechanisms include, among others, genomic 
amplification of the AR locus, emergence of AR splice variants lacking the AR-LBD, and gain-of-
function mutations in the AR-LBD and in other factors like SPOP, MED12 or FOXA1 52,53. 
 
CRPC currently has no cure and it is characterised by a very poor prognosis as it is responsible for 
the death of ca 35,000/40,000 American/European men each year according to GlobalData. Over 
80% of CRPC cases are metastatic (mCRPC). Although there is no cure for CRPC, there are some 
therapeutic options: i) as this cancer still relies on the AR signaling axis, CRPC patients continue to 
receive ADT (enzalutamide and abiraterone) in combination with chemotherapy (docetaxel); ii) a 
second option is immunotherapy (spirucel-T) and, iii) in those cases with bone metastasis, treatment 
with a radioligand (radium 223 dichloride) is possible 50. Finding new strategies to fight CRPC is 
of paramount importance. 
 
The AR-NTD is a promising and validated drug target for CRPC (see section 2.1.4). However,  its 
ID nature has hampered the finding and progression of AR-NTD inhibitors into the market 54. The 
Sadar laboratory pioneered the discovery of AR-NTD inhibitors. EPI-001 was the first small 
molecule reported to inhibit the AR-NTD and provided a starting point to find new drugs that target 
the AR and thus fight CRPC 55,56. EPI-506, a pro-drug of EPI-001, entered clinical trials in 2015. 
Nevertheless, its mechanism of action was not fully understood. Given the expertise of Dr. Xavier 
Salvatella in AR biophysics and Dr. Antoni Riera in medicinal chemistry, some years ago their 
laboratories started a project to study the mechanism of action of EPI-001. Initial work by the lab 
showed that EPI-001 binds to the AR-NTD by means of nuclear magnetic resonance (NMR) 
experiments45. Specifically, 10 molar equivalents of EPI-001 caused chemical shifts perturbations 
in the three helices of the Tau-5 region. 
 
 

First objective: Study the reversible interaction of 
EPI-001 with its target by solution NMR   

spectroscopy 
 
The first objective of the thesis was to continue the NMR studies on the interaction of EPI-001 and 
the AR-NTD and investigate whether structuration of the three helices in the Tau-5 could improve 
the binding affinity of EPI-001 for the AR-NTD. In this regard, using solution NMR, we aimed at 
characterising the chemical shift perturbations that EPI-001 caused on several constructs spanning 
the AR-NTD in the absence and presence of the helix-stabilising co-solvent 2,2,2-trifluoroethanol. 

 
The work towards this objective is described in Chapter 2 of this doctoral thesis. 
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During the course of this work we realised that the AR-NTD and the full length AR undergo 
biomolecular condensation 57. As EPI-001 interacts with the AR-NTD and the AR-NTD 
condensates, we hypothesised that the mechanism of action of EPI-001 could be related to its ability 
to modulate AR condensation. 
 
 

1.3. Intrinsically disordered proteins and biomolecular 
condensates 
The cytoplasm and nucleoplasm are very densely packed environments 58. To achieve 
spatiotemporal control, cells localise reactions in organelles 22. Classical organelles are the Golgi 
apparatus and the Endoplasmic Reticulum. All these organelles are membrane-bound, i.e. they have 
a physical separation between the interior and the exterior of the organelle, and the partition of 
molecules is regulated by the membrane transport machinery. However, many other organelles lack 
a physical separation around them and yet are able to concentrate biochemical processes. Examples 
include the nucleoli (for ribosome biogenesis), the Cajal bodies (for assembly and or/modification 
of splicing machinery), the PML bodies (for transcriptional regulation and apoptosis signaling) and 
the stress granules (for mRNA storage upon stress) 22 (Fig 1.3.1). 
 

 
Fig. 1.3.1. Representation of the different membrane-less organelles found in eukaryotic cells. Adapted from 

Banani et al. 2017 22. 
 
While membrane-less compartments differ in composition, subcellular location and function, they 
all share the ability to concentrate biomolecules and are formed by phase transitions. For this reason 
they are termed biomolecular condensates 22. 
 
Phase transitions have been widely studied in physics but their application in living systems is an 
important emerging principle in biology 59. Liquid-liquid phase separation (LLPS) is one particular 
type of phase transition and the most physiologically relevant and studied so far in the condensates 
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field 60. The first evidence that membrane-less organelles were liquid and formed by LLPS was 
reported in 2009 in a landmark paper by Dr. Clifford Branwynne, Dr. Tony Hyman and Dr. Frank 
Jülicher 59. They characterised P granules in the germline of Caenorhabditis elegans and 
demonstrated that they behaved like liquids: they were round and could drip, wet the surface and 
undergo fusion events.  
 
In the cell, membraneless organelles allow the maintenance of concentration differences without the 
need for energy input. The chemical potential in both phases is equal, i.e. there is no net diffusive 
flux between the dense and light phase, but there is constant flux of individual molecules between 
them 22. 
 
The principles of LLPS have been widely studied for polymers in soft matter physics 21,61. LLPS is 
the process in which a polymer that is homogeneously distributed within a solvent spontaneously 
demixes into two coexisting liquid phases, namely a polymer-enriched phase (dense phase) and a 
polymer-depleted phase (light phase) (Fig. 1.3.2a). A negative free energy of demixing is achieved 
above a certain concentration (saturation concentration or Csat) with a gain in enthalpy (when 
polymer-polymer contacts are preferred over polymer-solvent contacts) 61 and/or in entropy (by 
releasing solvent molecules from the hydration shell into the light phase) 62 (Fig. 1.3.2b and c). 
LLPS is extremely sensitive to changes in physical-chemical conditions of the environment 63. The 
Csat can be affected by changes in temperature, ionic strength, pH, post-translational modifications, 
etc. 64. 
 
The physics behind the LLPS of polymers can be explained by the Flory-Huggins theory. However, 
this theory does not account for several characteristics that biopolymers have with respect to 
polymers (like sequence effects, the fact that they are not at thermodynamic equilibrium, etc.) 65. 
For this reason, other mathematical models are needed in order to fully explain the behaviour of 
phase separating biopolymers 66. 
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Fig. 1.3.2. a) The phase diagram is the representation of the one-phase and two-phase regimes depending on 

environmental conditions such as temperature, pH, ionic strength, etc. (black line). (1) At concentrations 
below Csat, the system is in the one-phase regime. (2) At any condition within the two-phase regime, the 

system demixes into a light phase (with c=cL) and a dense phase (with c = cD). (2-4) At increasing 
concentrations, only the volume fractions of the two phases change relatively to each other but cL and cD 
remain constant. Adapted from Alberti et al. 2019 67. b) (1) Below the Csat the polymer is homogeneously 

distributed in the solvent. (2) Above the Csat the system demixes into two phases and polymer-polymer 
interactions are stronger. Adapted from Brangwynne et al. 2015 61. c) There is a region of instability at the 

interface between the one-phase and two-phase regimes in which the system demixes when nucleated 68. At 
the interface, a metastable well-mixed state, albeit supersaturated, can persist even when phase separation is 

thermodynamically favourable. In this scenario, nucleation accelerates and determines whether phase 
separation takes place. Adapted from Posey et al. 2018 69. 

  
Multivalency is the key feature for LLPS 23. Multivalent interactions (scaffold-scaffold and 
scaffold-client) allow the formation of networks, the basis for LLPS. Proteins can undergo LLPS 
when they contain several interaction modules with self-association affinity or affinity for a 
particular ligand 60. These interaction motifs can be structured domains connected by a disordered 
linker binding to a ligand 70 or motifs (e.g. “stickers”) embedded in disordered sequences (“e.g. 
spacers”) 71,72. 
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IDPs play a central role in LLPS as by definition they are multivalent proteins that can 
simultaneously interact with other molecules or with themselves 73. Other biomolecules that can 
undergo LLPS are RNA and DNA, which contain several interaction motifs with other nucleic acid 
molecules or proteins 60. Given the scope of this thesis, we will focus on IDPs as biopolymers from 
now on. 
 
Since 2009, many other studies characterising condensation have been published. Biomolecular 
condensates are usually heterogeneous in composition. For this reason, it is useful to apply the 
scaffold and client concept 74. Scaffold molecules are those that drive phase separation and clients 
are those that partition into pre-formed condensates. 
 
Biomolecular condensates participate in many cellular functions 75 and need to be tightly controlled 
68. Dysregulation in the assembly and disassembly of biomolecular condensates appears to be linked 
to various diseases including neurodegeneration 76,77, cancer 78 and infectious diseases 79,80 although 
the exact pathomechanisms are still unclear (e.g. whether aberrant condensate formation and 
dissolution is the cause of the disease or its phenotype) 80,81. 
 
Biomolecular condensates offer a new layer of regulation for IDPs. Therefore, modulating 
condensates with drugs is a potential opportunity to target currently undruggable proteins 
81,82 and contribute to drug pharmacodynamics 83. However, the druggability of biomolecular 
condensates is still an underexplored area of research. 
 
 

Second objective: Study the role of EPI-001 as a 
modulator of androgen receptor condensation 

 
The second objective was to examine whether the mechanism of action of EPI-001 is related to its 

ability to modulate AR condensation. In this regard, we studied the effects of reversible and 
irreversible binding of EPI-001 on AR condensation in vitro and in cells. This work is one of the 
first studies of how small molecules can inhibit a disordered target by modulating its condensate 

formation. 
 

The work towards this objective is described in Chapter 3 of this doctoral thesis. 
 

 
The first two objectives of the thesis were related to the mechanistic role of EPI-001 inhibition and 
its connection with biomolecular condensation. 
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Third objective: Design, synthesis and evaluation 
of novel EPI-001 analogues 

 
The third objective was to apply the acquired knowledge to design new and improved AR 

inhibitors. To the best of our knowledge, this work is one of the first examples of rational drug 
design for IDPs based on the modulation of biomolecular condensates. 

 
The work towards this objective is described in Chapter 4 of this doctoral thesis. 
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2.1. Background 
 

2.1.1. Intrinsically disordered proteins as drug 
targets 
 
As mentioned in section 1.1, intrinsically disordered proteins (IDPs) are potentially important drug 
targets given the high prevalence of intrinsic disorder (ID) in the eukaryotic proteome and their 
association with pathology. However, their highly dynamic nature presents an inherent challenge 
for traditional drug discovery methods based on structure-based rational design 1. Nevertheless, a 
growing number of small molecule ligands being able to fine-tune IDPs function can be found in 
the literature. We have grouped them on the basis of their mechanism of inhibition into the 
following: 1) regulatory inhibition, 2) orthosteric inhibition, and 3) allosteric inhibition (Fig. 
2.1.1.1).  
 

 
Fig. 2.1.1.1. Strategies for inhibiting IDPs: 1) regulatory inhibition, 2) orthosteric inhibition and 3) allosteric 

inhibition. 
 
Strategies 1 and 2 target the machinery that regulates IDPs and the IDP binding partners, 
respectively. Structure-based approaches can be applied to strategies 1 and 2. The main focus of the 
thesis will be on strategy 3: targeting the IDP itself. 
 

1. Regulatory inhibition 
 
IDPs are tightly regulated by post-transcriptional modifications (PTMs) 2,3 and through their protein 
concentrations 4. Therefore, interfering with the regulatory machinery emerges as a successful 
strategy to inhibit an IDP. 
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1.a. Modulating the protein post-transcriptional modifications 

IDPs are modulated through a myriad of PTMs 3. Hence inhibiting the enzymes responsible for 
PTMs is a plausible strategy to inhibit IDPs. 
 
For example, the Tau protein is abnormally hyperphosphorylated in Alzheimer’s disease 5. 
Inhibition of the kinases responsible for Tau hyperphosphorylation, like the glycogen synthase 
kinase 3β (GSK3β), offers a new avenue for the treatment of tauopathies 6. GSK3β is a validated 
target for Alzheimer’s disease and several potent selective inhibitors have been described. In 
particular, SAR502250 is able to reduce Tau aggregation, as well as alleviating the neuropsychiatric 
symptoms associated with the disease 7. 
 

1.b. Modulating the protein concentration 

Chemical knockdown of a protein using target protein degraders, such as proteolysis targeting 
chimeras (PROTACs), is a recurrent strategy for drug discovery and an alternative to protein 
inhibition 8. A PROTAC molecule is a small heterobifunctional molecule formed by tethering an E3 
ligase ligand to a target protein binder through a linker. By bringing together the protein of interest 
and the E3 ligase, the target protein is polyubiquitinated and subsequently degraded by the 
proteasome 9. PROTAC-like molecules targeting an IDP can fine-tune its  concentration in cells.  
 
As an example, Lu et al. designed a PROTAC molecule against Tau, inducing its proteasomal 
degradation 10. Further studies must be carried out to evaluate the potential use of this molecule in 
the clinical setting. 
 
Degradation of the protein target can also be accomplished through methods other than PROTACs. 
For example, Narayanan and co-workers developed the first androgen receptor (AR) degraders for 
the treatment of prostate cancer 11. Although the general structure of this molecule, named UT-155, 
does not resemble that of a PROTAC, it is able to downregulate AR levels. 
 

2. Orthosteric inhibition 
 
IDPs are central in protein-protein interaction (PPI) networks. PPIs between an IDP and its partner 
are the target of orthosteric inhibitors. Orthosteric inhibitors can be directed to: 
 

2.a. One of the partners 

Inhibitors can be designed to mimic the binding region of the IDP to the structured partner, 
outcompeting it 12.  
 
A good example is p53-MDM2 inhibition. p53 is a tumour suppressor IDP that is inactivated by 
MDM2 binding. Several peptides 13 and small molecules 14, can break this interaction by mimicking 
the residues in p53 that bind to MDM2, thereby increasing the tumour suppression activity of p53. 
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Nevertheless, the partner does not need to be globular. This is the case of c-Myc, an oncogene that 
dimerises with its partner Max to bind to DNA through a basic helix-loop-helix zipper domain 
(bHLHZip). Soucek et al. designed a c-Myc bHLHZip mimic, named Omomyc, that can 
heterodimerise with wild type c-Myc, thus making it unavailable to interact with its partner Max 15 
and enhancing Myc-induced apoptosis as a cancer treatment 16,17. 
 
In order to block a PPI, inhibitors can also be designed to bind to the monomeric IDP partner. For 
example, Erkizan et al. used surface plasmon resonance to screen compounds that bind EWS-FLI1 
18. EWS-FLI1 is an oncogenic fusion construct present in Ewing’s sarcoma family of tumours. 
EWS-FLI1 binds to RNA helicase A (RHA) to exert its oncogenic function. Their lead compound, 
YK-4-279, blocks RHA binding to EWS-FLI1 and reduces the growth of the tumours in mouse 
models of the disease. 
 

2.b. Blocking the PPI interface 

Alternatively, the target can be the PPI interface. Compounds targeting the interface offer high 
selectivity as the pocket is formed only when both partners interact. However, it might be a 
challenge to define the interface in a PPI where one partner is disordered unless it gains structure 
upon binding. 
 
For example, as depicted in section 2.a, p53 can be activated by blocking its binding to MDM2 with 
drugs. However, when MDM2 is inhibited, there is overexpression of MDMX. MDMX can also 
bind p53 and compensate for the inhibitory action of the aforementioned drugs. Graves et al. 
described a new class of small molecules able to drive homo- and/or heterodimerization of MDM2 
and MDMX proteins 19. The new dimeric structures with a small molecule core can no longer bind 
to p53 and the suppressor activity of p53 is restored. 
 
Another example is the stabilisation of the cell-cycle phosphatase cell division cycle 25 C (Cdc25C) 
with a 14-3-3 adaptamer protein. Cdc25C undergoes a disorder-to-order transition when bound to 
14-3-3. Ottmann and co-workers characterised a supramolecular ligand, named CLR01) able to 
stabilise this PPI 20. On the one hand, CLR01 binds to the complex interface, filling a gap between 
both proteins. On the other, it blocks the IDP in the favourable conformation for binding, hence 
reducing the entropic cost of binding.  
 

3. Allosteric inhibition 
 
The third strategy to inhibit an IDP is to bind to it and prevent its function. However, as mentioned 
before, directly targeting IDPs is a challenging process. To avoid binding to the IDP, many drugs 
target the globular part of a protein with ID (section 3.a). Another possibility is to target the 
aggregated form of the IDP in misfolding diseases, for which the structure may be elucidated 
(section 3.b). Section 3.c presents an underexplored approach that is the most relevant to this thesis, 
namely inhibiting the monomeric form of an IDP. 
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3.a. The globular part of a protein with ID  

Targeting the globular domain of a protein with ID is a valid strategy to inhibit an IDP while being 
able to apply structured-based drug discovery techniques.  
 
This has been the strategy of choice for targeting many transcription factors 12 such as the androgen 
receptor (AR) 21. All AR inhibitors used in the clinic, namely antiandrogens, inhibit the structured 
AR hormone-binding domain by blocking the binding of the hormone to its pocket. 
 

3.b. The aggregated IDP 

IDPs are involved in numerous misfolding and aggregation diseases like Parkinson's (linked to ɑ-
synuclein aggregation), Alzheimer’s (linked to Tau and Aβ) and Huntington’s disease (linked to 
Hungtintin) 22. Aggregation is a quasi-irreversible process in which soluble monomeric protein -
usually disordered or unfolded- can self-associate into oligomers, which serve as nucleation points 
that lead to the final most thermodynamically stable state: the fibril or aggregate 23. 
 
Treatments for these misfolding diseases can be guided to i) the monomer - although challenging as 
they are IDPs; ii) the aggregate - for which structures can be obtained to guide drug discovery and 
iii) the oligomeric intermediates - for which there is a growing evidence that they are the neurotoxic 
species 24. Various groups have attempted to modulate the aggregation process at different stages. 
 
In the first example, Linse and co-workers targeted the secondary nucleation of Aβ 25. This second 
nucleation takes place on the already formed fibrils and is highly effective in the production of toxic 
oligomers. To inhibit nucleation, they generated antibodies that slowed the aggregation kinetics of 
Aβ42. Moreover, the fibrils formed had less tendency to grow when compared to the non-treated 
condition. 
 
In the second example Zweckstetter and co-workers deviated the aggregation course of ɑ-synuclein 
into non-toxic off-pathway oligomers 26. They described a small molecule, phthalocyanine 
tetrasulfonate, that polymerised into a superstructure that was able to stabilise ɑ-synuclein helical 
oligomers, thereby preventing them from progressing into fibrils. 
 
Tóth et al. followed a different strategy to target the same protein: ɑ-synuclein 27. First, they 
characterised the monomeric ɑ-synuclein ensemble from NMR data. They then used this ensemble 
to guide a computational screening, which yielded a compound, ELN484228, able to reverse the 
toxic effects of ɑ-synuclein.   
 
In the last example, Eisenberg and co-workers targeted the addition of monomers into the fibril 28. 
For this, they studied the key residues involved in Tau fibril formation by X-ray and micro-electron 
diffraction. They used this structure as a template to design peptides that disrupted the fibril 
interface. 
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3.c. The monomeric form 

To inhibit the monomeric form of an IDP, the small molecule ligand needs to bind to it. But how do 
small molecules bind IDPs? 
 
Spontaneous binding between two molecules (e.g. a small molecule drug and a protein) occurs only 
if it is thermodynamically favourable (the overall Gibbs free energy of binding is negative, ΔG = 
Gfinal - Ginitial < 0) 29. ΔG is the sum of enthalpy (H) and entropy (S) contributions (Equation 1): 
 

Equation 1: ΔG = ΔH - TΔS 
 
ΔH is determined by the interatomic forces upon binding (gain or loss of molecular interactions like 
hydrogen bonds, electrostatic or van der Waals interactions). ΔS is the change in the number of 
different configurations that a system can have (change in the size of the conformational space of 
the protein, ligand and solvent molecules). ΔH and ΔS can contribute to the overall ΔG in four 
ways, depicted in Figure 3.1.1.2 (Fig. 2.1.1.2). 
 

 
Fig. 2.1.1.2. Possible modes in which enthalpy and entropy contribute to the overall ΔG: (i) ΔH>0, ΔS<0; 

(ii) ΔH<0, ΔS<0; (iii) ΔH<0, ΔS>0; and (iv) ΔH>0, ΔS>0. Only modes yielding negative ΔG values (ii–iv) 
lead to binding. Adapted from Heller et al. 2015 29. 

 
The binding of ligands to structured proteins is driven by the enthalpic contribution (modes ii and 
iii), which may come at an entropic cost (mode iii) 29. Structure-based drug discovery (SBDD) 
improves ligand affinity by increasing the number and strength of the interactions between the 
ligand and the target, compensating for possible entropic costs 30.  
 
In the case of IDPs, the entropic cost of restricting the conformational ensemble to that for binding 
is very large. It can be compensated only when large interaction surfaces are present. Large surfaces 
allow a positive enthalpic contribution due to multiple interactions between the two molecules 
and/or a positive solvation entropy caused by the release of water molecules from the binding 
interface. A high entropic cost can be perceived negatively but it is important to highlight that the 
modulation of the entropic cost allows IDPs to change their energy landscapes, thus modulating 
their function. This can be achieved by intrinsic (e.g. PTMs) or extrinsic (e.g. drugs) factors 30.  
 



2. Reversible interaction of EPI-001 with its target by solution NMR spectroscopy 
− 

 

 46 

We now focus on how drugs can effectively modulate the energy landscape of IDPs to achieve 
inhibition. As depicted in Figure 2.1.1.3, the binding of a small molecule can cause a restriction of 
the energy landscape (disorder-to-order, scenario A), a minimal shift in the conformational 
ensemble (disorder-to-disorder or “fuzzy”, scenario B) or a re-weighting of the sampled populations 
(disorder-to-more-disorder, scenario C) (Fig. 2.1.1.3) 29–31. 
 

 
Fig 2.1.1.3. Consequences of small molecule binding to the energy landscape of an IDP. Examples 

illustrating each category are presented. Adapted from Flock et al. 2014; Heller et al. 2015 and Heller et al. 
2018 29–31. 

 
Examples of small molecules binding to an IDP in each category include: 
 

3.c.1. Scenario A: Disorder-to-order 

In the first scenario, the small molecule ligand causes a conformational shift towards one 
predominant state, resembling the disorder-to-order transitions of IDPs when binding to a structured 
partner 32. As in the binding to a globular partner, the entropic cost of restricting the conformational 
ensemble must be compensated with an enthalpic gain from the drug-protein interactions and/or an 
entropic gain due to the release of water molecules from the binding interface 29.  
 
For example, a bacterial transcriptional regulator, thiostrepton-induced protein A or tipA, causes 
multidrug resistance by binding to thiopeptide antibiotic drugs, preventing them from interacting 
with their expected target 33. Drug binding induces a large conformational rearrangement in tipA S 
domain, from a partially unfolded to a globular structure. This rearrangement upregulates the tipA 
gene, resulting in increased resistance. 
 

3.c.2. Scenario B: Disorder-to-disorder 

In the second scenario, the small molecule ligand binds to the IDP in a “fuzzy” way, either 
inhibiting the interaction with other partners or promoting “inactive” states. The conformational 
restrictions caused by binding are compensated by various mechanisms to yield an equivalent 
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number of conformational configurations in the apo and in the holo states. These mechanisms 
include 30:  
 

● Structuration of only very short motifs (e.g. the molecular recognition features, MoRFs) 
which have a low impact on the entropy of the system. 

● Binding to multiple sites. Multivalent-interactions allow for binding to multiple sites (e.g. 
multiple MoRFs) while the overall structure of the linkers is still disordered. Also, 
multivalent interactions increase the total number of configurations due to degenerate 
binding (“fuzzy”). 

● Allosteric compensation. The binding of the ligand to one end causes, on another end, either 
the exposure of a binding site or a more flexible conformation. 

 
A first example is the inhibition of c-Myc. As mentioned, c-Myc is an IDP that forms a helical 
dimer with its partner, Max. In 2003, Yin et al. discovered several small molecules able to disrupt 
the c-Myc-Max interaction using yeast-to-hybrid technology 34. Some years later, Metallo and co-
workers extensively studied the interaction of these molecules with c-Myc using a variety of 
biophysical methods 35,36. They found that several molecules bound to different regions of the dimer 
interface, all causing local conformational changes that sequestered c-Myc in the disordered 
monomeric form, thereby preventing dimer formation. Jin et al. conducted computational studies of 
the same system to describe the molecular interactions between the protein and the ligands 37. They 
found that the same ligand was able to bind to different sites on the protein. In other words, the 
ligand was behaving like a “cloud” around a protein with no defined structure, also a “cloud”. The 
protein-cloud ligand-cloud theory put forward by Jin et al. proposed that IDPs contain short 
stretches of amino acids that can bind small molecules. Hence, by predicting the stretches of amino 
acids that are prone to ligand-binding, inhibitors could be designed. 
 
A second example is the discovery of a compound able to inhibit the NURP-1 transcription 
regulator. NURP-1 forms a complex with MSLT-1, maintaining its IDP character (in a “fuzzy” 
manner). Neira et al. also searched for small molecules able to interact with the target in a “fuzzy” 
manner 38. They screened a library of compounds against the nuclear protein 1 (NUPR-1) by 
thermal shift assay with the aim to identify ligands that stabilised a region in NUPR-1 with higher 
secondary structure propensity. Their most active compound disrupted NUPR-1 interaction with 
male-specific-lethal protein 1 (MSL-1) in vitro and stopped tumour progression in vivo.  
 

3.c.3. Scenario C: Disorder-to-more disorder 

In the third scenario, the small molecule ligand causes a shift in the population or number of 
conformations sampled by the IDP 29,31. This shift can be due to: 
 

● Re-weighting of the previous existing conformations (in the apo form) 

In this case, stabilisation of an “inactive” state decreases the population of “active” 
conformations.  
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An example is the binding of SF-403 to the D2 domain of p27Kip1 (p27- D2) 39. Ban et al. 
demonstrated that the binding of the small molecule SF-403 to p27-D2 caused a population 
shift, stabilising one of the 5 conformations already present in the apo state. The 
conformational ensemble was determined by using a combination of NMR-relaxation 
dispersion, small-angle X-ray scattering (SAXS) and mutagenesis experiments. 
 
Another example is the inhibition of the intrinsically disordered C-terminal domain of 
PTP1B by MSI-1436. Many attempts to inhibit the PTP1B structured active site have 
resulted in compounds with poor drug-like properties. Krishnan et al. searched for allosteric 
inhibitors of PTP1B that bound to the disordered C-terminal domain 40.  Their lead 
compound, MSI-1436 binds to a region of the C-terminal domain with high helical 
propensity. This binding causes the formation of a secondary binding site close to the 
catalytic domain where a second molecule binds. This two-step allosteric inhibition induces 
a global conformational change that renders the protein inactive. 
 

● Increase in the number of possible states  

In this case, the “active” conformations are less populated due to an increase in the overall 
number of possible states.  
 
The entropic expansion model is a theoretical scenario put forward by Vendruscolo and co-
workers 29. There is still no example of a small molecule ligand with this mechanism of 
action. However, Heller et al. enumerated examples of metal binding to IDPs that can be 
explained only when considering the entropic expansion theory. These examples include the 
binding of Ca2+ to phospholipase D bC2 and aC2, and the binding of Zn2+ to conantokin-G 
and T. 
 

Several mechanisms can be drawn to explain how small molecules fine-tune IDP function although 
how a ligand can bind to an IDP with specificity and selectivity is still unanswered 41. From the 
protein point of view, given the conformational plasticity of IDPs and their MoRFs, the same IDP 
can bind to various molecules with similar affinity. From the small molecule point of view, a 
molecule that binds to an ID region of a protein can also bind to other ID regions of the same 
nature. Nevertheless, this promiscuous binding can be an advantage when searching for initial 
binding compounds that can be optimised to improve their affinity and specificity. In fact, this is the 
case for c-myc/Max inhibitors. Initial screening identified two compounds capable of inhibiting c-
Myc but that also inhibited c-Jun, another oncogenic transcription factor. Follow-up screenings and 
optimizations yielded a compound that inhibited c-Myc/Max dimerization but not c-Jun 24. 
 
Another question worth tackling is: do small molecule drugs that bind to IDPs have common 
features that are distinct from compounds targeting ordered proteins? Ruan et al. compared a group 
of IDP-binding compounds and a group of approved drugs for globular proteins 42. They observed 
that small molecules binding to IDPs tend to be more hydrophobic and contain more rings, mostly 
aromatic, than those binding to globular proteins. 
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2.1.2. Methods for studying the interaction 
between small molecules and intrinsically 
disordered proteins 
 
Drug discovery techniques are well established for ordered proteins but do not always apply to IDPs 
24. X-ray crystallography is the gold standard for determining the interactions between small 
molecules and globular partners, although other biophysical techniques have also been implemented 
and reviewed elsewhere 43. In the case of IDPs, due to their conformational heterogeneity, we need 
to take into account the whole ensemble when determining their binding to small molecules. For 
this reason, solution-state techniques that do not require crystallization are the methods of choice 24. 
These can be ensemble-averaged techniques, like nuclear magnetic resonance (NMR), or single-
molecule approaches, like single-molecule fluorescence resonance energy transfer (smFRET).  
 
SBDD techniques can be applied to IDP drug discovery when targeting a globular domain of the 
IDP or a globular binding partner. However, approaches to optimise affinity are not so well 
established when both binding partners are disordered, or when the target is the aggregated state or 
the monomeric form. Techniques applicable in these cases are summarised in Table 2.1.2.1 24.  
 

Table 2.1.2.1. Summary of techniques to study IDP-drug interactions. Adapted from Heller et al. 2017 24. 

1. Inhibiting IDP-IDP interactions 
 

Technique Experimental measure Major advantages and / or 
disadvantages 

Fluorescence 
Resonance 
Energy 
Transfer 
(FRET) 

Measures the efficiency of the energy transfer 
between a donor fluorophore and an acceptor 
fluorophore. The efficiency is strongly 
dependent on the distance between them, 
enabling quantification of molecular 
associations or conformational changes. 

Labeling of the samples is 
required. 

Yeast-two- 
Hybrid 

Indirectly measures protein-protein 
interactions. One partner is fused to a DNA-
binding domain and the other one to an 
activation domain of a transcription factor. 
When both partners are proximal, the DNA-
binding domain and activation domain can 
form a complex and activate transcription. 
Small molecule blockers of the association alter 
the transcriptional output in a quantitative 
manner. 

It is a cellular assay. 
The measurement of the 
interaction between the two 
partners is indirect. 

Fluorescence 
Polarization 
(FP) 

FP measures the effects of fluorescent 
molecules (e.g. peptide or protein) on polarised 
light. Free molecules in solution will depolarise 

The effects might not be 
very large if the drug-IDP 
interaction is “fuzzy”. It 
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the light due to their rapid tumbling. Instead, 
the polarization is maintained when they are 
bound to other molecules. FP quantifies the 
fraction of fluorescent ligands bound to another 
protein and its modulation by small molecules. 

requires labeling of one 
partner. 

 

2. Inhibiting the aggregated state of IDPs 
 

Technique Experimental measure Major advantages and / or 
disadvantages 

Solid-state 
Nuclear 
Magnetic 
Resonance 

Since amyloid fibrils are solids formed by 
repetitive units, solid-state NMR experiments 
can be applied and the structure of the fibril 
can be elucidated. 

 

Kinetic 
measurements 

The kinetics of aggregation can be monitored 
using amyloid-specific fluorescent dyes, such 
as thioflavin T (ThT). ThT fluorescence is 
enhanced and red-shifted upon binding to ß-
sheet rich structures. Other complementary 
biophysical techniques are transmission 
electron microscopy (TEM), atomic force 
microscopy (AFM), and Fourier transform 
infrared spectroscopy (FTIR).  

