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INTRODUCTION

1 INTRODUCTION

1.1 Intrinsically disordered proteins

Till not long ago intrinsically disordered proteins (IDPs) and intrinsically disordered
regions (IDRs) of proteins were just unexplored part of the “dark proteome”. Analogously
to the dark matter in physics, term “dark proteome” has been used by protein scientists to
describe regions of proteins never observed by experimental structure determination and
inaccessible to homology modeling (Perdigao et al. 2015). An IDP (and IDR, included in
the IDP term in the rest of this thesis) is a protein that lacks a well-defined three-
dimensional structure in its native state. The discovery of IDPs questioned the lock and key
model of protein function (Dunker et al. 2001): the model proposed by Emil Fisher in 1894
and later validated experimentally by many, associates the function of a protein, for
example enzymatic activity, with its well-defined shape that permits it to bind to a molecule
complementary in shape, on which the enzymatic activity is to be performed (Fischer 1894;
Northrop 1930; Mirsky and Pauling 1931; Dunker et al. 2001). From the beginning of
protein crystallography, it was of notion that some of the protein segments did not show
electron density, for which one of the explanations can be lack of structure. In 1978, nuclear
magnetic resonance (NMR) studies showed that a large portion of highly charged, and what
is important, functional, tail of histone H5 is disordered (Aviles et al. 1978). Since then the
functional relevance of intrinsic disorder has been extensively analyzed and reviewed, with
a paradigm shift of the field in the late 1990s and early 2000s (Wright and Dyson 1999;
Dunker et al. 2001; Tompa 2002; Uversky 2002) thanks to developments in the NMR and
computation biology fields (Christopher J Oldfield and Dunker 2014). As for 30" of May
2019, there are 803 proteins and 2167 regions of intrinsic disorder deposited in the DisProt
database’.

Intrinsic disorder (ID) is encoded in protein sequences. IDPs can be recognized by their
low mean hydrophobicity and high net charge, resulting in low compaction and high
repulsion (Uversky et al. 2000). In particular they are depleted in order-promoting amino
acids, like lle, Leu, Val, Trp, Tyr, Phe, Cys, Asn and enriched in disorder-promoting amino
acids, like Ala, Arg, Gly, GlIn, Ser, Glu, Lys, and Pro (Williams et al. 2001). Thanks to the
characteristic amino acid composition of IDPs, it is currently possible to accurately predict
intrinsic disorder from a linear sequence of a protein? (Uversky and Dunker 2010;
Kozlowski and Bujnicki 2012).

IDPs can be described as dynamic ensembles, nevertheless their structure is often
captured by a limited number of lower-energy conformations (Choy and Forman-Kay
2001). IDPs can exist as random coils (extended), pre-molten globules (partially collapsed
with residual secondary structure), partially folded or molten globules (domains with
secondary structure and compaction) and domains with poorly packed side chains (Uversky
and Dunker 2010). Unlike folded proteins, IDPs are very promiscuous in binding which
makes them good interactions hubs. They can form disordered complexes (often called
“fuzzy”) or undergo disorder-to-order transition upon binding to a partner. Many IDPs can
adopt different structures, even in the same sequence motif, while binding to different

L http://www.disprot.org
2 http://iimcb.genesilico.pl/metadisorder/list of protein disorder tools programs.html
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proteins. A classical, at this point, an example of a promiscuous IDP is p53, Figure 1
(Tompa and Fuxreiter 2008; Uversky 2011; Christopher J Oldfield and Dunker 2014).

PONDR Score
o
w

0.0

150 200 250 300 350 400
Sequence index

Figure 1. p53 interaction with different binding partners

A structure versus disorder prediction on the p53 amino acid sequence is shown in the center of the figure
(up = disorder, down = order) along with the structures of various regions of p53 bound to fourteen different
partners. The predicted central region of structure with the predicted amino and carbonyl termini as being
disordered have been confirmed experimentally for p53. The various regions of p53 are color coded to show
their structures in the complex and to map the binding segments to the amino acid sequence. Starting with
the p53-DNA complex (top, left, magenta protein, blue DNA), and moving in a clockwise direction, the
Protein Data Bank IDs and partner names are given as follows for the fourteen complexes: (1tsr — DNA),
(1gzh - 53BP1), (192d — gcnb), (3sak — p53 (tetramerization domain)), (1xgh — set9), (1h26 — cyclinA),
(1ma3 —sirtuin), (1jsp — CBP bromodomain), (1dt7 — s100pp), (2h1l —sv40 Large T antigen), (1ycs — 53BP2),
(2gs0 — PH), (Lycr — MDM2), and (2b3g — rpa70).

From (Uversky 2011).

The physicochemical and structural landscape of IDPs is affected by a plethora of post-
translational modifications (PTMs). The accessibility of modification sites in IDPs
polypeptide chain makes them ideal targets for modulations by PTMs, increasing the
spectrum of available protein states (Bah and Forman-Kay 2016). PTMs that change



INTRODUCTION

charge, phosphorylation and acetylation, affect the compactness of IDPs (Chin et al. 2016),
switch between disordered and ordered states (Bah et al. 2014) or dissolve or promotes
phase separation (Monahan et al. 2017) (more on this process in Chapter 1.4).
Phosphorylations within binding sites have been shown to change binding affinities for
target proteins (Feng et al. 2009). Beyond the most studied PTM which is phosphorylation,
there are many others, such as the previously mentioned acetylation, but also methylation,
ubiquitination and sumoylation of lysines, methylation and citrullination of arginines and
isomerization of prolines. All of those are used for example to expand the versatility of
states of histones in cells (Bah and Forman-Kay 2016; Shliaha et al. 2017).

Table 1. The 20 biological processes most strongly correlated with predicted disorder

Keyword Z-score
1. Differentiation 18.8
2. Transcription 14.6
3. Transcription regulation 14.3
4. Spermatogenesis 13.9
5. DNA condensation 13.4
6. Cell cycle 12.2
7. mRNA processing 10.9
8. mRNA splicing 10.1
9. Mitosis 9.4
10. Apoptosis 9.3
11. Protein transport 8.8
12. Meiosis 8.7
13. Cell division 8.5
14. Ubl conjugation pathway 8.1
15. Whnt signaling pathway 6.6
16. Neurogenesis 6.6
17. Chromosome partition 6.4
18. Ribosome biogenesis 5.9
19. Chondrogenesis 5.6
20. Growth regulation 5.1

Z-score: measure of the disorder-function relationships used in (Xie et al. 2007)
Adapted from (Xie et al. 2007; A. K. Dunker et al. 2015)

IDPs have unique advantages over folded proteins for certain roles (Liu and Huang
2014). Examples of functions they perform are: constituting flexible linkers between
structured domains; providing rubber-like entropic springs; containing sites for PTMs;
containing sites for regulatory protease digestion; containing autoinhibitory domains;
containing sites for binding to partners such as DNA, tRNA, rRNA, mRNA, protein or
metal ions such as Zn?*; containing signals such as the one for nuclear localization, and
enabling movement through narrow pores (A.K. Dunker et al. 2015). They have been found
to be evolutionary advantageous, with disordered segments found to occur in 2.0% of
Archaean, 4.2% of eubacterial and 33.0% of eukaryotic proteins (Ward et al. 2004). Due
to this multiplicity of roles they are found in many biological processes important in the
development of multicellular organisms. Table 1 represents the 20 biological processes
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most strongly correlated with predicted disorder (A.K. Dunker et al. 2015). Notice that
transcription and transcriptional regulation are in positions 2 and 3 respectively.

The central role of IDPs in crucial biological pathways automatically puts them in the
center of many pathologies. The concept of disorder in disorders (D2 concept) introduced
by V.N. Uversky, C. J. Oldfield and A. K. Dunker in 2008 to emphasize high abundance
of ID in proteins associated with various diseases (Uversky et al. 2008). Nevertheless, the
inherent lack of structure of IDPs makes it impossible to target them by using the classical
approaches of drug design (Uversky 2012). Two exceptions being targeting the ordered
part of an IDP or targeting a binding pocket in its ordered ligand, as in the case of the ID
region of p53 that folds into helix upon interaction with the folded Mdm2 (S. Wang et al.
2017). A proof-of-concept example of targeting directly an IDP comes from a high-
throughput screening of Myc-Max dimer inhibitors (Yin et al. 2003), where found
inhibitors were shown to bind to few amino acid stretches in the unfolded c-Myc
(Hammoudeh et al. 2009). IDPs are commonly found in protein misfolding diseases,
including neurodegenerative disorders, where the pathological oligomerization and
aggregation of proteins trigger a cascade of events eventually leading to neurodegeneration
and in many cases, death. Recently a new type of molecules called “molecular tweezers”,
binding to lysine or arginine residues and preventing them from forming interactions
(Fokkens et al. 2005), were shown to inhibit aggregation of a few aggregation prone
proteins, including a-synuclein, an IDP involved in Parkinson’s disease (Prabhudesai et al.
2012). It has been proposed that the analysis of existing small molecule IDPs targeting
drugs can provide hints for future drugs design. The captured common features of the small
molecules included higher hydrophobicity and aromaticity and the presence of more
aromatic rings than in conventional drugs (Ruan et al. 2019). This, rather general,
description shows that the field is still in its infancy.

1.1.1 Intrinsic disorder in Transcription Factors

As mentioned in Chapter 1.1, IDPs have been found to be abundant in transcription and
transcription regulation processes. The core proteins in transcriptional networks,
responsible for regulation of gene expression, are called transcription factors (TFs). The
characteristic domains of TFs are the DNA binding domain (DBD) and activation domain
(AD) (Staby et al. 2017). The AD mediates activation or repression of gene transcription
through binding to co-activator or co-repressor proteins and chromatin remodeling factors
(Naar, Anders et al. 2001). In the past ADs have been described as "acid blobs and negative
noodles” (Paul B. Sigler 1988), which, as the understanding of intrinsic disorder increased,
has been translated to IDRs. Using a proteomic approach, it has been shown that IDPs are
overrepresented in the nucleus of the cell (Skupien-Rabian et al. 2015). Bioinformatic
studies showed that 94.13 to 82.63% of TFs possess extended (>30 amino acids) regions
of intrinsic disorder, in comparison to 54.51 and 18.64% of the proteins in two control
datasets (Liu et al. 2006).

Transcription relies on a multitude of protein-protein interactions, and, as mentioned
previously, intrinsic disorder can provide many advantages over structure in interaction
networks, including conformational plasticity, promiscuity, and regulation by various
PTMs. For example, TF p53 contains multiple disordered regions through which it binds
to diverse partners to regulate multiple mechanisms, Figure 1 (Christopher J. Oldfield and
Dunker 2014). The IDP state of ADs, meaning level of compaction and presence of
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secondary structure elements, is only characterized experimentally for few TFs (Kumar,
Betney, Li, E Brad Thompson, et al. 2004; Kumar and Thompson 2005; Staby et al. 2017;
Huang et al. 2018). Considering that ADs are important sites for TFs’ protein-protein
interactions, there is an unexplored expansion of the conformational landscape of TFs’ ADs
in complexes.

TFs have been explored as drug targets, with recent focus on ID ADs (Dunker and
Uversky 2010; Tsafou et al. 2018). Examples of research in that area include:
aforementioned in Section 1.1. p53-Mdm2 and Myc-Max complexes, oncogenic
translocation-generated fusion protein EWS-FLI1 (Erkizan et al. 2009) and the androgen
receptor (AR), the main driver in prostate cancer (PC) (Andersen et al. 2010).

1.2 Nuclear receptors

Nuclear receptors (NRs) constitute a family of TFs that regulate gene expression in
response to ligands (Mangelsdorf et al. 1995). The unique property of the NRs ligands is
their lipophilicity that allows them to cross the cell membrane and directly bind to their
targets instead of acting on the surface receptors. That property makes the NRs signaling
pathways efficient in rapid response to external stimuli. NRs ligands include steroid
hormones, metabolic intermediates and products, and xenobiotics. The first notion that the
steroid hormones regulate transcription came from the studies on salivary glands of insect
larva in 1960s (Clever, U., Karlson 1960). Since then we have discovered 48 different NRs
in humans, although a subset of those, called “orphan receptors”, do not have an identified
ligand yet. NRs regulate a variety of crucial biological processes including cell
proliferation, development, metabolism, and reproduction (Sever and Glass 2013; Walker).

All NRs share a common domain organization: an N-terminal AD, a DBD, the hinge
region and the Ligand Binding Domain (LBD), Figure 2. The LBD domain is similar in
structure between NRs and is responsible for ligand-mediated activity by binding to
coregulators through the activation function 2 (AF-2) surface. The DBD, the most
conserved domain between NRs, has two Zn fingers allowing it to bind to specific DNA
response elements. The hinge region bridges the LBD and the DBD domains. It is highly
flexible and often possesses a nuclear localization signal (NLS). The N-terminal AD has
an important activation function in ligand independent protein-protein interactions of
receptor, called activation function 1 (AF-1). Among all domains of NRs it is the least
conserved in sequence composition and length and also the least characterized due to its ID
nature (Huang et al. 2010; Brélivet et al. 2012; Rastinejad et al. 2013).