The chemical kinetics 
theory of aggregation 
explains the non-linear 
combinations of 
microscopic events that lead 
to aggregation, namely 
primary nucleation, 
elgonation, secondary 
nucleation and 
fragmentation. The model 
has been shown that 
therapeutic strategies 
against amyloid aggregation 
should not only abolish 
fibril formation but also 
target the toxic oligomeric 
species.  

 

3. Inhibiting the monomeric form of IDPs 
 

Technique Experimental measure Major advantages and / 
or disadvantages 

Single Molecule 
Fluorescence 
Resonance 
Energy Transfer 
(smFRET) 

Both donor and acceptor chromophores are 
placed on the same molecule. 

Measurements are not 
ensemble-averaged. The 
sum of many 
measurements results in the 
distribution of 
conformations within a 
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given sample.  
 
It requires protein labeling. 

Small-Angle X-
ray Scattering 
(SAXS) 

It is based on the scattering of X-rays of a 
sample and detection of conformational 
changes upon binding to ligands. 

It is a label-free technique. 
 
It is a low-resolution 
technique and only large 
changes in the 
conformational ensemble 
are detected. 

Mass- 
spectrometry 
(MS) 

A range of MS methods can monitor discrete 
conformers in a mixture (e.g. ion mobility 
mass spectrometry) and detect ligand binding 
(hydrogen/deuterium exchange MS). 

Detects interactions in the 
gas phase. In this phase, the 
hydrophobic effect is 
weakened and charge-
charge interactions are 
strengthened.  

Thermal 
Denaturation 
(TD) 

Monitors the denaturation of the protein 
target (either of the tryptophan residues or 
external dyes) upon increasing temperatures 
in the absence and presence of ligands. 

It is non-quantitative as the 
degree of stabilisation is 
not directly proportional to 
the affinity of the ligand. 

Isothermal 
Calorimetry 
(ITC) 

Measures the heat absorbed or released when 
a binding partner is titrated into a solution 
containing the other binding partner. It is the 
best technique to measure the binding 
constant, the Gibbs free energy of binding, 
the enthalpy, the entropy and the 
stoichiometry of the interaction. 

It can measure the 
contributions of enthalpy 
and entropy to binding, 
which, as mentioned in 
section 4.1.1.a, is key for 
small molecules interacting 
with IDPs. 

Surface Plasmon 
Resonance 
(SPR) 

Measures changes in the refractive index at 
the surface of a bio-functionalised gold-
coated prism. Association and dissociation of 
biomolecules immobilised on a surface can be 
determined because changes in mass will 
influence the refractive index. 

It is a highly-sensitive, 
label-free technique. 
 
Controls should be used to 
detect non-specific binding 
to the chip. 

Circular 
Dichroism (CD) 

Measures the overall secondary structure 
content of proteins. Different secondary 
structures absorb left- and right-handed 
circularly polarised light differently, giving 
rise to characteristic spectra for β-sheet, ɑ-
helix and random coil structures.  

It is a low-resolution 
technique and only large 
changes in secondary 
structure are detected.  

Molecular 
Dynamics (MD) 

Provides accurate descriptions of protein 
ensembles and their changes upon ligand 
binding. 

Force fields still 
approximate and validation 
with experiments is needed. 
 
Usually, IDPs of interest 
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are large macromolecules 
in a complex environment, 
which might not always be 
simulatable. 

Solution 
Nuclear 
Magnetic 
Resonance 
(NMR) 

Monitors the binding between a disordered 
protein and a small molecule, from the point 
of view of the small molecule or the protein. 
Protein-NMR is very powerful as it detects 
the changes in the environment surrounding 
each aminoacid. When a ligand binds to a 
protein the binding sites can be determined. 

It is a very sensitive, high-
resolution and quantitative 
technique.  
 
It can measure binding and 
also dynamics. 
 
In protein-NMR, previous 
assignment of the peaks is 
needed in order to 
determine ligand-binding 
sites. 

 
Due to the scope of this thesis, we will focus on NMR techniques to study the interactions between 
small molecules and monomeric disordered proteins. NMR is our technique of choice since: 
 

● IDP-drug interactions are weaker than traditional globular protein-drug interactions: NMR is 
a highly sensitive technique and milimolar (mM) affinities can be measured.  
 

● IDP-drug interactions may be multivalent: protein-based NMR is a high-resolution 
technique that detects changes in the environment for each amino acid in the protein and can 
detect distinct binding sites with different affinities. 

 
● IDP-drug interactions may be fuzzy in the bound state: in contrast to the large 

conformational changes that are detected by SAXS or FRET, NMR can detect small 
perturbations in the environment. 

 
NMR experiments can be ligand-oriented or protein-oriented 44: 
 

a) Ligand-oriented experiments 

The advantages are that there is no need for isotopic-labeling of the protein or previous assignment 
of the protein NMR signals (useful for high-molecular weight proteins and/or proteins with 
complex spectra). 
 
Ligand-oriented experiments exploit the differences in the relaxation properties of a free versus 
bound ligand. A bound ligand, due to its lower tumbling, displays lower chemical shift values and 
broader signals in the 1H spectra of the ligand. The differences between free and bound ligand are 
exploited in the saturation-transfer difference (STD) experiments. STD is based on transferring 
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magnetization from the macromolecular target to the ligand, which is only possible in the bound 
state 45. 
 

b) Protein-oriented experiments 

Protein-oriented experiments are much more informative, although isotopic labeling and assignment 
of the NMR chemical shifts are a prerequisite. 
 
A widely used experiment is the two-dimensional proton-nitrogen correlation (1H,15N HSQC) 44. 
1H,15N HSQC measures 1H,15N spin pairs. Since each amino acid has at least one 1H,15N pair, the 
HSQC experiment theoretically yields one signal per residue (named chemical shift) and two extra 
ones per glutamine and asparagine side-chain. Chemical shifts are a population-weighted average of 
all the conformations sampled within the millisecond time scale.  
 
1H,15N pairs are very sensitive to the chemical environment and their chemical shifts can be 
monitored upon addition of ligands 24. The perturbation of each peak can be measured (chemical 
shift perturbations or CSPs) to determine ligand binding sites. Since each 1H,15N pair will give rise 
to a signal depending on its environment, the NMR spectra for IDPs is usually much narrower on 
the 1H dimension and with overlapping peaks compared to globular proteins. This is a consequence 
of intrinsic disorder: each amino acid type will sense similar environments. This can be partially 
solved by lowering the pH of the samples and the temperature of the experiments.  
 
Furthermore, the high solvent exposure of IDPs contributes to a significant chemical exchange with 
bulk water, causing severe line-broadening and reduction of the 1H,15N signal intensities 24. The 
1H,15N signals can also be reduced due to formation of higher-order assemblies, for example 
oligomers, that are invisible to the NMR experiments, and to conformational fluctuations, whose 
rate is comparable to the timescale of the NMR experiment. This can be solved with instrumental 
advances like the use of cryo-probes and specialised pulse-sequences that do not rely on proton 
relaxation, like 13C,15N correlation spectra (CON) 46. Another pulse sequence that we have 
implemented to attenuate the exchange with the solvent is the use of cross-polarization assisted 
heteronuclear in-phase single-quantum correlation (CP-HISQC) 47. CP-HISQC uses cross-
polarization to transfer the magnetization from 1H to 15N and also proton-decoupling. 
 
In addition to 1H,15N HSQC spectra, other experiments can give insights into: 
 

● Secondary structure propensity 

The secondary structure propensity of an IDP can be calculated by comparing the chemical 
shifts to those of a random coil. Several algorithms, like the SSP or δ2D, use a combination of 
proton (1H), nitrogen (15N), carbonil (13C’) and carbon alpha (13Cɑ) chemical shifts to give a 
residue-specific secondary structure propensity 48,49.  
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● Ensemble conformation 

Nuclear Overhauser effects (NOEs) are very useful restraints when determining the tertiary 
contacts on a globular protein. However, for IDPs, NOEs cannot always be used to obtain inter-
proton distances due to the high heterogeneity of the IDP ensembles. Other NMR parameters to 
obtain structural information at atomic-resolution are better suited. These include chemical 
shifts, hydrogen exchange rates 50, residual dipolar couplings (RDCs) 51 and paramagnetic 
relaxation enhancements (PREs) 52. 
 

● Protein dynamics 

NMR relaxation rates provide information about the amplitudes and time scales of internal 
motions. 15N backbone relaxation rates are among the most sensitive and widely used 53. 
Relaxation rates refer to the speed at which the magnetization of a spin returns to its initial value 
after the 90º pulse. The magnetization has two components: the transverse component (or R2) 
and the longitudinal component (or R1). Measurements of R1 and R2 suffer from systematic 
errors, mainly due to the pulse sequences used and the water saturation transfer. To minimise 
these errors, we used the R1 pulse sequences previously optimised at the Universitat de 
Barcelona’s NMR facility 54 and we extracted the R2 values from R1/R1ρ measurements instead 
of directly determining R2. 

 
Of note, although it is not covered in this thesis, all the NMR parameters described are also used in 
screening campaigns for drug discovery 55 and as structural restraints for ensemble generation 56. 
 
 

2.1.3. Androgen receptor N-terminal domain 
 
The androgen receptor N-terminal domain (AR-NTD) (residues 1-558) is the largest domain in the 
androgen receptor (AR) and it harbours the main transactivation function of the receptor: the 
activation function 1 (AF-1) (see section 1.2) 57. The AF-1 (residues 141-494) binds to multiple co-
activators and is regulated by a myriad of PTMs.  
 
The AF-1 is structurally subdivided into two transactivation units (Tau-1 and Tau-5) 58. The Tau-1 
(residues 102-371) carries most of the activity in the full-length AR in the presence of the hormone. 
In contrast, the Tau-5 (residues 361-537) is important for the transactivation function of AR at low 
concentrations of androgens (comparable to castrate levels), as well as for the AR splice variants 
lacking the ligand-binding domain found in castration-resistant prostate cancer patients 59 (Fig. 
2.1.3.1). 
 
Although the AR-NTD is intrinsically disordered, it contains several motifs of helical propensity. It 
is important to highlight the 23LQNLF27 (involved in the N/C interaction 60 ), the 179LKDIL183 (core 
of the Tau-1) and the 433WHTLF437 (in the Tau-5) (Fig. 2.1.3.1). Previous work from the Salvatella 
lab identified three helical regions in the Tau-5 (named R1, R2 and R3) by means of NMR 61. 
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Fig. 2.1.3.1. Structural features and functional regions of the androgen receptor N-terminal domain. Above: 
plot of predicted degree of disorder by PONDR 62 (PONDR-score higher than 0.5 indicates disorder whereas 
values lower than 0.5 indicate order). Below: plot of predicted helicity by Agadir 63. Adapted from De Mol 

Ph.D. Thesis, 2014 64. 
 
 

2.1.4. EPI-001, the first inhibitor of the androgen 
receptor N-terminal domain to enter clinical trials 
 
The AR-NTD is a promising drug target for CRPC because i) it gathers the main transcriptional 
activity of the AR at normal concentration (Tau-1) and low concentration (Tau-5) of hormone 59; ii) 
it is present in all forms of AR, including the constitutively active splice variants (SVs) that lack the 
ligand-binding domain (AR-LBD) 65 and iii) its low sequence homology to the other members of 
the steroid family of receptors makes it plausible for AR-NTD inhibitors to be highly specific 66. 
However, the intrinsically disordered nature of the AR-NTD has hampered the finding and 
progression of AR-NTD inhibitors into the market. 
 
The Sadar lab has pioneered the discovery of AR-NTD inhibitors. The first in vivo evidence that 
inhibiting the AR-NTD resulted in a loss-of-function of the receptor was provided using decoy AR-
NTD 67.  
These results motivated them to perform a cellular phenotypic screening of several libraries. The 
assay consisted of the cellular expression of a fusion construct between the Gal4 DNA-binding 
domain and the AR-NTD. Binding of the construct to the Gal4 DNA response elements activated a 
luciferase gene expression. Hence compounds that inhibited the AR-NTD showed decreased 



2. Reversible interaction of EPI-001 with its target by solution NMR spectroscopy 
− 

 

 56 

luciferase activity. A library containing natural product extracts provided ca 30 hits, clustered into 
different families. Three families of hits (Niphatenones, Sintokamides and EPIs) have been 
published so far and, interestingly, all of them are covalent inhibitors 66: 
 

1. Niphatenones 
 
Niphatenone B, the lead compound of this family, inhibits the full-length AR with an IC50 of  6 µM 
and it is relatively active against splice variants 68 (Fig. 2.1.4.1). Niphatenones bind covalently to 
the AR AF-1. Further development has been stopped because they are not selective alkylators as 
they covalently bind to other macromolecules, like the glucocorticoid receptor and glutathione. 
Interestingly, (S)-niphatenone and (R)-niphatenone have similar IC50 values. Moreover, removal of 
the hydrophobic tail renders the compound inactive.  
 

 
Fig. 2.1.4.1. Chemical structures of Niphatenone B and its inactive analogue. 

 

2. Sintokamides 
 
Sintokamide A was shown to bind to the AR AF-1 region, presumably in the Tau-1 69,70  (Fig. 
2.1.4.2). Sintokamide A is also a covalent inhibitor and blocks the activity of the full-length AR and 
its splice variants in cells and it is able to reduce tumour volume in a prostate cancer xenograft 
mouse model. 
 

 
Fig. 2.1.4.2. Chemical structure of Sintokamide A. 

 

3. EPI-001 
 
EPI-001 is a mixture of 4 stereoisomers (EPI-002 to EPI-005) (Fig. 2.1.4.3 a and b) 71,72. EPI-002 
is slightly more potent than the other stereoisomers. EPI-001 is also a covalent inhibitor and 
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substitution of the chlorohydrin warhead for a glycidol renders the compound inactive (BADGE) 
(Fig. 2.1.4.3c). 
 
EPI inhibits the transcriptional activity of the full-length AR and its splice variants and blocks AR 
binding to its promoters and enhancers. Nevertheless, it is not very potent. EPI-001 has an IC50 ca 
10 µM and an optimal concentration of 25 µM is required in in vivo assays 66,71,72. As compared to 
antiandrogens (see section 1.2), EPI compounds do not cause the translocation of the AR to the 
nucleus in the absence of the hormone. Moreover, EPI is specific for the AR as it does not inhibit 
closely-related receptors. In vivo, EPI reduced prostate tumour volume in a PC xenograft mouse 
model.  
 
Given the activity of EPI compounds against AR splice variants, Immamura et al. developed 123I-
EPI-002, an imaging compound to identify patients with AR splice variant positive tumours (Fig. 
2.1.4.3d). Interestingly, addition of an iodo atom in ortho position to the epichlorohydrin group of 
EPI-002 improved the activity of EPI-002 by one order of magnitude 73. 
 
In 2015, ESSA Pharma, founded by Dr. Marianne Sadar and Dr. Raymond Andersen, started phase 
I/II clinical trials for a prodrug of EPI-002 (EPI-506 or ralaniten acetate, NCT02606123). Due to 
the low potency of EPI-506, high doses of the drug had to be administered, carrying side effects 66. 
Moreover, EPI-506 presented a poor pharmacokinetic profile and low metabolic stability 74. A 
second-generation of EPIs, EPI-7386, has entered phase I clinical trials in Q2 2020 (Fig. 2.1.4.3e) 
66. The structure of a second generation compound has been made public (EPI-7170) 75. 
 

 
Fig. 2.1.4.3. Chemical structure of: a) EPI-001; b) EPI-001 stereoisomers; c) the inactive analogue BADGE; 

d) 123I-EPI-002 and e) the second generation compound EPI-7170. 
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EPI-001 has a proposed two-step mechanism of action (Fig. 2.1.4.4). It first interacts reversibly 
with the target and then the covalent reaction takes place. The AR-EPI adduct is responsible for the 
AR transcription inhibition 72. 
 

 
Fig. 2.1.4.4. Proposed mechanism of action of EPI-001. From Myung et al. 2013 72. 

 
Interaction of EPI-001 with the AF-1 was determined at low resolution in vitro by means of 
tryptophan fluorescence emission spectroscopy 71 and in cells using AR pull-down experiments 72.  
 
High resolution data of the reversible interaction was acquired by NMR in the laboratory of Dr. 
Xavier Salvatella before I started my PhD 61. De Mol et al. found that EPI-001 and all of its 
stereoisomers bound to the Tau-5 region in the AF-1 to the same extent. Specifically, 10 molar 
equivalents of EPI-001 caused small but systematic chemical shift perturbations (CSP) in the 15N 
dimension of the 1H,15N spectrum of a construct spanning the AF-1 region (named AF-1*, residues 
142-448). The CSP clustered in the R1, R2 and R3 regions within the Tau-5 (Fig. 2.1.4.5a). 
Interestingly, R1, R2 and R3 are three regions of sequence in the Tau-5 identified to be partially 
helical (Fig. 2.1.4.5b). EPI-001 did not cause CSP in the Tau-1 region, which also contains regions 
of helical propensity, nor in independent peptides spanning R1, R2 or R3. This last observation 
excluded a binding mechanism compared to the “protein cloud - ligand cloud” model for Myc, 
where several EPI-001 would bind to the AF-1* simultaneously, one to each helix (see section 
2.1.1). EPI-001 affected the chemical shift of a large number of residues, more than of those 
expected for the binding of a small molecule. Given the fact that several EPI-001 molecules cannot 
bind simultaneously to three independent sites, those perturbations result from a combination of 
direct binding and indirect effects due to a conformational shift in the AF-1* ensemble upon EPI-
001 binding. De Mol et al. did not further investigate whether this conformational shift was a 
conformational selection or a conformational expansion.  
 
In any case, EPI-001 interacts with the conformations of the AF-1* ensemble in which R1, R2 and 
R3 adopt a partially helical structure. This observation led us to the first objective of this thesis: 
does structuration of R1, R2 and R3 helices improve the binding of EPI-001 to the AR-NTD? 
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Fig. 2.1.4.5. a) EPI-001 interaction with the AF-1* by solution NMR spectroscopy. Above: 10 equivalents of 

EPI-001 cause chemical shift perturbations in R1, R2 and R3 but not in the Tau-1. Below: representative 
residues in the presence (red) and absence (blue) of EPI-001. b) Regions of helical propensity in the AF-1* 
experimentally determined by NMR. Above: difference between the secondary Cɑ and Cβ chemical shifts. 
Middle: secondary structure propensity of the residues of the AF-1* according to the SSP algorithm. SSP 

values are generated from backbone (13Cɑ, 13Cβ, 13C’, 15N, 1H) chemical shifts. SSP = 1 for fully helical and 
SSP = -1 for extended conformation. Below: 15N transverse relaxation rates (R2). Adapted from De Mol et al. 

2016 61. 
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2.2. Experimental results 
 
The interaction between EPI-001 and the androgen receptor N-terminal domain (AR-NTD) is of 
very low affinity as demonstrated by De Mol et al. 61. This is because the population of 
conformations of the AF-1 that EPI-001 interacts with, those with high helical propensity in the 
Tau-5 region, is of low percentage. We first hypothesised that increasing the helical propensity of 
the AF-1 would lead to a higher interaction affinity. To increase the helical content we used low 
amounts of the helical inducer 2,2,2-trifluoroethanol (TFE) reagent 76.  
 
The constructs used to investigate the binding of EPI-001 to the AR-NTD were (Fig. 2.2.1):  
● Tau-5*: a construct spanning the Tau-5 region, residues 330-448. 
● AF-1*: a construct spanning the AF-1 region, residues 142-448. 
● AR-NTD-L26P: a construct spanning the NTD, residues 1-558, bearing the L26P mutation 

(rationale in section 3.1.5). 
 

 
Fig.2.2.1. In vitro constructs used in this work spanning different regions of the AR-NTD: AR-NTD-L26P, 
AF-1* and Tau-5*. The AR-NTD has 2 transactivation units (Tau-1 and Tau-5). The red mark in the AR-
NTD-L26P represents the L26P mutation. AF-1* and Tau-5* have already been described in the literature 
and contain three regions of helical propensity: R1, R2 and R3 61,77. AR-NTD-L26P was used in a previous 

PhD thesis of the group 78. 
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2.2.1. Trifluoroethanol increases the helical 
population in Tau-5* and AF-1* 
 

2.2.1.1. Trifluoroethanol increases the helical population 
 
Low amounts of TFE have been extensively used to induce helix formation 76. Indeed, titration of 
TFE into 16 µM Tau-5* increased the overall helical content of the Tau-5* as observed by circular 
dichroism (CD) spectroscopy (Fig. 2.2.1.1). This result relies on the fact that the molar residue 
ellipticity (MRE) at 220 nm presented a shoulder at 10% TFE that was absent at 0% TFE. 
 

 
Fig. 2.2.1.1. CD spectra of 16 µM Tau-5* in 20 mM NaP buffer pH = 7.4 upon TFE titration. Shaded area 

highlights wavelength values for which high tension voltage (HT) and absorbance are out of range. 
 

To obtain residue-specific information, we employed solution Nuclear Magnetic Resonance (NMR) 
spectroscopy. As mentioned in section 2.1.2, we have implemented the cross-polarization assisted 
heteronuclear in-phase single-quantum correlation (CP-HISQC) experiment 47. 1H,15N CP-HISQC 
provides equivalent type of information to the standard 1H,15N HSQC experiment. However, the 
1H,15N CP-HISQC pulse sequence is designed to be less sensitive to NH-solvent exchange. 
Therefore, the signals from the residues with fast-exchanging backbone amide groups that would 
not be detected using the conventional 1H,15N HSQC experiment become observable. 
 
We acquired the 2D 1H,15N CP-HISQC and the 3D HNCA and HNCO spectra of the Tau-5* upon 
addition of TFE at increasing concentrations (Fig. 2.2.1.2). From the spectra we extracted the 
averaged 1H and 15N (ΔδH,N= ((ΔδH)2 + (ΔδN / 5))1/2), the carbon alpha (Cɑ) and the carbonyl (C’) 
chemical shifts, respectively. δH,N and C’ but mainly Cɑ chemical shifts are very sensitive to the 
secondary structure. Together this data indicated that TFE addition increased the helical content of 
the Tau-5* in those regions with helical propensity (R1, R2 and R3) previously described  61 . 
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Fig. 2.2.1.2. a) Plot of the difference in the average 1H and 15N chemical shifts of 25 µM 15N Tau-5* in 20 

mM NaP buffer, pH = 7.4 upon TFE addition (2.5, 5 and 7.5%). b) Plot of the difference in Cɑ and C’ 
chemical shifts of 50 µM 13C,15N Tau-5* in 20 mM NaP buffer, pH = 7.4 upon addition of 5% TFE. Tau-5* 

regions with helical propensity are indicated as blue boxes as described in De Mol Ph.D. Thesis, 2014 64. 
 

We next extended our findings to the AF-1 region. As for the Tau-5*, TFE increased the overall 
helical content of the AF-1* (Fig. 2.2.1.3). We observed that the effect of 10% TFE on the AF-1* 
was more pronounced than on the Tau-5*. This can be due to i) the contribution of the helical Tau-1 
region, only present in the AF-1* construct or ii) a cooperative effect, which is enhanced in the 
larger AF-1* construct. 
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Fig. 2.2.1.3. CD spectra of 16 µM AF-1* in 20 mM NaP buffer pH = 7.4 upon TFE titration. Shaded area 

highlights wavelength values for which HT and absorbance are out of range. 
 
The helical content was also particularly increased in those regions with helical propensity (Fig. 
2.2.1.4). 
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Fig. 2.2.1.4. a) Region of the 1H,15N CP-HISQC NMR spectra (selected residues are indicated). b) Plot of 
the difference in averaged 1H and 15N chemical shifts of 25 µM 15N AF-1* in 20 mM NaP buffer, pH = 7.4 

upon TFE addition (2.5, 5, 7.5 and 10%). At 10% TFE many peaks were not detectable. C) Plot of the 
difference in Cɑ and C’ chemical shifts of 50 µM 13C,15N AF-1* in 20 mM NaP buffer, pH = 7.4 upon 

addition of 5% TFE addition. AF-1* regions with helical propensity are indicated as blue boxes as described 
in De Mol Ph.D. Thesis, 2014 64. 

 
One key observation was that those residues showing increased helical content displayed broader 
peaks in the NMR spectra and the magnitude of broadening correlated with the increase in helicity 
(Fig. 2.2.1.4a). Peak broadening is a consequence of chemical exchange between two (or more) 
populations of the sample at a rate comparable to the NMR timescale. The chemical exchange with 
water was reduced by working at 4 °C and by using the CP-HISQC pulse sequence 47. In this 
scenario, peak broadening can be due to i) exchange between different conformations of the 
monomer or ii) exchange with a higher order oligomer invisible to the NMR, since the sample only 
contained Tau-5* or only AF-1*. In other words, whether the protein was undergoing 
oligomerisation upon TFE addition. 
 

2.2.1.2. Tau-5* and AF-1* are prone to oligomerise 
 
To test the oligomerisation propensity of the Tau-5*, we obtained the 1H,15N CP-HISQC spectra of 
25 µM 15N Tau-5* upon addition of non-labeled Tau-5* (Fig. 2.2.1.5). The chemical shifts of a 
monomeric protein should not be perturbed by an increase in concentration. In contrast, we 
observed concentration-dependent chemical shift perturbations (CSP). Moreover, CSPs were larger 
in those regions with helical propensity, especially R2 and R3.  
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Fig. 2.2.1.5. Plot of the difference in average 1H and 15N chemical shifts of 25 µM 15N Tau-5* in 20 mM 
NaP buffer, pH = 7.4 upon addition of non-labeled Tau-5* to obtain a final sample concentration of: 100, 

200 and 300 µM. Tau-5* regions with helical propensity are indicated as blue boxes as described in De Mol 
Ph.D. Thesis, 2014 64. 

 
As the increase in concentration caused CSP in regions with helical propensity, we quantified the 
helical gain measuring the Cɑ and C’ chemical shifts of a high concentration sample versus a low 
concentration sample. Indeed 300 µM Tau-5* (50 µM 13C,15N + 250 µM non-labeled) had more 
helical content than 50 µM 13C,15N Tau-5*, mainly in helix R2 (Fig. 2.2.1.6). 1H,15N peak 
broadening was very accused in residues located in the R3 helix. Therefore, the accuracy of the 
reported chemical shifts in this region is compromised. 
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Fig. 2.2.1.6. Plot of the difference in Cɑ and C’ chemical shifts of 300 µM Tau-5* (50 µM 13C,15N + 250 µM 

non-labeled) versus 50 µM 13C,15N Tau-5* in 20 mM NaP buffer, pH = 7.4. Tau-5* regions with helical 
propensity are indicated as blue boxes as described in De Mol Ph.D. Thesis, 2014 64. 

 
The chemical exchange was further analysed by determining the 15N transverse relaxation rates 
(R2). The R2 values were indirectly obtained from R1/R1ρ measurements 79. We observed that a 300 
µM 15N Tau-5* sample had increased R2 relaxation rates compared to a 50 µM sample (Fig. 
2.2.1.7). As expected, residues within predicted helical regions had higher R2 values. Nevertheless, 
the increase in the R2 upon concentration was more pronounced in those regions with helical 
propensity. 
 

 
Fig. 2.2.1.7. Overlapping plots of the R2 relaxation rates (extracted from R1/R1ρ measurements) of a 50 µM 

and 300 µM 15N  Tau-5* sample in 20 mM NaP buffer, pH = 7.4. Tau-5* regions with helical propensity are 
indicated as blue boxes as described in De Mol Ph.D. Thesis, 2014 64. 
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We also measured the R1/R1ρ relaxation rates of a 50 µM 15N Tau-5* sample upon addition of TFE. 
In this case we were only able to acquire the data for 0% and 2.5% of TFE as higher percentages 
caused sample evolution during data acquisition (ca 4 days). Addition of 2.5% TFE significantly 
increased the R2 relaxation rates in helices R1, R2 and R3 (Fig. 2.2.1.8).  
 

 
Fig. 2.2.1.8. Overlapping plots of the R2 relaxation rates (extracted from R1/R1ρ measurements) of a 50 µM 

15N  Tau-5* sample in the absence and presence of 2.5% TFE in 20 mM NaP buffer, pH = 7.4. Tau-5* 
regions with helical propensity are indicated as blue boxes as described in De Mol Ph.D. Thesis, 2014 64. 

 
Together this data suggests that the Tau-5* is prone to oligomerise and does so through regions of 
helical propensity. 
 
Oligomerisation, analogously to phase separation, depends on the valency of the protein of interest 
80 and on the pattern of “stickers and spacers” 81 (section 1.3). For this reason, we expected that the 
larger AF-1* construct would be more prone to oligomerise when compared to the Tau-5*. 
 
The AF-1* also manifested concentration-dependent CSP (Fig. 2.2.1.9). It is important to highlight 
that the increase in the concentration of AF-1* caused perturbations in helical regions R2 and R3 in 
the Tau-5, as well as in residues 253-256 in the Tau-1, which are not predicted to be helical. This is 
in contrast to the effect of TFE, which only caused CSP in predicted helical regions (Fig. 2.2.1.4). 
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Fig. 2.2.1.9. a) Overlap of the 1H,15N CP-HISQC NMR spectra of 15N AF-1* at 50 µM (grey) and 500 µM 
(purple) and blow-up of a region. b) Plot of the difference in averaged 1H and 15N chemical shifts of 25 µM 

15N AF-1* in 20 mM NaP buffer, pH = 7.4 upon addition of non-labeled AF-1* to obtain a final sample 
concentration of 500 µM. AF-1* regions with helical propensity are indicated as blue boxes as described in 

De Mol Ph.D. Thesis, 2014 64. 
 
From the spectra we can observe that the 1H,15N peaks of residues exhibiting larger shifts upon 
concentration are also broader (Fig. 2.2.1.9a). To quantify this phenomena, we measured the R1/R1ρ 
relaxation rates at 500 µM AF-1* (50 µM 15N AF-1* + 450 µM non-labeled AF-1*) versus at 50 
µM 15N AF-1* (Fig. 2.2.1.10). As expected, residues within predicted helical regions had higher R2 
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values. Noteworthy, upon concentration, residues in the Tau-5 region experienced higher R2 
relaxation rates compared to those in the Tau-1. Moreover, within the Tau-5, the increase in the 
transverse relaxation rates was more pronounced in the helical regions R1, R2 and R3.  
 
From this data we can conclude that the increase in the transverse relaxation rates in specific 
regions upon concentration is due to an oligomerisation process associated with a gain in secondary 
structure. Upon concentration, the ensemble is shifted towards species with higher oligomeric 
propensity, with intermolecular interactions occurring mainly through the Tau-5 region, and/or with 
higher helical content in the Tau-5. 
 

 
Fig. 2.2.1.10. Overlapping plots of the R2 relaxation rates (extracted from R1/R1ρ measurements) of a 50 µM 
15N AF-1* and 500 µM (50 µM 15N + 450 µM non-labeled) AF-1* sample in 20 mM NaP buffer, pH = 7.4. 

AF-1* regions with helical propensity are indicated as blue boxes as described in De Mol Ph.D. Thesis, 2014 
64. 

 
Finally, we also compared the Cɑ and C’ chemical shifts of a high concentration (500 µM) versus a 
low concentration (50 µM) AF-1* sample. The peak broadening at 500 µM was very pronounced, 
which hindered the analysis. From this data we extracted that residues located in helix R2, like in 
the Tau-5* construct, but also in helix R3 displayed higher Cɑ and C’ chemical shifts at higher AF-
1* concentration, indicating an increase in helicity upon concentration (Fig. 2.2.1.11). 
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Fig. 2.2.1.11. Plot of the difference in Cɑ (top) and C’ (bottom) chemical shifts of 500 µM 13C,15N AF-1* 

(50 µM 15N + 450 µM non-labeled) versus 50 µM 13C,15N AF-1* in 20 mM NaP buffer, pH = 7.4 upon 
addition of 5% TFE addition. AF-1* regions with helical propensity are indicated as blue boxes as described 

in De Mol Ph.D. Thesis, 2014 64. 
 
In summary, the NMR data acquired indicates that the AF-1*, and particularly the Tau-5 
region within the AF-1, is oligomerisation prone. Moreover, the oligomerisation is 
accompanied by a gain in helical content. 
 
 

2.2.2. Interaction of EPI-001 with the AF-1* in the 
presence of TFE 
 
 
We next determined whether the interaction affinity of EPI-001 for the AF-1 increased upon 
structuration of the construct by employing low amounts of TFE as in section 2.2.1. 
 
First, we investigated the effect of TFE on the binding of EPI-001 to the AF-1* using 1H NMR 
experiments based on the detection of the small-molecule. We recorded 1H spectra of 250 µM EPI-
001 in the presence of 25 µM AF-1* and increasing TFE percentages (Fig. 2.2.2.1a). We observed 
that the signals uniquely corresponding to EPI-001, such as EPI-001’s aromatic 1H, were 
broadening and shifting to lower chemical shift values upon TFE addition. This is indicative that 
structuration of the AF-1* leads to a stronger interaction with EPI-001. In contrast, the inactive 
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analogue BADGE experienced minor broadening and shifting of the signals upon TFE addition 
(Fig. 2.2.2.1b). 
 

 
Fig. 2.2.2.1. Aromatic region in the 1D 1H NMR spectra (and zoom-in from 7.22 to 7.32 ppm). a) The 

signals correspond to the 1H highlighted in the chemical structure of 250 µM EPI-001 in the presence of 25 
µM AF-1* and TFE (0, 2.5, 5, 7.5 and 10%). b) The signals correspond to the 1H highlighted in the chemical 

structure of 250 µM BADGE in the presence of 25 µM AF-1* and TFE (0, 2.5, 5, and 10%). 
 
However, we realised that for the sample with the highest TFE concentration (10%) EPI-001’s 
signals were decreasing with time. We recorded the 1H NMR spectra of this condition overtime and, 
indeed, EPI-001’s signals decreased exponentially (Fig. 2.2.2.2). This phenomenon only occurred 
in the sample containing 10% TFE. This data led us to hypothesise that EPI-001 enhanced the AF-
1* oligomerisation. Because the AF-1* oligomers are invisible to the NMR, EPI-001 bound to these 
oligomers suffers from severe peak broadening and, hence, its signals decrease in intensity. In 
contrast, BADGE signals remained constant in intensity over time under the same experimental 
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conditions (Fig. 2.2.2.2), thus suggesting that BADGE is not able to enhance AF-1* 
oligomerisation. 
 

 
Fig. 2.2.2.2. a) Full spectra and zoom-in of the aromatic region of the 1H NMR spectra of 250 µM EPI-001 
in the presence of 25 µM AF-1* and 10% TFE overtime. b) Plot of the aromatic signal’s intensity overtime 

(relative to t = 0 min) of EPI-001 in the presence of 10% TFE and 25 µM AF-1* (red), in the absence of TFE 
(grey), in the absence of AF-1* (black) and BADGE in the presence of 10% TFE and 25 µM AF-1* (green) 
in comparison to EPI-001. Shaded area indicates the time elapsed form sample preparation to first spectrum 

acquisition. 
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We then analysed the interaction of EPI-001 with the AF-1* using protein-based 1H,15N CP-HISQC 
experiments. We measured the perturbation caused by 10 equivalents (eq) of EPI-001 or BADGE to 
the chemical shifts of 25 µM 15N AF-1* at different TFE percentages (Fig. 2.2.2.3). At 0% TFE we 
were able to reproduce the previously published interaction data 61. In the presence of TFE, addition 
of EPI-001 caused general chemical shift changes in the AF-1* 1H,15N CP-HISQC spectra. BADGE 
also caused general perturbations to the AF-1* spectra but to a less extent. Noteworthy, addition of 
EPI-001 or BADGE to the spectra containing 10% TFE caused very severe peak broadening and 
many peaks could not be assigned. 
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Fig. 2.2.2.3. a) Plot of the difference in average 1H and 15N chemical shifts of 25 µM 15N AF-1* in 20 mM 
NaP buffer, pH = 7.4 at 0, 2.5, 5 and 10% TFE in the absence (grey) and presence of 250 µM EPI-001 (red) 
or 250 µM BADGE (green). For convenience the y-axis scale for the 10% condition has been adjusted. b) 

Blow-ups of selected residues at 0.5% and 5% TFE (grey) upon addition of EPI-001 (red) and BADGE 
(green). 

 
In summary, this data suggests that EPI-001 enhances the AF-1* oligomerisation process. We 
were not able to discern between the direct and indirect chemical shifts caused by the addition 
of EPI-001 to the AF-1*. In other words, the ones arising from the small-molecule interaction 
(direct chemical shifts) from those of oligomerisation (indirect chemical shifts).   
 
 

2.2.3. Interaction of EPI-001 with the AR-NTD 
 
We also wanted to study the effect of EPI-001 to an even more oligomerisation prone construct, the 
AR-NTD-L26P (named AR-NTD for short and in consistency with section 3.2). 
 
As for the AF-1*, the 1D 1H spectrum of 250 µM EPI-001 decreased in intensity in a sample 
containing 25 µM AR-NTD and 10% TFE. This decay was much faster than the one observed when 
the AF-1* was present (Fig. 2.2.3.1). This indicates that the AR-NTD is more oligomerisation 
prone than the AF-1* and/or that EPI-001 interaction with the AR-NTD is stronger than with the 
AF-1*. 
 

 
Fig. 2.2.3.1. Plot of the aromatic signal’s intensity overtime (relative to t = 0 min) of EPI-001 in the presence 

of 10% TFE and 25 µM AR-NTD (dotted line) or AF-1* (continuous line). Shaded area indicates the time 
elapsed form sample preparation to first spectrum acquisition. 

 
During the course of this thesis we were able to assign the AR-NTD chemical shifts. This allowed 
us to map the interaction sites of EPI-001 onto the AR-NTD. However, what we observed was a 
general intensity decrease in the AR-NTD 1H,15N CP-HISQC spectra upon addition of 10 eq of 
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EPI-001 (Fig. 2.2.3.2a). The decrease in intensity of the AR-NTD spectra was minimal upon 
addition of 10 eq of the inactive analogue BADGE (Fig. 2.2.3.2b). It is worth pointing out that the 
decrease in intensity is likely not due to experimental error. All samples were prepared from the 
same protein stock and following the same procedure. Spectral acquisition parameters were also 
validated to ensure no errors. Moreover, we can observe a stronger decrease in intensity for residues 
1-80. This region contains the 23FQNLF27 motif and the polyQ region which are aggregation prone 
82–84. The Tau-5 region is also largely affected. Detectable residues in the Tau-5, which overlay with 
EPI-001’s interaction motifs previously described 61, also experience a pronounced decrease in 
intensity. For these reasons and following the same rationale as for the AF-1*, we are confident that 
the intensity decrease upon EPI-001 addition is due to an enhancement of the AR-NTD 
oligomerisation process. 
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Fig. 2.2.3.2. a) 1H,15N CP-HISQC spectra with blow-up of a region and plots of the intensity (top) and 
intensity changes (bottom) of the 1H,15N CP-HISQC resonances of 25 µM 15N AR-NTD in 20 mM NaP 

buffer, pH = 7.4 (grey) caused by addition of 250 µM EPI-001 (red) or b) 250 µM BADGE (green). 
 
In summary, this data indicates that EPI-001 enhances the AR-NTD oligomerisation process. 
In contrast to the AF-1*, EPI-001 gives rise to a decrease in the AR-NTD signals even in the 
absence of TFE. 
 
 

2.3. Discussion 
 
Intrinsically disordered proteins (IDPs) are promising therapeutic targets as they are highly 
prevalent in the eukaryotic proteome and are associated with many diseases. However, the 
discovery of drugs targeting IDPs is very challenging as traditional structure-based methods cannot 
be applied due to their lack of a defined secondary and tertiary structure 1.  
 
Only two inhibitors targeting an IDP have reached clinical trials so far 66. One of them, EPI-001, 
inhibits the disordered androgen receptor N-terminal domain (AR-NTD). Blocking the AR-NTD, 
specifically the Tau-5 region, is a promising strategy for the treatment of castration-resistant 
prostate cancer (CRPC) 71,85. 
 
These findings motivated the collaboration between the groups of Dr. Xavier Salvatella and Dr. 
Antoni Riera to study the interaction between the AR-NTD and EPI-001. Solution Nuclear 
Magnetic Resonance (NMR) is the methodology of choice to study IDPs as it is very sensitive, can 
detect mM affinity interactions, provides residue-specific resolution, is quantitative and can 
measure binding and also dynamics 24.  
 
Previous data from the group showed that EPI-001 caused chemical shift perturbations (CSP) in the 
three helical motifs within the Tau-5 region 61. Because EPI-001 did not cause CSP in other helical 
motifs, like the ones in the Tau-1, De Mol et al. concluded that EPI-001 interaction was specific to 
the Tau-5. They proposed a model in which EPI-001 binding to the Tau-5 depended on the ability 
of this domain to fold into an ensemble of conformations with high helical content and affinity for 
EPI-001. Moreover, EPI-001 binding caused CSP in a large number of residues, more than the ones 
expected from a small-molecule binding to a protein. This outcome was the consequence of the 
direct binding of EPI-001 as well as the indirect effects due to the population shift of the 
conformational ensemble. 
 
These findings were the starting point of the present thesis. The initial plan was to increase the 
helical propensity of the constructs used by employing the helix inducer 2,2,2-trifluoroethanol 
(TFE) reagent as additive. The hypothesis was that if the helical conformations of the constructs 
were more populated, the affinity of EPI-001 for them would increase and the perturbations due to 
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direct binding would predominate over the indirect ones. However, we observed that structuration, 
promoted by TFE, enhanced the oligomerisation propensity of the constructs used. The 
oligomerisation process was further intensified with EPI-001 binding. Remarkably, we could not 
detect an increased oligomerisation propensity of the constructs upon addition of the biologically 
inactive analogue BADGE. 
 
With this data in hand, we could classify EPI-001 to be a small-molecule inhibitor of an IDP with 
an allosteric inhibition mechanism (based on the classification proposed in section 2.1.1). EPI-001 
causes a population shift or conformational selection towards conformations with helical content 
and oligomerisation propensity. However, we could not explore the direction of the conformational 
ensemble modulation (disorder-to-order, disorder-to-disorder or disorder-to-more-disorder) as we 
could not discern between the chemical shifts arising from the small-molecule interaction (direct 
chemical shifts) and those of structuration or oligomerisation (indirect chemical shifts). 
 
In this chapter we studied the reversible interaction of EPI-001 with its target. Nevertheless, EPI-
001 is a covalent inhibitor. In this sense, it would be interesting to study the effect of the covalent 
addition of EPI-001 to the spectrum of the AR-NTD and evaluate whether the oligomerisation 
propensity is more or less altered. Intensification of the oligomerisation effects would be a clear 
indication that covalent binding and oligomerisation enhancement are linked and related to EPI-
001’s mechanism of action. 
 
The experiments conducted in chapter 2, together with other observations in the laboratory, led us 
to realise that the AF-1* and the AR-NTD underwent biomolecular condensation in vitro. As 
oligomerisation and condensation are tightly linked and as EPI-001 enhanced the oligomerisation 
propensity of the AR-NTD, we hypothesised that the mechanism of action of EPI-001 would be 
related to the modulation of the AR-NTD condensation process (chapter 3).  
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3.1. Background 
 

3.1.1. Intrinsically disordered proteins are 
biopolymers which can undergo condensation 
 
As described in section 1.3, intrinsically disordered proteins (IDPs) play a central role in liquid-
liquid phase separation (LLPS) as by definition are multivalent proteins that can interact 
simultaneously with other molecules and themselves 1. 
 
IDPs are heteropolymers and, therefore, their LLPS propensity is sequence and composition 
dependent 2. The composition also determines the type of transition an IDP will undergo: Lower 
Critical Solution Temperature (LCST) or Upper Critical Solution Temperature (UCST) (Fig 
3.1.1.1a). LCST occurs upon temperature increase and is entropically favoured as it is driven by the 
release of water molecules from the hydration shell surrounding hydrophobic moieties. In contrast, 
UCST occurs upon temperature decrease and is enthalpically favoured. It is driven by molecular 
interactions, such as charge-charge, cation-π, dipole-dipole, hydrogen bonding and π-π interactions 
3 (Fig. 3.1.1.1b). For example, LLPS is driven by cation-π interactions (Arg-Tyr) in the Fused in 
Sarcoma (FUS) protein 4 and by negative and positive charge patches within the Dead-box helicase 
4 (DDX4) protein 5. Whether an IDP will undergo UCST or LCST depends on the balance between 
hydrophobic and polar/charged amino acids 2 (Fig. 3.1.1.1a). Nevertheless, it is still not possible to 
predict the phase behaviour of a protein from its primary sequence. 
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Fig. 3.1.1.1. a) The amino acid composition determines the UCST and LCST behaviour of proteins 
undergoing LLPS. (I) Purely polar IDPs are likely soluble over a wide range of temperatures. (II) IDPs with 
LCST behaviour are predominantly hydrophobic. (III) IDPs that undergo UCST are mixtures of oppositely 

charged amino acids or (V) IDPs with aromatic amino acids dispersed into a polar or charged sequence. (IV) 
If the hydrophobic amino acids are mainly aromatic can result in a LCST or UCST behaviour. Adapted from 
Martin and Mittag 2018 2. b) Molecular interactions that drive phase separation. Adapted from Brangwynne 

et al. 2015 3. 
 
Once the system has demixed (density transition), the dense phase can adopt various material states: 
condensates can harden into a percolated state (viscosity transition) or even turn into solids 
(connectivity transition) (Fig. 3.1.1.2) 6,7. This process highly depends on the patterning of 
“stickers” and “spacers” throughout the sequence. For example, the spacer composition can 
determine whether the same multivalent domains will undergo condensation or not and the liquid or 
gel propensity of the resulting droplets 8. In particular for the FUS protein, Wang et al. determined 
that glycine residues in the spacer regions enhance the “liquidity” of the system whereas glutamine 
and serine promoted the hardening of FUS droplets 4. More recently, Martin et al. also described 
that the number and patterning of aromatic stickers influenced the gelation of the droplets: patchy 
patterning of aromatic residues led to aggregation whereas uniform distribution of the aromatic 
residues led to soluble states 9. Interestingly, the aromatic residues present in their studied protein 
were more uniformly spaced than 99.99% of all the randomly generated sequences, suggesting a 
clear bias in the patterning of aromatic residues in physiological IDPs to prevent aggregation. 
 

 
Fig. 3.1.1.2. Purified FUS protein in various material states: from liquid to fibrillar aggregates. Adapted from 

Alberti and Hyman 2016 6. 
 

One important question is which structure IDPs adopt in the dense phase. There are opposite views 
on this topic. Ones suggest that secondary structure elements within the IDP drive the LLPS 
process. In contrast, others argue that IDPs remain largely disordered within the dense liquid phase 
10. On the one hand, there is evidence that transient reversible imperfect cross-β structures (named 
LARKS, low-complexity aromatic-rich kinked segment) form networks in FUS or hnRNPA1 11,12. 
However, it has not been proven yet whether these cross-β fibrils promote phase separation or are 
the consequence of a liquid-to-solid transition once the condensates are formed. ɑ-helices have also 
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been implicated in promoting phase separation. Fawzy and co-workers determined that a helical 
stretch of 20 amino acids promoted phase separation in the TAR DNA-binding protein 43 protein 
(TDP-43) 13. Bolognesi et al. came to the same conclusion using deep-mutagenesis studies 14. 
Moreover, they showed how mutations that increased TDP-43 aggregation were less toxic than 
those increasing the “liquid-like” character of the assemblies formed. On the other hand, structures 
of several IDPs in the dense phase have been determined by solution Nuclear Magnetic Resonance 
(NMR) to remain largely disordered and dynamic for the same FUS protein 15 and others, like 
DDX4 16. The environment in the condensates is probably different from that of the bulk phase. 
This, together with the fact that IDPs ensembles are highly sensitive to changes in the environment, 
suggests that the overall ensemble of the IDP will vary in and out of the condensate. However, 
whether this shift is responsible for the LLPS of a protein is yet to be determined 10. 
 
 

3.1.2. Biomolecular condensation in physiology and 
disease 
 

3.1.2.1. Function of biomolecular condensates 
 
A collective behaviour for proteins was proposed many years ago but its significance has become 
evident after the introduction of LLPS in cell biology. One can envisage several mechanisms that 
would benefit from a collective behaviour. However, not many examples have shown that the 
phase-separation ability of a protein is functionally relevant. Some possible functions of 
condensates are listed below 7,17–19 (Fig. 3.1.2.[1-7]): 
 

1. Accelerating or repressing biochemical reactions 
 

 
Fig. 3.1.2.1. Possible function of condensates: to accelerate or repress reactions. Adapted from  

Alberti 2017 17. 
 

1.a. Accelerating reactions  

The reaction efficiency can be accelerated by partitioning the substrate of the reaction to the 
condensate that contains the required enzyme. The reaction can also be accelerated if the 
microenvironment of the dense phase is optimal for the reaction to occur. 
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For example, phase separation of miRISC proteins concentrated the target mRNA accelerating its 
deadenylation 20. Another example is the formation, upon stress, of nuclear proteolytic condensates, 
which promoted the proteasomal degradation of not properly assembled ribosomal proteins 21. A 
third example showed how LLPS increased the dwell time of a protein complex between N-WASP 
and Arp2/3 which led to increased actin assembly 22. 
 

1.b. Repressing reactions  

The sequestration of the substrate of the reaction in a condensed state or the evolution of the 
material properties into more solid-like states can slow down diffusion and serve as long-term 
reservoirs. 

 
For example, the yeast Sup35 translation termination factor formed liquid condensates upon 
acidification (pH induced LLPS). These liquid condensates evolved into gels which sequestered 
Sup35. When the pH was restored, the gelified condensates dissolved and the protected Sup35 was 
available to restart translation 23. 

 

2. Sensing and decision-making 
 
LLPS can integrate small changes in the solution conditions resulting in fast cooperative responses. 
This can be used to sense environmental changes or to control the formation of condensates. 
 

 
Fig. 3.1.2.2. Possible function of condensates: to respond to changes in the environment or control 

condensate formation. Adapted from Holehouse and Pappu 2018 19. 
 
The response can come in three no mutually-excluded ways: 
 

2.a. Increasing or decreasing the Csat  

Csat can be modulated by shifting the left-arm of the phase diagram. For example, Zhang et al. 
showed that the RNA-binding protein Whi3 Csat was modulated by RNA 24. 
 

2.b. Increasing or decreasing the critical point  

The critical point can be modulated to determine whether a solution in a particular condition is 
demixed or not. This was the case for the post-transcriptional modifications in FUS 25 or CPE-
binding protein 4 (CPEB4) 26. 
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2.c. Increasing or decreasing the concentration of the dense phase  

The dense phase concentration can be modulated by shifting the right-arm of the phase diagram. 
For example, the presence of RNA shifted the high-concentration arm of the phase diagram of the 
DEAD-box helicase LAF-1 while the lower-concentration arm and the critical point remained 
unaffected 27. 

 

3. Buffering the concentration of biomolecules 
 
Demixing of a protein solution occurs when its concentration is raised above its Csat. A further 
increase in the protein concentration results in a larger volume fraction of the dense phase but the 
concentrations of the dense and dilute phase remain constant 18.  
 

 
Fig. 3.1.2.3. Possible function of condensates: to quench noise. Adapted from Banani et al. 2017 18. 

 
This mechanism was proposed to be used by cells to quench the noise coming from variations in the 
cellular concentrations of biomolecules 28. 
 

4. Localising molecules 
 

 
Fig. 3.1.2.4. Possible function of condensates: to target molecules to pre-existing condensates or to sequester 

them. Adapted from Shin and Brangwynne 2017 29. 
 

4.a. To target molecules to specific pre-existing condensates 

Condensation may be used to localise proteins in time and space according to the need. This is the 
case for the speckle-type POZ protein (SPOP). The substrates of SPOP triggered the protein phase 
separation and co-localisation into the nuclear assemblies 30. 
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4.b. To sequester them from freely diffusing 

Condensation can be used to sequester factors not required for current cellular needs, preventing 
off-target effects. For example, upon stress, rapamycin complex 1 (TORC1) was sequestered into 
stress granules repressing TORC1 signalling 31. 

 

5. Inducing mechanical forces 
 
It was proposed that the maturation of condensates into viscoelastic assemblies could deform the 
neighboring cellular structures, such as membranes 32. 

 

 
Fig. 3.1.2.5. Possible function of condensates: to exert mechanical forces. Adapted from Alberti et al. 2019 7. 

 

6. Filtering molecules 
 
The dense phase consists of a highly interconnected mesh of biopolymers. The number and 
dynamics of these cross-links determine the pore size within a condensate that can be used as a 
mechanical filter to include or exclude certain macromolecules from a condensate. 

 

 
Fig. 3.1.2.6. Possible function of condensates: to filter macromolecules. Adapted from Alberti et al. 2019 7. 

 
For example, it was demonstrated that condensation of the disordered FG domains of the nuclear 
pore complex allowed selective transport across the nuclear pore 33. Another example showed how 
different types of DNA were predominantly excluded or absorbed in DDX4 condensates depending 
on their length 34. In a last example, Wei et al. identified LAF-1 droplets to have a characteristic 
mesh size within 3–8 nm, being permeable to small molecules and proteins up to a certain size and 
molecular weight 27.  

 

7. Integrating and amplifying signals 
 
Condensates can integrate and amplify signals. In this sense, the input can be a single component, 
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whereas the output signal can be determined by the collective properties of the condensate. 
 

 
Fig. 3.1.2.7. Possible function of condensates: to integrate and amplify signals. Adapted from Holehouse and 

Pappu 2018 19. 
 

For example, within the transcription fied, condensation of super-enhancers (SE) was put forward to 
explain all the features related to SE activity including the sensitivity of SE to perturbation and the 
ability to produce simultaneous activation at multiple genes among others 35.  
 

3.1.2.2. Regulation of biomolecular condensates 
 
Biomolecular condensates participate in many cellular functions and they need to be tightly 
controlled. Condensate function is regulated by several means 36:  
 

1. Compositional  control 
 
One form of regulating condensate function is to control the composition of the condensate. The 
phase boundary is not a physical barrier but defines a sharp change in the environment properties. 
The initial condensate environment is defined by the scaffold and its hydration shell, whereas the 
cytoplasmic environment is defined by the cytoplasmic proteins. The relative solubility of clients 
between both environments (partition coefficient, Pc) regulates the composition within the 
condensate. The Pc is in turn governed by the relative scaffold/client stoichiometries and the 
strength of the scaffold-client interactions 22,37. Therefore, changes in the physico-chemical 
properties of the client that affect its solubility in the condensate environment and/or changes in the 
scaffold-client affinities fine-tune the composition of condensates.  
 

2. Formation/dissolution control 
 
Condensation is a cooperative “all-or-nothing” process, hence changes in the physico-chemical 
properties of the cytoplasmic environment or the scaffolding molecule can have rapid effects on the 
formation and dissolution of condensates throughout the cell: 
 

● Changes in the cytoplasm (protein concentration, temperature, molecular crowders or pH) 
can trigger the formation and dissolution of condensates by shifting the whole phase 
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diagram to a region where phase separation is promoted or inhibited. For example, 
acidification of the cytoplasm caused Sup35 to condensate 23.  
 

● Also, altering the physico-chemical properties of the scaffold protein by post-transcriptional 
modifications can modulate the formation of condensates. For example, phosphorylation of 
CPEB4 triggered condensate dissolution and protein activation 26. Phosphorylation also 
caused the disassembly of FUS condensates 38. 
 

● Moreover, nucleation can also control condensate formation. Fully mixed solutions 
containing a high concentration of scaffold protein can be metastable and only condensate 
via a nucleation-dependent mechanism. For higher protein concentrations, in the region 
below the spinodal curve of the phase diagram, demixing occurs spontaneously 39. 

 
● Finally, formation and dissolution of condensates can be altered by small molecule solutes 

in the cell or drugs. For example high concentration of ATP was shown to inhibit the phase 
separation of several IDPs 40. The modulation of condensation by small molecules is further 
discussed in section 3.1.3. 

 

3. Identity control 
 
Another layer of regulation needs to manage the fusion or separation of coexisting biomolecular 
condensates. The fact that two scaffold molecules are miscible or immiscible depends on the 
relative energetic benefit of cross- or self-interaction and also on the biophysical properties of the 
phases, particularly the droplet surface tension. Miscibility not only governs the coexistence of 
condensates but also the nesting of different condensates. One such example is the 
subcompartmentalization of the nucleoli 41. 
 

3.1.2.3. Dysregulation of biomolecular condensates 
 
Dysregulation in the assembly and disassembly of biomolecular condensates is linked to various 
diseases including neurodegeneration 6,42,43, cancer 30 and infectious diseases 44,45. Theoretically, 
there are several mechanisms by which condensates can lead to the gain- or loss-of-function disease 
phenotypes (Fig. 3.1.2.8) 45. 
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Fig. 3.1.2.8. Theoretical mechanisms by which condensates can lead to a gain- or loss-of-function disease 

phenotypes. Adapted from Alberti and Dormann 2019 45. 
 

1. Condensates and neurodegeneration 
 
A common feature in all neurodegenerative disorders is the presence of cytosolic or nuclear protein 
aggregates. Aberrant phase separation and irreversible liquid-to-solid transitions offer a unifying 
mechanism for the formation of these pathological aggregates 43,45.  
 
A considerable amount of evidence has been accumulated in the recent years linking amyotrophic 
lateral sclerosis (ALS) and aberrant phase transitions of RNA-binding proteins such as FUS, TDP-
43, HNRNPA1, HNRNPA2, and TIA1 in stress granules (SGs) 42,46–50. These proteins form liquid 
condensates that transition to a more solid-like state. Importantly, this transition is accelerated by 
ALS-associated mutations. Moreover, aberrant PTMs on some of these proteins are also associated 
with ALS, such as demethylation in FUS 4,51,52. As mentioned in section 1.3, FUS LLPS is driven 
by Arg-Tyr interactions 4. Therefore, demethylation of FUS arginine residues increases the valency 
of arginine “stickers” promoting FUS LLPS and reduces the dynamism of the resulting 
condensates. 
 
Other neurodegenerative diseases have also been linked to aberrant phase transitions. For example, 
Tau mutations and abnormal PTMs promoted Tau condensed state and its subsequent hardening and 
aggregation in Alzheimer’s disease models 53,54. In another example, polyQ-expanded huntingtin N-
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terminal fragment formed liquid condensates that evolved into solid-like assemblies that resembled 
the pathological aggregates in Huntington’s disease 55. 
 

2. Condensates and cancer 
 
Only one study has linked phase separation and cancer so far 45. SPOP is a substrate adaptor of the 
cullin 3 RING ubiquitin ligase (CRL3) 30. SPOP acts as a tumour suppressor protein as it promotes 
ubiquitination and subsequent proteasomal degradation of various proto-oncogenic proteins. 
Bouchard et al. demonstrated that SPOP condensation and localisation to nuclear membraneless 
organelles was promoted by self-association and the binding of its substrates. Cancer mutations in 
SPOP disrupted SPOP-substrate interactions, SPOP phase separation and localisation to 
membraneless organelles which led to the accumulation of oncogenic proteins.  
 
Despite the limited evidence for the involvement of phase separation in cancer, other examples are 
yet to come such as from the transcription field. Transcription dysregulation is connected with 
cancer 45 and associated with phase separation 56,57. In particular, several transcription factors have 
been shown to phase separate 58. Thus, phase separation can provide a new angle on the 
understanding of the molecular mechanisms by which transcription can be dysregulated and lead to 
diseases such as cancer. 
 
 

3.1.3. Biomolecular condensates as an opportunity 
to drug IDPs 
 
Biomolecular condensates represent a unique opportunity for drug discovery 59,60. We have 
envisaged several strategies to target condensates and have classified them using the same rationale 
as for IDPs (section 2.1.1). In this logic, we have grouped them according to their target into 1) 
regulatory inhibition, 2) orthosteric inhibition, 3) allosteric inhibition and 4) colligative inhibition 
(Fig 3.1.3.1).  
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Fig. 3.1.3.1. Strategies to modulate condensates: 1) regulatory inhibition, 2) orthosteric inhibition, 3) 

allosteric inhibition and 4) colligative inhibition. 
 

1. Regulatory inhibition 
 
Similarly to IDPs, condensates are tightly regulated. Therefore, targeting the regulatory machinery 
is a promising therapeutic strategy to modulate condensates. Moreover, since these regulatory 
mechanisms are reversible, it may be possible to modulate condensation in both directions, 
favouring and disfavouring it. For instance: 
 

a) Inhibiting the enzymes responsible for post-translational modifications can alter the 
physico-chemical properties of either the scaffold or the client to promote or inhibit 
condensation 26,61.  
 

b) Stabilising and destabilising chaperones can promote the disassembly of condensates 62,63. 
 

c) Altering the relative composition of condensates can also disfavour condensation. The 
composition can be changed by degradation of one of its components, for instance using 
proteolysis targeting chimera (PROTACs) small molecules 64,65.  
 

For example, inhibition of stress-granule regulatory mechanisms has led to the discovery of small 
molecule inhibitors in neurodegeneration 66 and also cancer 67.  
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2. Orthosteric inhibition 
 

Biomolecular condensates are held together by multivalent interactions of the same molecule 
(scaffold-scaffold) or between different molecules (scaffold-client). Targeting the relevant 
interfaces appears as a plausible approach to modulate condensate formation and/or composition. 
For example, Fang et al. disclosed that compounds containing a planar moiety, such as 
mitoxantrone, intercalated the RNA impeding the RNA-protein interactions that promoted stress-
granule (SG) formation 68.  
 
It is important to highlight that condensates are formed by a network of interactions. In this regard it 
is important to either target the ones contributing the most to the stability of biomolecular 
condensates or target many of them at the same time, perhaps using a similar approach as the 
ligand-clouds strategy for IDPs (see section 2.1.1). For example, Yoshizawa et al. showed how the 
protein Karyopherin-b2 inhibited FUS condensation. By tightly binding to FUS nuclear localization 
signal and weakly binding to multiple regions across FUS, Karyopherin-b2 competed with FUS-
FUS interactions that held the condensate together 69. 
 
A final approach to inhibit the interactions that hold a condensate together could be based on the 
fact that scaffold-client interactions depend on the relative scaffold/client stoichiometries 
(concentration and valency) 22,37. Hence altering the stoichiometry or valency of the scaffolding 
macromolecules with small molecules could modulate condensate formation and composition. 
However, this is a speculative strategy as, to our knowledge, there is no example in the literature of 
a small molecule with this mechanism of action. 
 

3. Allosteric inhibition 
 
IDPs are allosteric proteins 70 and play a central role in biomolecular condensation 18. Shifting the 
IDP conformational ensemble to states which are prone to demix could promote and stabilise 
condensation and, conversely, reaching states which are unlikely to demix could diminish and 
destabilise condensation. 
 