1 559 623 670 919

Figure 2. Scheme of the NR domain architecture

AD — Activation Domain, DBD — DNA binding domain, H - hinge region, LBD — Ligand Binding Domain
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1.2.1 Nuclear receptors in disease

NRs serve as master switches of complex gene regulatory networks which are crucial
in many aspects of human physiology and, if misregulated, pathology. The receptors
themselves are often found to be the main drivers of various diseases, in particular
metabolic disorders and many cancers. Consequently, they serve as biomarkers for tumor
subclassification and targets for therapy (Khan and Lingrel 2010).

In addition to playing pivotal roles in cancer, NRs natural ability to bind ligands makes
them good candidates for drug design. The biggest advancement in that area has been made
in treatment of ER+ breast cancer, that relies on the estrogen receptor (ER) signaling
pathway, and PC, that relies on the AR signaling pathway. For both receptors there are
clinically used small molecules drugs available. Few other NRs, such as the glucocorticoid
receptor (GR), the progesterone receptor (PR), retinoic acid receptors (RARs) and retinoid
X receptors (RXRs) have also been extensively pursued as drug targets in cancer, in some
cases resulting in further marketed drugs (Lambert et al. 2018; Cheng et al. 2019; Zhao et
al. 2019). In 2006 NRs constituted 13 % of all FDA approved drugs (Overington et al.
2006).

Despite the notion that for many cancers one receptor is the main driver of tumor
development and progression, it has been recognized that the interplay between receptors
is of undeniable importance. For example, in breast cancer it has been long known that the
presence or absence of the ER and PR, along with tyrosine-protein kinase HER2, can be
used for tumor classification and prognosis of patient survival (Chan et al. 2015).
Nevertheless, the full spectrum of NRs cooperation or antagonism in cell type, tissue type
and cancer type specific manner is being appreciated only now thanks to the development
of genome-wide techniques. If we can tackle the complex networks of NRs in cancers, we
can surely design better personalized therapies, Figure 3, (Dhiman et al. 2018).
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Figure 3. Crosstalk between NRs in oncogenesis

Tissue-specific expression of NRs that have been reported to play oncogenic (red), tumor-suppressive (blue)
or both (green) roles in oncogenesis.
From (Dhiman et al. 2018).
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1.3 Androgen receptor

AR belongs to a superfamily of steroid NRs (SRs). Other members of the family
include aforementioned ER, GR, PR, thyroid receptor (,R) and mineralocorticoid receptor
(MR) (McEwan 2009). The human AR is encoded in the long arm of the X chromosome
(Xg11-12) (Brown et al. 1989). Expression from 8 exons results in a protein of 920 amino
acids (aa)®, although its precise length depends on the length of the two polymorphic
regions in the N-terminal AD of the protein, the poly-glutamine (polyQ) and the poly-
glycine (polyG). AR is expressed in most tissues. In some of the tissues its transcription is
cell-type and age-specific. The primary function of AR is the development and
maintenance of the male sexual phenotype (Gelmann 2002).

1.3.1 Domains

AR has the typical domain architecture of NRs: the N-terminal AD, residues 1-559, the
DBD, residues 560-623, the hinge region, residues 624-670 and the LBD, residues 671-
920 (the aa numbers vary depending on the protein length).

1.3.1.1 The N-terminal activation domain

As in the case of all SRs the N-terminal AD of the AR harbors the AF-1, but unlike
in other SRs, the AF-1 of AR, not the AF-2, is the main transactivation function of the
receptor (Jenster 1995). As mentioned in section 1.2, the AD is the least conserved domain
between the SRs with only 15% homology. Even between the human and the rat AD of AR
there is only 20% aa identity (Gelmann 2002). It is the largest (60% of the AR) and the
least characterized domain of the protein. The lack of structural knowledge comes from its
ID character and large size (almost 600 aa) that slowed down its characterization by NMR
(Bain et al. 2007), Figure 4. Despite this absence of the structure-function description of
the AD, deletion studies successfully identified the functional regions and linear motifs
within the domain.

% Uniprot: P10275
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Figure 4. ID nature of the AR AD
In red — disorder prediction by PONDR?; In blue — helicity prediction by Agadir®

One of the linear motifs in the domain is in its N-terminal part. Located between
residues 23 and 27 - 2FQNLF?’ motif - has been shown to be the mediator of the N/C
interaction of the protein that is necessary for the androgen-dependent activation of AR
(He, Gampe, et al. 2004). Upon androgen binding, the LBD undergoes a conformational
rearrangement that results in the formation of a conserved protein-protein interaction
surface (AF-2) and the dimerization of the protein. In most SRs AF-2 is the main activation
function of the protein and binds to co-activators through their LXXLL-like motifs
(Centenera et al. 2008). In the case of AR, the 2FQNLF? evolved to have a higher affinity
for the AF-2 therefore being the main interactor of the AF-2 surface on the LBD of the
same protein molecule or its dimer partner (He, Gampe, et al. 2004; Hur et al. 2004; van
Royen et al. 2012a). However, the N/C interaction has been shown to occur after deletion
of the motif (Schaufele et al. 2005), possibly due to binding through additional linear motifs
in the AD (He et al. 2000).

AF-1 has been formally dissected into two distinct regions important for the activity
of the protein in two distinct scenarios. In the presence of hormone, the activity of the
protein relies on the transcription activation unit 1 (Tau-1) located between residues 102
and 371. In the absence or low levels of the hormone, the transactivation potential shifts to

4 http://www.pondr.com
5 http://agadir.crg.es
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the transcription activation unit 5 (Tau-5) mapped to residues 361 and 537 (Jenster 1995).
The core motif in the Tau-1 has been further narrowed down to a predicted helical region
in the domain, residues 174-204, with a particular importance of a linear motif *°LKDIL',
The core Tau-1 has been shown to contribute to the N/C interaction of the protein and
binding to MED1, a subunit of the Mediator complex (Callewaert et al. 2006; Jin et al.
2012). Another linear motif in Tau-1, conserved among SRs, is the ¥3LSEASTMQLL?,
This Lx7LL motif serves as a binding site for TAB2, a component of the NCoR complex
(Zhu et al. 2006). A third, highly conserved among species, motif in the c-terminal part of
the Tau-1 #*AKELCKAVSVSMGL?" has been shown to bind to the Hsp70-interacting
protein E3 ligase CHIP (He, Bai, Andrew T Hnat, et al. 2004). Equivalently, a core motif
in Tau-5 has been assigned to a **WHTLF*" motif. It has been shown to be the main
mediator of the ligand-independent, but not the ligand-dependent, function of the protein
(Scott M Dehm et al. 2007). The motif has been also shown to contribute to the N/C
interaction (He et al. 2000) and to interact with histone acetyltransferase p300 in a manner
dependent on the N/C interaction (Lagarde et al. 2012).

There are two amino-acid repeats in the AD. The polyQ tract, starting in the position
59, results from a polymorphic trinucleotide repeat region, (CAG)n, in the gene. The length
of the polyQ in healthy individuals can vary between 6 to 39. The deviation from this length
has been associated with a higher activity of the protein if shortened (increased PC risk)
(Giovannucci et al. 1997) and higher aggregation propensity leading to Kennedy’s disease,
when above a threshold of 37 (La Spada et al. 1992; Bingham et al. 1995; Li et al. 1998).
Recently, our group has shown a correlation between the length of the polyQ tract and its
helical content for the lengths of the tract below the disease threshold. Longer polyQ tracts
showed increased helical propensity, that could not be predicted just form amino acid
sequence using predictors like Agadir® (Escobedo et al. 2019). The second amino-acid
repeat region is a flexible polyG tract, located close to the DBD, starting at the position 449
and of average length of 22-24 glycines that accounts for about 90% of normal AR alleles
(Ding et al. 2005).

1.3.1.2 The DNA binding domain

The DBD is the most conserved domain across NRs. It binds as a dimer to androgen
response elements (ARESs) on the DNA in the promoter and enhancer regions of androgen-
related genes (Claessens et al. 2008). There are two main types of AREs, historically
speaking, and variety of imperfect AREs discovered more recently thanks to chromatin
immunoprecipitation assays. The classical ARE (clARE) is an inverted repeat of 5'-
TGTTCT-3' sequence separated by a three-nucleotide spacer (Cato et al. 1987). The
sequence of this composition is not specific to AR, it has been shown to be bound also by
GR, PR and MR. The second main type of ARE is nevertheless specific to AR. The
selective AREs (selARE) consist of partial direct repeats rather than inverted repeats of the
same 5'-TGTTCT-3' motif and are bound by AR in a surprising head-to-head orientation
(Shaffer et al. 2004), Figure 5. A variety of additional binding sites for AR have been found
in studies focused on castration resistant prostate cancer (CRPC) context (Jin et al. 2014;
Pomerantz et al. 2015; Wilson et al. 2016).

6 http://agadir.crg.es
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Figure 5. The AR DBD-ADR3 complex

The two DBD monomers are in red and blue, the hexameric half-site DNA is gold, and the spacer and flanking
base pairs are black.
From (Shaffer et al. 2004)

The DBD is organized in two Zn fingers. An a-helix in the first Zn finger enters the
major groove of the DNA and the P-box residues make interactions with the DNA to ensure
selectivity for the ARE. The second Zn finger contains so called D-box residues,
responsible for DNA-dependent receptor dimerization (Shaffer et al. 2004; Claessens et al.
2008), Figure 5.

1.3.1.3 The hinge region

The hinge region is poorly conserved among NRs, although it always contains the
nuclear localization signal (NLS) (Evans 1988). The hinge region likely serves as a flexible
linker between the DBD and the LBD, although few functionalities of the region have
emerged alongside the nuclear import and export, like DNA selectivity and affinity, and
transactivation potential of the AR (Haelens et al. 2007).
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1.3.1.4 The ligand binding domain

1 559 623 670 919
AD DBD

....._

Figure 6. The AR LBD structures

Example crystallographic structures of the AR LBD. On the left: structure of the AR FxxLF peptide (brown
ribbon) and R1881 (space filled atoms; yellow, carbon; red, oxygen) bound to AR LBD (white ribbon) with
helices 3, 4, 5 and 12 (green ribbon) forming the coactivator binding site. Conserved charged residues (blue,
positively charged lysine; red, negatively charged glutamic acid) at the opposite ends of the groove are
indicated, from (van de Wijngaart et al. 2012). On the right: structure of the AR LBD core dimer. The two
monomers are depicted as cartoons, with monomer B (yellow) in standard orientation and monomer C in
brown; helices and loops are marked. The hormone (dihydrotestosterone, DHT) and the UBA3 peptide are
shown as spheres and as a cartoon, respectively. From (Nadal et al. 2017).

The LBD is poorly conserved in sequence between various NRs, nevertheless the
overall structure of the domain is preserved and consists of 12 a-helices, although the AR
LBD lacks helix 2. The activation of the NRs is achieved through conformational
rearrangement in the LBD upon ligand binding, where previously distant helix 12 folds
back onto the ligand cavity in the LBD forming the AF2 surface (Bourguet et al. 2000).
The AF2 hydrophobic cleft binds to the LXXLL motifs of co-activators, like the family of
pl160 (SRC-1, SRC-2 and SRC-3) (Parker et al. 1997), or, in the case of AR, to the N-
terminal 2FQNLF?" helix, forming the N/C interaction (Dubbink et al. 2004; Hur et al.
2004). There is no structural information available for the apo state of the AR LBD (with
no ligand), nevertheless it is assumed to be similar between all the NRs. The hormone-
bound LBD of AR has been successfully crystallized in the monomer and dimer states,
Figure 6 (Pedro M Matias et al. 2000; Hur et al. 2004; Nadal et al. 2017). AF2 is not the
only interaction site of the domain, binding to the androgen to the AR LBD exposes an
additional surface called Binding Function 3 (BF3) that has been proposed to regulate the
binding of co-regulators to the AF2 (Buzdn et al. 2012). Due to the occupation of the AF2
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by the N-terminal 22FQNLF?" motif, the main activation function of the protein is taken by
the AD. However, there is some evidence the N/C interaction is lost upon DNA binding
making the AF2 available for co-activators binding (van Royen et al. 2007).

1.3.2 Mechanism of action

AR is present in the cytoplasm in a complex with various molecular chaperones, like
Hsp90, Hsp70, Hsp40. Binding of the ligand, testosterone or dihydrotestosterone, causes
conformational change in the protein, involving an intra- or intermolecular N/C interaction
(binding of the 2FQNLF?’ helix of the N-terminal AD domain to the C-terminal LBD) and
the dimerization of the protein. As a consequence, there is subsequent dissociation of
chaperones, exposure of the nuclear localization signal (NLS) and thereupon translocation
to the nucleus, Figure 7 (Tan et al. 2015; Eftekharzadeh et al. 2019).
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Extracellular |
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rowt
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Figure 7. AR mechanism of action

Testosterone is transported to target tissues such as the prostate where it gets converted into
dihydrotestosterone (DHT) by 5-a-reductase. DHT binds to the LBD pocket and promotes the dissociation
of heat-shock proteins (HSPs) from the AR. The AR translocates into the nucleus, dimerizes and binds to the
AREs in the promoter or enhancer region of a target gene. Once bound, the AR is able to recruit members of
the basal transcription machinery and coregulators.

From (Tan et al. 2015)

1.3.2.1 Dynamics

In the cell nuclei AR binds to AREs in the promoters and enhancers of the target
genes, where it recruits other components necessary to execute its transcriptional program
(Shang et al. 2002). These events are followed by recruitment of general transcription
factors (GTFs) and assembly of the transcription preinitiation complex (PIC), initiation of
MRNA synthesis by RNA Polymerase Il (Pol Il), elongation of the transcript and
termination of the process. This complex process is inherently dynamic and executed by
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the orchestrated formation of large protein complexes and structural rearrangements of
chromatin (Hager et al. 2009). AR, like other TFs, has been shown to diffuse freely through
the cell nucleus, probing chromatin by transient interactions until it binds to the specific
DNA site. The residence time of the TFs on the chromatin has been shown to last from
minutes to hours, by biochemistry and ChlP-seq experiments, and milliseconds to seconds,
by fluorescence microscopy techniques, like fluorescence correlation microscopy (FCS),
fluorescence recovery after photobleaching (FRAP) and single molecule tracking (SMT).
These two models are mutually exclusive, with the latter being far more convincing. Using
SMT, AR has been shown to exist in three dynamic states interpreted as: un-bound, binding
to non-specific sites on chromatin (fast component), and to specific response elements
(slow component), with relative percentage of the hormone-activated molecules in each
state equal to: 54.4 %, 39.4 % and 6.2 %. The residence times of AR within the fast and
slow components were calculated to last for 1.08 + 0.02 s and 7.02 = 0.31 s (Paakinaho et
al. 2017). It has to be pointed out that longer residence times have been reported for TFs
within transcription domains characterized by high concentration of active Pol 11 in foci,
with extended tail of longer times that fell to zero by 15 s for TF p53 and by 25 s for TF
GR (Morisaki et al. 2014), making it plausible that the AR has longer residence times within
transcription domains as well.

1.3.2.2 Oligomeric state

AR has been shown to be dimeric by means of crystallography (DBD and LBD)
(Shaffer et al. 2004; Nadal et al. 2017) and other methods like bimolecular fluorescence
complementation (BiFC) and bioluminescence resonance energy transfer (BRET) (Xu et
al. 2015) and FRET (van Royen et al. 2012). However, it a study using the Number and
Brightness method (N&B) it was recently possible to observe AR in higher oligomeric
state, even up to octamer (Presman et al. 2016). In the nucleus fluorescently-tagged AR has
been observed to form foci, possibly of higher oligomeric states of protein (Saitoh et al.
2002; Marcelli et al. 2006; van Royen et al. 2007). Formation of higher oligomeric species,
AR *“granules”, in the cytoplasm has been reported for nuclear translocation deficient
mutants (Kumar and Tyagi 2012).

1.3.2.3 Direct interactions with transcription preinitiation complex

Once the AR is bound to DNA, it recruits, if agonist bound, coactivator or, if antagonist
bound, corepressor proteins (Shang et al. 2002). Nevertheless, it has been shown that AR
can interact directly with some components of the PIC. Formation of a functional PIC
requires association of Pol Il at promoters with the general transcription factors (GTFs),
from which the core ones are: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (Jishage et
al. 2012). Biochemical studies demonstrated an interaction between the AD of AR and the
large subunit of TFIIF, RNA polymerase l1-associated protein 74 (RAP74) (Reid, Kelly, et
al. 2002; Kumar, Betney, Li, E Brad Thompson, et al. 2004). In addition, TFIIH has been
shown to interact with the AR AD by co-immunoprecipitation (Lee et al. 2000). TFIIH
possesses kinase activity towards DNA-directed RNA polymerase 11 subunit (RPB1) C-
terminal domain (CTD) that is required for promoter clearance (Dvir et al. 2001).
Interestingly, AR has been shown to interact also with another RPB1 CTD phosphorylating
component of PIC, p-TEFb (Lee et al. 2001). Activation of the P-TEFb complex is
important for Pol 11-Ser2p, release of paused Pol Il, and gene transcription (Reines et al.
2013). Recently, it has been shown that in the case of CRPC AR is able to activate p-TEFb
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by an additional mechanism, which is upregulation of enhancer RNA (eRNA) transcription.
eRNAs bind to CYCLIN T1, resulting in activation of p-TEFb through its release from an
inhibitory complex (Zhao et al. 2016). Finally, AR interacts directly with the RNA Pol Il
through association with its second largest subunit, RPB2 (Lee et al. 2003).

1.3.2.3.1 Interaction with TFIIF

TFIIF is required for stable Pol Il complex formation. About 50% of Pol Il is found
associated with TFIIF in yeast (Rani et al. 2004). TFIIF is required for transcription
initiation from TATA-containing and TATA-less promoters (Burton et al. 1988). It has
been shown to contribute to the selectivity of Pol Il for the DNA and start selection (Killeen
and Greenblatt 1992; Ghazy et al. 2004). In the initially transcribing complex, TFIIF
stabilizes the DNA-RNA hybrid and in the elongation phase reduces Pol Il pausing,
suppresses backtracking and RNA cleavage induced by TFIIS (ElImendorf et al. 2001; Funk
et al. 2002; Zhang et al. 2003; Bengal et al. 2015).

TFIIF contains two subunits that are conserved among human, insects and yeast,
named Rap74 and Rap30 in humans. The N termini of the two subunits form a dimerization
domain and the C termini are winged helix (WH) domains, common DNA binding domains
in Eukaryotes (Woychik and Hampsey 2002). The structures of the dimerization domain
and both WH domains are available (Gaiser et al. 2000; Groft et al. 2002; Kamada et al.
2002). Biochemical and structural studies have mapped the regions of TFIIF implicated in
nonspecific DNA interactions and protein-protein integrations with Pol Il, TFIIB and FCP1
phosphatase (Funk et al. 2002; Chung et al. 2003; Kamada et al. 2003; Nguyen et al. 2003;
Chen et al. 2010).

The cryo-EM structures of the yeast and human PIC revealed the position of the
TFIIF within the complex. The dimerization domain of TFIIF was mapped onto the lob
domain of the Pol 11 and the Rap30 WH onto the DNA, precisely the TFIIB recognition
element downstream from the TATA-box. The stabilization of the downstream DNA along
the cleft of Pol Il via the Rap30 suggests that Rap30 rather than RAP74, is required for
accurate transcription initiation. Rap74, or Tgf1 in yeast, couldn’t be mapped onto structure
due to its flexibility in the complex context (He et al. 2013; Murakami et al. 2013).

In vitro binding studies identified TFIIF (and specifically Rap74) as a direct
interactor of the AR AD (amino acids 142-485). (McEwan and Gustafsson 2002). The
interaction was also observed in a cell based study, where TFIIF was co-
immunoprecipitated with the AR (Paliouras et al. 2011). The molecular details of the TFIIF
and the AR AD interaction were further elaborated by the group of McEwan, that
discovered the interaction in the first place. The precise binding side was mapped to the N
and C termini of the Rap74 subunit of TFIIF, with the C terminal fragment (Rap74-CTD)
being the main interaction site (Reid, Murray, et al. 2002a). Additional mutational analysis
revealed the residues V490, L493 and L497 in helix 3 of the WH motif of the RAP74-CTD
to be crucial for binding to the AR 143-494 fragment (Lavery and McEwan 2008a). On the
side of the AR AD, residues M245, L247, V249 in Tau-1 and the surrounding residues
were proposed to form the binding site for TFIF. In addition, residues S160 and S163 were
postulated to have an indirect effect on the binding by altering the structural flexibility of
the AR AD (Reid, Murray, et al. 2002b; Betney and McEwan 2003). The kinetics of the
interaction was determined to be in the submicromolar range (Lavery and McEwan 2008b).
Finally, a gain in helical content in the AF1 upon binding to Rap74 was shown by Fourier

14



INTRODUCTION

transform infrared (FTIR) spectroscopy, consistent with a folding upon binding mechanism
of IDPs (Kumar, Betney, Li, E. Brad Thompson, et al. 2004).

1.3.2.4 Coregulators

Almost 170 AR coregulators have been identified (Heemers and Tindall 2007a). It
Is important to realize that many of those were determined using yeast-two-hybrid screens
with AR domains as a bait. As a consequence, for many, there is no data on their actual
ability to influence receptor function (Chmelar et al. 2007). AR coregulators typically do
not possess DNA binding capacity and do not significantly alter the basal transcriptional
rate. They are recruited by AR to enhancer and promoter regions of the gene to enhance
(coactivators) or reduce (corepressors) its transactivation. The means by which they operate
include: chromatin remodeling, recruitment of GTFs and direct modulation of the AR
function, for example by assuring proper AR folding or subcellular localization (Heemers
and Tindall 2007a).

The function of chromatin remodeling complexes is to alter the DNA-histones
interactions resulting in more accessibility of chromatin for transcription. Some of the
examples shown to interact with AR involve ARIP4, a nuclear ATPase that belongs to the
SNF2-like family of chromatin remodeling proteins (Rouleau et al. 2002) or BRG1 and
hBRM, two core components of the SWI/SNF complex required for nucleosome
repositioning (Marshall et al. 2003). In parallel with chromatin remodeling, histone
modifications, usually affecting histone charge and altering its interaction with DNA,
provide another level of transcriptional control. Several histone acetyltransferases (HATS),
associated with transcriptional activation, and histone deacetylases (HDACSs), associated
with transcription repression, have been shown to interact with AR and modulate its activity
(Heemers and Tindall 2007a). Examples of AR coactivators include SRC-1 and SRC-3,
members of LXXLL motif-containing p160 SRC gene family. As mentioned in chapter
1.2.2.1., the LXXLL motifs of NRs’ coregulators interact predominantly with AF2 of NRs,
but in the AR the primary site of interaction is taken over by the AF1 in the AR AD. SRC-
1, SRC-3 and SRC-2 (Yeh, S. et al. , 1998; Hong et al. 2002), beside interacting with AR,
recruit other coactivators, for example p300, the p300 homolog CBP, as well as p300/CBP-
associated factor (P/CAF) (Fu et al. 2000). Furthermore, p300, CBP and p/CAF can also
directly interact with AR. Several HDACs have been shown to negatively affect AR
transactivation, via direct interaction or through recruitment by corepressor complexes like
NCoR and silencing mediator of retinoid and thyroid receptors (SMRT) (Heemers and
Tindall 2007b). NCoR and SMRT bind to the AR AF2 via LxxxIxxx(l/L) motifs. They
interact strongly with AR in the antagonist (hydroxyflutamide and bicalutamide) bound
state (Liao et al. 2003; Hodgson et al. 2007).

The prostate specific antigen (PSA), the best-characterized androgen-responsive
gene in the prostate gland, has been used as a model system to understand the AR
transcription complex assembly. The proximal promoter of PSA contains two putative
AREs, ARE | and ARE Il (Cleutjens et al. 1996). In addition, the PSA enhancer element
that is essential for full androgen response, is centered at approximately 4.2 kb and contains
another ARE, ARE III, (Cleutjens et al. 2014). It has been shown that the formation of an
activation complex involves recruitment of coregulators to both the promoter and enhancer
regions, whereas the formation of a repression complex only involves coregulators bound
at the promoter (Shang et al. 2002). The best studied components required for the AR
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transcription complex assembly are aforementioned regulators of NRs including SRC-1,
SRC-2, SRC-3, p300, p/CAF, BRG1, and not mentioned previously, MED1 (TRAP220)
subunit of the Mediator complex and coactivator-associated arginine methyltransferase 1
(CARM-1) (Wang et al. 2002; Kang et al. 2004; Heemers and Tindall 2007a). The Mediator
complex is a multi-subunit complex that plays an important role in AR, and other NRs,
transcriptional activation. It has been shown that AR can interact with Mediator directly
through its MED1 subunit and that this interaction is indispensable for AR mediated
transcription (Wang et al. 2005; Jin et al. 2012). CARM-1, on the other hand, is a histone
methyltransferase, which does not interact directly with the AR, but instead is recruited as
a secondary coactivator mainly via interaction with SRC coactivators (Nef et al. 1999). A
model has been proposed in which the AR and its coactivators, which are predominantly
bound to the enhancer region, are able to physically contact the promoter region through a
chromatin looping mechanism and as a consequence the Pol Il, which is first recruited to
the enhancer region, can track to the promotor region to initiate the transcription (Wang et
al. 2005). The looping mechanism has been further confirmed and shown to be facilitated
by bidirectional PSA (KLK3) enhancer RNA (KLK3e) (Hsieh et al. 2014). It is not clear
whether the studies on the PSA hold true in the case of other AR-regulated genes.

There is no structural information on the architecture of the AR transcription
complex. Presumably, it is also a simplification to call any form of AR transcription
complex, the transcription complex. As mentioned previously, transcription is an inherently
dynamic process, that requires subsequent exchange of cofactors. Any structure of a
complex would capture a set of proteins in a particular conformation. Additionally, the
structural biology tools, crystallography and cryoelectron microscopy (cryo-EM), would
lack information on the ID regions of the proteins, which are so prevalent in transcription.
The most comprehensive, yet very limited, view of a NR transcription complex comes from
a cryo-EM study on ER alpha bound to SRC-3 and p300. Remarkably, thanks to the use of
a specific antibody, the authors were able to map the AD of ER alpha on the structure and
propose its contribution to the complex formation (Yi et al. 2015). Unfortunately, this
structure cannot be directly translated into the AR transcription complex, due to the shift
of the interaction dependence from the AF2 to the AF1 in the case of AR, which leaves the
structural features of the AR transcription complex elusive.