Although there are several examples of small molecules shifting the conformational ensemble of 
IDPs (section 2.1.1), there is yet no example of a small molecule inhibiting condensates by shifting 
the conformational ensemble of the scaffolding IDP. Nevertheless, allosteric inhibition of 
condensation has been shown using proteins. Posey et al. demonstrated that profilin shifted the 
concentration of phase separation of hungtintin (Htt-NTFs) to higher values. Profilin stabilised Htt-
NTFs monomeric forms that led to reduced Htt-NTF aggregation 71. 
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4. Colligative inhibition 
 
The fourth strategy that we propose only applies to condensates, as opposed to strategies 1 to 3 that 
also apply to IDPs (section 2.1.1). This strategy aims at targeting those higher-order properties that 
emerge from the collective behaviour of the proteins within the condensate: the colligative 
properties. 
 
It is proposed that cells have the capacity to modulate condensates using biological small 
molecules, like metabolites 36. Therefore, extrinsic modulation of condensates using drugs appears 
to be a plausible mechanism to interfere with condensates that are in pathway to disease 36. 
 
As mentioned in section 3.1.2.1 (Figure 3.1.2.2), condensates are very sensitive to small changes in 
solution conditions. We suspect that the direction and size of the environmental changes caused by 
small molecules will be similar to those caused by intrinsic factors (pH, temperature, metabolite 
concentration, etc.). In this sense, we suggest that an extrinsic change of the environment can affect 
the condensate in several ways: 
 

• Material properties 

On the one hand, aberrant liquid-to-solid transitions are proposed as the first-step towards 
aggregation of IDPs in several neurodegenerative diseases like ALS 42 and Alzheimer’s disease 
54. Therefore, decreasing the viscosity and/or retarding the liquid-to-solid transition could be 
beneficial for these types of diseases. 

 
On the other hand, the liquid-character of condensates is essential for diffusion-limited 
biochemical reactions to occur 6. Macromolecules constituting condensates are in constant 
rearrangement within the condensate as well as in constant exchange with the bulk phase. In 
order to inhibit a certain biochemical reaction from happening, slowing down the condensate 
dynamics could be a good approach. In this sense, Guan et al. discovered that the estrogen 
receptor (ER) antagonist fulvestrant had superior anti-proliferative capacity compared to other 
ER antagonists as fulvestrant was able to impair ER mobility and, hence, lowered the 
accessibility of ER to chromatin 72. In another work, Boija et al. described how phase separation 
of transcription factors, like ER, is linked to gene activation. We speculate whether fulvestrant’s 
mode of action is to reduce the mobility of ER condensates.  

 

• Nucleation 

Many macromolecules can exist in a metastable supersaturated state and will only demix if 
nucleated. In this sense, a change in the environment can either promote or prevent nucleation, 
thereby promoting or preventing condensation. 
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• The phase diagram: Csat, critical point, dense phase concentration 

Finally, another possible consequence of changing the environment is the re-shaping of the 
phase diagram so that the protein of interest lies within the one-state or the two-state region 
without changing its concentration.  

 
One aspect to take into account is that, as mentioned, not all condensates are of the same nature. 
The environment inside the condensate depends on the type of weak multivalent interactions that 
hold the condensate together 2. At the same time, partition of drugs inside a condensate will be 
influenced by the condensate’s environment. In order for a small molecule to partition into the 
condensate needs to be able to mimic those interactions that hold the condensate together. For 
example: 
 

• Condensates formed by hydrophobic interactions are, by definition, depleted in water. In 
this case, demixing is driven by a gain in entropy due to the release of water molecules from 
the hydration shell of hydrophobic residue side chains. 
 
Water-depleted condensates can be physiologically modulated by high concentrations of 
surfactants (e.g. bile acids) and hydrotropes (e.g. ATP 40). As small molecule drugs are 
relatively hydrophobic molecules, we envision that it will be feasible for them to partition in 
hydrophobic condensates. 
 

• Condensates formed by polar sequences (embedded with hydrophobic and aromatic 
residues) contain higher amounts of water molecules than those formed exclusively by 
hydrophobic interactions. For example, it has been estimated that FUS condensates contain 
ca 65% of water molecules 15. Moreover, in this type of condensates, the free energy of 
demixing is governed by the enthalpic contribution. Given these two premises, we envisage 
that small molecules that partition into these condensates should be less hydrophobic and, if 
they bind to a protein, their binding needs to be of higher affinity to compete with the 
condensate-forming interactions. 

 
In this category we also include condensates that are held together by hydrogen bonding 
interactions. In this case chaotropes, which reduce the effective strength of hydrogen 
bonding, were proposed to prevent condensate formation 36. Biological chaotropes include 
urea and alcohols. 
 

• Condensates formed by charge-charge interactions will be susceptible to ions and charged 
small molecules. Ions may promote condensation by shielding charge-charge repulsion or 
formation of salt bridges or may prevent it by reducing the number of “effective” charge 
patches. 

  
For example, the polycationic metabolites spermine and spermidine interact with nucleic 
acids to allow condensation 73. We envision that directing small molecules to this type of 
condensates will be more challenging. Compared to the poly-ionic nature of spermine and 
spermidine, drug-like small molecules may not be charged enough to affect this type of 
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condensates. Noteworthy, ca 78% of current drugs are ionizable but predominantly contain 
one single acidic or basic group 74.  

 
There are currently only two examples in the literature studying the druggability of condensates 
75,76. In the first example, Wheeler et al. conducted a high-throughput screening in order to find 
drugs with the capacity to dissolve SGs containing FUS-GFP and attenuated ALS disease 
progression. Their lead compound was lipoamide. Lipoamide showed high selectivity for SG over 
other membraneless organelles. Wheeler et al. suggested that lipoamide affected the physical 
chemistry of stress granules making the environment more “dissolving”, although they could not 
categorically identify lipoamide’s cellular target. Lipoamide showed promising results in motor 
neurons and in relevant in vivo models of ALS disease.  
 
From a drug discovery point of view, targeting the colligative properties of condensates is a new 
mechanism of action and perhaps drugs affecting condensates will not always follow the pre-
established drug discovery rules. In this sense, it is very interesting to point out some findings that 
Wheeler et al. encountered and could not be unambiguously addressed as they candidly state in the 
preprint 75. First, they showed divergent effects of lipoamide on the droplets in vitro and in cells. In 
vitro, lipoamide caused the formation of bigger and more liquid droplets and, in cells, it caused the 
dissolution of SG. Also, they found that the concentration of lipoamide in the cell was much larger 
than the one they achieved in vitro. Another fact was that (R)-lipoic acid and (S)-lipoic acid had 
comparable EC50, which is surprising as in structure-based drug discovery usually one compound of 
the enantiomeric pair exhibits larger biological activity than the other one.  
 
In the second example, Klein et al. studied whether approved drugs could selectively partition into 
specific nuclear condensates and whether the selective partitioning influenced the 
pharmacodynamic properties of the drugs 76. First, they determined that several antineoplastic drugs 
preferentially partitioned in vitro into the same nuclear condensates as their protein target. Then, 
they focused on MED1 condensates. They evaluated a library of 81 small molecules and showed 
that compounds that contained aromatic rings preferentially partitioned into MED1 condensates. 
Interestingly, MED1 IDR is enriched in aromatic amino acids in comparison to the other proteins 
they studied. Finally, to gain insight into the influence of condensates to the efficacy of the drugs 
tested, they demonstrated that DNA-platination by Cisplatin was more efficient at DNA sites where 
MED1 condensates were present. 
 
This work highlights the importance of taking biomolecular condensates into account in the drug 
discovery process. Klein et al. suggest that biomolecular condensates might help to increase the 
efficacy of drugs by concentrating them into the condensates that bear their target and also might 
help to explain resistance to drugs 76. Moreover, they also describe new assays to explore the 
partitioning of drugs into several nuclear condensates based on fluorescent versions of the drugs. 
We believe that new assays such as the ones described by Klein et al. will be essential to further 
investigate the role of condensates in drug pharmacodynamics. 
 
In summary, biomolecular condensates emerge as a new opportunity to drug currently undruggable 
targets and treat unmet diseases 75 as well as a new layer of regulation that can influence drug 
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pharmacodynamics and target engagement 76. Recently, two companies have been created to target 
biomolecular condensation: Dewpoint Therapeutics and FAZE Therapeutics, focusing on 
cardiovascular diseases and neurodegeneration, respectively. Also, two publications have 
highlighted this topic in perspective articles 59,60. These articles lay out a series of questions that 
arise when thinking of drugging condensates: “Will small molecules with this mechanism of action 
meet the established drug bioavailability rules? Will modulation of condensates lead to an 
efficacious treatments? How will selectivity for one specific condensate be achieved? Will small 
molecules traffic in and out these structures, and will this impact exposure?” We believe that the 
answer to all of these questions will come along with more studies and examples of drugs targeting 
condensates. 
 
 

3.1.4. Biomolecular condensates and transcription 
 
Several recent pieces of evidence have proposed biomolecular condensation to be the organising 
mechanism necessary for productive transcription. Transcription activation requires the interplay 
between many different actors and many of them have been linked to condensation.  
 
For example, this is the case for the RNA-Polymerase II (RNA-polII). Cisse et al. showed that the 
RNA-polII formed dynamic clusters in the nucleus of living cells 77. Moreover, several publications 
demonstrated that the RNA-polII condensation was driven by its disordered C-terminal domain 
(polII-CTD) 78–80. In addition, the polII-CTD hyperphosphorylation status defined the transition 
from initiation condensates to elongation/splicing-factor condensates. Also, the RNA-polII cluster 
life-time was correlated with the mRNA output 81. Finally, the Mediator coactivator complex 
clusters were shown to colocalise with the RNA-polII clusters in living cells 82. 

 
Another body of evidence indicates that many transcription factors also condensate. Boija et al. 
established that the disordered activation domains in transcription factors, such as the ones from 
OCT4, c-Myc, p53 and estrogen receptor (ER) among others, co-phase separate with the Mediator 
subunit MED1 58. It is particularly relevant for the work in this thesis that ER underwent 
condensation. ER, as well as androgen receptor, is a hormone-activated transcription factor. ER is 
activated by estrogens. Boija et al. revealed that estrogens enhanced ER colocalisation in MED1 
droplets by increasing the ER-MED1 interaction affinity 58. Additionally, in another publication 
Nair et al. determined that estrogens promoted the assembly of estrogen-responsive enhancers. 
They contained high levels of enhancer RNA and recruited an ERɑ-dependent megadalton-scale 
protein complex, named MegaTrans. The MegaTrans enhancers were shown to be formed by LLPS 
83. 

 
Linking RNA-polII and transcription factors, Wei et al. demonstrated that polII-CTD clusters 
formed in certain genomic loci and nucleated condensation of a transcription associated factor, the 
TAF15. TAF15 condensation further recruited the RNA-polII, which appeared as a positive 
feedback loop to increase the transcriptional output 84. 
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Finally, super-enhancers (SEs) have also been proposed to form through phase transitions. SE are 
clusters of enhancers which concentrate a particularly high density of interacting factors and drive 
higher levels of transcription when compared to typical enhancers. The features related to SE 
formation and dissolution (sharp formation and dissolution, high sensitivity to perturbation, able to 
activate multiple genes at the same time, etc.) led Hnisz et al. to postulate that SEs were formed by 
biomolecular condensation 35. Sabari et al. validated this perspective experimentally which, together 
with the work from Boija et al., led to the current model of “transcriptional condensates” 57,58 (Fig. 
3.1.4.1). Moreover, Shrinivas et al. demonstrated that the features of the DNA binding site are the 
ones driving condensation in specific loci 85. Nevertheless, the fact that these clusters are in reality 
phase-separated compartments has been questioned by Chong et al., who described the recruitment 
of RNA-polII into foci formed by transcription factors that did not resemble condensates 86.  
 

 
Fig. 3.1.4.1. SE condensates facilitate the compartmentalization and concentration of transcriptional 

components at specific genes through the condensation capability of IDRs in transcription factors, co-
activators and RNA/DNA. From Boija et al. 2018 58. 

 
 

3.1.5. Androgen receptor undergoes biomolecular 
condensation 
 
During the course of this thesis, in the group of Dr. Xavier Salvatella we realised that the androgen 
receptor N-terminal domain (AR-NTD) underwent biomolecular condensation in vitro and in cells. 
This was further investigated in vitro by Dr. Elzbieta Szulc as part of her PhD thesis 30,87, in cells by 
Dr. Paula Martínez-Cristóbal and using superresolution STED microscopy by myself (unpublished 
data). In this section we summarise some of the key findings that aided us to connect the mode of 
action of EPI-001 with its ability to modulate AR biomolecular condensation (section 3.2). 
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In cells, androgen receptor (AR) underwent condensation upon hormone (dihydrotestosterone, 
DHT) binding (Fig. 3.1.5.1a). Overexpressed eGFP-AR was kept soluble in the cytoplasm in 
several cell lines. Addition of 1 nM DHT nucleated eGFP-AR condensation in the cytosol. AR 
condensates had liquid-like properties as they were spherical, fused and relaxed into a sphere within 
seconds and were highly dynamic according to fluorescence-recovery after photobleaching (FRAP) 
experiments (Fig. 3.1.5.1b). 30-60 min after hormone addition, the eGFP-AR translocated to the 
nucleus, in agreement with the AR classical pathway 88. In lower overexpression systems, AR did 
not condensate in the cytosol. Nevertheless, in both scenarios it had a speckled-type distribution in 
the nucleus 89,90. The nuclear clusters were calculated to be at least hexamers by the number and 
brightness analysis performed in collaboration with the Hager laboratory 91 (Fig. 3.1.5.1c). 
Moreover, we determined that the nuclear clusters were of 105-125 nm in diameter using ultra-
resolution STED microscopy in collaboration with the Hyman and the Honigmann laboratories 
(Fig. 3.1.5.1d). The fact that i) the AR underwent condensation upon DHT addition and ii) that 
DHT addition caused the interaction between the 23FQNLF27 and the AR ligand-binding domain 
(AR-LBD) suggested that the N/C interaction plays a role in the AR condensation. 
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Fig. 3.1.5.1. a) Time-resolved fluorescence microscopy of eGFP-AR upon 1 nM DHT activation in PC3 
cells. b) Left: fusion event of two droplets of eGFP-AR in PC3 cells. Right: FRAP of eGFP-AR droplets. c) 
Number and brightness calculation of the oligomerization state of eGFP-AR in the nucleoplasm (red) and 

upon DNA binding (green) in the cell line 3617. Glucocorticoid receptor mutant (GR N525) is used as 
reference. d) Left: representative STED image of a HeLa cell nucleus stably transfected with AR-eGFP upon 

4 h 1 nM DHT exposure, scale bar = 1 µm. Right: number and size quantification of clusters from 10 
independent nuclei. Adapted from Szulc Ph.D. Thesis, 2019 87. 

 
Purified AR-NTD (AR1-558) underwent LCST type phase separation in vitro (Fig. 3.1.5.2a). AR-
NTD condensation is driven by hydrophobic and aromatic interactions, in agreement with the 
literature 2. This was determined by mapping the dependence of the AR-NTD condensation to the 
ionic strength (NaCl concentration) of the buffer (Fig. 3.1.5.2b). To determine which regions of the 
AR-NTD are involved in the oligomerisation and phase separation process, solution nuclear 
magnetic ressonance (NMR) spectroscopy of the light phase was used (Fig. 3.1.5.2c). The 1H,15N 
HSQC spectrum of the AR-NTD was acquired at increasing protein concentrations. The regions of 
the AR-NTD with a concentration-dependent decrease in signal intensity had an increased 15N 
transverse relaxation rate. This indicated that concentration led to more transient inter-residue long-
range interactions. Particularly, the most affected regions corresponded to the following motifs: the 
23FQNLF27 motif, the helical 54LLLL57 sequence preceding the polyQ tract, the two partially helical 
motifs in Tau-5 region (R1 and R2) and the highly hydrophobic and aromatic region after the polyG 
tract. The polyQ tract and the R3 helical region in the Tau-5 could not be detected, see section 2.1.3 
and 2.1.4 . 
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Fig. 3.1.5.2. a) Phase diagram of AR-NTD condensation at 500 mM NaCl obtained by apparent absorbance 
measurements of the cloud point temperature (Tc) by means of the Turbidity Shift Assay (TSA, explained in 
detail in section 3.2). b) Left: 50 µM of AR-NTD at three ionic strengths (250 mM, 500 mM and 750 mM 

NaCl) observed by differential interference contrast (DIC) microscopy. Right: Tc measurement by means of 
the TSA. c) Left: 1H,15N HSQC spectrum of 25 µM 15N AR-NTD. Right: plot of the residue-specific helicity 

using the δ2D algorithm 92 and loss of peak intensity in the 1H,15N HSQC spectrum upon AR-NTD 
concentration (50 µM, 75 µM and 100 µM) normalised to their intensity at 25 µM. Shaded areas indicate 

complete loss of signal upon concentration. Adapted from Szulc Ph.D. Thesis, 2019 87. 
 
However, we observed that the AR-NTD droplets underwent rapid maturation in vitro (within 
minutes) as fusion events were arrested and “worm-like” strings of droplets formed (Fig. 3.1.5.3a). 
Dr. Szulc demonstrated that this liquid-to-solid transition was due to the aggregation prone 
23FQNLF27 motif 93. Indeed, when 23FQNLF27 fiber formation was perturbed by a Leu to Pro 
mutation (23FQNPF27), the AR-NTD-L26P droplets maintained a liquid-character throughout the 
duration of the experiments (Fig. 3.1.5.3b). The mutation also affected the condensation propensity 
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of the AR-NTD, as the AR-NTD-L26P mutant had lower propensity to phase separate (Fig. 
3.1.5.3c). 
 

 
Fig. 3.1.5.3. a) DIC images at different times of a 50 µM AR-NTD sample at 500 mM NaCl. Zoom-in on the 
right. b) AR-NTD-L26P mutant fusion events of a sample incubated for more than 5 min. c) Tc measurement 

of 50 µM AR-NTD versus 50 µM AR-NTD-L26P in 500 mM NaCl by means of the TSA assay. Adapted 
from Szulc Ph.D. Thesis, 2019 87. 

 
Finally, since most of the sticky motifs in the AR-NTD that had been determined by NMR were 
predicted to be partially helical, Dr. Szulc investigated the importance of condensation for the 
secondary structure propensity of these motifs. This was motivated by the hypothesis that the dry 
environment in the AR-NTD condensates promoted a helical gain in the motifs important for the 
AR function and its protein-protein interactions 94. Indeed, addition of 2,2,2-trifluoroethanol (TFE) 
to the AR-NTD-L26P increased its helical population (Fig. 3.1.5.4a) and its propensity to 
condensate (Fig. 3.1.5.4b). Moreover, additional helix-breaking mutations in the AR-NTD-L26P 
helices (see section 2.1.3 and 2.1.4) resulted in a decreased propensity to phase separate. 
Interestingly, perturbing the three helical motifs in the Tau-5 (R1, R2 and R3) had the largest effect 
on condensation, suggesting a substantial contribution of the helicity in the Tau-5 region to the 
condensation of the AR-NTD (Fig. 3.1.5.4c). These observations led to a “folding upon 
condensation” model in which condensation would facilitate recruitment of the transcription 
machinery and co-activators to the AR transcriptional condensates. 
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Fig. 3.1.5.4. a) Circular dichroism (CD) spectra of AR-NTD-L26P upon TFE titration at 5 °C and % of 

helicity extracted from the CD plot (insert). b) Apparent absorbance (at λ = 340 nm) measurement at 
increasing temperatures measurement upon TFE titration. c) Left: design of helix-breaking mutants. Right: 

their effect on the Tc value measured by TSA. Adapted from Szulc Ph.D. Thesis, 2019 87. 
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3.2. Experimental Results 
 
As described in section 3.1.5, several observations led us to realise that the androgen receptor (AR) 
underwent biomolecular condensation in cells and that the disordered androgen receptor N-terminal 
domain (AR-NTD) was sufficient to recapitulate the process in vitro. 
 
Since the AR-NTD is key for the condensation of the receptor and EPI-001 binds to the AR-NTD 
95, we hypothesised that the mode of action of EPI-001 involved the modulation of the ability of the 
AR to condensate. From the experiments in section 2.2.3, we deduced that EPI-001 binding 
enhanced the AR-NTD oligomerisation process. This is because EPI-001 promotes and stabilises 
those conformations prone to self-associate. If we translate these findings to the condensation field, 
EPI-001 could be able to lower the saturation concentration (Csat) of the AR-NTD by stabilising the 
condensed phase and/or the conformations prone to condensation. 
 
All the experiments included in this chapter have been carried out using the AR-NTD-L26P 
construct (see section 3.1.5). AR-NTD-L26P will be named AR-NTD for short and in consistency 
with section 2.2. 
 
 

3.2.1. In vitro modulation of the AR-NTD 
condensation by EPI-001 
 

3.2.1.1. EPI-001 reversible binding promotes condensation of the  
AR-NTD  

 
First, we determined whether EPI-001 had an effect on the condensation of the AR-NTD in vitro. 
We imaged the AR-NTD at increasing concentrations in conditions for phase separation (10% ficoll 
and 150 mM NaCl) in the absence and presence of 75 µM EPI-001 (3.2.1.1a). In the conditions 
tested without EPI-001, the AR-NTD formed droplets at around 7.5 µM. In the presence of EPI-
001, the AR-NTD already demixed at 2 µM. This implies that EPI-001 promotes the condensation 
of the AR-NTD. To evaluate whether EPI-001 could modulate the condensation of any protein of 
interest, we run the same experiment using as a model the Fused in Sarcoma (FUS) protein. We 
observed that EPI-001 did not influence FUS ability to condensate (3.2.1.1b). This experiment was 
conducted in collaboration with Dr. Edgar Boczek at the laboratory of Dr. Tony Hyman at the Max 
Plan Institute for Cell Biology and Genetics (MPI-CBG) during a short-stay in summer 2019. To 
unequivocally conclude on specificity, we are planning to check the effect of EPI-001 on a panel of 
known condensating proteins. However, we can already hint that EPI-001 will, at least, be partially 
selective as it does not modulate FUS condensates.  
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Fig. 3.2.1.1. a) Confocal fluorescence microscopy images of the AR-NTD at different concentrations 

(indicated in the figure) in 20 mM Hepes 7.4, 150 mM NaCl, 10% ficoll, 2 mM TCEP buffer in the absence 
(top) and presence (bottom) of 75 µM EPI-001. 1% of the AR-NTD is rhodamine-labelled in all samples. 

Scale bar, 5 µm. b) Confocal fluorescence microscopy images of FUS-GFP at different concentrations 
(indicated in the figure) in 25 mM Tris-HCl 7.4, 150 mM KCl, 2.5% glycerol and 0.5 mM DTT buffer in the 

absence (top) and presence (bottom) of 75 µM EPI-001. Scale bar, 5 µm. 
 
To quantify the effects of EPI-001 on the AR-NTD phase separation, we implemented a 
temperature-dependent turbidity shift assay (TSA). In this assay we measure the sample turbidity as 
a reporter of condensation and determine the temperature at which a given sample demixes, the 
cloud point temperature (Tc). When droplets are formed, they scatter light and cause an abrupt 
increase in turbidity. Therefore, values above 0 absorbance units (AU) in the TSA assay indicate 
condensation. We measure turbidity as the apparent absorbance at a wavelength in which the 
absorption of the other components in the sample is minimal, in our case 350 nm. Addition of 5 
equivalents (eq) of EPI-001 to a 30 µM AR-NTD and 500 mM NaCl sample lowered the Tc of the 
AR-NTD by 10 ºC (Fig. 3.2.1.2a). This is consistent with the imaging data (3.2.1.1) and 
consolidates the finding that EPI-001 promotes the AR-NTD condensation. In contrast, the inactive 
analogue BADGE was only able to lower the AR-NTD Tc by 3 ºC (Fig. 3.2.1.2a). We run the TSA 
assay at various protein concentrations to build the left-arm of the phase diagram (Fig. 3.2.1.2b). 
We observed that EPI-001, but not BADGE, largely enhanced the AR-NTD condensation at all 
concentrations tested.  
 
Interestingly, in the context of another work, Posey et al. used the polyphasic linkage framework to 
describe the influence of ligands to the phase separation of a protein 71. Translating their 
conclusions to our case study, the fact that EPI-001 lowers the AR-NTD Tc is equivalent to 
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establishing that EPI-001 preferentially partitions into the condensed phase of the AR-NTD. If the 
compound would interact with both phases equally, the Tc would not be affected, as in the case of 
BADGE. 
 

 
Fig. 3.2.1.2. a) Apparent absorbance (at λ = 350 nm) measurement at increasing temperatures of 30 µM AR-
NTD in 20 mM Hepes 7.4, 500 mM NaCl, 2 mM TCEP buffer in the absence (grey) and presence of 5 eq of 

EPI-001 (red) or BADGE (green). Dashed lines indicate condensation onset and calculated Tc values are 
depicted in the insert. b) Tc obtained using the TSA assay of AR-NTD at different concentrations in 20 mM 

Hepes 7.4, 500 mM NaCl, 2 mM TCEP buffer in the absence (grey) and presence of 5 eq of EPI-001 (red) or 
BADGE (green). Mean values of 3 independent measurements and the standard deviation are plotted. 

 

3.2.1.2. EPI-001 covalently reacts with the AR-NTD 
 
EPI-001 was proposed to have a two-step mechanism of action 96. First, it interacts reversibly with 
the target, as confirmed in section 2.2. Second, EPI-001’s electrophilic chlorohydrin warhead 
covalently reacts with a nucleophilic side chain of the AR-NTD.  
 
In order to recapitulate the covalent binding in vitro (named epilation for short), we incubated 10 eq 
of EPI-001 with 25 µM AR-NTD overnight at 37 °C and pH = 8.0. We could not detect covalent 
addition at lower temperatures nor pH (data not shown). The reaction yielded 49 ± 2% of the AR-
NTD - EPI adduct, measured by liquid chromatography coupled to intact mass spectrometry (LC-
MS) (Fig. 3.2.1.3a). Intact LC-MS is able to detect the wild-type AR-NTD intact mass and 
differentiate it from that of the AR-NTD - EPI adduct. Interestingly, we always observed the 
addition of 1 EPI-001 per AR-NTD molecule under these conditions. Two sets of evidence indicate 
that the limiting reagent in the reaction is the oligomeric population of the AR-NTD. First, by 
maintaining the protein:inhibitor ratio constant but altering the absolute concentrations, we 
observed a concentration-dependent increase in the reaction yield (Fig. 3.2.1.3b). Second, as EPI-
001 was shown to reversibly interact with the Tau-5 region 95, we determined the reactivity of EPI-
001 towards constructs shorter than the AR-NTD but containing the Tau-5 region (AF-1* and Tau-
5*, defined in section 2.2). Noteworthy, the oligomerisation propensity of these constructs 
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increased with their length (Tau-5* < AF-1* < AR-NTD) 97. Under the same reaction conditions, 
we observed, an increased reaction yield with increasing construct length: 14% for Tau-5*, 33% for 
AF-1* and 49% for AR-NTD (Fig. 3.2.1.3c). These results suggest that reactivity of EPI-001 
depends on the propensity of the AR-NTD constructs to oligomerise. Considering oligomerisation 
as the starting point for condensation, and as condensation also depends on the ionic strength, we 
investigated the reactivity of EPI-001 at low salt (no condensation) versus high salt (condensation) 
conditions. However, the protein in the dense phase aggregated at incubation times necessary for 
EPI-001 reaction to take place (> 16 h) (Fig. 3.2.1.3d) and we were not able to resuspend the 
aggregate back in solution even when employing harsh methods like the use of urea or 
cyanoguanidine, which hampered the MS analysis. 
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Fig. 3.2.1.3. a) Representative spectra of the reaction product of 25 µM AR-NTD + 250 µM EPI-001 
overnight at 37 °C and pH = 8.0 analysed by LC-MS. b) Reaction yield quantified by LC-MS at constant 

AR-NTD : EPI-001 ratio (1:10) overnight at 37 °C and pH = 8.0 but different absolute concentrations 
(indicated in the figure). Mean values of 2 independent measurements and the standard deviation are plotted. 
c) Reaction yield quantified by LC-MS 25 µM AR-NTD, AF-1* or Tau-5* + 250 µM EPI-001 overnight at 
37 °C and pH = 8.0. Mean values of 3 independent measurements and the standard deviation are plotted. d) 
Reaction yield of 25 µM AR-NTD + 250 µM EPI-001 at different time points (4, 8, 16, 24 h) at 37 °C and 

pH = 8.0 quantified by LC-MS. 
 
Finally, we wanted to determine which residue or residues of the AR-NTD were reacting with EPI-
001. For this, we first incubated 25 µM AR-NTD with 250 µM EPI-001 overnight at 37 °C and pH 
= 8.0. Then, we digested the product of the reaction and quantified the amount of EPI-001 per 
residue in the AR-NTD. We observed that the residue side chain acting as a nucleophile was that of 
cysteines. In our experimental conditions, even though the AR-NTD has 11 potential nucleophilic 
cysteines, EPI-001 preferentially reacted with Cys267 and Cys519. The reactivity of Cys240 was 
less reliable as the different technical replicas gave variable results (Fig. 3.2.1.4). Additional 
experiments should be carried out to discern which is the property shared among these cysteines 
that allows them to be good nucleophiles for EPI-001. Moreover, it would be interesting to 
understand whether the preferential binding for Cys267 and Cys519 is altered under conditions 
leading to condensation.  
 

 
Fig. 3.2.1.4. EPI-001 modification ratio (r) for cysteine site (N) in the AR-NTD (r = Nmodified / (Nmodified + Nno-

modified). Mean values and standard deviation of 3 technical replicas per independent measurement (n=1 and 
n=2) are plotted.	

 

3.2.1.3. Epilation effect on AR-NTD condensation 
 
To determine the effect of epilation on the AR-NTD condensation propensity, we measured the Tc 
of AR-NTD samples at increasing epilation percentage. We observed that i) epilation greatly 
enhanced the AR-NTD condensation propensity (Fig. 3.2.1.5a) and ii) the condensation was 
linearly promoted with epilation percentage (Fig. 3.2.1.5b). It is important to point out the 
difference between EPI-001 binding reversibly and irreversibly on the enhancement of the AR-
NTD condensation. Addition of 5 eq of EPI-001 lowered the AR-NTD Tc by 10 ºC, whereas only 
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0.4 eq were required to achieve the same shift when EPI-001 was covalently bound. The effect of 
the epilation was confirmed by fluorescence microscopy imaging. 0% and 50% epilated samples 
were imaged at increasing sodium chloride salt (NaCl) concentration (Fig. 3.2.1.5c). We observed 
that 0% epilated samples formed droplets at 750 mM NaCl, whereas 50% epilated samples already 
formed them at 550 mM NaCl. We rationalise this finding by the fact that hydrophobic and 
aromatic residues are essential for the AR-NTD to condensate as it follows an LCST-type 
behaviour (section 3.1.5). Therefore, decorating the AR-NTD with hydrophobic and aromatic EPI-
001 molecules increases the overall propensity of the protein to condensate.  
 

 
Fig. 3.2.1.5. a) Apparent absorbance (at λ = 350 nm) measurement at increasing temperatures of 25 µM AR-

NTD in 20 mM NaP 7.4, 500 mM NaCl, 2 mM TCEP buffer with different percentages of epilation. 
Calculated Tc values (insert). Mean values and the standard deviation of 2 independent measurements are 

considered, for clarity only n=1 is represented. b) Correlation between Tc and epilation percentage. C) 
Confocal fluorescence microscopy images of 25 µM AR-NTD 0% and 50% epilated in 20 mM NaP 7.4, 2 

mM TCEP buffer at different NaCl concentrations (indicated in the figure). 1% of the AR-NTD is 
rhodamine-labelled in all samples. Scale bar, 10 µm.  