Mediator is a coregulator worthy of attention, because its required for almost all
transcription of almost all Pol Il promoters (Kornberg 2007). It is a large evolutionarily
conserved multisubunit protein complex (25-30 subunits in humans, >1 MDa) with
functions in transcription steps ranging from chromatin remodeling to subsequent PIC
formation and function (Chen and Roeder 2011). Its primary role is a functional bridge
between TFs, like NRs, and the basal transcriptional machinery, including Pol 1l and GTFs,
Figure 8, (Soutourina 2018). Mediator subunits are organized into three core modules
(Head, Middle, and Tail) and a dissociable CDK8 kinase module. The organization doesn’t
prevent structural flexibility in the complex. The cryo-EM studies of the Mediator show
rearrangements depending on the functional state of the Mediator, for example TF or PIC
binding (Bernecky and Taatjes 2012; Tsai et al. 2014; Plaschka et al. 2015). The structural
flexibility is also evident in its predicted high 1D content (T6th-Petroczy et al. 2008). From
all the subunits, MED1, has been shown to be the main interaction partner of NRs. MED1
binds to the AF2 of NRs in a ligand dependent manner through its LXXLL maotif. Although
this interaction has proven to be not essential for NRs basic function, suggesting existence
of alternative binding sites on MED1, other subunits of Mediator or other coactivators
(Chen and Roeder 2011). In the case of AR, where AF2 is (probably) occupied by the
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ZEQNLF?" motif, another sites were shown to be responsible for this interaction, Tau-1 in
the AR AD and two noncanonical a-helical motifs located in the MED1 (Jin et al. 2012).
Interestingly, MED1 has been shown to be important for enhanced UBE2C locus looping
in the AR-negative and AR-positive CRPC cells. The enhancer-promotor looping leads to
UBE2C oncogene expression and consequently, cell growth (Chen et al. 2011). Moreover,
Mediator has been shown to be crucial for the AR v567es, an AR splice variant lacking the
LBD domain, induced UBE2C oncogene up-regulation and subsequent PC cell growth
(Liu, Sprenger, Wu, et al. 2015). Importance of the Mediator is also highlighted by the
MED1 and MED17 overexpression in 50% of PC. Lowering their levels in cancer cells
inhibits proliferation, slows the cell cycle and induces apoptosis (Vijayvargia et al. 2007).
Recently, it has been shown that MED1 together with Bromodomain-containing protein 4
(BRD4) can form nuclear puncta at super enhancer regions in the nucleus and that these
puncta exhibit properties of liquid-like condensates. These condensates were proposed to
be active centers of transcription (Hnisz et al. 2017; Boija et al. 2018; Sabari et al. 2018;
Nair et al. 2019). The details of these finding for the AR research will be discussed farther
in the Chapter 1.4.2.

a Transcription factor binding b Recruitment of co-activators

Acting on chromatin
structure

Transcription
activators r
Nucleosome TSS Chromatin
[ remodellers -
) or modifiers

Enhancer region

d Promoter escape

Facilitating
PIC assembly

Promoting Pol Il
CTD phosphorylation

Nature Reviews | Molecular Cell Biology

Figure 8. A simplified model for the main steps of transcription initiation by Pol Il in a chromatin
context

a) Transcription activation starts with the binding of TFs (here activators) on enhancer regions. The enhancer
regions are located at different distances from the core promoters. The transcription start site (TSS) is
indicated by an arrow. b) Activators recruit co-activator complexes that act as chromatin modifiers or
remodellers to alter chromatin structure and to make it more accessible for other factors. Other co-activators
are then recruited that act directly on the assembly of basal transcriptional machinery, the PIC. Mediator of
Pol 11 transcription is one of the key co-activator complexes. ¢) The PIC is assembled at the core promoter.
It includes Pol 11, general transcription factors: transcription initiation factor 11A, TFIIB, TFIID, TFIIE, TFIIF
and TFIIH (10 subunits, including 7 core subunits and a 3-subunit kinase module (TFIIK) containing cyclin-
dependent kinase 7 (CDK7). Multiple steps and pathways could be involved in PIC assembly in vivo, and
Mediator acts to facilitate recruitment and/or stability of different PIC components. d) CDK7 phosphorylates
(P) the carboxy-terminal domain (CTD) of the largest Pol 1l subunit at Ser5, which is necessary for Pol Il to
escape from the promoter and for the transition from the initiation step to the elongation step. This
phosphorylation is also regulated by Mediator.

Form (Soutourina 2018)
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1.3.2.4.1 Interaction between androgen receptor and Speckle-type POZ protein

Speckle-type POZ protein (SPOP), as the name suggests, has been identified as
a BTB/POZ (poxvirus and zinc finger) domain containing component of the nuclear
speckles (Nagai et al. 1997). SPOP is a substrate adaptor of a cullin-3-RING ubiquitin
ligase (CRL3), the subclass of the largest group of CRLs. Once recruited by SPOP,
substrates undergo ubiquitination and subsequent degradation by the proteasome system
(Hernandez-Munoz et al. 2005; Zhuang et al. 2009). The ubiquitin (Ub)—proteasome
pathway (UPP) constitutes a primary mechanism for regulating protein turnover and
consequently enabling homeostasis of the cell (Lecker et al. 2006).

SPOP contains three domains: a MATH (meprin and traf homology) domain
responsible for substrate recruitment, a BTB (bric a brac, tramtrack, broad complex)
dimerization domain and a BACK (BTB and C-terminal Kelch) domain, another
oligomerization domain known to form dimers, tetramers, or even pentamers (Zhuang et
al. 2009; Errington et al. 2012; Van Geersdaele et al. 2013). Recently it has been shown
that SPOP BTB dimers serve as building blocks for the isodesmic self-association into
higher-order structures through BACK domain of the protein. This higher-order
oligomerization enhanced substrate ubiquitination in vitro and was responsible for SPOP
localization into nuclear speckles in cells (Marzahn et al. 2016).

Genome and exome sequencing of PC samples from primary or metastatic cancers
allowed for identification of frequent somatic mutations (Berger et al. 2011; Grasso et al.
2012). One of the identified genes is SPOP, with a substrate binding site mutated in 6-15%
of tumors tested in one of the studies but lacking many of the typical mutations, making a
case for a separate class of prostate tumors (Barbieri et al. 2012; Boysen et al. 2015). PC
mutants of SPOP have been shown to diminish ubiquitination of substrates and their
subsequent up-regulation (Geng et al. 2013; Theurillat et al. 2014). Additionally, SPOP
downregulation has been suggested to play a role in tumor progression (Kim et al. 2013).

Two SPOP-binding consensus motifs, ®- n -S-S/T-S/T (®: nonpolar residues, x:
polar residues), were identified in the AR hinge and the AD regions. The binding motif in
the hinge region is a perfectly matched sequence 2EGSSS?%’, that was shown to be the
main interaction site. The study proved the SPOP-dependent AR ubiquitination and
subsequent degradation. Moreover, SPOP-mediated degradation caused inhibition of the
AR transcriptional activity and consequent inhibition of PC cells proliferation. On the
contrary, the PC mutants of SPOP were unable to bind AR and promote its degradation (An
et al. 2014).

1.3.3 Androgen receptor related diseases

AR plays a pivotal role in few disorders including: androgen-insensitivity syndrome,
spinal and bulbar muscular atrophy (SBMA), also known as Kennedy’s disease, benign
prostatic hyperplasia, hypogonadism and PC (Shukla et al. 2016). For the purpose of this
thesis, due to the focus of the research group, | am going to focus on SBMA and PC.

SBMA is one of the nine polyglutamine disorders characterized by protein aggregation
caused by a polymorphic polyglutamine (polyQ) tract expansion. The variable length of
the polyQ results from the propensity of the CAG and GTC codon repeats (coding for Q
amino acid) to form non classical B-DNA structures that cause DNA polymerase slippage
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during replication (Mirkin 2007). In the case of SBMA patients polyQ lengths from 38 to
62 have been observed, in contrast to 9 to 36 repeats in the healthy individuals, with the
threshold for the disease onset between 35 to 40 repeats (Fischbeck et al. 1991; La Spada
etal. 1992; Orr 2012; Fratta et al. 2014). The expanded polyQ protein aggregates in muscles
and motor neurons and forms cytoplasmic and nuclear inclusions, with the later correlating
with toxicity (Adachi et al. 2005). SBMA has an estimated prevalence of 1 in 300,000
males. It only occurs in individuals of European or Asian racial background and has yet not
been reported in males of African or aboriginal racial background (La Spada 2017). SBMA
is characterized by degeneration of muscle tissue and motor neurons that can cause
dysarthria, dysphagia, wasting and fasciculation of the tongue, weakness of the proximal
muscles, and absence of tendon reflexes. It is accompanied with androgen insensitivity,
causing breast enlargement, reduced fertility, and testicular atrophy. Although the quality
of life of SBMA patients is lowered, the lifetime expectancy is not affected (Rhodes et al.
2012).

PC was the fourth most diagnosed cancer in Europe in 2018. In men it was the most
common primary site of cancer (21.8% of the total cases), followed by lung (15.1%),
colorectum (13.2%) and bladder (7.5%). The detection of PC has substantially increased in
higher income countries in the early to mid 1990s due to more common use of the PSA
testing. The increase of early detection due to the PSA testing could be responsible for the
slight decline of the prostate cancer mortality rate in some European countries. However,
the usefulness of the common use of the PSA testing has been called into question by
urologists due to the high number of false positives.” PC remains the third most common
cause of cancer death among men (constituting 10% of cases) (Ferlay et al. 2018).

AR activity is undoubtedly crucial to PC onset and progression (Huggins and Hodges
1941; Taylor et al. 2010). Consequently, preventing AR activity by androgen deprivation
therapy (ADT) is the standard treatment for advanced or metastatic prostate cancer (mPC).
The early stage PC, confined to the prostate capsule, can be treated by prostatectomy or
radiotherapy. In the case of failure of above therapies, the disease progresses to the lethal
castration resistant prostate cancer (CRPC). Even at this stage AR remains the main driver
of the disease, but the patients do not respond to the ADT (Chan and Dehm 2014).

ADT is achieved by surgical castration (orchiectomy) or chemical castration by
gonadotropin-releasing hormone (GnRH) agonists or GnRH antagonists. The outcome of
both in the context of PC is comparable, nevertheless recently the comparison was
expanded to address the adverse effects of the two approaches. The study concluded
orchiectomy having significantly lower risks of experiencing any fractures, peripheral
arterial disease and cardiac-related complications (Sun et al. 2016). The two methods
reduce testosterone levels produced by testes, but not adrenal glands. To potentiate the
therapy, ADT is often combined with a treatment with AR antagonists, molecules binding
to the LBD but not activating the protein, achieving complete blockage of the testosterone
activity on AR. Currently there are few nonsteroidal antiandrogens (NSAA) available,
including flutamide, hydroxyflutamide, nilutamide, bicalutamide or more potent second-
generation antiandrogens, enzalutamide and recently approved by the European Medical
Agency apalutamide®. Additionally, abiraterone acetate (abiraterone), which targets a
central enzyme in de novo steroidogenesis (Cytochrome P450 family 17 subfamily A

7 https://uroweb.org/epad-2019-the-current-status-of-prostate-cancer-screening-in-eu/
8 https://www.erleadahcp.com
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polypeptide 1, CYP17A1), is used to block the testosterone production by adrenal glands.
Despite a good response to the hormonal therapy for almost all patients, lasting from
months to years, the disease uniformly progresses to the CRPC (Heinlein and Chang 2004,
Watson et al. 2015; Fujii and Kagechika 2019).

The notion that CRPC relies on AR signaling axis came from an observation that 30%
of CRPC patients that underwent ADT harbored genomic amplification of AR locus,
whereas the amplification was not observed in the corresponding tumor samples collected
before the treatment (Visakorpi et al. 1995). Now we also know that is not only the genomic
amplification of AR locus, but also a recurrent tandem duplications involving an upstream
enhancer of the AR, that drive the CRPC (Takeda et al. 2018; Viswanathan et al. 2018).

Since then, many mechanisms of AR signaling restoration and consequently, resistance
to the therapy, have been described. One of these mechanisms is point mutations that occur
mostly in the AR LBD. The most common ones are L702H, W742C, H875Y and T878A.
Collectively, these recurrent AR mutants are present in 15-20% of CRPC cases (Beltran
2014; Robinson et al. 2015; Watson et al. 2015). The molecular mechanism by which
T878A and H875Y mutants could be responsible for drug resistance came from in vitro
studies where the mutants have been shown to be activated, rather than inhibited, by the
anti-androgens nilutamide and flutamide (Valdscholte et al. 1990; Tan et al. 2014). In
analogy, the W742C mutant has been shown to emerge after biclutamide treatment and to
respond to the drug as to agonist (Hara et al. 2003). Nevertheless, T878A, L702H, H875Y
mutants have been also found a priori to the treatment suggesting a broader effect these
mutations convey (Azad et al. 2015; Chen et al. 2015). Another possible explanation is the
shift of the AR to respond to other non-canonical steroid ligands such as adrenal androgens,
estrogen and progesterone and in the case of L702H, by glucocorticoids (Zhao et al. 2000;
Van De Wijngaart et al. 2010).

Another mechanism postulated to be implicated in CRPC progression and drug
resistance is an alternative splicing of AR mRNA. Few AR splice variants (ARVS) have
been detected in PC cell lines, xenografts and clinical specimens. A common feature of the
ARVs is a truncation of the LBD and addition of a short sequence at the C-terminus of the
protein. The most consistently expressed ARV in CRPC cell lines, tissue samples and pre-
clinical PCa models of castration resistance, is AR-V7 (AR3) (Watson et al. 2015;
Wadosky and Koochekpour 2017). AR-V7, despite the lack of a full NLS, is constitutively
nuclear and transcriptionally active (Watson et al. 2010). The reports whether it is
responsible for drug resistance clearly depend on the model system used. For example,
22Rv1 enzalutamide-resistant CRPC cell line expresses high levels of AR-V7 and siRNA-
mediated knockdown of its expression restores the enzalutamide sensitivity (Li et al. 2013).
On the contrary, VCaP cell line, characterized by lower expression of AR-V7, is still
sensitive to androgen depletion or enzalutamide (Watson et al. 2010). Studies aimed at
induction of castration or enzalutamide resistance by forced expression of AR-V7 were
also dependent on the model used (Watson et al. 2015). Importantly, overexpression of AR-
V7 or another ARV, ARY¢7¢ in the prostates of transgenic mice was sufficient to promote
PC, but not sufficient to block castration-induced apoptosis and glandular involution (Sun
et al. 2014; Liu, Sprenger, Sun, et al. 2015). The cell and mice model studies have been
promptly complemented by multiple clinical investigations aiming at understanding the
correlation between V7 (and ARY®67¢) and clinical outcome in terms of resistance and
prognosis. AR-V7 (often in combination with the PSA expression) has been proposed as a
biomarker to predict CRPC patient response to therapy (Wadosky and Koochekpour 2017).
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In 2017 there were 6 clinical trials aiming at that. An example trial°, concluded that
detection of AR-V7 in circulating tumor cells by two blood-based assays is independently
associated with shorter progression free survival and overall survival with abiraterone or
enzalutamide treatments and such men with metastatic CRPC should be offered alternative
treatments to a standard ADT (Armstrong et al. 2019). The major caveat of that conclusion
is the limited number of alternative treatments. Effective inhibition of ARVs action could
be confer by development of drugs targeting either DBD (Dalal et al. 2018), or the AD of
AR (an example is the terminated clinical trial of EPI-506, molecule targeting the AR AD*)
(Antonarakis et al. 2016; Montgomery et al. 2019) or lowering the protein level of AR-V7
(currently there is one clinical trial testing the use of niclosamide in combination with
abiraterone acetate and prednisone!?) (Liu et al. 2014).

Castration reduces levels of testosterone by over 90%, but doesn’t eliminate another of
source of testosterone which is de novo steroidogenesis in the adrenal gland, keeping the
testosterone level in the localized PC or metastatic CRPC on a physiologically relevant
level (Titus et al. 2005; Nishiyama et al. 2015). Aforementioned, abiraterone acetate
reduces the levels of necessary precursors for testosterone production, adrenal androgens
dehydroepiandrosterone (DHEA) and androstenedione (AD), but the remaining pool of
sulfated DHEA can be still converted to testosterone or DHT in prostate tissue (Attard et
al. 2009; Tamae et al. 2015). As a consequence, there is ongoing further investigation on
therapeutic blockage of enzymes downstream of CYP17A1 (Liu et al. 2014).

Another mechanism of CRPC continuous progression is a complete bypass of the
AR signaling axis. Mentioned in Chapter 1.2.1. complex interplay between NRs, in specific
GR, PR and MR, have been a subject of investigation in the context of CRPC (Watson et
al. 2015). For example, an enzalutamide resistant LNCaP subline, LREX’, was shown to
be dependent on GR expression for enzalutamide resistant growth. Additionally, in VCaP
cells analysis of AR and GR cistrome and transcriptome revealed high overlap between the
two receptors (Arora et al. 2013). Studies using patients CRPC or localized PC samples
supported the possible GR driven resistance. The potential of combined inhibition of GR
and AR is currently being investigated'? (Watson et al. 2015).

Further complications come from the molecular heterogenicity of the CRPC, not only
between patients, but also within one tumor. The heterogenicity is already visible at the
level of AR expression, with subpopulations of cells expressing from none, through
moderate to high levels of AR (Crnalic et al. 2010). It is now clear that some men can
relapse with clinically aggressive variants of CRPC with reduced or absent AR expression,
although the classification of these tumor types is still ongoing and the pathways
responsible for disease progression are being investigated (Beltran et al. 2011; Epstein et
al. 2017).

The heterogeneity of PC is clearly visible at its most basic level through its genetic and
epigenetic status, already in the primary tumors (Stelloo et al. 2019). One of the most
common genomic PC alterations, TMPRSS2:ERG rearrangements, already reported in
2006, occurs in 49.2% of 118 primary prostate cancers and 41.2% of 18 hormone-naive

9 Clinical trial: NCT02269982

10 Clinical trial: NCT02606123
11 Clinical trial: NCT02807805
12 Clinical trial: NCT02012296
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lymph node metastases (Perner et al. 2006). TMPRSS2 is an androgen-response gene and
its promotor element in the context of the TMPRSS2:ERG fusion results in ERG
oncoprotein (member of the E26 transformation-specific TFs) overexpression and
subsequent contribution to PC progression (Z. Wang et al. 2017). Mentioned in Chapter
1.3.2.5., the growing availability of somatic genome or exome sequencing of cancers
expands our understanding of the scope of the genomic alterations, including recurrent
mutations in SPOP, MED12, FOXAL1 and other factors in PC (Taylor et al. 2010; Berger
et al. 2011; Barbieri et al. 2012; Robinson et al. 2015). The constantly growing data on
cancers genomic is available at cBioPortal*3.

The chromatin regulatory landscape rearrangements through epigenetic changes
constitute another level of PC complexity. It has been shown that AR cistrome undergoes
extensive reprogramming during prostate epithelial transformation in men, with a core set
of sites being consistently reprogrammed in tumors. Importantly, the reprogrammed
cistrome relied on FOXA1l and HOXB13, which appeared to directly bind to the
reprogrammed sites together with the AR and drive the transition (Pomerantz et al. 2015).
Another study linked the AR overexpression with chromatin relaxation that was specific to
CRPC. The increased chromatin accessibility in cancer cell lines was shown to be mediated
by bromodomain-containing proteins (BRDs) (Urbanucci et al. 2017). Improved
technological advances, methods like multicontact 4C and single-cell Hi-C, open the
possibility to understand the epigenomic rearrangements of CRPC and allow for future
validation for their clinical importance (Stelloo et al. 2019).

1.4 Phase separation in biology

The Protein Trinity hypothesis was introduced by Keith Dunker and Zoran Obradovic
in order to put forward the idea of functional IDPs. The concept invoked the idea that the
protein function can be carried out not only by its ordered state, but by any of its three
native states: the ordered state, but also disordered, random coil and molten globule states
(Dunker and Obradovic 2001). The authors elaborated on the idea suggesting the transitions
between these states can be also functional and are conceptually analogous to phase
transitions (Dunker et al. 2001). The authors probably did not predict the analogy will soon
be used in a literal way to describe actual phase transitions of IDPs. In the landmark
publication in 2009, Clifford Branwynne from Tony Hyman’s laboratory applied the phase
transition concept to explain the behavior of P granules in the germline of Caenorhabditis
Elegans (Brangwynne et al. 2009). They were not the first ones to speculate about the
importance of phase transitions in living systems or their origins (Oparin and Morgulis
1938), but the first ones to use modern tools to dissect the nature of the membranelles
organelle, by physically dissecting a germline nucleus, Figure 9 (Brangwynne et al. 2009).

13 hitp://www.cbioportal.org/
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Figure 9. P granules behave like liquids

Dripping P granules (red outline) from a dissected germ line. Nucleus (N), white line.
Adapted from (Brangwynne et al. 2009)

Currently the phase separation is becoming a field on its own, where many of the known
membranelles organelles, like nucleoli, Cajal bodies or stress granules are revisited by
biologists with the concepts and tools borrowed from soft matter physics. The
membranelles organelles formed by phase transitions vary in material properties, from
liquid-like, through gel-like to solid-like assemblies, composition, formed by IDPs, folded
proteins, nucleic acids and mixtures of all, and functions, for example: storage, enzymatic
reactions, RNA processing or simply products of aberrant transition into solid-like
aggregates. The most common and physiologically relevant phase transition appears to be
the liquid-liquid phase separation (LLPS), where the resulting dense phase has properties
of liquid droplets that are round, can drip, wet the surface, undergo fusion and whose
components can easily rearrange.

A classic macroscopic example used to visualize the LLPS is the salad dressing, where
the two liquids, oil and the vinegar, do not mix but separate into two distinct phases (Hyman
et al. 2014; Mitrea and Kriwacki 2016; Shin and Brangwynne 2017). With the kitchen table
in mind, the common ingredient of the liquid-like droplets in the cell are the IDPs. The
property that makes IDPs the ideal candidates to undergo LLPS is their similarity to
polymers, in features like multivalence and formation of rather weak interactions. Polymers
can demix in response to an increase or decrease in temperature undergoing phase
transitions with a lower or upper critical solution temperature (LCST or UCST),
respectively (Martin and Mittag 2018).

Polymers demix only in conditions where the resulting free energy of demixing is
favorable. The configurational entropy of polymer chains in solution is a collective entropy
of different conformations that each chain can adopt and the relative positions that polymers
and solute molecules can adopt. With an increase of concentration, the configurational
entropy decreases, therefore the corresponding free energy increases. Demixing into two
phases, one of high and one of low concentration of polymer, can only occur if the
multivalent interactions between chains of polymer are attractive on average, so that the
resulting free energy decreases with an increase of the concentration. The analytical
frameworks adapted in the |IDPs phase separation are the Flory—Huggins
theory, Overbeek—Voorn Theory, and Random Phase Approximation Theory. Despite
being useful for some systems, none of the theories accounts for sequence-specific effects.
Additionally, biological phase separated condensates are rarely formed by a homopolymer
and are far from thermodynamic equilibrium (Lin et al. 2018). In term of sequence-
specificity of LLPS not much yet can be concluded from the limited number of sequences
known to undergo phase transitions, but some patterns have been observed, like FG repeats
in nucleoporins (Patel et al. 2007), the R and Y-containing repeats in FUS (Wang et al.
2018), VPGVI/GVGV B-turns repeats in elastin (Reichheld et al. 2017), and charge pattern
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in NPML1 (Nott et al. 2016; Mitrea et al. 2018). Primary amino acid sequence of the “low
complexity regions”, here referred to as IDPs, undergoing phase transition encodes for the
type of the transition, whether it is LCST or UCST, and for the material properties and
miscibility of the resulting dense phases. The collective observations from the existing
experimental studies suggests that the UCST vs LCST behavior results from the balance of
hydrophobic and polar/charged amino acids in the IDP, Figure 10 (Martin and Mittag
2018). The LLPS property of a given protein is often modified by post-translational
modifications, like phosphorylation status of CPEB4 (Guillén-Boixet et al. 2016), making
the direct translation of primary sequence composition to LLPS behavior less
straightforward.

O Glycine @ Positive @ Hydrophobic
Polar @ Negative @ Hydrophobic&Aromatic

Temperature

Concentration

Figure 10. Sequence dependence of IDPs phase behavior

UCST or LCST behavior of an IDP depends on the balance of hydrophobic vs polar/charged amino acids. A
purely polar IDP (1) is likely soluble over a wide temperature range. The addition of hydrophobic amino acids
(1) results in LCST behavior. A mixture of oppositely charged polymers has UCST behavior. If the
hydrophobic amino acids are predominately aromatic (IV), the LCR could have either a UCST or LCST
transition. Polar IDP with aromatic amino acids and increasing charge (V) have UCST behavior. In addition,
the intervening sequence space modulates the properties of the dense protein phase. For example, increasing
the fraction of charged residues could result in a dense protein phase that has a higher fraction of solvent and
is therefore less concentrated.

From (Martin and Mittag 2018)

1.4.1 Phase separation in nucleus

Phase separation of macromolecules into distinct compartments is becoming a
widely observed mechanism of intracellular organization of the cytoplasm and the nucleus.
The largest polymer in the cell nucleus, chromatin, has been shown to condense into
heterochromatin domains, the high density, transcriptionally mostly silent state of
chromatin, driven by the heterochromatin protein 1 (HP1) LLPS (Larson et al. 2017; Strom
et al. 2017; Tatarakis et al. 2017). Studies on reconstituted nucleosome arrays, composed
of histone octamers and DNA template, have shown that this chromatin model can undergo
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self-organization through salt-induced LLPS with >10,000-fold concentration of
nucleosomal arrays in the droplet state (Gibson et al. 2019). In the limited nuclear space
next to, probably multiple, phase separated states of the chromatin there are many phase
separated protein and nucleic acids organelles. Examples of those include: nucleoi (Feric
et al. 2016), paraspeckles (Hennig et al. 2015), PML bodies (Shen et al. 2006), nuclear
speckles (Fei et al. 2017) and Cajal bodies (Kaiser et al. 2008). These condensates are likely
to form in the low density largely euchromatin regions and mechanistically exclude
chromatin as shown using CasDrop, a CRISPR-Cas9-based optogenetic technology which
can induce localized condensation of liquid droplets using IDRs of nuclear proteins at
specific genomic loci. The condensates targeted to specific loci have been proposed to act
like a mechano-active chromatin filters, by excluding the non-targeted chromatin, but
bringing together distant targeted genomic loci through coalescence of the IDR driven
phase separated droplets at the loci (Shin et al. 2018).