 
To determine whether enhancement of the condensation process influenced the AR-NTD material 
properties of the condensed phase we performed fluorescence recovery after photobleaching 
(FRAP) experiments. In vitro, we can observe how epilation does not affect the fluorescence 
recovery of the AR-NTD (Fig. 3.2.1.6). Remarkably, the mobile fraction of wild-type and epilated 
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samples was around 50%. We suspect this is due to the long time required to prepare the epilated 
AR-NTD (see section 6: experimental methods). During this time, the AR-NTD evolves and 
hardens even if centrifugation is carried out prior to the FRAP sample preparation to remove any 
possible aggregates. 
 

 
Fig. 3.2.1.6. a) Average relative fluorescence intensity curve of 0% (grey) and 50% (red) epilated AR-NTD 

droplets (25 µM in 20 mM NaP 7.4, 500 mM NaCl, 2 mM TCEP buffer) as a function of time upon 
photobleaching. 3 independent experiments are plotted. The line represents the mean and the shaded area 

represents the standard deviation of the FRAP measurements (10 droplets per experiment). b) Representative 
images of the FRAP measurement of 0% (above) and 50% (below) epilated AR-NTD droplets. Scale bar, 1 

µm. 
 

In summary, EPI-001 partitions into the droplets and stabilises the AR-NTD condensates in 
vitro. EPI-001 covalent addition is a crucial step for the promotion and stabilisation of the 
AR-NTD droplets without affecting its material properties. Altogether, this data indicates 
that EPI-001 mode of action includes the modulation of the AR-NTD condensation 
propensity. 
 
 

3.2.2. In cell modulation of AR-NTD condensation 
by EPI-001 
 
Previous work from our laboratory (section 3.1.5), demonstrated that the AR undergoes LLPS in 
cells when it is activated by the hormone. We found that the condensates of the AR have liquid-like 
properties, are spherical, fuse and are highly dynamic as shown by FRAP (unpublished data). 
 
To investigate the effect of EPI-001 on the condensation propensity of the full length AR in cells, 
we expressed eGFP-tagged full length AR (eGFP-AR) 98 in a prostate cancer cell line (PC3) and we 
monitored the formation and growth of eGFP-AR cytosolic droplets upon 1 nM dihydrotestosterone 
(DHT) addition. However, AR droplet formation and growth competed with the translocation of AR 
to the nucleus, which hampered the quantitative analysis (Fig. 3.2.2.1a). For this reason, we 
generated a mutant form, the eGFP-AR-ΔNLS, bearing a deletion of the nuclear localisation signal 
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(NLS) 99. eGFP-AR-ΔNLS also condensates upon hormone activation but does not translocate to 
the nucleus (Fig. 3.2.2.1b).  
 

 
Fig. 3.2.2.1. a) Time-resolved fluorescence microscopy of eGFP-AR upon 1 nM DHT activation in PC3 
cells. Scale bar, 10 µm. b) Time-resolved fluorescence microscopy of eGFP-AR-ΔNLS upon 1 nM DHT 

activation in PC3 cells. Scale bar, 10 µm. 
 
PC3 cells were transiently transfected with eGFP-AR-ΔNLS and the size and number of droplets 
per cell were monitored upon activation with 1 nM DHT (t = 0 min). Prior to activation, cells were 
treated for 1 h with vehicle (DMSO) or 25 µM EPI-001. EPI-001-treated cells showed a comparable 
density of droplets but they were of larger size (Fig. 3.2.2.2). This indicates that EPI-001 does not 
promote AR nucleation but stabilises the already-formed droplets. If EPI-001 would nucleate the 
AR, we would observe an increase in the number of droplets as there would be more nucleation 
points. Moreover, those droplets would be of smaller size as the protein in the dense phase would 
have to be distributed among all the droplets. However, what we observe is the opposite. AR 
droplets are of larger size because EPI-001 stabilises the condensed phase 71. 
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Fig. 3.2.2.2. PC3 cells transiently transfected with eGFP-AR-ΔNLS were treated for 1 h with vehicle 

(DMSO, grey) or 25 µM EPI-001 (red). eGFP-AR-ΔNLS was activated by addition of 1 nM DHT (t = 0 
min) and the number and average size of droplets was quantified after 5, 30 and 50 min. a) Plot of the 
droplet number per cell over time. b) Plot of the droplet average size per cell over time. Values of 3 

independent experiments are plotted. Significance tested with an independent two samples t-test. 
 
As mentioned, the AR serves its function in the nucleus where it also forms clusters (section 3.1.5). 
For this reason, we studied the effect of EPI-001 in the AR nuclear clusters. To image the AR 
nuclear clusters we employed super-resolution stimulation emission depletion (STED) microscopy 
as the size of the clusters is below the diffraction limit. These experiments were carried out in 
collaboration with Dr. Karina Pombo-Garcia in Dr. A. Honigmann’s laboratory at the MPI-CBG. 
For these experiments, we shifted to a cellular system with lower AR levels by using HeLa cells 
stably expressing AR-eGFP. EPI-001-treated cells showed a comparable number of clusters per 
nucleus to that of untreated cells. Nevertheless, the clusters in EPI-001-treated nuclei were of larger 
size (Fig. 3.2.2.3). These experiments are consistent with the ones measuring cytosolic droplets 
(Fig. 3.2.2.2). 
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Fig. 3.2.2.3. a) Representative STED images of a HeLa cell nucleus stably transfected with AR-eGFP upon 

4 h 1 nM DHT activation pre-treated with vehicle (DMSO), 10 µM EPI-001 or 25 µM EPI-001 for 1 h. Scale 
bar, 1 µm. b) Quantification of the density and size of clusters per nuclei of AR-eGFP HeLa cells upon 4 h 1 

nM DHT activation. Cells were treated for 1 h prior to activation with vehicle (DMSO, grey), 10 µM EPI-
001 (light red) or 25 µM EPI-001 (dark red). Values from 10 independent nuclei are plotted. Significance 

tested with an independent two samples t-test. 
 
Finally, we examined the cellular dynamics of the receptor upon treatment with EPI-001. We 
performed FRAP experiments of nuclear AR-eGFP stably expressed in HeLa cells treated with 
vehicle (DMSO) or 25 µM EPI-001 for 1 h prior to the addition of 1 nM DHT for 4 h. As for the in 
vitro data acquired (Fig. 3.2.1.6), we could not observe significant differences between the 
dynamics of the receptor in the nucleus of EPI-001 treated cells compared to that of non-treated 
cells (Fig. 3.2.2.4). 
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Fig. 3.2.2.4. Average relative fluorescence intensity curve as a function of time upon photobleaching of a 

15x15 pixel nuclear region of HeLa cells stably expressing AR-eGFP treated with vehicle (DMSO, grey) or 
25 µM EPI-001 (red) for 1 h prior to the addition of 1 nM DHT for 4 h. 3 independent experiments (n1, n2 
and n3) are plotted separately for clarity. The line represents the mean and the shaded area represents the 

standard deviation of the FRAP measurements (at least 15 nuclei per experiment).  
 
In summary, EPI-001 does not induce AR nucleation but stabilises the already-formed AR 
droplets without affecting its material properties in cells. These results are in agreement with 
the in vitro condensation data on the AR-NTD. 
 
 

3.2.3. Consequences of modulating AR-NTD 
condensation with EPI-001 to AR function 
 
EPI-001 i) inhibits the AR function, as reported in the literature 96,100, and ii) stabilises the AR-NTD 
condensates, as indicated in the previous sections of this chapter. However, it is difficult to 
rationalise the link between stabilising the AR-NTD condensation and inhibiting AR function as it 
is still not well established what is the role of condensation in the AR pathway. 
 
In this sense, many hypothetical explanations can be drawn to link both observations. We have 
experimentally explored two scenarios, as depicted in Figure 3.2.3.1.  
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Fig. 3.2.3.1. Possible functions of AR condensates. a) Condensation facilitates recruiting the transcriptional 

machinery. Adapted from De Mol et al. 2018 and Szulc Ph.D. Thesis, 2019 87,94. b) Condensation is a 
buffering system. Adapted from An et al. 2014; Bouchard et al. 2018 and Klosin et al. 2020 28,30,101. 

 

3.2.3.1. Condensation facilitates recruiting the transcriptional 
machinery 

 
In scenario A, transcriptional condensates bring together all the components necessary for 
transcription, such as the RNA-polymerase II (RNA polII), the mediator complex, transcription 
factors and coactivators 56,58. Moreover, in the condensed state, the AR-NTD population of 
structured conformations is increased, thereby facilitating the interaction between the AR-NTD and 
the general transcriptional machinery necessary for transcription initiation 87,94. In this sense, 
modulation of the AR-NTD condensation by EPI-001 might hamper these interactions leading to a 
reduced transcriptional activity of AR.  
 
We have interrogated the effect of EPI-001 on the interaction between the AR and the RNA-polII. 
For this, we exploited the proximity-ligation assay (PLA), an immunofluorescence-based technique 
that allows the detection of proteins that are in close proximity (< 40 nm) inside cells 94,102. We 
detected the interaction between the AR and the endogenous RNA-polII in the presence of 1 nM 
DHT in HeLa cells stably expressing AR-eGFP. We observed that addition of 10 or 25 µM of EPI-
001 for 1 h prior to DHT activation for 4 h reduced the number of AR - RNA-polII interactions 
(Fig. 3.2.3.2). 
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Fig. 3.2.3.2. a) Representative images of PLA interactions between AR and RNA-polII in HeLa cells stably 
expressing AR-eGFP. Cells were treated with vehicle (DMSO), 10 µM EPI-001 or 25 µM EPI-001 for 1 h 

prior to activation with 1 nM DHT for 4 h. As a control, in the absence of activation no PLA signal is 
detected. DAPI indicates the location of nuclei. Scale bar, 10 µm. b) Quantification of the PLA interactions 

per nucleus between AR and RNA-polII of DMSO (grey), 10 µM EPI-001 (light red) or 25 µM EPI-001 
(dark red) treated cells for 1 h prior to 4 h 1 nM DHT activation. Error bars represent the mean and standard 

deviation of 2 independent experiments (at least 50 nuclei per experiment). Significance tested with an 
independent two samples t-test. 
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3.2.3.2. Condensation is a buffering system 
 
In scenario B, condensation could be involved in the nuclear degradation pathway of the AR via the 
speckle-type POZ protein (SPOP). SPOP is an E3 ligase adaptor that colocalises with the AR in the 
condensed state, thereby facilitating the AR clearance 30,101. In this sense, promoting the 
condensation of the AR might lead to increased AR degradation, thereby reducing AR 
transcriptional activity. 
 
Preliminary experiments were conducted to understand whether EPI-001 promoted the AR 
degradation. For this purpose, we examined the AR protein expression levels in total homogenates 
of AR-eGFP stably expressed HeLa cells treated with increasing concentrations of EPI-001 for 1 h 
prior to 4h incubation with DHT. Western blot analysis (WB) revealed no significant decay of AR 
levels in the conditions tested (Fig. 3.2.3.3). 
 

 
Fig. 3.2.3.3. a) WB analysis to assess AR-eGFP protein expression levels in HeLa cells stably expressing 

AR-eGFP treated with vehicle (DMSO) or increasing concentrations of EPI-001 (indicated in the figure) for 
1 h prior to activation with 1 nM DHT for 4 h. β-actin levels are determined as loading control. b) 

Quantification of AR-eGFP levels normalised to those of actin. 
 
In summary, our results indicate that the reduction in transcriptional activity might be 
explained by a decrease in the interactions between the AR and the RNA-polII. AR 
degradation induced by EPI-001 does not seem to be implicated in the inhibition of the AR 
activity. Nevertheless, further studies will be carried out to fully establish or discard this 
hypothesis.  
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3.3. Discussion 
 
Biomolecular condensates are involved in the spatiotemporal control of cellular processes 18. They 
are formed by phase transitions, the most studied case being liquid-liquid phase separation (LLPS) 
17. LLPS is the process in which a biopolymer that is homogeneously distributed within a solvent 
demixes into two coexisting liquid phases, a polymer-enriched phase (dense phase) and a polymer-
depleted phase (light phase). LLPS is driven by multivalent interactions between the biopolymers. 
Intrinsically disordered proteins (IDPs) are key players in biomolecular condensation as by 
definition are multivalent proteins that can simultaneously interact with other molecules and 
themselves 1. 
 
Biomolecular condensates participate in many cellular functions 7,17–19 and are linked to various 
diseases including neurodegeneration 42,43, cancer 30 and aging 6. Biomolecular condensation offers 
a new layer of regulation for IDPs and, hence, a potential new opportunity to target currently 
undruggable proteins 59,60. However, this is still an underexplored area of research.  
 
During the course of this thesis we realised that the androgen receptor (AR) underwent 
condensation upon hormone binding 87. Moreover, the disordered androgen receptor N-terminal 
domain (AR-NTD) was sufficient to recapitulate the condensation process in vitro 30,87. Purified 
AR-NTD underwent LCST type phase separation. Since the AR-NTD demixed and EPI-001 
interacted with the AR-NTD, we hypothesised whether the mode of action of EPI-001 would be 
related to its ability to modulate the AR-NTD condensation propensity. 
 
We observed that EPI-001 stabilised the AR-NTD condensates in vitro and in cells. In vitro, 
stabilisation of the condensates was larger when EPI-001 was covalently bound to the AR-NTD 
than when it was reversibly interacting with it. Moreover, covalent binding of EPI-001 did not 
affect the material properties of the condensates. 
 
In section 3.1.3, we put forward four different mechanisms by which, theoretically, a small-
molecule can modulate condensation: 1) regulatory inhibition, 2) orthosteric inhibition, 3) allosteric 
inhibition and 4) colligative inhibition. The experiments carried out in this thesis indicate that EPI-
001 acts as both an allosteric and a colligative inhibitor. This is depicted in the following working 
model (Fig. 3.3.1). First, EPI-001 preferentially partitions into the condensed phase of the AR-NTD 
as it lowers the AR-NTD cloud point temperature. According to the polyphasic linkage framework 
71, stabilisation is equivalent to partitioning into the condensed phase. Moreover, EPI-001 reversibly 
interacts with the AR-NTD shifting its ensemble towards oligomerisation prone conformations and 
enchancing its condensation process. Then, EPI-001 covalently modifies the AR-NTD. EPI-001-
modified AR-NTD (epilated AR-NTD) demixes more readily than the wild-type AR-NTD. In other 
words, epilation permanently modifies the AR-NTD causing a shift in the phase boundary so that 
the epilated AR-NTD demixes in conditions in which the wild-type AR-NTD does not. 
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Fig. 3.3.1. Current working model for EPI-001 mechanism of action related to its ability to stabilise AR 

condensation. 
 
Functionally, EPI-001 inhibits the AR transcriptional activity as described in the literature 96,100. 
The link between inhibition of the AR transcriptional activity and the stabilisation of the AR 
condensation by EPI-001 is difficult to establish. This is mainly because it is yet unclear which is 
the functional role of the condensates in the AR pathway. If AR condensates were to be the active 
state of the protein, then hampering the AR condensation would seem the appropriate strategy to 
follow. However, what we observe is the opposite, that EPI-001 promotes the AR condensation in 
cells. In this sense, we started to investigate two scenarios from the many hypothetical explanations 
that can be put forward: a) AR condensates which have been epilated are no longer functional, e.g. 
in the condensates AR is not capable to participate in essential protein-protein interactions; and b) 
AR condensates are on pathway for nuclear degradation, hence stabilising them accelerates the AR 
degradation. Preliminary experiments indicate scenario A to be the more plausible although further 
work is needed to understand the functional consequences of EPI-001 on the AR condensates. 
 
Further work should also be aimed at exploring the covalent reaction. In this sense, it would be 
important to detect the covalent addition of EPI-001 to the AR-NTD in cells and determine which 
are the reactive residue or residues. This would allow us to understand whether the in vitro 
recapitulation of the reaction is valid. It would also be interesting to find the conditions for the 
reaction to happen within the condensed state and observe whether the reaction selectivity and/or 
overall yield is altered. 
 
Finally, it would also be interesting to explore the effect of EPI-001 on the full length AR in vitro. 
Dr. Mireia Pessarrodona in the laboratory of Dr. Xavier Salvatella put a large effort in trying to 
express and purify the full length AR-eGFP in insect and also mammalian cells without much 
success. Perhaps this should be carried out in collaboration with other laboratories.  
 
The experiments conducted in chapter 3 represent, to our knowledge, one of the first studies 
addressing how small-molecules can inhibit a disordered target via modulating its condensate 
formation. As the final objective for this thesis we wanted to exploit these findings to rationally 
design and synthesise improved EPI-001 analogues based on their ability to modulate the AR-NTD 
condensation propensity (chapter 4). 
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4.1. Background 
 

4.1.1. CRPC treatments currently in the pipeline 
 
Several new pipeline agents for castration-resistant prostate cancer (CRPC) are expected to be 
approved in the coming years. Finding new CRPC therapies is of high interest because CRPC is a 
clear unmet medical need and because prostate cancer (PC) and CRPC market size is very large 
(section 1.2). 
 
Since 2010, new treatments for CRPC, enzalutamide (Xtandi) and abiraterone (Zytiga), have 
modestly improved the overall survival rates but the disease remains incurable.  
 
New treatment options include PARP inhibitors (e.g. Lynparza), immunotherapies (e.g. Keytruda), 
AKT inhibitors (e.g. ipatasertib) and one radioligand (177Lu-PSMA-617) among others. These 
therapies target other pathways not related to the androgen receptor (AR) axis. Nonetheless, AR is 
still the main driver for PC and CRPC. 
 
All current therapies directed towards the AR are antiandrogens, which target the AR ligand-
binding domain (AR-LBD). However, most patients treated with antiandrogens inevitably develop 
resistances, like the emergence of AR splice variants (SVs) lacking the ligand-binding domain. SVs 
are present in ca 30% of the 5-year diagnosed prevalent cases of CRPC in the 8 major 
pharmaceutical markets. 
 
Other approaches targeting AR include: 
 

4.1.1.1. Degradation of AR 
 
Oncternal Therapeutics (previously GTx pharma) will soon initiate Phase I clinical trials of its lead 
selective androgen receptor degrader small molecule (SARD). SARD molecules were first 
discovered by the Narayanan laboratory 1. SARDs bind to the AR-LBD and AR-NTD and cause 
AR degradation. Other other companies also attempt to find AR degraders. Arvinas is developing 
ARV-110, a small molecule degrader based on the proteolysis targeting chimera technology that 
degrades the AR for the treatment of mCRPC 2. ARV-110 is currently in Phase I/II clinical trials 
(NCT03888612).  

Of notice, there is still no approved therapy based on protein degradation. 
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4.1.1.2. Targeting the N-terminal domain of AR (AR-NTD) 
 
ESSA Pharma, founded by Dr. Marianne Sadar and Dr. Raymond Andersen, pioneered the 
development of AR-NTD inhibitors based on one chemical series (EPI-001 series) obtained by 
phenotypic screening 3. ESSA Pharma’s first lead compound, EPI-506, underwent Phase I/II 
clinical trials that were stopped due to metabolic instability (Ralaniten, NCT02606123). A second 
lead EPI-7386, which is also based on EPI-001, entered clinical trials in Q2 2020 4. Despite this 
fact, EPI-7386’s potency is still low, ca 500 nM, making it necessary to find improved AR-NTD 
inhibitors. 
 
Inhibiting the AR-NTD benefits a broader group of patients because it is present in all forms of AR, 
including the AR-SVs. 
 
Our approach to target the AR-NTD is different from the aforementioned as it is based on the 
modulation of biomolecular condensation, a novel and unique way to find AR-NTD inhibitors and 
to rationally explore a different chemical space. However, it also presents some uncertainties as it is 
a disruptive new mechanism of action. For example (i) there are only two publications so far of 
small molecules targeting condensates 5,6 and (ii) perhaps not all traditional drug discovery rules 
and methods will be applicable. 
 
To our knowledge this is the first application of rational drug design to target biomolecular 
condensates (section 4.2). 
 
 

4.2. Experimental Results 
 
Our aim was to build on the acquired knowledge on the ability of EPI-001 to enhance AR 
condensation (section 3.2 and 3.3) to find new and improved inhibitors that target the androgen 
receptor N-terminal domain (AR-NTD) for the treatment of castration-resistant prostate cancer 
(CRPC). 
 
In order to achieve our aim, we hypothesised that the new inhibitors should have two abilities: 
 

1. Inhibitors should be able to partition into the proteinaceous 
hydrophobic dense phase 
 
The AR-NTD condensation follows a lower critical solution temperature (LCST) behaviour, 
which is driven by the entropic gain upon water release when non-polar motifs are 
desolvated. Therefore, AR-NTD condensates are depleted in water (e.g. confer a more 
hydrophobic environment than the bulk solution outside the condensate). We hypothesised 
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that the more hydrophobic the compound, the more it would partition into the condensates 
and the more it would inhibit the AR-NTD. This would be in line with some findings 
described in the literature (section 2.1.4) such as: 

a) Niphatenone B presents an IC50 of 6 µM whereas the derivative without the long 
alkane chain is inactive (Fig. 2.1.4.1) 7. 

b) Introduction of an iodo atom in ortho position to the epichlorohydrin group of EPI-
002 improved the activity of EPI-002 by one order of magnitude (Fig. 2.1.4.3) 8. 

 
 

2. Inhibitors should be able to promote AR condensation, probably 
by irreversibly modifying the AR-NTD 
 
The second assumption relies, first, on the fact that 3 out of the 4 families of compounds 
described in the literature to inhibit the AR transcriptional activity by binding to the AR-
NTD contain a reactive warhead 3,9–11. Second, it relies on our finding that covalently 
attached EPI-001 enhances the AR-NTD condensation to a greater extent than through non-
covalent binding. For these reasons, we hypothesised that a covalent warhead is required. 

 
In this sense, EPI-001 would be one of a kind as i) it is hydrophobic enough to partition into the 
hydrophobic dense phase and ii) it can react with the AR-NTD promoting the ability of the AR-
NTD to condensate. This would clearly differentiate EPI-001 from its inactive analogue BADGE, 
which is less hydrophobic and does not bear the electrophilic epichlorohydrin warhead. 
 
 

4.2.1. Design and synthesis of novel EPI-001 
analogues 
 

4.2.1.1. Optimisation of the synthetic route 
 
To explore the structure-activity relationship (SAR) around the EPI-001 structure we had to 
implement a more versatile chemical route than the one described for EPI-001 12. For this we took 
advantage of an ongoing project in the laboratory of Dr. Antoni Riera which explored the effect of 
the EPI-001 linker (Fig. 4.2.1.1a). The aim was to expand the linker from 1-atom to 2-atoms. This 
allowed to, on the one hand, escape EPI-001 intellectual property protection and, on the other, 
check the best geometry between the two nearly symmetrical parts of the EPI-001 molecule: linear, 
cis conformation, trans conformation and flexible (Fig. 4.2.1.1b). 
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Fig. 4.2.1.1. a) EPI-001 chemical structure. b) Linker-expanded analogues. 

 
The initial route was designed to access an advanced intermediate (10) that is common to all the 
linker-expanded analogues (Fig. 4.2.1.2). However, the route presented several drawbacks: 1) the 
first reaction of the route, the glycidol addition, was not selective and resulted in a poor 33% yield. 
Moreover, the need for column purification hampered the scale-up of the route; 2) the key 
intermediate (10) was achieved by means of a Colvin rearrangement, which requires the use of the 
very dangerous (trimethylsilyl)diazomethane reagent; 3) the core structure (the kind of aromatic 
rings and its substituents) was set from the start of the route. This hampered the synthesis of a large 
family of analogues as each variation of the core to enable SAR studies required to perform all steps 
of the route; and 4) the route was not stereospecific. 
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Fig. 4.2.1.2. Initial synthetic route. The commercial diol (6) was treated with glycidol to give the 

monoalkylated product (7) in 33% yield and protected to give the product (8) quantitatively. Treatment of (8) 
with epichlorohydrin yielded epoxide (9) in 94% yield. The linker expansion was then accomplished through 

the Colvin rearrangement of (9) to give the key alkyne intermediate (10) in 83% yield.  
€ indicates commercially available. 

 
The drawbacks from the established synthetic route motivated us to optimise it before building the 
library of analogues (Fig. 4.2.1.3). The new strategy also aimed at synthesising an advanced 
intermediate from which to derive all the four linker-expanded analogues. Moreover, the new route 
was highly modular, stereospecific and didn’t involve the use of hazardous reagents. Since 
(2R,20S)-EPI (named EPI-002) is reported to be slightly more active than the other EPI-001 
stereoisomers 13, we synthesised all the analogues with this stereochemistry. 
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Fig. 4.2.1.3. Optimised synthetic route. The commercial 4-iodophenol (11) was protected to give the product 
(12) in 39% yield. The 2-carbon linke was installed incorporating trimethylsilylacetylene via a Sonogashira 
reaction to yield product (13) quantitatively. The deprotected product of (13) was used without isolation in a 
second Sonogashira reaction to introduce the second aromatic ring with an overall 71% yield. Treatment of 

(15) with tosyl glycidol afforded intermediate (10) in 60% yield. a) The linear-linker analogue (2) was 
obtained through acetal deprotection and epoxide opening of (10) using CeCl3 under thermal conditions. b) 
The cis-linker analogue was achieved by a Lindlard hydrogenation of (10). Subsequent acetal deprotection 

and epoxide opening of (16) achieved the final product (3). c) The trans-linker analogue (4) was obtained by 
isomerisation of (16) and subsequent acetal deprotection and epoxide opening. d) The flexible-linker 

analogue was obtained by total hydrogenation of intermediate (15) in 97% yield. Treatment of (18) with 
tosyl glycidol furnished (19) in 73% yield. Acetal deprotection and epoxide opening of (19) produced the 

final product (5) in 48% yield.  
n.d. indicates non-determined yield for the reactions in which the product was majoritary but not pure.  

€ indicates commercially available. 
 
The four linker-expanded analogues were first re-synthesised to stereoselectively provide the 
2R,20S stereoisomer. This work was accomplished with the help of Dr. Carolina Sánchez in the 
laboratory of Dr. Antoni Riera. Then, the compounds (2, 3, 4 and 5) were biologically evaluated in 
collaboration with the laboratory of Dr. Marianne Sadar at the University of British Columbia. The 
triple bond analogue was selected as the core scaffold due to its promising results in the PSA-
luciferase transcriptional activity assay and the AR-dependent proliferation assay (in LNCaP cell 
line) (Table 4.2.1.1). In similar experiments, the IC50 values corresponding to EPI-002 were 7.40 
±1.46 µM in the PSA-luciferase assay and 10 µM in the AR-dependent proliferation assay 13. 
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Table. 4.2.1.1. Biological evaluation of the linker-expanded analogues.   
(*) indicates that the values are not head-to-head but extracted from the literature 13. 

 
 
 

4.2.1.2. CAM family of analogues 
 
Once the synthetic route was optimised, we designed 8 linear EPI-001 analogues (named CAMs, 
Fig.4.2.1.4) to interrogate i) whether variations in CAM’s hydrophobicity affected the ability of the 
compounds to modulate the AR-NTD condensation propensity and ii) whether the degree of 
modulation of the AR-NTD condensation was correlated with inhibition of the AR activity in cells. 
To achieve differences in hydrophobicity among the family of compounds, a substituent was 
introduced in ortho position to the epichlorohydrin group. This position had already been described 
to tolerate substituents such as an iodo atom 8. To evaluate the effect of the position of the 
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substituent, CAM5 and CAM6 were also prepared. The synthesis of all CAM compounds was 
conducted with the help of Dr. Carolina Sánchez. Finally, their hydrophobicity was experimentally 
determined by HPLC (Chrom logD) (Fig. 4.2.1.4). 
 

 
Fig. 4.2.1.4. Chemical structure of the CAM family of compounds with their hydrophobicity indicated as 

Chrom logD value. Hydrophobicity was experimentally measured by HPLC (high Chrom logD values 
indicate high hydrophobicity). 

 
In summary, we rationally designed and synthesised a family of 8 compounds that enabled 
SAR studies around the structure of the triple-bond linker analogue. 
 
 

4.2.2. Biological evaluation of the CAM family of 
analogues 
 
In order to quantitatively rank the CAM compounds with regards to their efficacy to enhance the 
AR-NTD condensation in vitro and compare it to that of EPI-001, we determined their half-
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maximal effective concentration (EC50) using the thermal shift assay (TSA, section 3.2) (Fig. 
4.2.2.1a). We measured the cloud point temperature (Tc) of samples at constant protein 
concentration (25 µM) and varying compound equivalents. Then, we calculated the percentage of 
shift caused by the compound in comparison to the reference shift, the one caused by 200 µM EPI-
001. Next, we plotted the normalised shift versus the compound concentration. Finally, we 
extrapolated the compound concentration that achieved 50% of the maximum activity, the EC50. We 
observed a correlation between the hydrophobicity and the extent to which a compound was able to 
modulate the AR-NTD condensation. In this regard, the more hydrophobic the compound, the lower 
the EC50 in the TSA assay. Therefore, the more hydrophobic the compound, the more it partitioned 
into the AR-NTD condensates (Fig. 4.2.2.1b). Of note, EC50 values should be determined in three 
independent replicas to be unequivocally conclusive. 
 

 
Fig. 4.2.2.1. a) EC50 and Chrom logD (hydrophobicity) values obtained for the CAM family of compounds. 

b) Pearson correlation (r) between hydrophobicity and EC50 for the CAM family of compounds. r = 1 
indicates perfect positive correlation, r = 0 indicates no correlation, r = -1 indicates perfect negative 

correlation. 
 

The EC50 data aligned with the in cell activity of these compounds. 3 compounds achieved cellular 
IC50s one order of magnitude lower than those of EPI-002 published in the literature (IC50 PSA-luc 
= 7.40 ±1.46 µM, IC50 AR-dependent proliferation = 10 µM) 13 (Fig. 4.2.2.2). CAM8 was one of 
the most lipophilic and potent inhibitors. However, due to its low solubility, CAM7 was selected as 
the lead compound. The cellular assays were conducted in collaboration with the laboratory of Dr. 
Marianne Sadar.  
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Fig. 4.2.2.2. a) CAMs in vitro EC50 and cellular potency in the AR transcriptional assay (PSA-luciferase 
assay) and in the AR-dependent proliferation assay (in LNCaP cell line). Cytotoxicity was measured by 

means of the AR-independent proliferation assay (in PC3 cell line). Pearson correlation (r) b) between EC50 
and cellular potency for the CAM family of compounds and c) between cellular potency measured in the 
PSA-luciferase transcriptional activity assay and in the AR-dependent proliferation assay.  r = 1 indicates 

perfect positive correlation, r = 0 indicates no correlation, r = -1 indicates perfect negative correlation. 
 

Noteworthy, the site where the hydrophobic substituent was introduced did not have a substantial 
effect on the EC50. In this regard, CAM4, bearing a methyl substituent in ring 1, and CAM5, 
bearing a methyl substituent in ring 2, had EC50 in the same order of magnitude. Only when a 
methyl substituent was placed on both rings, such as in CAM6, there was a gain in hydrophobicity 
and increased cellular potency (Fig. 4.2.2.3). 
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Fig. 4.2.2.3. Chemical structure of CAM4, CAM5 and CAM6 and their hydrophobicity, in vitro EC50 and 

cellular potency in the AR transcriptional assay (PSA-luciferase assay) and in the AR-dependent 
proliferation assay (LNCaP cell line). Numbers 1 and 2 are placed to differentiate between the two aromatic 

rings. 
 
Finally, we wanted to determine the in vivo efficacy of the lead CAM compound, CAM7, in a 
CRPC relevant animal model, also in collaboration with Dr. Marianne Sadar’s laboratory. 
Unfortunately, in vivo experiments had to be stopped due to the poor solubility of CAM7 in the 
required experimental conditions. The back-up lead compound, CAM6, will be tested in Q3 2020. 
 
In summary, stabilisation of the AR-NTD condensates improves the inhibitor potency. By 
applying these rational criteria we have been able to improve the potency of EPI-001 10-fold. 
 
 

4.2.3. Consequences of modulating AR-NTD 
condensation with CAMs to AR function 
 
Since several CAM compounds outperformed EPI-001 in the in vitro TSA and cellular assays, we 
wanted to determine whether they also had a more pronounced effect in the other cellular assays 
previously established to test AR condensation (section 3.2.2 and 3.2.3). These experiments were 
conducted with CAM7 or CAM6 depending on which was the lead compound at the time of the 
experiment. 
 
First, we studied the effect of CAM7 in the AR nuclear clusters employing super-resolution 
stimulation emission depletion (STED) microscopy. 1 µM CAM7 promoted the formation of 
significantly larger AR nuclear clusters than DMSO or 10 µM EPI-001 (Fig. 4.2.3.1). 
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Fig. 4.2.3.1. a) Representative STED images of a HeLa cell nucleus stably transfected with AR-eGFP upon 
4 h activation with 1 nM DHT pre-treated with vehicle (DMSO),  10 µM EPI-001 or 1 µM CAM7 for 1 h. 

Scale bar, 1 µm. b) Quantification of the density and size of clusters per nuclei of AR-eGFP HeLa cells upon 
4 h with 1 nM DHT activation. Prior to activation, cells were treated for 1 h with vehicle (DMSO, grey), 10 
µM EPI-001 (red) or 1 µM CAM7 (purple). Values from 10 independent nuclei are plotted. Significance 

tested with an independent two samples t-test. 
 
Second, we wanted to better understand the inhibitory effect of CAMs to AR function. As in the 
case for EPI-001, we explored two scenarios (section 3.2.3): 
 

4.2.3.1. Condensation facilitates recruiting the transcriptional 
machinery 

We interrogated whether CAM6 was able to disrupt the interaction between the AR and the RNA-
polymerase II (RNA-polII) making use of the established proximity-ligation assay (PLA) 14,15. We 
detected the interaction between the AR and the endogenous RNA-polII in the presence of 1 nM 
DHT in HeLa cells stably expressing AR-eGFP. We observed that the addition of 1 or 5 µM of 
CAM6 for 1 h prior to DHT activation for 4 h reduced the number of AR - RNA-polII interactions 
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(Fig. 4.2.3.2). Moreover, 1 µM CAM6 reduced the number of PLA interactions to the same extent 
as 10 µM EPI-001. 
 

 
Fig. 4.2.3.2. s) Representative images of PLA interactions between AR and RNA-polII in HeLa cells stably 

expressing AR-eGFP. Cells were treated with vehicle (DMSO), 1 µM CAM6 or 5 µM CAM6 for 1 h prior to 
activation with 1 nM DHT for 4 h. 10 µM EPI-001 condition is depicted for comparison. As a control, in the 

absence of activation no PLA signal is detected (not shown). DAPI indicates the location of nuclei. Scale 
bar, 10 µm. b) Quantification of the PLA interactions per nucleus between AR and RNA-polII of DMSO 

(grey), 10 µM EPI-001 (red), 1 µM CAM6 (light purple) or 5 µM CAM6 (dark purple) treated cells for 1 h 
prior to 4 h 1 nM DHT activation. Error bars represent the mean and standard deviation of 2 independent 

experiments (at least 50 nuclei per experiment). Significance tested with an independent two samples t-test. 
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4.2.3.2. Condensation is a buffering system 
 
We investigated whether condensate stabilisation by CAM7 led to a higher degree of AR 
degradation. As for EPI-001, we examined the AR protein expression levels in total homogenates of 
HeLa cells stably expressing AR-eGFP, treated with increasing concentrations of EPI-001 or 
CAM7 for 1 h prior to activation with DHT for extra 4 h. Western blot analysis (WB) revealed no 
significant decay of AR levels in all EPI-001 treated cells. In contrast, CAM7 promoted AR 
degradation at concentrations equal or higher than 10 µM (Fig. 4.2.3.3). 
 

 
Fig. 4.2.3.3. a) WB analysis to assess AR-eGFP protein expression levels in HeLa cells stably expressing 
AR-eGFP treated with vehicle (DMSO), increasing concentrations of EPI-001 or CAM7 (indicated in the 
figure) for 1 h prior to activation with 1 nM DHT for 4 h. β-actin levels are determined as loading control. 
Dashed lines are drawn for visual guidance. b) Quantification of AR-eGFP expression levels normalised to 

those of actin. 
 
Further experiments are being pursued in collaboration with Dr. Tanja Mittag laboratory at Saint 
Jude Children’s Research Hospital to determine whether AR degradation promoted by CAM7 is 
SPOP-mediated. 
 
In summary, our lead CAM compounds perform better than EPI-001 in all tested assays: they 
promote larger nuclear cluster formation, hamper AR - RNA-polII interaction to a greater 
extent and are able to degrade the AR. It is yet to be investigated whether there is causality 
between any of these observations. 
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4.3. Discussion 
 
Biomolecular condensates have great potential as new targets for therapeutics 16,17. However, still 
only few examples appear in the literature demonstrating the feasibility of targeting condensates. 
 
We have built on our understanding of the mode of action of EPI-001 (section 3.2 and 3.3) to 
synthesise improved inhibitors of the androgen receptor N-terminal domain (AR-NTD) based on 
their ability to modulate the AR-NTD biomolecular condensation. The hypothesis was that, given 
the same ability to covalently react with the AR-NTD, compounds that partitioned better into the 
condensed phase would inhibit the AR activity to a greater extent. Biophysically, a compound that 
partitions better to the condensates also stabilises the condensed phase 18. 
 
We rationally designed and synthesised a family of compounds (CAM) to explore the SAR around 
EPI-001 structure. First, a linker expansion strategy was pursued to explore a free to operate 
chemical space. Moreover, the chemical route was optimised to access all the analogues with ease.  
 
CAM compounds were designed with varying hydrophobicity. The idea being that, as the AR-NTD 
condensates confer a water-depleted environment, the more hydrophobic the compound, the more it 
would partition into the condensates. The data acquired indicates that the extent of condensate 
enhancement correlated with the in cell inhibitory activity. Noteworthy, by applying this rational 
approach we achieved compounds that are 10-fold more potent than the parent EPI-002 inhibitor in 
the AR transcriptional activity assay.  
 
Targeting condensates is a new framework in which the established medicinal chemistry rules 
might not always hold true. For example, we can already envision that in the CAM family of 
compounds, where CAM4 (bearing the methyl substituent on ring 1) and CAM5 (bearing it on ring 
2) have comparable cellular potencies.  
 
Further SAR exploration should be carried out to fully understand which parameter or parameters 
govern the partitioning of a compound into the AR-NTD condensates and the link between 
partitioning and inhibitory activity. 
 
Further work should also be centered in understanding the cellular consequences of the CAM 
compounds on the AR condensation and transcriptional activity. In this regard, it would be 
interesting to explore the inhibition of other interactions, not just between the AR and RNA-polII, 
such as interactions with the mediator complex and others (e.g. with SPOP). Additionally, the 
outcome of the compound-mediated degradation experiments, which are being carried out in the 
laboratory of Dr. Tanja Mittag, will be very valuable to assure or discard the implication of SPOP in 
the AR-degradation pathway.  
 
Finally, it would be desirable to explore the effect of “epilating” the AR-NTD with more potent 
compounds, such as CAM7 or CAM6, on the condensation propensity and material properties of 
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the AR-NTD. Perhaps the correlation between the condensation enhancement due to the covalent 
addition and the cellular inhibitory activity might be larger than between the partitioning of the 
compounds and their cellular inhibitory activity. 
 
Targeting condensates with small-molecules is a disruptive mechanism of action to treat 
“undrugged” targets, such as intrinsically disordered proteins, and “undrugged” diseases. To our 
knowledge the work conducted in this thesis represents one of the first examples of rational drug 
design based on the modulation of biomolecular condensates. 
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Intrinsically disordered proteins (IDPs) are considered undruggable targets1. Their lack of a defined 
secondary and tertiary structure has hampered the drug discovery process, as conventional 
structure-based techniques cannot be used. However, IDPs are very abundant in the human 
proteome and are directly associated with many diseases. Therefore, enabling new drug 
discovery approaches targeting IDPs is of high importance as it can yield new therapies for 
current unmet clinical needs. 
 
IDPs have been shown to play a primordial role in the formation of membraneless organelles. The 
new conceptual framework of condensates offers a disruptive new opportunity to drug IDPs. 
Although this approach has high potential, the durggability of condensates has not been 
clinically validated nor the focus of many published studies 2–5. We believe that there are several 
concerns that the field needs to tackle before this approach becomes a reality for patients. Can 
condensates be targeted selectively? Are currently experimental methods valid to screen compounds 
targeting condensates or should other methods be implemented? Are current libraries enriched or 
depleted with compounds able to modulate condensation? Many concerns question the pre-
established drug discovery methods and rules that will only be resolved with time and peer-
reviewed studies and patents. Nevertheless, in the last year, two companies were created with the 
aim of targeting condensates. 
 
To the best of our knowledge, this work is a pioneer study on the modulation of biomolecular 
condensates with small molecule inhibitors. Moreover, the new family of modulators described 
herein is the first example of a structure-activity relationship study based on the ability of the small 
molecules to modulate condensation. 
 
We have based our studies on the disordered N-terminal domain of the androgen receptor 
(AR-NTD). The AR-NTD is a good model as i) the androgen receptor (AR) is a validated 
therapeutic target for castration-resistant prostate cancer (CRPC), an unmet clinical need 6; ii) the 
AR undergoes condensation upon activation in cells and the AR-NTD is sufficient to recapitulate 
the process in vitro 7 and iii) there is a known small molecule inhibitor of the AR-NTD, named EPI-
001, that inhibits AR activity and reached phase I/II clinical trials for the treatment of CRPC 8,9. 
EPI-001 has been used as a reference compound in this thesis. 
 
The starting point of this work was the previous study from De Mol et al. in the laboratories of Dr. 
Xavier Salvatella and Dr. Antoni Riera 9. They concluded that EPI-001 interacted with the Tau-5 
region of the activation function 1 (AF-1) in the AR-NTD, in particular with the conformations of 
the AF-1 ensemble that adopt a partial helical structure. The interaction of EPI-001 with the AF-1 
was of very low affinity. They suggested this was because the population of helical conformations 
in the AF-1 ensemble, those that EPI-001 interacted with, was very small. 
 
In chapter 2, we used nuclear magnetic resonance (NMR) spectroscopy to further study the 
reversible interaction of EPI-001 with its target. The initial plan was to use low amounts of the 
2,2,2-trifluoroethanol (TFE) reagent as additive in the NMR samples to increase the helical 
population of the AF-1 and, therefore, increase the affinity of EPI-001 for the construct. As 
expected, addition of TFE increased the helical population of all the constructs used. However, 
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what we observed was that TFE also promoted the oligomerisation of the AF-1. The 
oligomerisation was further enhanced by the addition of EPI-001. In addition, the construct 
spanning the whole AR-NTD was even more oligomerisation prone than the AF-1. At that time we 
did not have any proof or idea that the AR-NTD underwent biomolecular condensation. The 
propensity of the AF-1 and the AR-NTD to oligomerise, together with other findings in the 
laboratory, led us to investigate the role of condensates in the AR molecular pathway and in the 
mechanism of action of EPI-001. 
 
Dr. Elzbieta Szulc (X. Salvatella's group, IRB Barcelona) and Dr. Paula Martínez-Cristóbal (X. 
Salvatella's group, IRB Barcelona) investigated the role of condensates in the AR molecular 
pathway 7. They described that the AR underwent condensation in cells upon activation by the 
hormone and that the AR-NTD was sufficient to recapitulate the demixing in vitro. In chapter 3, we 
studied the effect of EPI-001 on the AR condensation propensity. We observed that EPI-001 
stabilised the AR-NTD condensates in vitro and the AR clusters in cells. Noteworthy, EPI-001 did 
not promote AR nucleation in cells but stabilised the already-formed clusters. We also examined the 
effect of the covalent addition of EPI-001 to the AR-NTD (named epilation for short) on the AR-
NTD condensation propensity. We observed that epilation of the AR-NTD stabilised the AR-NTD 
condensates to a greater extent than the reversible binding. These findings led us to propose the 
following working hypothesis: In a first step, EPI-001 partitions into the condensed phase of the 
AR-NTD and also reversibly interacts with the AR-NTD increasing the population of 
oligomerisation prone conformations. In a second step, EPI-001 covalently binds to the AR-NTD. 
Epilated AR-NTD demixes more readily than the wild-type, being able to demix in conditions in 
which the wild-type AR-NTD is not. Epilated AR-NTD is not capable of interacting with the 
transcriptional machinery, which leads to the decrease in the AR transcriptional activity upon EPI-
001 treatment. We also explored the possibility that the epilated AR-NTD was more prone to be 
degraded than the wild-type AR. Further experiments are being carried out in this direction. 
 
According to the working hypothesis, inhibitors should be able to partition into the proteinaceous 
hydrophobic dense phase and promote AR condensation, probably by irreversibly modifying the 
AR-NTD. Based on this knowledge, in chapter 4 we decided to explore the first assumption, the 
correlation between the ability of new EPI-001 analogues to partition into the condensates with 
their inhibitory activity in cells. We kept the irreversible addition as a constant by maintaining the 
epichlorohydrin moiety in all the compounds tested. To build the new analogues, we first expanded 
the linker in EPI-001 from 1-atom to 2-atoms. From the 4 possibilities envisaged, the triple-bond 
linker was chosen for its high synthetic accessibility and promising cellular activity. Then, we 
designed and synthesised 8 analogues (named CAM) varying their ability to stabilise the AR-NTD 
condensates. We observed a semi-quantitative correlation between the ability of the compounds to 
stabilise the AR-NTD condensation and their inhibition of the AR transcriptional activity. We 
believe that more analogues should be tested to conclude on the degree of correlation. In any case, 
by applying this rational approach, we achieved compounds one order of magnitude more potent 
than EPI-001 within a small family of analogues. Our lead CAM compounds outperformed EPI-001 
in all the assays tested. 
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The present thesis has integrated many different techniques and fields, from protein NMR and 
biophysics, to chemistry and cellular biology to shed light into the question: can we target 
biomolecular condensates? Overall, we believe that two contributions have been crucial for the 
success and originality of the work. First, the introduction of the biomolecular condensates 
field to the druggability of IDPs. As detailed in section 3.1.3, we have put forward four strategies 
to modulate condensates. In our case study, the inhibition of the AR-NTD by EPI-001, we 
concluded that EPI-001 acts by a mixture of allosteric and colligative inhibition mechanisms. 
Second, the integration of all the mechanistic data, from biophysical and cellular experiments, 
to yield a family of new and improved AR inhibitors. This step forward has not been taken in 
any published study so far in the biomolecular condensates field. In this regard, the help of Dr. 
Carolina Sánchez (A. Riera's group, IRB Barcelona) in the synthesis of the molecules once the 
route had been optimised and the collaboration with the laboratory of Dr. Marianne Sadar (Michael 
Smith Genome Sciences Centre, University of British Columbia, Canada) for the biological 
evaluation of the compounds have been key to accelerate the project. We believe that working at the 
intersection between biophysics, cell biology and chemistry will be decisive for the success of 
targeting biomolecular condensates.  
 
Finally, we consider that there are still some open questions in this work. For example, it would be 
important to further clarify why stabilisation of the AR condensation leads to the inhibition of the 
AR transcriptional activity. It would also be important to explore the effects of EPI-001 and CAMs 
on the nuclear AR clusters at endogenous protein levels. Condensation is a concentration-dependent 
process so it would be desirable to work at endogenous levels of AR. With regards to the new 
family of compounds, we are exploring whether other scaffolds different from EPI-001 can inhibit 
the AR activity through the same mechanism of action. Finally, in a broader sense, the main open 
question is whether the findings presented in this thesis can be extended and expanded to 
drug other condensates (and IDPs) than those of AR. 
 
In conclusion, the data presented in this work indicates that: 
 
1- The AR-NTD and the AF-1* are oligomerisation prone, particularly through the Tau-5 region. 
 
2- Oligomerisation is associated with a gain in helical content. 
 
3- EPI-001, but not BADGE, enhances the AR-NTD and AF-1* oligomerisation process. 
 
4- EPI-001 partitions into the AR-NTD droplets and enhances their formation in vitro. 
 
5- Covalent addition of EPI-001 to the AR-NTD has a more profound effect on the AR-NTD 
condensate stabilisation than reversible binding of EPI-001 to the AR-NTD. 
 
6- In cells, EPI-001 does not induce AR nucleation but stabilises the already formed AR cytosolic 
and nuclear clusters. 
 



5. General discussion and conclusions 
− 

 

 162 

7-  We have optimised the synthetic route to access the linker-expanded EPI-001 analogues, from 
which the compound with the triple-bond linker was chosen as the most promising one for further 
derivatisation. 
 
8- We have rationally designed and synthesised a family of 8 compounds (CAM family) containing 
the triple-bond linker based on their ability to modulate AR condensation. 
 
9- The lead CAM compounds are one order of magnitude more potent than EPI-001 in the 
transcription inhibition and AR-dependent proliferation assays and outperform EPI-001 in all the 
condensation-assays tested. 
 
10- EPI-001 and CAM inhibition activity could be explained by a decrease in the number of 
interactions between the AR and the RNA-polII and also by an increased degradation of the AR. 
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6.1. Protein expression and purification 
 

6.1.1. Androgen receptor N-terminal domain (AR-NTD) 
constructs 

 
Three AR-NTD constructs were used in this thesis: Tau-5* (330-448), AF-1* (142-448) and AR-
NTD (1-558, bearing the L26P mutation). All three of them were expressed as His6-tag fusion in E. 
coli Rosetta (DE3) competent cells from Novagen (Merck) and purified from inclusion bodies as 
previously described 1–3. Noteworthy, the AR-NTD was stored at -80 °C in 8 M urea to avoid 
aggregation. The final size exclusion chromatography of the AR-NTD protocol for buffer exchange 
and concentration to the required concentration was performed before each experiment. 15N and 
13C,15N enriched samples obtained by expression in M9 minimal medium containing 13C-glucose 
and 15NH4Cl as sole nitrogen and carbon sources, obtained from Cambridge Isotope Laboratories, 
Inc.  
 
 

6.1.2. Fused in Sarcoma (FUS) protein 
 

GFP-tagged FUS was used from Dr. Tony Hyman laboratory’s general stock. GFP-FUS had been 
expressed and purified as previously described 4. 
 
 

6.2. Nuclear Magnetic Resonance (NMR) 
 

6.2.1. Assignment of the constructs 
 
The assignment of the Tau-5* and the AF-1* constructs were previously described 1,2. The 
assignment of the AR-NTD was conducted in the laboratory of molecular biophysics by Dr. Jesús 
García and published in the PhD thesis of Dr. Elzbieta Szulc 5. 
 
 

6.2.2. Sample preparation and NMR acquisition 
 

Samples were prepared at the indicated concentration in 20 mM sodium phosphate buffer at pH 7.4 
containing 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) as reducing agent, 10% 
D2O,  deuterated 2,2,2-trifluoroethanol (TFE-d3) when indicated and 10 µM deuterated N,N′-
Dicyclohexylcarbodiimide (DSS-d6) for reference purposes. EPI-001 and BADGE were added 
when required from a concentrated stock solution in TFE-d3 to achieve, in the final sample, a 
concentration of TFE of 0.5%. The blank measurements were conducted in the presence of 0.5% 
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TFE-d3. All experiments were acquired with standard Bruker pulse sequences on 600 and 800 MHz 
Bruker Advance spectrometers equipped with a cryoprobe at 278 K. All reagents were acquired 
from Sigma-Aldrich (Merck) unless otherwise noted. 
 
 

6.3. Circular Dichroism (CD) 
 
CD spectra were acquired on 16 µM samples in 20 mM sodium phosphate buffer at pH 7.4 
containing 1 mM TCEP and TFE (Alfa Aesar) at the indicated concentration in a Jasco 815 UV 
spectrophotopolarimeter at 278 K with a 1 mm optical path cuvette. 
 
 

6.4. Microscopy of protein samples 
 
AR-NTD samples were prepared in PCR low binding 200 µL tubes (Eppendorf) on ice and 
condensation was initiated by increasing the sample temperature to room temperature. The proteins 
were mixed with the indicated buffer containing NaCl and 10% Ficoll 70 when necessary. EPI-001 
was added when required from a concentrated stock solution in TFE-d3 to achieve, in the final 
sample, a concentration of TFE of 0.5%. 1% of the protein was labeled with 10X rhodamine Red-X 
succinimidyl ester, 5 isomer (Thermo Fisher). Samples were transferred into sealed sample 
chambers containing protein solutions comprised coverslips sandwiching two layers of 3M 300 
LSE high-temperature double-sided tape (0.34 mm). Coverslips were coated with polyethylene 
glycol (PEG) using a standard protocol 6. Fluorescence confocal images were recorded using a 
Zeiss LSM780 confocal microscope system with a Plan ApoChromat 63x 1.4 oil objective. Samples 
were equilibrated at room temperature for 30 minutes before imaging to allow sedimentation of the 
droplets on the coverslip. 
 
In the case of FUS, samples were prepared at room temperature and condensation was initiated by 
diluting the NaCl concentration of the final sample with buffer. Samples were transferred into a 
384-well non-binding micropleate (Greiner Bio-One) and imaged using an IX71/IX81 inverted 
Spinning Disc Microscopes with an Andor Neo sCMOS/Andor Clara CCD camera and an 
UPlanSApo 60x oil-immersion objective or 100x oil-immersion objective (Olympus).  
 
 

6.5. Turbidity shift assay 
 
Samples were prepared in eppendorf tubes on ice in 20 mM Hepes or NaP buffer, pH 7.4, 2 mM 
TCEP with the indicated concentration of NaCl. The optical density of the sample (at 350 nm 
wavelength) was monitored as a function of temperature on a Cary 100 ultraviolet-visible 
spectrophotometer equipped with a multicell thermoelectric temperature controller at a heating rate 
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of 1 °C·min-1. The condensation onset (cloud point temperature) was determined as the temperature 
of abrupt increase in the turbidity of the sample. 
 
 

6.6. Mass spectrometry (MS) 
 
The MS analysis was carried out by the IRB Barcelona Mass Spectrometry and Proteomics Core 
Facility. 
 
 

6.6.1. Liquid chromatography coupled to MS 
 
Samples were diluted in 3% acetonitrile / 1% formic acid aqueous solution to 5 µM of AR-NTD, 1 
µM of AF-1* and 1 µM of Tau-5*. The proteins were loaded and separated in the LC-MS system 
with the following set up:  
 
The AR-NTD samples were loaded to a phenyl analytical column (BioSuite pPhenyl 1000, 2.0 × 75 
mm, 10 µm, Waters Corp.) with a 90 min run, using two consecutive steps with linear gradients 
from 5% to 80% of B in 60min, from 80% to 90% of B in 9 min, followed by isocratic elution at 90 
% of B in 11 min and stabilization to initial conditions (A= 0.1% formic acid in water, B= 0.1% 
formic acid in acetonitrile).  
 
The AF-1* and Tau-5* samples were loaded to a 180 µm × 2 cm C18 Symmetry trap column 
(Waters Corp.) at a flow rate of 15 µL/min using a nanoAcquity Ultra Performance LCTM 
chromatographic system (Waters Corp.). Proteins were separated using a C18 analytical column 
(BEH130TM C18 75 µm × 25 cm, 1.7 µm, Waters Corp.) with a 80 min run, using two consecutive 
steps with linear gradients from 10% to 85% of B in 60 min (for the AF-1*) and from 5% to 85% of 
B in 60 min (for the Tau-5*), followed by isocratic elution at 85 % of B in 5 min and stabilization 
to initial conditions (A= 0.1% formic acid in water, B= 0.1% formic acid in acetonitrile). 
 
The column outlets were directly connected to an Advion TriVersa NanoMate (Advion) fitted on an 
LTQ-FT Ultra mass spectrometer (ThermoFisher Scientific). Survey MS1 scans were acquired in 
the FT with the resolution (defined at 400 m/z) set to 100,000. The ion count target value was 
1,000,000. Spray voltage in the NanoMate source was set to 1.70 kV. Capillary voltage and tube 
lens on the LTQ-FT were tuned to 35 V and 100 V. The spectrometer was working in positive 
polarity mode. At least one blank run before the analysis was performed in order to ensure the 
absence of cross contamination from previous samples. 
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6.6.2. Trypsin digestion and MS analysis 
 
 

6.6.2.1. Sample digestion 
 

Sample was tryptic digested directly in solution. Briefly, 72.13 µg of sample were reduced with 
DTT 2 mM for 1 h at rt, carbamidomethylated for 30 min in the dark at rt with IAA 5 mM, DTT 
was added to a final concentration 2 mM to consume any unreacted IAA and finally, sample was 
digested with trypsin (2%w) in 50 mM ammonium bicarbonate at 37 ºC overnight. Digestion was 
stopped by addition of formic acid to a final concentration of 1%. Samples were cleaned up through 
C18 tips (polyLC C18 tips) and peptides were eluted with 80% acetonitrile, 1% trifluoroacetic acid. 
Samples were evaporated to dryness, reconstituted in 60 µL (for n=2) or 70 µl (for n=1) and diluted 
1:5 (for n=2) or 1:8 (for n=1) with 3% acetonitrile, 1% formic acid aqueous solution for MS 
analysis. 
 
 

6.6.2.2. MS analysis 
 

The nano-LC-MS/MS set up was as follows. Digested peptides were diluted in 3% acetonitrile / 1% 
formic acid. Samples were loaded to a 300 µm × 5 mm PepMap100, 5 µm, 100 Å, C18 µ-
precolumn (ThermoFisher Scientific) at a flow rate of 15 µl/min using a Thermo Scientific Dionex 
Ultimate 3000 chromatographic system (ThermoFisher Scientific). Peptides were separated using a 
C18 analytical column NanoEase MZ HSS T3 column (75 µm × 250 mm, 1.8 µm, 100 Å) (Waters) 
with a 90 min run, comprising three consecutive steps with linear gradients from 3 to 35% B in 60 
min, from 35 to 50% B in 5 min, and from 50 % to 85 % B in 2 min, followed by isocratic elution 
at 85 % B in 5 min and stabilization to initial conditions (A= 0.1% formic acid in water, B= 0.1% 
formic acid in acetonitrile). The column outlet was directly connected to an Advion TriVersa 
NanoMate (Advion) fitted on an Orbitrap Fusion Lumos™ Tribrid (ThermoFisher Scientific). The 
mass spectrometer was operated in a data-dependent acquisition (DDA) mode. Survey MS scans 
were acquired in the Orbitrap with the resolution (defined at 200 m/z) set to 120,000. The lock mass 
was user-defined at 445.12 m/z in each Orbitrap scan. The top speed (most intense) ions per scan 
were fragmented by HCD and detected in the orbitrap. The ion count target value was 400,000 and 
10,000 for the survey scan and for the MS/MS scan respectively. Target ions already selected for 
MS/MS were dynamically excluded for 15 s. Spray voltage in the NanoMate source was set to 1.60 
kV. RF lens were tuned to 30%. The Minimum signal required to trigger MS to MS/MS switch was 
set to 5,000. The spectrometer was working in positive polarity mode and single charge state 
precursors were rejected for fragmentation.  
 
A database search was performed with Proteome Discoverer software v2.3.0.480 (ThermoFisher 
Scientific) using Sequest HT and Amanda search engine with ptmRS validator, SwissProt Human 
canonical released 2019_05, contaminants database and user protein manually introduced. Search 
was run against targeted and decoy databases to determine the false discovery rate (FDR). Search 
parameters included trypsin enzyme specificity, allowing for two missed cleavage sites, oxidation 
in M, EPI in C, carbamidomethylation in C and acetylation in protein N-terminus as dynamic 
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modifications. Peptide mass tolerance was 10 ppm and the MS/MS tolerance was 0.02 Da. Peptides 
with a q-value lower than 0.01 were considered as positive identifications with a high confidence 
level. The protein FDR validator node was used to estimate the number of falsely identified proteins 
among all the identified proteins. Proteins with an FDR lower than 0.01 were considered with high 
confidence, proteins with FDR between 0.01 and 0.05 as medium confidence level and higher than 
0.05 as low confidence.  
 
The ptmRS node was used to provide a confidence measure for the localization of EPI in the 
peptide sequences identified with this modification. Peptide spectrum matches (PSM) were 
considered for relative quantification. Ratios of the peptides with or without EPI were calculated 
and EPI sites relative abundance was determined.  
 
On the other hand, MS/MS spectra were searched against the Swissprot Human release 2019_05 
and contaminants database and user proteins manually introduced using MaxQuant v1.6.6.0 with 
andromeda search engine 7. Searches were run against targeted and decoy databases. Search 
parameters included trypsin enzyme specificity, allowing for two missed cleavage sites, oxidation 
in methionine, EPI in cysteine, carbamidomethylation in cysteine and acetylation in protein N-
terminus as dynamic modifications. Peptide mass tolerance was 20 ppm and the MS/MS tolerance 
was 20 ppm and the minimal peptide length was 6 amino acids. Peptide and protein identifications 
were filtered at a false discovery rate (FDR) of 1 % based on the number of hits against the reversed 
sequence database.  
 
We computed the EPI ratio (r) for each EPI site within AR-NTD protein taking into account three 
search nodes: Andromeda, from Max Quant (MQ) software, Amanda and Sequest, from Proteome 
Discoverer software (PD). For each EPI site, we counted the number of EPI-modified (NMod) 
specific peptide spectrum matches (PSMs) and the number of non-EPI (NNoMod) PSMs, from which 
we then computed r as follows:  r  = NMod / (NMod + NNoMod). 
 
In this calculation, we only considered those EPI sites with localization probability higher than 
75%. EPI peptides containing EPI sites with localization probability < 75% were reported in an 
additional table. For the final output, we combined all node results by choosing the node with the 
maximum number of PSM for each EPI site.   
 
 

6.6.3. Epilated AR-NTD production 
 
1-2 mL of 25 µM AR-NTD were incubated with 0 (non-epilated) or 250 µM EPI-001 (epilated) 
overnight at 37 °C and pH=8.0 in 20 mM phosphate buffer and 2 mM TCEP. The products of the 
reaction were dialysed 3 × 2 h using a Pur-A-Lyzer Midi Dialysis Kit 3.5 KDa (Sigma-Aldrich 
Merck) against fresh 20 mM phosphate buffer and 2 mM TCEP to remove non-reacted EPI-001. 
Then, the proteins were concentrated using an Amicon Ultra-15 3 KDa MWCO (Merck) to ca ¼ of 
the initial volume, to reach an estimated concentration of 100 µM. Then, the protein was aliquoted 
and freezed at -80 °C until needed. The protein concentration was measured using Reversed-phase 
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HPLC amino acid analysis 8 by the University of Barcelona unit of separative techniques and 
peptide synthesis. 
 