1.4.1.1 Phase separation in transcription

The mechanism of pulling distant genomic loci through phase separation of nuclear
proteins involved in transcription has been proposed to be involved in the formation of
super-enhancers (SE). SE are clusters of enhancers that control genes that have especially
prominent roles in cell-type-specific processes. SEs are occupied by particularly high
density of interacting proteins and are able to drive higher levels of transcription. The
proposed model of phase separation driven transcription at super enhancers would explain
several features previously related to SEs, like clustering of factors, dynamic changes,
hyper-sensitivity of SEs to transcriptional inhibitors, and simultaneous activation of
multiple genes by the same enhancer (Hnisz et al. 2017). That model has been validated
experimentally, in a study showing enrichment of transcriptional coactivators BRD4 and
MED1 at active SEs in a form of puncta observable by fluoresce microscopy. Formation of
these puncta/clusters/droplets was sensitive to 1,6-hexanodiol, an alcohol perturbing
hydrophobically driven phase separation (Sabari et al. 2018).

An argument for the phase separation process involvement in transcription is the
observation that Pol Il itself clusters through phase separation of its carboxy-terminal
domain (Boehning et al. 2018; Lu et al. 2018). Interestingly, it is the disordered AD of a
TF Oct4 that mediates Mediator condensation an embryonic stem cell SE, suggesting a
possible role for a high ID content in TFs, Figure 11. Additionally, not only the AD of
Oct4, but also few others TFs, including full length ER, were able to co-phase separate with
Mediator in vitro (Boija et al. 2018). Contrarily, another group opposed the involvement of
phase separation process in transcription in an example case of FET TFs driven
transcription. Live-cell single-molecule imaging studies on FET protein family
(FUS/EWS/TAF15) TFs revealed formation of local high-concentration interaction hubs at
synthetic and endogenous genomic loci that were able to recruit Pol 11 machinery. The
authors proposed a model where the ADs of TFs cluster through dynamic, multivalent and
sequence specific interactions without detectable phase separation at endogenous levels of
proteins. Formation of these hubs/clusters is essential to transcription by a mechanism still
to be discovered (Chong et al. 2018). Finally, a study on ER in human breast cancer cells
showed acute and cooperative assembly of functional enhancers in response to 17f-
estradiol (E2). The robust E>-responsive enhancers, in contrary to weak ERa enhancers, are
characterized by high levels of enhancer RNAs (eRNA) transcripts and recruitment of an
ERa-dependent, megadalton-scale protein complex (MegaTrans, with components such
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as GATAS3, FOXAL and AP2y). The MegaTrans enhancers formed likely by LLPS as
demonstrated by in vitro LLPS propensity of GATA3 and ERa, fast dynamics of ERa foci
in cells measured by FRAP and 1,6-hexanediol sensitivity. An interesting feature of the
MegaTrans enhancers was the ability to bring distant genomic loci into proximity in eRNA
dependent manner, possibly through coalescence of droplets as proposed for mentioned
chromatin filters. Additionally, optimal cooperative activation of these enhancers was
additionally modulated by the ability of the enhancer loci to interact with phase separated
interchromatin granules/PML bodies (Nair et al. 2019). The limited number of examples
of phase separation involvement in transcription leaves its importance in the process
speculative. However, it is becoming apparent that the phase separation driven enhancer
assembly is a necessary or advantageous step at least in the case of a subset of enhancers.
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Figure 11. Model of a phase separated transcription condensate

From (Boija et al. 2018)
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2 OBJECTIVES

1. Characterization of the structural features of the AR AD.
2. Determination of the specificity of the EPI-001 binding.

3. Characterization of the AD sequence and structure determinants of Rap74-CTD
interaction with the AR AD.

4. Determination of SPOP-AR ability to demix in cells.
5. Determination of the ability of the AR AD to phase separate in vitro.
6. Study of the AR ability to phase separate in cells.

7. Understanding of the structural consequences of the AR AD phase separation.
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3 CONTRIBUTION TO THE PUBLICATIONS

Student's contribution to the following publications:

1. EPI1-001, A Compound Active against Castration-Resistant Prostate Cancer, Targets
Transactivation Unit 5 of the Androgen Receptor

e expression and purification of the AF1* construct
e help in the preparation of the 15N AF1* samples

Part of the data has been used in the thesis of Eva De Mol in a classical (not by articles) format of
the thesis - Structure, dynamics and interactions of the N-terminal domain of the androgen
receptor in 2014.

2. Regulation of Androgen Receptor Activity by Transient Interactions of Its
Transactivation Domain with General Transcription Regulators

e expression and purification of the AF1* and Tau-5* constructs

e analysis of the structural changes caused by Rap74-CTD binding to the AR AD
by NMR (ACa of the Tau-5* upon Rap74-CTD binding)

e help in the design of stapled peptide (Hel) and its characterization by CD

e measurements of the binding affinities of chosen peptides with Rap74-CTD by
NMR

e contribution to designing the experiments

e help in writing and figure preparation

Part of the data has been used in the thesis of Eva De Mol in a classical (not by articles) format of
the thesis - Structure, dynamics and interactions of the N-terminal domain of the androgen
receptor in 2014.

3. Cancer Mutations of the Tumor Suppressor SPOP Disrupt the Formation of Active,
Phase-Separated Compartments

e establishing the collaboration with Tanja Mittag's laboratory

e optimization of expression and purification of the AD construct

e invitro phase separation experiments of the AD and co-phase separation with
SPOP (confocal microscopy)

4. Hormone binding causes the condensation of androgen receptor that mediates folding
of activation function motifs

e implementation of the methods to study LLPS

e design of the in vitro and ex vivo experiments

e establishing the collaboration with Gordon L. Hager's laboratory and design of the
N&B experiments with Diego Presman

e preparation of the samples and partial analysis of the NMR experiments

e invitro experiments of: the cloud point temperature determination (phase
diagram, ionic strength dependence of phase separation, LLPS by DIC, LLPS by
confocal microscopy, FRAP, CD)

e figures preparation and writing
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ABSTRACT: Castration-resistant prostate cancer is the lethal condition Sub-domain involved in
suffered by prostate cancer patients that become refractory to androgen & castr;:ggrreesssi:::nt stage
deprivation therapy. EPI-001 is a recently identified compound active against ]

this condition that modulates the activity of the androgen receptor, a nuclear J '
receptor that is essential for disease progression. The mechanism by which

this compound exerts its inhibitory activity is however not yet fully 141 ’Df—/\—%\/— 494
understood. Here we show, by using high resolution solution nuclear .

magnetic resonance spectroscopy, that EPI-001 selectively interacts with a CUPOMBMMM RS s o0 .i

g . L. K for treating castration
partially folded region of the transactivation domain of the androgen resistant patients

receptor, known as transactivation unit S, that is key for the ability of prostate ...
cells to proliferate in the absence of androgens, a distinctive feature of ®
castration-resistant prostate cancer. Our results can contribute to the 141 sz):)—\/j;494
development of more potent and less toxic novel androgen receptor T ’
antagonists for treating this disease.

P rostate cancer (PC) is the second most common cancer in terminal transactivation domain (NTD) that is intrinsically
men and can be cured by surgery or radiotherapy in ca. disordered (ID)*° (Figure la). The function of the NTD
70% of cases. The first line of pharmacological treatment for (residues 1 to S558) is to recruit the basal transcription
the remaining cases targets the androgen receptor (AR) machinery by binding to general transcription factors either
because prostate cells depend on its activation by androgens directly or assisted by transcriptional co-activators.' These
for their growth and proliferation.” Activation can be prevented protein—protein interactions are thought to cause the folding of
by combining androgen deprivation therapy, which inhibits the binding motifs in a region of the NTD called activation
secretion of androgens by the testes, with the administration of function 1 (AF-1) that has not yet been characterized at high
antagonists that competitively bind to the binding site for resolution (Figure la,b) Inhibiting these interactions is
androgens in the ligand-binding domain (LBD) of AR? considered a potential therapeutic approach for both PC and
Two to three years into this treatment, PC patients inevitably CRPC,” but the NTD has not been considered a suitable target
develop castration-resistant prostate cancer (CRPC) as prostate for drug discovery due to its apparent lack of persistent
cancer cells acquire the ability to activate AR at low levels of secondary and tertiary structure.
circulating androgens and in the presence of antagonists.” The The development of drugs that interact with ID regions has
mechanisms of aberrant activation are not well understood but however recently been met with some success,”” and has
appear to include the amplification of the AR gene and AR shown that targeting them with small molecules may be a viable

. 10,11 . .
overexpression, the expression of constitutively active AR splice therapeutic approach. A particularly important develop-

variants lacking the LBD, cell signaling cross-talk, and

mutations in both AR and transcriptional co-regulators.* Received: February 25, 2016
AR is a large multidomain protein composed of globular Accepted: June 29, 2016
ligand- and DNA-binding domains (LBD and DBD) and an N- Published: June 29, 2016
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Figure 1. Predicted properties of the sequence of the transactivation
domain of AR: (a) Domain organization of AR**? with an indication
of the position of Zn atoms in the DBD (gray) and of
dihydrotestosterone (DHT) in the LBD (blue). (b) Definitions of
activation function 1 (AF-1), transcription activation units 1 and §
(Tau-1 and Tau-5), AF-1* and Tau-5* (the regions of sequence
studied in this work) with an indication of the regions of low sequence
complexity, such as polyGln (Q,), polyPro (P,), polyAla (A,), and
polyGly (G,) tracts. (c) Propensity to disorder of the NTD predicted
by PONDR VL-XT?® with an indication of the functional motifs
defining the core of Tau-1 and Tau-S, shaded in red, and of the region
of sequence studied in this work, shaded in gray. (d) Positions of the
motifs of the NTD of AR involved in protein—protein interactions and
acronyms of the binding partners (see main text for details). (e)
Propensity to adopt a-helical conformations predicted by Agadir,* as
a function of residue number, with an indication of the core of Tau-1

and Tau-S (shaded in red) and AF-1* (shaded in gray).

ment in this area was the recent discovery of EPI-001, an
experimental drug for the treatment of CRPC identified by
phenotypic screening that is efficacious both in cell lines and in
animal models of this disease.'” In vivo EPI-001 binds
irreversibly to the AR NTD and weakens its interaction with
general transcription factors and transcriptional co-activators.'®

The discovery of EPI-001 represents an important milestone,
and a derivative of this compound is currently in clinical trials
for CRPC (NCT02606123). The lack of a detailed under-
standing of the structural features of the domain and of the
mechanism of action of this class of compounds represents,
however, a hurdle for the rational design of optimized
inhibitors. Here we reveal, by using solution nuclear magnetic
resonance (NMR) spectroscopy, the structural properties of the
ID regions of the NTD predicted to have a high propensity to
fold and show that EPI-001 targets a region of sequence, known
as transcription activation unit 5 (Tau-5), that is key for the
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ability of prostate cells to proliferate in the absence of
androgens.

B RESULTS AND DISCUSSION

As previously reported,s’é’15 the sequence of the NTD has
features typically encountered in ID regions.'® It has a high
content of Gly, Pro, and polar and charged residues and, as
shown in Figure 1b, possesses regions of low sequence
complexity, such as polyGln (residues 58—78, 84—89, 193—
197), polyPro (372—379), polyAla (398—402), and polyGly
(449—472) tracts. Such disordered tracts are commonly flanked
by motifs of relatively low disorder propensity, with some
helical propensity and rich in hydrophobic side chains, that are
often involved in interactions with binding partners.'” An
analysis of the sequence of the NTD with predictors of disorder
and helical propensity indicates that several such motifs are
indeed present in the domain, and it has been proposed that
they may correspond to the regions of sequence recognized by
general transcription factors and transcriptional co-regulators'>
(Figure 1c,de).

A number of studies have aimed at identifying the regions of
sequence of AF-1 that are essential for transcriptional
activity.'"®'” Two large regions of sequence, known as
transcription activation units 1 and S (Tau-1, 102—371, and
Tau-5, 361—537) have emerged as especially important (Figure
1b). Tau-1 is crucial for the transcriptional activity of AR when
the receptor is activated by androgens.'® Although Tau-$ is less
well characterized, it has been shown to be more important
than Tau-1 when activation occurs via androgen independent
mechanisms in androgen depletion independent cell lines
derived from CRPC patients and mouse xenograft models of
PC.”>”" Efforts have also been directed at identifying the critical
stretches of residues within these regions and suggest that for
Tau-1 they correspond to residues 174 to 204 (core Tau-1),"”
and for Tau-5 to residues 433 to 437 (WHTLF motif)*’
(Figure 1c).