 

6.7. Fluorescence recovery after photobleaching 
(FRAP) of protein samples 
 
The protein samples for FRAP were prepared as in section 6.4. FRAP experiments were performed 
using a Zeiss LSM780 confocal microscope system with a Plan ApoChromat 63x 1.4 oil objective. 
The measurements were conducted within 30 min to 1 h from sample preparation and the bleached 
region was around 30% of the droplet diameter in the middle plane section. Droplets from different 
conditions were selected to be of the same diameter. 3 independent  
FRAP measurements were carried out for each condition (10 droplets per condition). The exported 
recovery curves were averaged and normalised using the EasyFrap software 9. 
 
 

6.8. Cell culture 
 
HeLa cells stably expressing AR-eGFP were a gift from the laboratory of Dr. Maria Pennuto and 
were cultured in DMEM medium containing 4.5 g·L-1 glucose (ThermoFisher Scientific) 
supplemented with 10% (v/v) charcoal stripped FBS (Life) and antibiotics. PC3 cells were obtained 
from ATCC (CRL-1435) and were cultured in RPMI medium containing 4.5 g·L-1 glucose 
(ThermoFisher Scientific) supplemented with 10% (v/v) charcoal stripped FBS (Life) and 
antibiotics. Cells were cultured in a humidified atmosphere containing 5% CO2 at 37 °C. 
 
 

6.9. Time-resolved live-cell imaging 
 
PC3 cells were seeded in collagen I-coated µ-slide 4-well glass-bottom plates (Ibidi 80426) at 60% 
confluency 24 h before transfection. Then, 170 ng of expression vectors (eGFP-tagged full length 
AR or eGFP-tagged AR-ΔNLS) were transfected per well using a ratio of 1 mg of DNA to 3 ml of 
polyethylenimine (PEI) (Polysciences). 4 h post-transfection, the medium was changed to RPMI 
medium supplemented with 10% charcoal stripped FBS and cells were cultured for 16 h before 
treatment and imaging. Before imaging, cells were treated with either DMSO or the indicated 
compound for 1 h. Then, cells were imaged in 3D for 1 min every 15 sec to acquire a baseline 
readout of AR expression. Immediately after, dihydrotestosterone (DHT) was added to a final 
concentration of 1 nM and cells were imaged for 1 h every 15 sec. Time-lapse images were 
performed using a Spinning Disk confocal microscope (Olympus IX81) equipped with an iXon 
EMCCD Andor DU-897 camera and a Yokogawa CSU-XI scan head with a Plan ApoN 60x/1.42 
oil objective. A stable temperature (37 °C) and CO2 concentration (5%) were maintained during 
imaging in an incubation chamber (EMBL, Germany). eGFP was excited with a 488 nm laser and 
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Z-stack images were acquired every 0.45 µm step size. Time-resolved images were compiled, 
processed and edited with Fiji (ImageJ) software. 
 
 

6.10. Stimulated emission depletion (STED) super-
resolution microscopy on fixed cells 
 
AR-eGFP HeLa stable cells were cultured on a glass bottomed cellview cell culture dish (Greiner 
bio-one) in DMEM media provided with 10% (v/v) charcoal stripped FBS (Life) for 24h prior 
addition of the indicated compound for 1 h and subsequent addition of 1 nM DHT for 4 extra h. 
Then, cells were fixed with PBS containing 4% paraformaldehyde for 15 min. After washing with 
PBS, cells quenched with 300mM Glycine and 0.3% Triton in PBS and permeabilised with 0.5% 
Triton in PBS. Afterwards, cells were blocked with 2% BSA in PBS. Finally, AR-eGFP was stained 
with GFP-Booster Abberior AS 635P (ThermoFisher Scientific) 1:50 at 4 °C overnight. 
 
STED imaging on fixed and live samples was performed using an Abberior 3D-2 Color-STED 
system (Abberior Instruments) with a 100x/1.4 NA oil or a 60x/1.2 NA water objectives (Olympus). 
Excitation of the Abberior Star Red probe was performed at 640 nm 10The depletion laser was a 775 
nm pulsed laser (Katana HP, 3W, 1ns pulse duration, NKT Photonics). 
  
All images were processed, segmented and analysed using the custom-designed image analysis 
software MotionTracking 11, as previously described 12–14. First the background intensity was 
subtracted from the images and high frequency noise was removed using a Gaussian low-pass filter 
(sigma = 0.02 µm). Then, the objects of interest were reconstructed using the model-based 
segmentation approach, i.e. objects were recognised by fitting the image intensity with a sum of 
powered Lorenzian functions. The different features (e.g. number of objects, size, mean intensity) 
were calculated only on the segmented objects inside a region of interest (ROI). ROIs were 
automatically defined using a threshold-based masking. Object size (L) was defined as L = (A/n)1/2 , 
where  A is the area of the object. 
 
 

6.11. FRAP assay in live cells 
 
HeLa cells stably expressing AR-eGFP were plated on µ-slide 4-well glass-bottom plates (Ibidi) in 
DMEM medium provided with 10% (v/v) charcoal-stripped serum (Life) at 80% confluency and 
cultured for 48 h. On the day of the experiment, cells were treated for 1 h with DMSO or the 
indicated compound prior to the addition of 1 nM DHT for 4 extra h. FRAP data for each condition 
was acquired over the course of 30 min (no trend was observed between FRAP data acquired at the 
beginning versus the end of the acquisition time). FRAP measurements were performed on a 
Spinning Disk confocal microscope (Olympus IX81) equipped with an iXon EMCCD Andor DU-
897 camera and a Yokogawa CSU-XI scan head with a UPlanSApo 100x/1.40 oil objective. A 
stable temperature (37 °C) and CO2 concentration (5%) were maintained during imaging in an 
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incubation chamber (EMBL, Germany). Pre-bleaching (20 images) and fluorescence recovery 
images (200 images) of eGFP-AR were acquired with the same 488 nm laser power with an 
exposure time of 180 msec in a 15x15 pixel square format within a HeLa nucleus. Bleaching was 
conducted for 50 ms at 60% intensity of the 488 nm laser power. Mean intensity measurements 
were quantified in three different regions of interest: the bleached region, the background region 
outside the cell and the nucleus of the cell. Fiji (ImageJ) was used to measure the fluorescence 
intensities. Exported recovery curves were normalised using the EasyFrap software 9. 
 
 

6.12. Proximity-ligation assay (PLA) 
 
HeLa cells stably expressing AR-eGFP were plated on 12 mm-diameter coverslips in 6-well plates 
(ThermoFisher Scientific) in DMEM medium provided with 10% (v/v) charcoal-stripped serum 
(Life) and cultured for 48 h before treatment. Cells were then treated with the indicated compound 
for 1 h and incubated with 1 nM DHT for an additional 4 hours. After that, cells were fixed in PBS 
containing 4% paraformaldehyde (EMS) for 10 minutes, subsequently washed in PBS and 
permeabilised with methanol for 7 minutes. Coverslips were then blocked in the manufacturer’s 
blocking solution for 1 h at rt, and incubated with antibodies against Androgen Receptor (rabbit-
anti-AR 441, sc-7305, Santa Cruz Biotechnology, 1:300) and RNA-polymerase II (mouse-anti-
RNA-polII, 8WG16, abcam, 1:300). Cells were subsequently incubated with Duolink II PLA 
probes (Sigma-Aldrich Merck) and stained according to the manufacturer’s protocol. Cells were 
analyzed with a 63x objective lens on a Leica SP5 or Zeiss LSM780 confocal microscopes. 
 
 

6.13. Western Blot (WB) 
 
HeLa cells stably expressing AR-eGFP (a generous gift from the laboratory of Dr. Maria Pennuto) 
were plated on 6-well plates (ThermoFisher Scientific) in DMEM media provided with 10% 
charcoal-stripped serum (Life) and cultured for 48 h before treatment. Cells were then treated with 
the indicated compound for 1 h and incubated with 1 nM DHT for an additional 4 hours. After that, 
cells were washed with PBS and lysed in passive lysis buffer (Promega). Total cellular lysate was 
centrifuged at 15000 g to separate soluble and pellet fractions. Total protein was quantified using 
the Bradford protein assay (Bio-Rad). A constant protein concentration was loaded and resolved in 
mini-Protean TGX 4-20% acrylamide gel (Bio-Rad) and blotted onto a PVDF membrane (Bio-
Rad). Protein levels were assessed by means of the following antibodies: anti-β-actin-HRP (ab8224, 
abcam, 1:10000), rabbit-anti-Androgen Receptor 441 (sc-7305, Santa Cruz Biotechnology, 1:1000), 
mouse-anti-RNA-polymerase II (mouse-anti-RNA-polII, 8WG16, abcam, 1:1000) and anti-mouse 
HRP-conjugated secondary antibody (ab20272, abcam, 1:5000). Protein bands were quantified 
using Fiji (ImageJ) software. 
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6.14. Chrom logD determination 
 
Reversed-phase liquid chromatography (Chrom logD) values were experimentally determined as a 
measure of hydrophobicity of the CAM family of compounds. The experimental evaluation was 
subcontracted to Fidelta, Ltd. Chrom logD values were calculated from the following equation: 
Chrom logD = 0.0857·CHI - 2. Chromatographic Hydrophobic Index (CHI) values were 
determined from gradient retention times at pH = 7.4. Chromatograms were obtained using an 
Agilent 1100 Series HPLC instrument equipped with diode array detector (DAD) coupled with 
Micromass Quattro API mass spectrometer. A Luna C18 column (50 mm 3 mm i.d., 5 mm particle 
size, 100 Å) from Phenomenex was used with a 5 min run, at 1 mL/min flow rate using the 
following gradient: 0-3 min with linear gradient from 0 to 100% of B; 3-3.5 min in 100% of B; 3.5-
3.7 min from 100 to 0% of B; and 3.7-5 min re-equilibration with 100% of A. A = 50 mM 
ammonium acetate in water, B = acetonitrile. Data acquisition and processing were performed with 
MassLynx software version 4.1. 
 
 

6.15. Biological evaluation 
 

6.15.1. Transcriptional activity assay (PSA-luciferase assay) 
 
The PSA-luciferase assay was performed by the laboratory of Dr. Marianne Sadar as previously 
described 15. Transcriptional activities were determined in transient transfection assays using the 
PSA(6.1kb)-luciferase reporter. Transfected cells were incubated for 24 h in the absence and 
presence of 1 nM R1881 (the synthetic androgen methyltrienolone) with or without inhibitors. 
Luciferase activity was measured using the Steady Glo Luciferase assay buffer (Promega) with 
CLIPR (Molecular Devices). Luciferase activities were normalised to protein concentrations of the 
samples.  
 
 

6.15.2. Proliferation assay 
 
The AR-dependent and AR-independent proliferation assays were performed by the laboratory of 
Dr. Marianne Sadar as previously described 15. PC3 and LNCaP cells were plated in 96-well plates 
in respective media plus 0.5% FBS. The next day, PC3 cells were treated with vehicle or inhibitor 
for 2 days, and LNCaP cells were pretreated with vehicle or inhibitor for 1 hour before treating with 
0.1 nM R1881 for 3 days. Cell viability was measured using alamarBlue Cell Viability Assay 
(Invitrogen) following the manufacturer’s protocol. 
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6.16. Chemical synthesis 
 

6.16.1. Relevant chemical abbreviations 
 
 

ACN Acetonitrile MeOH Methanol 

atm Atmosphere PTSA p-Toluenesulfonic acid 

BuLi Butyllithium rt Room temperature 

DMF Dimethylformamide THF Tetrahydrofuran 

EtOH Ethanol UV Ultraviolet light 

DCM Dichloromethane CV Column volumes 

 

6.16.2. General methods and materials for synthetic work 
 
Commercially available reagents and solvents were used without further purification unless 
otherwise noted. Anhydrous and degassed THF was taken from a solvent purification system (SPS 
PS-MD-3). All reactions that required anhydrous conditions were performed under a dry nitrogen 
atmosphere. All reactions were monitored by thin layer chromatography (TLC) using silica gel on 
aluminium sheets (Merck). Solvents were evaporated under reduced pressure with a rotary 
evaporator. Silica gel chromatography was performed using an automated chromatography system 
(PuriFlash® 430, Interchim). 
 
1H and 13C NMR spectra were recorded at room temperature on a Varian Mercury 400 MHz 
spectrometer from the Centres Científics i Tecnològics of the University of Barcelona. Chemical 
shifts (δ) were referenced to internal solvent resonances and reported relative to tetramethylsilane 
(TMS). The coupling constants (J) are reported in Hertz (Hz). The following abbreviations are used 
to define multiplicities: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), ddd 
(doublet of doublet of doublets), ddt (doublet of doublet of triplets), dddd (doublet of doublet of 
doublet of doublets), dq (doublet of quartets), m (multiplet), quint (quintuplet), bs (broad signal).  
 
IR spectra were recorded in a Thermo Nicolet 6700 FT-IR spectrometer using an ATR system, KBr 
discs or NaCl discs (Film) from the Centres Científics i Tecnològics or the Organic Chemistry 
Department of the University of Barcelona. The use of ATR, KBr discs or NaCl discs is indicated 
for each compound. 
 
High resolution mass spectra (HRMS) were recorded in an LC/MSD-TOF G1969A (Agilent 
Technologies) from the Centres Científics i Tecnològics of the University of Barcelona. 
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Melting points (Mp) were determined using a Büchi melting point apparatus and were not 
corrected. 
 
Optical rotations ([α]D) were measured at rt (25 °C) using a Jasco P-2000 iRM800 polarimeter. 
Concentration is expressed in g/100 mL. The cell sized 10 cm long and had 1 mL of capacity. The 
measure of λ was 589 nm, which corresponds to a sodium lamp.  
 
 

6.16.3. Synthetic procedures and characterisation 
 

6.16.3.1. Synthesis of the starting materials 
 
(R)-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl 4-methylbenzenesulfonate 

 
Crystallisation and purification of tosyl chloride: 
10 g of tosyl chloride were dissolved in a minimum volume of chloroform 
(ca 25 mL), filtered and diluted with five volumes of petroleum ether (ca 
125 mL). The tosyl acid and other impurities precipitated, the solution was 
filtered, clarified with charcoal and concentrated to obtain a white solid. 

(S)-(+)-1,2-isopropyldiene glycidol (0.47 mL, 3.78 mmol) was dissolved in 
pyridine (6 mL) under N2 atmosphere. Then, the solution was cooled down in an ice bath and 4-
DMAP (4.6 mg, 0.04 mmol) was added followed by the addition of tosyl chloride (1.08 g, 5.68 
mmol) in small portions over 10 min. The reaction was allowed to warm up to rt and stirred 
overnight. The pyridine was evaporated and the resulting paste was diluted EtOAc (10 mL) and 
washed with H2O (2×10 mL), 1 M HCl at 0 °C (5 mL), saturated aqueous solution of NaHCO3 (10 
mL) and H2O (10 mL). The organic phase was dried over anh. MgSO4, filtered and evaporated. The 
crude was purified by column chromatography on 25 g silica column equilibrated with 2% Et3N in 
hexane and eluted with a gradient of 0-30% EtOAc in hexane over 10 CV. Compound-containing 
fractions were evaporated to obtain 1.08 g (100% yield) of the product. 
 
The analytical data for this compound was in agreement with the reported characterisation 16. 
 
(R)-oxiran-2-ylmethyl 4-methylbenzenesulfonate 

 
Tosyl chloride (5.43 g, 28.48 mmol) and DMAP (66 mg, 0.54 mmol) were 
dissolved in DCM (25 mL) and cooled down in an ice bath. Et3N (4.2 mL, 
29.83 mmol) and a solution of (S)-glycidol (1.8 mL, 27.12 mmol) were added 
dropwise. The mixture was allowed to warm up to rt and stirred for 3 h while 
a white precipitate formed. The suspension was diluted with DCM (15 mL) 
and washed with 5% w/v aq. sol. K2CO3 (40 mL), 1 M HCl (40 mL) and H2O 

(40 mL). The organic phase was dried over anh. MgSO4, filtered and evaporated. The crude was 
purified by column chromatography (120 g column, eluted with a gradient of 0-30% EtOAc in 
hexane) to obtain 3.94 g (64% yield) of the desired product as a colourless oil. 
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The analytical data for this compound was in agreement with the reported characterisation 16. 
 
 

6.16.3.2. Synthesis of the linker-expanded analogues 
 
(S)-4-((4-iodophenoxy)methyl)-2,2-dimethyl-1,3-dioxolane 

 
A suspension of Cs2CO3 (10.06 g, 30.88 mmol) and 4-iodophenol (4.53 g, 
20.56 mmol) in 40 mL of anh. DMF was prepared under N2 atm. and heated up 
to 80 ºC for 20 min before dropwise addition of a solution of (R)-(2,2-
dimethyl-1,3-dioxolan-4-yl)methyl 4-methylbenzenesulfonate (1.36 g, 10.29 
mmol) in dry DMF (10 mL) over the course of 4 h. Then, the reaction was 
cooled to 50 ºC, stirred overnight and finally quenched by addition of 150 mL 

of H2O. The resulting aqueous layer was extracted with 150 mL of EtOAc and this organic layer 
was washed with 1 M NaOH (100 mL), 40% NaOH (100 mL) and 10% v/w CuSO4 (2×100 mL). 
The organic layer was dried over anh. MgSO4, filtered and evaporated to obtain 1.33 g (39% yield) 
of the desired product. 
 
[α]D = +6.95. 
 
IR (Film): νmax = 2985, 2933, 1585, 1486, 1371, 1243, 1055 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.58 - 7.52 (m, 2H), 6.73 - 6.65 (m, 2H), 4.50 - 4.42 (m, 1H), 4.16 
(dd, J = 8.5, 6.4 Hz, 1H), 4.01 (dd, J = 9.5, 5.4 Hz, 1H), 3.90 (dd, J = 9.8, 5.8 Hz, 1H), 3.88 (dd, J = 
8.6, 5.8 Hz, 1H), 1.45 (bs, 3H), 1.40 (bs, 3H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 158.6, 138.4, 117.1, 110.0, 83.4, 74.0, 69.0, 66.9, 26.9, 25.5 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C12H16O3I: 335.0139; found: 335.0136. 
 
(S)-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)trimethylsilane 

 
(S)-4-((4-iodophenoxy)methyl)-2,2-dimethyl-1,3-dioxolane was 
dissolved in 25 mL of anh. DMF under N2 atm in a Schlenk flask and 
CuI (21 mg, 0.11 mmol), Pd(Ph3P)2Cl2 (78 mg, 0.11 mmol), 
trimethylsilylacetylene (0.46 mL, 3.41 mmol) and 16 mL of Et3N were 
added to the solution under N2 atm. The reaction was stirred for 1.5 h 
(the solution turns black), diluted with EtOAc (50 mL) and washed with 
brine (100 mL). The aqueous layer was extracted with EtOAc (2×150 

mL) and the combined organic layers were dried over anh. MgSO4, filtered and concentrated under 
vacuum. The crude was purified by column chromatography (40 g silica column equilibrated with 
2% Et3N in hexane and eluted with a gradient of 0-30% EtOAc in hexane) to obtain 451 mg (100% 
yield) of the expected product as a brown oil. 
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IR (ATR-FTIR): νmax = 2956, 2360, 2155, 1505, 838 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.42 - 7.36 (m, 2H), 6.86 - 6.79 (m, 2H), 4.51 - 4.41 (m, 1H), 4.15 
(dd, J = 8.5, 6.4 Hz, 1H), 4.04 (dd, J = 9.5, 5.4 Hz, 1H), 3.97 - 3.85 (m, 2H), 1.45 (bs, 3H), 1.40 (bs, 
3H), 0.23 (s, 9H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 158.8, 133.6, 115.9, 114.5, 109.9, 105.2, 92.8, 74.5, 68.9, 66.9, 26.9, 
25.5, 0.2 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C17H24O3Si: 304.1495; found: 305.1568. 
 
(S)-4-((4-ethynylphenoxy)methyl)-2,2-dimethyl-1,3-dioxolane 

 
Potassium carbonate (107 mg, 0.78 mmol) was added to a solution of (S)-
((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl) 
trimethylsilane (197 mg, 0.65 mmol) in MeOH (2 mL). The solution was 
stirred at rt for 1.5 h. The reaction mixture was partitioned between DCM 
(10 mL) and H2O (10 mL) and the aqueous phase was extracted with DCM 
(2×10 mL). The combined organic phases were dried over anh. MgSO4, 

filtered and evaporated to obtain the expected product (197 mg, 100% yield) as a brown oil. The 
product was used without further purification. 

 

(S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)phenol 

 
(S)-4-((4-ethynylphenoxy)methyl)-2,2-dimethyl-1,3-dioxolane (1.22 
g, 5.23 mmol) was dissolved in DMF (60 mL) under N2 atmosphere 
and CuI (50 mg, 0.26 mmol), Pd(Ph3P)2Cl2 (188 mg, 0.26 mmol), 4-
iodophenol (1.28 g, 5.76 mmol) and 38 mL of Et3N were added. The 
resultant solution was stirred at rt for 4 h. Then, the reaction mixture 
was diluted with EtOAc (150 mL) and washed with brine (150 mL) 
and 10% v/w CuSO4 (150 mL). The aqueous layer was extracted 
with EtOAc (2×150 mL) and the combined organic phases were 

dried over anh. MgSO4, filtered and evaporated. The crude was purified by column chromatography 
on 80 g silica column equilibrated with 2% Et3N in hexane and eluted with a gradient of 0-50% 
EtOAc in hexane. Compound-containing fractions were evaporated to obtain 1.21 g (71% yield) of 
the desired product as an orange solid. 
 
Mp = 130 - 131 °C. 
 
IR (ATR-FTIR): νmax = 3305, 3216, 2913, 1728, 1177 cm-1. 
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1H NMR (400 MHz, CDCl3) δ 7.47 - 7.36 (m, 4H), 6.90 - 6.83 (m, 2H), 6.82 - 6.76 (m, 2H), 4.52 - 
4.47 (m, 1H), 4.18 (dd, J = 8.5, 6.4 Hz, 1H), 4.07 (dd, J = 9.6, 5.4 Hz, 1H), 3.99 - 3.89 (m, 2H), 
1.48 (bs, 3H), 1.42 (bs, 3H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 158.3, 155.6, 133.1, 132.9, 116.2, 115.7, 115.5, 114.5, 109.9, 88.0, 
87.7, 73.9, 68.7, 66.7, 26.8, 25.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H20O4: 324.1362; found: 325.1438. 
 
(S)-2,2-dimethyl-4-((4-((4-(((R)-oxiran-2-yl)methoxy)phenyl)ethynyl)phenoxy)methyl)-1,3- 
dioxolane 

 
A suspension of NaH (60% dispersion in oil, 74 mg, 1.84 
mmol) in 0.5 mL of anh. DMF was prepared and cooled down 
to 0 ºC. A solution of (S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-
yl)methoxy)phenyl)ethynyl)phenol (215 mg, 0.92 mmol) in 1 
mL of anh. DMF was added dropwise and the resulting mixture 
was stirred at rt for 15 min. Then, a solution of (R)-oxiran-2-
ylmethyl 4-methylbenzenesulfonate (419 mg, 1.84 mmol) in 1 
mL of anh. DMF was added to the previous suspension and the 
mixture was stirred at rt overnight. The reaction was quenched 

by addition of 20 mL of NH4Cl saturated solution and the resulting aqueous layer was extracted 
with EtOAc (3×20 mL). The combined organic extracts were washed with 10% v/w CuSO4 (2×20 
mL), dried over anh. MgSO4, filtered and evaporated. The crude was used in the following step 
without further purification (60% yield). 
 
Mp = 90 - 91 ºC. 
 
[α]D = +6.46. 
 
IR (KBr): νmax = 2923, 1605, 1516, 1242, 836 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.47 - 7.40 (m, 4H), 6.91 - 6.84 (m, 4H), 4.48 (quint, J = 5.8 Hz, 1H), 
4.24 (dd, J = 11.0, 3.1 Hz, 1H), 4.17 (dd, J = 8.5, 6.4 Hz, 1H), 4.07 (dd, J = 9.5, 5.4 Hz, 1H), 4.00 - 
3.87 (m, 3H), 3.36 (ddt, J = 5.7, 4.1, 2.8 Hz, 1H), 2.92 (dd, J = 4.9, 4.1 Hz, 1H), 2.77 (dd, J = 4.9, 
2.6 Hz, 1H), 1.47 (bs, 3H), 1.41 (bs, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.4, 158.3, 132.9, 132.8, 116.3, 116.1, 114.6, 114.5, 109.8, 88.0, 
87.9, 73.9, 68.8, 68.7, 66.8, 50.0, 44.7, 27.8, 23.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C23H25O5 381.1697; found 381.1697. 
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(R)-3-(4-((4-((S)-3-chloro-2-hydroxypropoxy)phenyl)ethynyl)phenoxy)propane-1,2-diol 
 
(S)-2,2-dimethyl-4-((4-((4-(((R)-oxiran-2-yl)methoxy) 
phenyl)ethynyl)phenoxy)methyl)-1,3-dioxolane (142 mg, 
0.13 mmol) was dissolved in ACN (10 mL). Then, 
CeCl3·7H2O (346 mg, 0.93 mmol) was added and the 
mixture refluxed at 100 °C overnight. The reaction 
mixture was allowed to cool down to rt and evaporated. 
The paste was dissolved in MeOH, filtered through a 

Celite® pad and evaporated. The crude was purified by column chromatography (12 g silica 
column, eluted with a gradient of 30-100% EtOAc in hexane). Compound-containing fractions were 
evaporated to obtain the expected product (30 mg, 21 % yield) as a white solid. 
 
Mp = 141 - 142 ºC. 
 
IR (KBr): νmax = 3351, 2924, 1517, 1248, 1037, 832 cm-1. 
 
1H NMR (400 MHz, CD3OD) δ 7.46 - 7.39 (m, 4H), 7.01 - 6.94 (m, 4H), 4.19 - 4.05 (m, 4H), 4.04 - 
3.95 (m, 2H), 3.79 (dd, J = 11.3, 4.9 Hz, 1H), 3.76 - 3.63 (m, 3H) ppm. 
 
13C NMR (100 MHz, CD3OD) δ 160.3, 160.0, 113.8, 113.7, 117.5, 117.2, 115.8, 115.7, 88.8, 88.7, 
71.7, 70.9, 70.4, 70.2, 64.1, 46.6 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H22ClO5 377.1150; found 377.1149. 
 
(S)-4-(4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenethyl)phenol 

 
A solution of (S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy) 
phenyl)ethynyl)phenol (103 mg, 0.32 mmol) in 8 mL of MeOH and 
1.5 mL of DCM and 34 mg of Pd over C were added to this solution. 
The mixture was purged with N2 and with H2 and stirred at rt 
overnight. The resulting suspension was then filtered through a 
Celite® pad, washed with DCM and evaporated to obtain 101 mg 
(97% yield) of the expected product. 

 
Mp = 116 - 118 ºC. 
 
IR (ATR-FTIR): νmax = 2990, 2923, 2847, 1611, 1510, 1452, 1370, 1241, 1212, 1050, 1031, 823  
cm-1. 
 
1H NMR (400 MHz, CD3OD) δ 7.05 - 7.00 (m, 2H), 6.96 - 6.91 (m, 2H), 6.85 - 6.78 (m, 2H), 6.68 - 
6.64 (m, 2H), 4.45 - 4.39 (m, 1H), 4.13 (dd, J = 8.4, 6.5 Hz, 1H), 3.95 (dd, J = 5.4, 4.3 Hz, 2H), 
3.84 (dd, J = 8.4, 6.2 Hz, 1H), 3.66 (qd, J = 11.3, 5.2 Hz, 1H), 2.80 - 2.71 (m, 4H), 1.41 (s, 3H), 
1.36 (s, 3H) ppm. 
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13C NMR (101 MHz, CD3OD) δ 156.9, 153.9, 153.9, 134.6, 134.58, 134.0, 134.0, 129.7, 129.5, 
115.3, 114.5, 109.9, 109.9, 74.2, 69.0, 67.0, 37.4, 37.4, 26.9, 25.5 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H25O4: 329.1747; found: 329.1756. 
 
(S)-2,2-dimethyl-4-((4-(4-(((R)-oxiran-2-yl)methoxy)phenethyl)phenoxy)methyl)-1,3- 
dioxolane 

 
A suspension of NaH (60% dispersion in oil, 25 mg, 0.61 
mmol) in 0.5 mL of anh. DMF was prepared and cooled down 
to 0 ºC. A solution of (S)-4-(4-((2,2-dimethyl-1,3-dioxolan-4-
yl)methoxy)phenethyl)phenol (101 mg, 0.31 mmol) in 1 mL of 
anh. DMF was added dropwise and the resulting mixture was 
stirred at rt for 15 min. Then, a solution of (R)-oxiran-2-
ylmethyl 4-methylbenzenesulfonate (140 mg, 0.61 mmol) in 1 
mL of anh. DMF was added to the previous suspension and the 

mixture was stirred at rt overnight. The reaction was quenched by addition of 20 mL of NH4Cl 
saturated solution and the resulting aqueous layer was extracted with EtOAc (3×20 mL). The 
combined organic extracts were washed with 10% v/w CuSO4 (2×20 mL), dried over anh. MgSO4, 
filtered and evaporated. The crude was purified by column chromatography (12 g silica column 
equilibrated with 2% Et3N in hexane and eluted with a gradient of 0-30% EtOAc in hexane) to 
obtain 86 mg (73% yield) of the expected product. 
 
Mp = 73 - 74 ºC. 
 
IR (ATR-FTIR): νmax = 2987, 2932, 1611, 1513, 1251 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ  7.08 - 7.02 (m, 4H), 6.87 - 6.78 (m, 4H), 4.47 (quint, J = 6.0 Hz, 
1H), 4.21 - 4.13 (m, 2H), 4.04 (dd, J = 9.5, 5.4 Hz, 1H), 3.97 - 3.86 (m, 4H), 3.35 (dddd, J = 5.8, 
4.1, 3.2, 2.6 Hz, 1H), 2.90 (dd, J = 5.0, 4.1 Hz, 1H), 2.82 (s, 4H), 2.75 (dd, J = 5.0, 2.6 Hz, 1H), 
1.47 (bs, 3H), 1.41 (bs, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 157.0, 156.9, 134.6, 134.5, 129.6, 129.5, 114.6, 114.5, 109.9, 74.2, 
69.0, 69.0, 67.1, 50.4, 44.9, 37.4, 37.4, 27.0, 25.5 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C23H29O5 385.2010; found 385.2020. 
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(R)-3-(4-(4-((S)-3-chloro-2-hydroxypropoxy)phenethyl)phenoxy)propane-1,2-diol 
 
The starting material ((R)-3-(4-(4-((S)-3-chloro-2-
hydroxypropoxy)phenethyl)phenoxy)propane-1,2-diol, 75 mg, 0.19 
mmol) was dissolved in 5 mL of ACN. Then, CeCl3·7H2O (182 
mg, 0.49 mmol) was added and the mixture refluxed at 100 °C 
overnight. The reaction mixture was allowed to cool down to rt and 
evaporated. The paste was dissolved in MeOH, filtered through a 
Celite® pad and evaporated. The crude was purified by column 
chromatography (4 g silica column, eluted with a gradient of 50-

100% EtOAc in hexane). Compound-containing fractions were evaporated to obtain the expected 
product (36 mg, 48 % yield) as a white solid. 
 
Mp = 133 - 134 ºC. 
 
[α]D = +9.28. 
 
IR (ATR-FTIR): νmax = 3338, 3029, 2921, 2844, 1608, 1510, 1240, 1036, 824, 810 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.06 - 6.98 (m, 4H), 6.82 - 6.76 (m, 4H), 4.10 (quint, J = 5.2 Hz, 1H), 
3.97 - 4.04 (m, 3H), 3.89 - 3.95 (m, 2H), 3.75 (dd, J = 11.3, 4.9 Hz, 1H), 3.60 - 3.70 (m, 3H),   2.79 
(s, 4H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.6, 158.3, 135.7, 135.4, 130.5, 130.4, 115.4, 115.3, 71.9, 71.0, 
70.3, 70.1, 64.2, 38.4, 38.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H26ClO5 381.1463; found 381.1462. 
 
(S)-2,2-dimethyl-4-((4-((Z)-4-(((R)-oxiran-2-yl)methoxy)styryl)phenoxy)methyl)-1,3- 
dioxolane 

 
In a 25 mL round bottom flask with a magnetic stirrer, (S)-2,2-
dimethyl-4-((4-((4-(((R)-oxiran-2-yl)methoxy)phenyl)ethynyl) 
phenoxy)methyl)-1,3-dioxolane (350 mg, 0.92 mmol) was dissolved in 
a 1:1 mixture of hexanes and toluene (8 mL). Quinoline (0.11 mL, 0.92 
mmol) and Pd/BaSO4 (7 mol%) were added to the starting material, and 
the suspension was put under H2 (balloon). Stirring was kept for 3 h, 

and the crude was then filtered through a Celite® pad. The solvent was removed under vacuum and 
the product purified by column chromatography (12 g silica column, equilibrated with 2% Et3N in 
hexane and eluted with a gradient of 0-100% EtOAc in hexane). The product was isolated as a 
mixture (Z isomer and starting epoxide) that was not further purified. The reaction wasn’t 
reproducible. 
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1H NMR (400 MHz, CDCl3) δ 7.21 - 7.14 (m, 4H), 6.80 - 6.72 (m, 4H), 6.44 (s, 2H), 4.47 (quint, J = 
5.9 Hz, 1H), 4.23 - 4.12 (m, 2H), 4.04 (dd, J = 9.5, 5.4 Hz, 1H), 3.97 - 3.87 (m, 3H), 3.34 (m, 1H), 
2.90 (dd, J = 5.0, 4.1 Hz, 1H), 2.75 (dd, J = 4.9, 2.6 Hz, 1H), 1.46 (s, 3H), 1.40 (s, 3H) ppm. 
     
13C NMR (100 MHz, CDCl3) δ 157.5, 157.4, 130.5, 130.4, 130.1, 130.0, 128.5, 128.4, 114.3, 114.2, 
109.7, 74.0, 68.7, 68.6, 66.8, 50.1, 44.7, 26.8, 25.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C23H27O5 383.1859; found 383.1858. 
 
(R)-3-(4-((Z)-4-((S)-3-chloro-2-hydroxypropoxy)styryl)phenoxy)propane-1,2-diol 

 
(Z)-2,2-dimethyl-4-((4-(4-(oxiran-2-yl)methoxy)styryl)phenoxy) 
methyl)-1,3-dioxolane (73 mg, 0.19 mmol) was dissolved in 5 mL 
of ACN and CeCl3·7H2O (179 mg, 0.48 mmol) was added. The 
suspension was refluxed at 100 ºC overnight. After this time, the 
mixture was concentrated, redissolved in MeOH and filtered 
through a Celite® pad. The solvent was removed under vacuum 

and purified by column chromatography (eluted with a gradient of 0-10% MeOH in DCM). The 
final product was isolated as a white solid (36 mg, 48% yield) that turned out to be a mixture of 
isomers (75 % of Z and 25 % of E). 
 
1H NMR (400 MHz, CD3OD) δ 7.21 - 7.14 (m, 4H), 6.85 - 6.81 (m, 4H), 6.46 (s, 2H) 4.09 - 4.16 
(m, 1H), 4.02 - 4.07 (m, 3H),  3.94 - 3.99 (m, 2H), 3.77 (dd, J = 11.3, 5.0 Hz, 1H), 3.66 - 3.71 (m, 
3H) ppm. 
 
13C NMR (100 MHz, CD3OD) δ  46.7, 64.2, 70.0, 70.3, 71.0, 71.8, 115.2, 115.3, 129.4, 129.6, 
131.0, 131.1, 131.5, 131.8, 159.1, 159.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H24ClO5 379.1312; found [M+H]+ 379.1310. 
 
(S)-2,2-dimethyl-4-((4-((E)-4-(((R)-oxiran-2-yl)methoxy)styryl)phenoxy)methyl)-1,3- 
dioxolane 

 
A mixture of the Z and the E isomers and the totally reduced 
product (37 mg) was dissolved in 3 mL of MeOH and 
irradiated with a set of 237 nm wavelength lamps in the 
Rayonet� reactor in the presence of CuCl (3 mg) in a quartz 
flask. After 1 h, the solvent was concentrated and the crude 
was purified by column chromatography (4 g silica column, 
equilibrated with 2% Et3N in hexane and eluted with a gradient 
of 0-30% EtOAc in hexane) to obtain 15 mg of the E isomer 

(together with the totally reduced product). 
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1H NMR (400 MHz, CDCl3) δ 7.44 - 7.38 (m, 4H), 6.92 (s, 2H), 6.92 - 6.88 (m, 4H), 4.49 (quint, J = 
5.9 Hz, 1H), 4.27 - 4.14 (m, 2H), 4.08 (dd, J = 9.5, 5.4 Hz, 1H), 4.01 - 3.88 (m, 3H), 3.39 – 3.33 (m, 
1H), 2.91 (dd, J = 4.9, 4.1 Hz, 1H), 2.77 (dd, J = 4.9, 2.7 Hz, 1H), 1.47 (d, J = 0.7 Hz, 3H), 1.41 (d, 
J = 0.7 Hz, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.2, 158.1, 131.1, 131.0, 127.6, 127.6, 126.5, 126.4, 115.0, 114.9, 
109.9, 74.2, 69.0, 69.0, 67.0, 50.3, 44.9, 27.0, 25.5 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C23H27O5 383.1853; found 383.1850. 
 
(R)-3-(4-((E)-4-((S)-3-chloro-2-hydroxypropoxy)styryl)phenoxy)propane-1,2-diol 

 
(S)-2,2-dimethyl-4-((4-((E)-4-(((R)-oxiran-2-yl)methoxy) 
styryl)phenoxy)methyl)-1,3-dioxolane (15.3 mg, 0.04 
mmol) was dissolved in 1 mL of acetonitrile. Then, 
CeCl3·7H2O (37.7 mg, 0.1 mmol) was added. The 
suspension was refluxed at 100 ºC overnight. After this 
time, the mixture was concentrated, redissolved in MeOH 

and filtered through a Celite® pad. The solvent was removed under vacuum and purified by column 
chromatography (eluted with a gradient of 0-10% MeOH in DCM) to obtain the final product (7.2 
mg, 48% yield). 
 
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.26 (m, 4H), 6.83 – 6.73 (m, 6H), 3.95 (dd, J = 5.3, 1.1 Hz, 
2H), 3.67 – 3.59 (m, 2H), 3.58 – 3.52 (m, 2H), 3.22 (dq, J = 3.2, 1.5 Hz, 4H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.09, 157.82, 130.87, 130.64, 127.33, 126.24, 126.05, 114.67, 
114.61, 70.32, 69.47, 68.97, 68.69, 63.29, 45.70, 29.55 ppm. 
 
 

6.16.3.3. Synthesis of CAM family of compounds 
 
(S)-4-((4-iodo-3-methylphenoxy)methyl)-2,2-dimethyl-1,3-dioxolane 

 
A mixture of 4-iodo-2-methylphenol (1.05 g, 4.47 mmol) and Cs2CO3 (2.92 g, 
8.95 mmol) in 10 mL of anh. DMF was prepared under N2 atm. and heated up 
to 80 ºC for 15 min. Then, a solution of (R)-(2,2-dimethyl-1,3-dioxolan-4-
yl)methyl 4-methylbenzenesulfonate (1.18 g, 8.95 mmol) in dry DMF (5 mL) 
was added dropwise. The reaction was stirred overnight at 80 ºC and 
quenched by addition of 50 mL of a saturated KHCO3 solution. The resulting 

aqueous layer was extracted with EtOAc (3×50 mL). The extracted organic layers were 
concentrated and washed with 10% v/w CuSO4 (2×20 mL). The organic layer was dried over anh. 
MgSO4, filtered and evaporated. The resulting crude was purified by column chromatography (25 g 
column, eluted with a gradient of 0-100% EtOAc in hexane) to obtain 1.36 g (87% yield) of the 
desired product as a yellow oil. 
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[α]D = +16.57. 
 
IR (Film): νmax = 2985, 2933, 2980, 1588, 1490, 1246, 1055, 842 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.45 - 7.39 (m, 2H), 6.60 - 6.56 (m, 1H), 4.46 (qd, J = 6.1, 4.7 Hz, 
1H), 4.16 (dd, J = 8.4, 6.3 Hz, 1H), 4.03 (dd, J = 9.6, 4.7 Hz, 1H), 3.97 - 3.89 (m, 2H), 2.17 (s, 2H), 
1.46 (d, J = 0.7 Hz, 3H), 1.40 (d, J = 0.7 Hz, 3H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 156.7, 139.3, 135.6, 129.8, 113.4, 109.80, 83.3, 74.1, 68.7, 66.9, 
26.9, 25.5, 16.0 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C13H18O3I: 349.0295; found: 349.0297. 
 
(S)-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)-3-methylphenyl)ethynyl)trimethylsilane 

 
A suspension of the starting material ((S)-4-((4-iodo-3-
methylphenoxy)methyl)-2,2-dimethyl-1,3-dioxolane, 357 mg, 1.02 
mmol), CuI (2.0 mg, 0.01 mmol) and Pd(Ph3P)2Cl2 (7.2 mg, 0.01 mmol) 
was prepared in 3 mL of anh. THF. Then, trimethylsilylacetylene (0.22 
mL, 1.54 mmol) and 3 mL of Et3N were added and the resulting mixture 
was stirred for 2.5 h. The solution was filtered through a Celite® pad and 
concentrated under vacuum. The resulting crude was purified by column 

chromatography (25 g column, eluted with a gradient of 0-100% EtOAc in hexane) to accomplish 
324 mg (99% yield) of the desired compound as a yellow oil. 
 
[α]D = +19.68. 
 
IR (Film): νmax = 2986, 2958, 2897, 2149, 15011229, 843 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.29 - 7.25 (m, 2H), 6.74 - 6.70 (m, 1H), 4.47 (qd, J = 6.1, 4.6 Hz, 
1H), 4.16 (dd, J = 8.4, 6.3 Hz, 1H), 4.07 (dd, J = 9.6, 4.6 Hz, 1H), 3.98 - 3.92 (m, 2H), 2.18 (s, 2H), 
1.46 (d, J = 0.7 Hz, 3H), 1.40 (d, J = 0.7 Hz, 3H), 0.23 (s, 9H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 157.1, 134.5, 131.1, 127.0, 115.4, 110.8, 109.8, 105.5, 92.4, 74.1, 
68.6, 67.0, 26.9, 25.6, 16.1, 0.2 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C18H27O3Si: 319.1724; found: 319.1718. 
 
 
 
 
 
 
 



6. Experimental methods 
− 
 

 187 

6.16.3.3.1. General procedure P1 for Sonogashira coupling: 
 

 

R1 R2 time (h) yield (%) 

H OMe 5 75 
H F 6 79 
H Me 5 85 
H Ph 18 78 
H tBu 18 71 

Me H 16 87 
Me Me 2.5 87 

 
The starting building block (1 eq.) was dissolved in a mixture of THF and Et3N 1:1 (0.3 M) under 
N2 atm. Then, CuI (0.02 eq.), Pd(Ph3P)2Cl2 (0.02 eq.) and the corresponding substituted iodophenol 
(1 eq.) were added. The resultant solution was stirred at rt for the required time. After completion, 
the reaction mixture was partitioned between H2O and DCM and the aqueous phase was extracted 
with DCM. The combined organic phases were dried over anh. MgSO4, filtered and concentrated 
under vacuum. The crude was purified by column chromatography (0-50% or 0-100% EtOAc in 
hexane) to yield the expected product. 
 
(S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)-2-methoxyphenol 

 
Mp = 124 - 125 ºC. 
 
[α]D = +7.14. 
 

1H NMR (400 MHz, CDCl3) δ 7.46 - 7.40 (m, 2H), 7.07 (dd, J = 8.2, 
1.8 Hz, 1H), 7.01 (d, J = 1.8 Hz, 1H), 6.88 (dd, J = 8.5, 1.7 Hz, 3H), 
5.72 (s, 1H), 4.48 (quint, J = 5.9 Hz, 1H), 4.17 (dd, J = 8.5, 6.4 Hz, 
1H), 4.07 (dd, J = 9.5, 5.4 Hz, 1H), 3.96 (dd, J = 9.5, 5.9 Hz, 1H), 

3.91 (dd, J = 8.5, 5.8 Hz, 1H), 3.91 (s, 3H), 3.88 (m, 4H), 1.47 (bs, 3H), 1.41 (bs, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 146.3, 146.2, 133.0, 125.6, 116.3, 115.2, 114.7, 114.7, 113.8, 110.0, 
88.5, 87.5, 74.1, 68.9, 66.9, 56.1, 26.9, 25.5 ppm. 
 
IR (ATR-FTIR): νmax = 3355, 2977, 2939, 2913, 2857, 1603, 1517, 1251, 1229, 1014, 825 cm-1. 
 
HRMS (ESI): m/z [M + H]+ calculated for C23H29O5 385.2010; found 385.2007. 
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 (S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)-2-fluorophenol 
 
Mp = 128 - 129 ºC. 
 
[α]D = +10.52. 
 
IR (ATR-FTIR): νmax = 3205, 2990, 2930, 2896, 2870, 1611, 1577, 
1519, 1326, 1062, 827 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.46 - 7.40 (m, 2H), 7.23 (dd, J = 

11.1, 1.9 Hz, 1H), 7.19 (ddd, J = 8.4, 2.0, 1.1 Hz, 1H), 6.99 - 6.92 (m, 1H), 6.91 - 6.85 (m, 2H), 
5.41 (d, J = 3.9 Hz, 1H), 4.49 (quint, J = 5.8 Hz, 1H), 4.18 (dd, J = 8.5, 6.4 Hz, 1H), 4.07 (dd, J = 
9.5, 5.4 Hz, 1H), 3.96 (dd, J = 9.5, 5.8 Hz, 1H), 3.91 (dd, J = 8.5, 5.8 Hz, 1H), 1.47 (bs, 3H), 1.41 
(bs, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.7, 151.8, 149.4, 144.2, 144.1, 133.1, 128.7, 128.7, 118.8, 118.6, 
117.5, 117.5, 116.2, 116.1, 115.9, 114.7, 110.1, 88.4, 87.2, 87.2, 74.1, 68.9, 66.9, 26.9, 25.5 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H20O4F 343.1340; found 343.1347. 
 
(S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)-2-methylphenol 

 

Mp = 124 - 125 ºC. 
 
[α]D = +8.97. 
 
IR (ATR-FTIR): νmax = 3385, 2969, 2926, 2891, 1607, 1512, 1049, 
835, 823 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.45 - 7.38 (m, 2H), 7.30 (dd, J = 2.1, 

0.9 Hz, 1H), 7.24 (ddd, J = 8.2, 2.1, 0.6 Hz, 1H), 6.89 - 6.83 (m, 2H), 6.72 (d, J = 8.2 Hz, 1H), 5.01 
(s, 1H), 4.49 (quint, J = 5.8 Hz, 1H), 4.17 (dd, J = 8.5, 6.4 Hz, 1H), 4.06 (dd, J = 9.5, 5.4 Hz, 1H), 
3.96 (dd, J = 9.5, 5.8 Hz, 1H), 3.91 (dd, J = 8.5, 5.8 Hz, 1H), 2.24 (s, 3H), 1.47 (bs, 3H), 1.41 (bs, 
3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.4, 154.1, 134.4, 133.0, 130.7, 116.5, 115.8, 115.1, 114.7, 110.0, 
88.4, 87.6, 74.1, 68.9, 66.9, 26.9, 25.5, 15.7 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H23O4 339.1591; found 339.1587. 
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(S)-5-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)-[1,1'-biphenyl]-2-ol 
 

Mp = 101 - 102 ºC. 
 
[α]D = +5.98. 
 
IR (ATR-FTIR): νmax = 3312, 2990, 2926, 2866, 1607, 1508, 1272, 
1224, 1056, 1036, 822, 698 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.54 - 7.39 (m, 9H), 6.97 - 6.94 (m, 

1H), 6.90 - 6.85 (m, 2H), 5.34 (s, 1H), 4.48 (quint, J = 5.8 Hz, 1H), 4.17 (dd, J = 8.5, 6.4 Hz, 1H), 
4.07 (dd, J = 9.6, 5.4 Hz, 1H), 3.96 (dd, J = 9.5, 5.9 Hz, 1H), 3.90 (dd, J = 8.5, 5.8 Hz, 1H), 1.47 
(bs, 3H), 1.41 (bs, 3H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 152.8, 152.8, 136.6, 133.7, 132.9, 132.3, 129.2, 129.1, 128.6, 128.5, 
128.0, 116.3, 116.2, 115.9, 114.6, 109.9, 88.1, 88.0, 68.7, 66.7, 26.8, 25.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C26H25O4 401.1747; found 401.1743. 
 
(S)-2-(tert-butyl)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)ethynyl)phenol 

 
Mp = 111 - 113 ºC. 
 
[α]D = +6.26. 
 
IR (ATR-FTIR): νmax = 3373, 2960, 2922, 2887, 2866, 1606, 1510, 
1404, 1368, 1243, 1202, 1053, 828 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ 7.48 - 7.40 (m, 3H), 7.23 (dd, J = 8.1, 

2.0 Hz, 1H), 6.90 - 6.84 (m, 2H), 6.63 (d, J = 8.2 Hz, 1H), 4.49 (quint, J = 5.8 Hz, 1H), 4.18 (dd, J = 
8.5, 6.4 Hz, 1H), 4.07 (dd, J = 9.5, 5.4 Hz, 1H), 3.96 (dd, J = 9.6, 5.9 Hz, 1H), 3.91 (dd, J = 8.5, 5.8 
Hz, 1H), 1.47 (s, 3H), 1.41 (s, 12H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 158.4, 154.5, 136.5, 133.0, 130.9, 130.5, 116.8, 116.5, 115.5, 114.7, 
110.0, 88.8, 87.4, 74.1, 68.9, 66.9, 34.8, 29.6, 26.9, 25.5 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C24H29O4 381.2060; found 381.2060. 
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(S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)-3-methylphenyl)ethynyl)phenol 
 
Mp = 134 - 136 ºC. 
 
[α]D = +19.28. 
 
IR (Film): νmax = 3298, 2089, 1608, 1513, 1238, 1041, 835, 805 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ  7.39 - 7.34 (m, 2H), 7.35 - 7.28 (m, 
2H), 6.80 - 6.77 (m, 2H), 6.77 - 6.73 (m, 1H), 6.03 (s, 1H), 4.51 (qd, 

J = 6.0, 4.7 Hz, 1H), 4.19 (dd, J = 8.5, 6.4 Hz, 1H), 4.08 (dd, J = 9.7, 4.7 Hz, 1H), 4.02 - 3.94 (m, 
2H), 2.20 (s, 2H), 1.49 (d, J = 0.8 Hz, 3H), 1.43 (d, J = 0.8 Hz, 3H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 156.7, 155.9, 133.9, 133.2, 130.5, 127.1, 115.9, 115.8, 115.6, 111.0, 
110.0, 88.1, 87.9, 74.2, 68.5, 66.8, 26.8, 25.5, 16.2 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H22O4: 338.1513; found: 338.1506. 
 
(S)-4-((4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)-3-methylphenyl)ethynyl)-3-methylphenol 

 
Mp = 107 - 109 ºC. 
 
[α]D (MeOH) = +23.23. 
 
IR (Film): νmax = 2985, 2933, 1585, 1486, 1371, 1243, 1055 cm-1. 
 
1H NMR (400 MHz, CDCl3) δ  7.32 - 7.28 (m, 3H), 7.23 (dd, J = 8.3, 
2.1 Hz, 1H), 6.79 - 6.75 (m, 1H), 6.72 (d, J = 8.2 Hz, 1H), 4.89 (s, 

1H), 4.49 (qd, J = 6.1, 4.6 Hz, 1H), 4.18 (dd, J = 8.4, 6.3 Hz, 1H), 4.09 (dd, J = 9.6, 4.6 Hz, 1H), 
3.98 (dd, J = 6.0, 1.3 Hz, 1H), 3.96 (d, J = 5.9 Hz, 1H), 2.24 (s, 3H), 2.21 (s, 3H), 1.47 (s, 3H), 1.41 
(s, 3H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 156.7, 154.0, 134.4, 134.0, 130.7, 130.4, 127.2, 124.1, 115.9, 115.1, 
111.0, 109.9, 88.0, 87.9, 77.5, 77.2, 76.8, 74.2, 74.2, 69.0, 67.0, 67.0, 26.9, 25.6, 25.6, 16.2, 15.7 
ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H28O5Cl: 395.1620; found: 395.1617. 
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6.16.3.3.2. General procedure P2 for epoxide formation and opening: 
 

 

R1 R2 
overall 
yield 
(%) 

H OMe 34 
H F 39 
H Me 52 
H Ph 42 
H tBu 59 

Me H 64 
Me Me 81 

 
A suspension of NaH (60% dispersion in oil, 2 eq.) in DMF (0.6 M) was prepared and cooled down 
to 0 ºC. A solution of the corresponding phenol (1 eq., 0.3 M) in anh. DMF was added dropwise 
and the resulting mixture was stirred at rt for 15 min. Then, a solution of (R)-oxiran-2-ylmethyl 4-
methylbenzenesulfonate (1.2 eq., 0.3 M) in anh. DMF was added to the previous suspension and the 
mixture was stirred at rt overnight. The reaction was quenched by addition of NH4Cl saturated 
solution and the resulting aqueous layer was extracted with EtOAc, dried over anh. MgSO4, filtered 
and evaporated. The crude was used in the following step without further purification. 
 
The corresponding protected epoxide (1 eq.) was dissolved in ACN (0.04 M) and CeCl3·7H2O (2.5 
eq.) was added. The suspension was refluxed at 100 ºC overnight. After this time, the mixture was 
concentrated, redissolved in MeOH and filtered through a Celite® pad. The solvent was removed 
under vacuum and the crude was purified by column chromatography (50-100% EtOAc in hexane 
or 0%-20% MeOH in DCM) to obtain the final product. 
 
(R)-3-(4-((4-((S)-3-chloro-2-hydroxypropoxy)-3-methoxyphenyl)ethynyl)phenoxy)propane-
1,2-diol 

 
Mp = 134 - 135 ºC. 
 
[α]D =−2.99. 
 
IR (ATR-FTIR): νmax = 3317, 2922, 2857, 1606, 1517, 
1246, 1221, 1026, 833 cm-1. 
 

1H NMR (400 MHz, CD3OD) δ 7.46 - 7.40 (m, 2H), 7.11 - 7.05 (m, 2H), 7.01 - 6.95 (m, 3H), 4.20 - 
4.07 (m, 4H), 4.04 - 3.97 (m, 2H), 3.88 (s, 3H), 3.82 (dd, J = 11.3, 4.8 Hz, 1H), 3.77 - 3.66 (m, 3H) 
ppm. 
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13C NMR (100 MHz, CD3OD) δ 160.4, 150.7, 149.9, 133.8, 125.8, 118.2, 117.1, 116.1, 115.8, 
115.0, 88.8, 88.8, 71.7, 71.4, 71.0, 70.4, 64.1, 56.6, 46.8 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H24O6Cl 407.1256; found 407.1256. 
 
(R)-3-(4-((4-((S)-3-chloro-2-hydroxypropoxy)-3-fluorophenyl)ethynyl)phenoxy)propane-1,2-
diol 

 
Mp = 116 - 118 ºC. 
 
[α]D =−4.72. 
 
IR (ATR-FTIR): νmax = 3376, 3243, 2917, 2848, 2509, 
2410, 1519, 1321, 1296, 1270, 1244, 1014 cm-1. 
 

1H NMR (400 MHz, CD3OD) δ 7.47 - 7.42 (m, 2H), 7.29 - 7.21 (m, 2H), 7.12 (t, J = 8.7 Hz, 1H), 
7.00 - 6.95 (m, 2H), 4.21 - 4.14 (m, 3H), 4.14 - 4.07 (m, 1H), 4.01 - 3.96 (m, 2H), 3.80 (dd, J = 
11.2, 4.7 Hz, 1H), 3.74 - 3.65 (m, 3H) ppm. 
 
13C NMR (100 MHz, CD3OD) δ 160.6, 154.6, 152.1, 148.4, 148.3, 133.9, 129.1, 129.1, 119.9, 
119.7, 118.2, 118.1, 116.7, 116.3, 116.3, 115.8, 115.8, 89.7, 87.6, 87.5, 71.7, 71.4, 70.8, 70.4, 64.1, 
46.6 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C20H21O5ClF 395.1056; found 395.1057. 
 
(R)-3-(4-((4-((S)-3-chloro-2-hydroxypropoxy)-3-methylphenyl)ethynyl)phenoxy)propane-1,2-
diol 

 
Mp = 89 - 90 ºC. 
 
[α]D =−1.53. 
 
IR (ATR-FTIR): νmax = 3274, 2921, 2853, 1606, 1510, 
1456, 1238, 1109, 1037, 833, 813 cm1. 
 

1H NMR (400 MHz, CD3OD) δ  7.44 - 7.39 (m, 2H), 7.32 - 7.29 (m, 1H), 7.28 (bs, 1H), 6.99 - 6.94 
(m, 2H), 6.91 (d, J = 8.4 Hz, 1H), 4.19 (quint, J = 5.2 Hz, 1H), 4.13 - 4.07 (m, 3H), 4.05 - 3.96 (m, 
2H), 3.83 (dd, J = 11.3, 4.9 Hz, 1H), 3.74 (dd, J = 11.3, 5.5 Hz, 1H), 3.69 (dd, J = 7.2, 5.1 Hz, 1H), 
2.24 (s, 3H) ppm. 
 
13C NMR (100 MHz, CD3OD) δ 188.3, 186.1, 162.7, 161.9, 159.5, 156.3, 145.4, 145.1, 143.9, 
140.3, 117.1, 116.6, 99.8, 99.0, 98.5, 98.2, 92.2, 75.0, 44.4 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H24O5Cl 391.1307; found 391.1306. 
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(R)-3-(4-((6-((S)-3-chloro-2-hydroxypropoxy)-[1,1'-biphenyl]-3-yl)ethynyl)phenoxy) 
propane-1,2-diol 

 
Mp = 89 - 91 ºC. 
 
[α]D =−0.77. 
 
IR (ATR-FTIR): νmax = 3321, 2922, 2853, 1616, 1509, 
1238, 1031, 1001, 768, 699 cm-1. 
 

1H NMR (400 MHz, CDCl3) δ 7.56 - 7.52 (m, 2H), 7.49 - 7.39 (m, 7H), 7.07 (d, J = 8.5 Hz, 1H), 
7.01 - 6.94 (m, 2H), 4.14 - 4.06 (m, 4H), 4.05 - 3.99 (m, 2H), 3.71 (dd, J = 7.3, 5.0 Hz, 2H), 3.64 
(dd, J = 11.2, 4.4 Hz, 1H), 3.56 (dd, J = 11.4, 5.0 Hz, 1H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 160.1, 156.6, 138.9, 134.7, 133.8, 132.9, 132.6, 130.5, 128.9, 128.2, 
117.7, 117.0, 115.6, 113.8, 89.1, 88.6, 71.6, 70.5, 70.3, 70.2, 64.0, 46.8 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C26H26O5Cl 453.1463; found 453.1477. 
 
(R)-3-(4-((3-(tert-butyl)-4-((S)-3-chloro-2-hydroxypropoxy)phenyl)ethynyl)phenoxy) 
propane-1,2-diol 

 
Mp = 116 - 118 ºC. 
 
[α]D =−3.14. 
 
IR (ATR-FTIR): νmax = 3327, 2948, 2857, 1606, 1511, 
1241, 1228, 1036, 811 cm-1. 
 

1H NMR (400 MHz, CDCl3) δ 7.48 - 7.39 (m, 3H), 7.34 (dd, J = 8.4, 2.1 Hz, 1H), 6.99 – 6.95 (m, 
3H), 4.26 (quint, J = 5.2 Hz, 1H), 4.20 - 4.07 (m, 3H), 4.05 - 3.98 (m, 2H), 3.84 (dd, J = 11.3, 4.9 
Hz, 1H), 3.77 (dd, J = 11.3, 5.5 Hz, 1H), 3.74 - 3.64 (m, 2H), 1.44 (s, 9H) ppm. 
 
13C NMR (100 MHz, CDCl3) δ 160.1, 158.6, 139.4, 133.7, 131.5, 130.9, 117.3, 116.9, 115.7, 113.3, 
89.3, 88.4, 71.6, 70.9, 70.3, 70.1, 64.1, 47.2, 35.7, 30.3 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C24H30O5Cl 433.1776; found 433.1778. 
 
 
 
 
 
 
 



6. Experimental methods 
− 

 

 194 

(R)-3-(4-((4-((S)-3-chloro-2-hydroxypropoxy)phenyl)ethynyl)-2-methylphenoxy)propane- 
1,2-diol 

 
Mp = 135 - 137 ºC. 
 
[α]D = +0.54. 
 
IR (Film): νmax = 3315, 2922, 2873, 2199, 1605, 1508, 
1239, 1032, 808 cm-1. 
 

1H NMR (400 MHz, CDCl3) δ 7.46 - 7.38 (m, 2H), 7.33 - 7.25 (m, 2H), 6.99 - 6.94 (m, 2H), 6.90 (d, 
J = 8.4 Hz, 1H), 4.19 - 3.99 (m, 6H), 3.82 - 3.67 (m, 4H), 2.24 (s, 3H) ppm. 
 
13C NMR (101 MHz, CDCl3) δ 159.9, 158.4, 134.5, 133.8, 131.4, 128.2, 117.6, 116.7, 115.8, 112.1, 
89.1, 88.3, 71.8, 70.9, 70.3, 70.2, 64.2, 46.7, 16.2 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H24O5Cl 391.1307; found: 391.1306. 
 
(R)-3-(4-((4-((S)-3-chloro-2-hydroxypropoxy)-3-methylphenyl)ethynyl)-2-methylphenoxy) 
propane-1,2-diol 

 
1H NMR (400 MHz, CD3OD) δ 7.30 - 7.21 (m, 4H), 6.87 (d, 
J = 8.3 Hz, 2H), 4.21 - 4.12 (m, 1H), 4.10 - 3.97 (m, 5H), 
3.82 - 3.64 (m, 4H), 2.21 (s, 6H) ppm. 
 
13C NMR (101 MHz, CD3OD) δ 158.4, 158.0, 134.52, 134.5, 
131.4, 128.2, 117.2, 116.9, 112.2, 112.1, 88.8, 88.6, 71.8, 
71.0, 70.3, 70.2, 64.2, 46.9, 16.2, 16.2 ppm. 
 
HRMS (ESI): m/z [M + H]+ calculated for C21H28O5Cl 

395.1620; found: 395.1617. 
	
The final product was isolated as a slightly impure white solid. 
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