AF-1* is partially folded. To investigate the structural
properties of the NTD and its interaction with EPI-001, we
cloned, expressed, purified, and studied by NMR at 278 K a
306-residue construct (AF-1%, residues 142—448) containing
the part of AF-1 predicted to have a low disorder propensity
(Figure 1b and 1c), that is flanked by polyGln and polyGly
tracts (Figure 1b). In agreement with previous reports based on
the use of other biophysical methods,” the 'H,'SN-HSQC
spectrum of AF-1* had the features expected in an ID region
such as low HY chemical shift dispersion (Figure 2a). In
addition, and contrary to what is the case for NTD constructs
containing residues 1 to 141, which include the polyQ_tract
(Figure 1b), this region of the NTD was sufficiently stable to
allow a characterization of its structural properties by solution
NMR.

In spite of its ID nature, the AF-1 region of the NTD has
been shown to have helical propensity by circular dichroism
(CD) in buffer and in the presence of cosolvents that stabilize
intramolecular hydrogen bonds, as well as in the presence of
the natural osmolyte trimethylamine oxide (TMAO).”** To
identify the regions of sequence that adopt this secondary
structure, we assigned the resonances of AF-1* by a divide and
conquer approach (see Methods), compared the Ca and CfS
chemical shifts, which are reliable reporters of secondary
structure, to those predicted for disordered AF-1* (Figure
2b),” and used the SSP algorithm of Forman-Kay and co-
workers™* to quantify the secondary structure propensity for the
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Figure 2. Structural properties of the transactivation domain revealed by solution NMR: (a) 'H,"*N-HSQC spectrum of AF-1*. (b) Plot of the
difference between the secondary Car and Cf chemical shifts measured for AF-1* with an indication of the regions of sequence with predicted
disorder propensity (DP) lower than 50%, in gray, for AF-1* with predicted helical propensity (hel) higher than 10%, in blue, and for AF-1*
involved in protein—protein interactions (PPIs), in green and, at the bottom of the top panel, an indication of the nascent secondary structure
identified experimentally (SS, cylinders indicate helical propensity; black rectangles indicate propensity to adopt an extended conformation). (c) Plot
of the secondary structure propensity of the residues of AF-1¥, where SSP = 1 indicates a fully formed helix and SSP = 1 an extended conformation,
obtained by using the algorithm SSP to extract the information on secondary structure contained in the backbone (BCa, BCp, 3CO, N, HN)
chemical shifts. (d) Plot of the '*N transverse relaxation rates (R,) of the residues of AF-1* at 250 #M. The cores of Tau-1 and Tau-5 are shaded in

red.

various residues of this construct from analysis of the backbone
(3Ca, *Cp, *CO, N, H) chemical shifts.

The results that we obtained indicated the presence of two
regions of high helical propensity (defined as ASCa—ASCS > 1
ppm and SSP = 0.5, corresponding to a helical propensity of
50%) which correspond to residues 185—200, in Tau-1, and
390—410, in Tau-S. Other regions of intermediate helical
propensity (defined as ASCa—ASCfS =~ 0.5 ppm and SSP =
0.2) could also be identified, such as the region 230—240, in
Tau-1, and 355—365 in Tau-S (Figure 2b, c). In addition to
identifying regions of helical secondary structure, the analysis of
the chemical shifts also suggests that residues 144—154 and
270—290 of AF-1* adopt an extended conformation
(ASCa—ASCH ~ —0.5 ppm and SSP ~ —0.3) (Figure 2b, c).

To further characterize the structural properties of AF-1%, we
characterized the dynamics of AF-1* by measuring the
transverse relaxation rates (R,) of the backbone N nuclei.
Such relaxation rates are good reporters of nascent secondary
structure and transient tertiary contacts in chemically denatured
and ID proteins.”> The results that we obtained, presented in
Figure 2d, indicate that the regions with nascent secondary
structure revealed by the analysis of the '*C chemical shifts
(Figure 2b) also display relatively high R, values. These are
especially high, reaching values of ca. 15 s/, for three regions of
sequence found in Tau-5 predicted to have low disorder
propensity”® and presenting, in two cases, high helical
propensity.

Some of the regions of sequence that we identified as
partially folded in AF-1* correspond, in fact, to the epitopes of
binding partners of AR or are known to be important for the
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function of this receptor. In Tau-1, for example, the region that
is most structured corresponds to core Tau-1 (Figure 2b). This
region encompases the motif "*LSEASTMQLL'?, which is the
binding epitope of TAB2, a component of the NCoR
corepressor complex.27 Partially folded residues 144 to 154,
also in Tau-1, are part of the binding epitope of the amino-
terminal bromo domains of BRD4.”® The region containing
residues 230 to 240, of intermediate helicity, overlaps with the
binding site of CHIP, a protein known to recruit the chaperone
machinery by interaction with Hsc70, Hsp70, and Hsp90,
which mediates the degradation of AR by the proteasome™
(Figure 1d).

In Tau-S the regions that we found to be partially folded are
separated by motifs of low sequence complexity, such as the
Pro-rich region *”'GPPPPPPPPHP**' and the Gly-rich region
H4GAGAAGPGSGSPS*S. The former has been proposed to be
the binding site of the SH3 domain of Src,®® and the latter
harbors a phosphosite, S424, which is thought to be important
for transcriptional activity.”' Although we have not assigned the
backbone resonances corresponding to the Pro residues in this
Pro-rich motif, an analysis of the secondary chemical shifts of
residues in its flanking regions (367—370, 385—388, Figure 2b)
suggests that it may adopt an extended conformation, likely of
the polyproline II type, given the high Pro content; the
polyproline II conformation is rather unusual but has been
documented for several other IDPs.*” The chemical shifts and
transverse "°N relaxation rates of the Gly-rich region (414—426,
Figure 2b,c,d) indicate, by contrast, that it is disordered, as
expected due to its high Gly content.
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No binding partners have yet been identified for regions
355—365 and 390—410, that are partially helical, but the
SWHTLE®” motif in region 433—447, corresponding to the
core of Tau-5, has been proposed to bind both to activation
function 2 (AF-2) in the LBD of androgen-bound AR™** and
to histone acetyltransferase p300;> in addition, it has been
shown to be indispensable for transcriptional activity in
androgen depletion independent cell lines.”

We noted that the helical propensity of the partially folded
regions identified in both Tau-l and Tau-S (SSP = 0.5,
corresponding to a population of helix of ca. S0%) is
substantially higher than that predicted by algorithms that
solely consider local interactions such as Agadir’® (Figures le
and 2b, c), indicating that nonlocal interactions may contribute
to stabilizing the secondary structure. We thus investigated
whether such nonlocal interactions included intramolecular
contacts between residues in Tau-1 and Tau-5, similarly to what
has been shown to occur in globular proteins under mild
denaturing conditions.”” For this analysis we used an NTD
construct encompassing the part of Tau-5 contained in AF-1%,
corresponding to residues 330—448 (termed Tau-S*, Figure
1b). We compared the HY and '*N chemical shifts of Tau-5* to
those of AF-1* and observed that they were highly similar
(Figure S2). These results indicate that the chemical environ-
ment that residues in the Tau-5 region experience is the same
in both the presence and absence of Tau-1. We conclude that
the secondary structure present in AF-1* does not rely on long-
range interactions between residues in Tau-1 and residues in
Tau-S.

EPI-001 interacts reversibly with Tau-5. It has been
proposed that the mechanism of action of EPI-001 (Figure 3a)
involves two steps,'” the first step being the formation of a
reversible complex between this compound and a specific
conformation of AF-1 and the second the nucleophilic attack,
by a protein side chain, on the C—CI bond of EPI-001 to form
an adduct unable to activate transcription. To investigate the
first step of this mechanism and characterize the putative
reversible complex, we synthesized EPI-001 (details available as
SI) and used NMR to analyze its effect on the resonances of
AF-1* at 278 K. As shown by MS under these conditions, the
irreversible reaction of EPI-001 with AF-1* is sufficiently slow
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to allow the study of the reversible interaction by NMR (Figure
SS).

The results that we obtained, shown in Figures 3b and c,
indicate that EPI-001 causes small but highly reproducible
changes in N chemical shifts in residues 354 to 448 of AF-1%,
that correspond to Tau-5. Interaction with EPI-001 affects the
resonances of a large number of residues, which are found in
the three regions of sequence in Tau-5 identified as partially
folded by the combined analysis of the backbone "*C chemical
shifts and *N transverse relaxation rates (Figures 2b, 2d, and
3b). We detected much smaller perturbations of the resonances
of residues corresponding to Tau-1 even though this region
contains partially helical regions such as residues in core Tau-1
(Figures 2b and 3b). These results indicate that EPI-001 does
not simply interact with any region of sequence with helical
propensity but, rather, that this compound targets Tau-5 due to
the ability of this subdomain to adopt a conformation or, most
likely, an ensemble of conformations that have affinity for it.

With the aim of further investigating the nature of the
interaction, we monitored the effect of AF-1* on the
resonances of EPI-001. We observed that substoichiometric
amounts (25 M and 50 uM) of AF-1* caused small but
reproducible chemical shift changes in the "H NMR spectrum
of EPI-001 at 250 uM, as well as increases in line width similar
to those commonly observed in small drug-like molecules
transiently associating with macromolecules (Figure S3).
Together with our observation of perturbations in a large
number of residues of AF-1%, this result suggests that EPI-001
interacts with an ensemble of conformations adopted by AF-1*
where these regions of sequence adopt a partially folded
structure.

A large number of residues in Tau-S experience chemical
shift perturbations, more than what is expected for the binding
of a small molecule. This can be due to the inspecific
interaction of one or various molecules of EPI-001 with three
independent interaction sites or to the combination of direct
and indirect chemical shift changes due to structural changes
occurring in Tau-S upon interaction with EPI-001.** To
exclude that one or more EPI-001 molecules interact
independently with the three regions of sequence of AF-1*
where chemical shift perturbations are observed, we monitored
the effect on its '"H NMR spectrum of adding three peptides
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(RI to R3) with sequences corresponding to regions 341—371,
391—414, and 426—446, respectively (details available as SI).
We found that these peptides caused no changes in the
spectrum of EPI-001, indicating that EPI-001 does not interact
with them (Figure S3) and confirming that residues 354—448
must simultaneously be present because they are necessary for
binding this compound or for stabilizing the bound state of
Tau-5* (Figure 4).
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Figure 4. Scheme of the interaction of EPI-001 with partially folded
Tau-S.

It is interesting to note that Tau-5, the region of sequence of
the NTD targeted by EPI-001, is partially folded, but it is
important to emphasize that the data that we have obtained do
not provide us with a mechanism of molecular recognition for
this interaction. It is possible that a conformational selection
mechanism operates in which EPI-001 interacts with a subset of
the conformations that Tau-5* samples in equilibrium, but it is
also possible that EPI-001 induces a new conformation in Tau-
5*. Further work will be necessary to differentiate these two
scenarios.

EPI-001 has two stereogenic centers and can therefore be
found as four stereoisomers. To investigate whether the
interaction between this compound and Tau-$ is stereospecific,
we synthesized the four stereoisomers (details available as ST)
and studied their interaction with AF-1* by NMR. The results
that we obtained (Figure S4) indicate that the four compounds
can interact with the NTD of AR, and thus the interaction
appears to occur with little or no stereoselectivity. These results
are in agreement with results obtained in vivo by Myung et al,,
who found that, although one of the stereoisomers tested was
slightly more active than the other ones, the inhibitory activity
of the four stereoisomers was similar."’

Put together, our results indicate that AF-1 is partially folded
in regions of sequence that correspond to those which are
functionally relevant for interacting with the transcription
machinery and co-regulators of transcription. In addition, they
reveal that Tau-1 and Tau-5, the two independent transcription
activation units that are found in AF-1, correspond to different
subdomains that appear not to be involved in long-range
interactions, i.e. are structurally and dynamically, at least under
our conditions, independent. Finally, and most importantly,
they show that Tau-S, which plays a particularly important role
in AR activation in the absence of androgens, can be targeted
by compounds such as EPI-001 (Figure 4). Although the lack
of stereoselectivity that we observe suggests that the binding
mode of EPI-001 may not be sufficiently well-defined for
conventional drug development, our results are of relevance for
drug discovery for CRPC because they suggest that the NTD,
and Tau-S in particular, may represent a suitable therapeutic
target.
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B METHODS

Protein expression and purification. The DNA sequences
coding for human WT AR residues 265 to 340 (AF-1%,45_3,), 330 to
448 (Tau-5*), and 142 to 448 (AF-1*) were cloned into Gateway
pDEST17 vectors (Invitrogen) with an N-terminal Hiss-tag and a TEV
cleavage site. Transformed E. coli Rosetta cells were grown at 37 °C in
LB medium for the production of nonisotopically labeled protein. For
single ("*N) or double (**N,"*C) isotopic labeling, cells were grown in
minimal MOPS medium'* containing '*NH,Cl or *NH,Cl and "*C-
glucose, respectively. The AF-1* fusion protein accumulated in
inclusion bodies which were solubilized in lysis buffer containing 8
M urea and fragmented by a pass through a cell disruptor at 25 kpsi.
The fusion protein was purified by Ni** affinity chromatography in
urea, which was removed by two dialysis steps, after which the His,-tag
was cleaved by the TEV protease. The cleaved AF-1* was further
purified by reverse Ni** affinity and size exclusion chromatography in
20 mM sodium phosphate buffer with 1 mM tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) at pH 7.4.

Peptides. The synthesis of peptides R1, R2, and R3 (see SI) was
performed by solid phase peptide synthesis by GenScript (peptide R1)
or by ICTS NANBIOSIS, more specifically by the peptide synthesis
unit of the CIBER in bioengineering, biomaterials, and nanomedicine
(CIBER-BBN) at the Barcelona science park (peptides R2 and R3).
The lyophilized peptides were dissolved in deionized water, and the
pH of the resulting solution was adjusted by addition of a concentrated
NaOH solution. The concentration of these solutions was determined
by amino acid analysis. The absence of intermolecular disulfide bonds
in the R2 peptide, which contains one Cys residue, was confirmed by
mass spectrometry (MS).

Chemical synthesis of EPI-001 and stereoisomers. EPI-001
contains two stereogenic centers and can therefore be found as two
pairs of enantiomers. We synthesized the four isomers with high
diastereo- and enantioselectivity (Chiral HPLC). The synthesis
followed the sequence detailed in Figure S1 of the SI. Bisphenol A
was treated with enantiomerically pure glycidol. The resulting diol was
protected as dimethyl acetal, and the free phenol was allowed to react
with another isomer of glycidol. The corresponding diol was
transformed into the epoxide and opened with CeCl;. The treatment
gave the final product by concomitant deprotection of the acetal. Full
experimental details as well as the complete characterization of all
isomers can be found in the SL

NMR. The assignment of AF-1* was obtained by using a divide and
conquer approach. The resonances of fragments AF-1¥,4; 34, Tau-5*
(330 to 448), and AF-1* (142—448) were obtained by analyzing
conventional three-dimensional triple resonance experiments acquired
with standard Bruker pulse sequences on Bruker 600 and 800 MHz
spectrometers at 278 K in 20 mM sodium phosphate buffer with 1 mM
TCEP at pH 7.4. The resonances of AF-1%¥,5_3,, and Tau-5* were
equivalent to those of AF-1%, except for residues near the termini
(Figure S2), and allowed transferring the assignments from the former
to the latter; the residues that were unique to AF-1* were assigned
directly by analysis of the relevant spectra. To measure the
perturbations caused by EPI-001, EPI-002, EPI-003, EPI-004, and
EPI-00S (details available as SI) on the resonances of AF-1%,
appropriate volumes of a S0 mM stock solution of these compounds
in 100% dioxane-dg were added to aliquots containing 25 yM AF-1%,
20 mM sodium phosphate, 1 mM TCEP, 10% D,O, and 30 uM DSS-
dg at pH 7.4.
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SUMMARY

The androgen receptor is a transcription factor that
plays a key role in the development of prostate can-
cer, and its interactions with general transcription
regulators are therefore of potential therapeutic in-
terest. The mechanistic basis of these interactions
is poorly understood due to the intrinsically disor-
dered nature of the transactivation domain of the
androgen receptor and the generally transient nature
of the protein-protein interactions that trigger tran-
scription. Here, we identify a motif of the transactiva-
tion domain that contributes to transcriptional activ-
ity by recruiting the C-terminal domain of subunit 1 of
the general transcription regulator TFIIF. These find-
ings provide molecular insights into the regulation of
androgen receptor function and suggest strategies
for treating castration-resistant prostate cancer.

INTRODUCTION

The activation of transcription relies on interactions between
specific transcription factors and general transcription regula-
tors that can be mediated by transcriptional co-activators
(Fuda et al., 2009). It is important to characterize them because
their inhibition by small molecules or other biological tools offers
opportunities for therapeutic intervention in many disease areas,
including oncology (Darnell, 2002). Since they involve intrinsically
disordered (ID) transactivation domains, the associated com-

plexes are however transient, marginally stable, and challenging
to study (Wright and Dyson, 2015).

One case where inhibiting these interactions is appealing is
castration-resistant prostate cancer (CRPC). This condition af-
fects prostate cancer patients who are refractory to hormone
therapy, which is based on preventing the activation of the
androgen receptor (AR). The mechanisms that allow cell prolifer-
ation under these conditions are not yet fully characterized, but it
is becoming clear that they include expression of constitutively
active AR isoforms lacking the ligand binding domain (Robinson
et al., 2015).

The complexes formed by the transactivation domain of AR
(Lavery and McEwan, 2008a) and general transcription regula-
tors are targets to interfere with CRPC (Sadar, 2011) because
inhibiting their formation can lead to decreases in AR transcrip-
tional activity and in the proliferation of prostate cancer cells.
Here, we report the structural basis for the interaction of the
transactivation domain of AR and the C-terminal domain of sub-
unit 1 of the general transcription regulator TFIIF (RAP74-CTD),
which involves the folding upon binding of a short motif in this
receptor and contributes to transcriptional activity (Choudhry
et al., 2006; McEwan and Gustafsson, 1997).

RESULTS

A Motif in Transcriptional Activation Unit 5 of AR Adopts
a Helical Conformation to Recruit RAP74-CTD

To identify the regions of the AR involved in recruiting RAP74-
CTD, we used solution nuclear magnetic resonance (NMR).
NMR is appropriate for characterizing protein-protein interac-
tions involving ID proteins because it provides residue-specific

Structure 26, 145-152, January 2, 2018 © 2017 Elsevier Ltd. 145
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Figure 1. Identification of a Short Motif in AR that Recruits RAP74 by Adopting a Helical Structure

(A) Domain structure of AR indicating the regions that form the transactivation (NTD), DNA binding (DBD), and ligand binding (LBD) domains, as well as the polyGin
tract (pQ) and the various partially folded motifs of the NTD (in gray) defined as those with a locally high transverse '°N relaxation rate in NMR experiments (De Mol
et al., 2016).

(B) Plot of the chemical shift perturbations (CSP) caused by 500 uM RAP74-CTD on the resonances of 50 uM AF-1* (residues 142-448) as a function of residue

number (CSP = \/A(S(H)2 + (416(N)/5)2 ) with an indication of the partially folded motifs (in gray).

(C) Changes in the resonances corresponding to four residues of Tau-5* (residues 330-448) at 50 uM titrated with 50 (orange), 150 (green), 250 (yellow), 375 (blue),
500 (pink), 710 (purple), and 950 (red) uM RAP74-CTD.

(D) Plot of the changes in "3Ca. chemical shift (ACa) caused by 500 uM RAP74-CTD* on the resonances of 100 uM Tau-5* with an indication of the partially folded
motifs (in gray).

(E) Detail of the CSP and the ACa values obtained for specific residues in the interaction motif of AR with an indication, as underlined, of the positions used for

hydrocarbon stapling (see below and Figure 3D).
See also Figure S1.

information in the absence of the long-range order required for
crystallization (Dyson and Wright, 2004). In addition, it is well
suited for the characterization of weak protein-protein interac-
tions, which can occur when one of the partners is ID (Wright
and Dyson, 2009).

We used a construct of the AR transactivation domain (AF1*,
AR residues 142-448, Figure 1A) that contains two known func-
tional subdomains, transcriptional activation units 1 and 5 (Tau-1
and -5) (Callewaert et al., 2006). AF1* is ID with regions of helical
propensity in the structurally independent Tau-1 and Tau-5 sub-
domains (De Mol et al., 2016). We measured 2D 'H,"*N hetero-
nuclear single quantum coherence (HSQC) NMR spectra of
AF-1* in the presence and in the absence of RAP74-CTD
(RAP74 residues 450-517) (Lavery and McEwan, 2008a) and
observed chemical shift perturbations in a region of Tau-5 with
the sequence **'SSWHTLFTAEEGQLYG**® (Figure 1B). To
confirm that the interaction does not involve residues in Tau-1,
we repeated the experiments with a shorter AR construct
(Tau-5*, AR residues 330-448) and obtained an equivalent result
(Figure S1A).
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In order to estimate the stability of the complex, we performed
a titration of Tau-5* with RAP74-CTD at 278 K (Figure 1C) and
found that the affinity between these two proteins was in the
millimolar range (Figure S1B). This is in agreement with the notion
that the protein-protein interactions that activate transcription
are weak due to their multivalent and transient nature (Melcher,
2000; Uesugi et al., 1997). To investigate whether binding of
RAP74-CTD induces a conformational change in Tau-5, we
compared the '*Ca chemical shifts of Tau-5* in the presence
and in the absence of its binding partner (RAP74-CTD*, see
STAR Methods) by using 3D HNCA NMR experiments (Fig-
ure 1D). We observed increases in '3Ce. chemical shift in several
residues of the motif, in agreement with the induction of a helical
conformation (Neal et al., 2003), which were particularly large
(ca. 0.5 ppm) for residues S432 to T438, which define two turns
of an a helix (Figure 1E).

To identify the binding site of AR on the surface of RAP74-CTD,
we performed 'H,">N HSQC experiments using RAP74-CTD
(Nguyen et al., 2003a) and a peptide with sequence Ac-*?°SA
AASSSWHTLFTAEEGQLYG**®-NH,. We observed chemical
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(A) Plot of the chemical shift perturbations (CSP) caused by a peptide spanning the sequence of the AR motif (Ac-*?*SAAASSSWHTLFTAEEGQLYG*6-NH,) on
the resonances of RAP74-CTD as a function of residue number with an indication, with a horizontal dashed line, of the threshold used for preparing (B).
(B) Solution structure of apo RAP74-CTD (Nguyen et al., 2003a) (PDB: 1NHA) indicating, in red, the residues whose resonances are most affected by binding of the

AR motif (CSP >0.04 ppm).

(C) Structure of the complex formed by RAP74-CTD and the central motif of FCP1 (Yang et al., 2009) with an indication of the residues that are key for binding and

of the main electrostatic interactions, shown in purple (PDB: 2K7L).

(D) Alignment of the sequences of the FCP1 and AR motifs interacting with RAP74-CTD indicating the acidic residues (in red), the hydrophobic residues (in green),
the phosphosites identified so far (with the symbol P), the helical propensity predicted by Agadir (Mufioz and Serrano, 1994), and the consensus sequences
centFCP1 and cterFCP1. The residues that are underlined in (D) correspond to those represented as sticks in (C).

See also Figure S2.

shift perturbations in helices H2 and H3 (Figures 2A and 2B),
which define the binding groove of two ID motifs of FCP1 that
fold into an o helix upon binding (Figure 2C) (Kamada et al.,
2001, 2003; Nguyen et al., 2003a, 2003b; Yang et al., 2009).
FCP1 is a nuclear phosphatase that dephosphorylates the C-ter-
minal domain of RNA polymerase Il and is recruited by RAP74-
CTD at the termination of transcription (Archambault et al., 1997).

An analysis of the sequences of the disordered motifs of FCP1
(Figure 2D) and their conservation across species shows that the
RAP74-CTD groove can accommodate motifs when these fulfill
the requirements summarized in two consensus sequences
(centFCP1 and cterFCP1) (Abbott et al., 2005; Yang et al,
2009). This emphasizes that the interaction with RAP74 relies
on electrostatic interactions involving acidic residues at the N
terminus and at the center of the motif and on hydrophobic inter-
actions involving residues at relative positions i/i+3/i+4, which
are buried in the interface (Figure 2C) (Kamada et al., 2001,
2003; Nguyen et al., 2003a, 2003b; Yang et al., 2009).

The AR motif partially fulfills the requirements summarized in
centFCP1 and cterFCP1 (Figure 2D). It possesses hydrophobic
residues in positions i/i+3/i+4 (W433, L436, and F437) that can
interact with the groove defined by helices H2 and H3 of
RAP74-CTD and two acidic residues (E440 and E441) that can
interact with the basic ones that surround the binding site
(K471, K475, and K510, Figure 2C). To confirm their relevance
for binding, we measured the chemical shift perturbations
caused by two peptides, one with the three hydrophobic
residues of the motif at positions i/i+3/i+4 mutated to Ala

(AHTAA,  Ac-“?*SAAASSSAHTAATAEEGQLYG*#-NH,) and
another with the two acidic residues mutated to Lys (KK, Ac-*?°SA
AASSSWHTLFTAKKGQLYG**-NH,). In both cases, we observed
no chemical shift perturbations, confirming that these two
features are key for binding (Figures S2A and S2B).

Helical Propensity and Phosphorylation State

Determine the Stability of the Complex

The interaction between specific transcription factors and gen-
eral transcription regulators can be enhanced by the binding of
transcriptional co-activators (Fuxreiter et al., 2008) and by
post-translational modifications (Gioeli and Paschal, 2012). The
former can induce secondary structures in transactivation do-
mains to facilitate their interaction with the basal transcription
machinery (Lavery and McEwan, 2008a), and the latter can either
stabilize the structural changes induced by binding (Bah et al.,
2015) or directly stabilize the relevant complex (Bah and For-
man-Kay, 2016). We used NMR to measure the affinity between
RAP74-CTD and chemically modified peptides. This experi-
mental setup allowed us to mimic the site-specific phosphoryla-
tions that occur during AR activation as well as by hydrocarbon
stapling (Schafmeister et al., 2000) the helical secondary struc-
ture induced for example by co-activators.

The regions at the N terminus of the FCP1 motifs are rich in
acidic side chains. However, the equivalent region in AR, which
binds with lower affinity, is instead rich in Ser residues
(***SPSAAASSS*®2, Figure 2D). We hypothesized that phos-
phorylations of this region contribute to stabilizing the transient
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complex that it forms with RAP74-CTD. An analysis of the known
phosphosites of AR revealed that S424 is phosphorylated upon
AR activation (Gioeli and Paschal, 2012). To determine whether
this increases the stability of the transient complex, we
measured the affinity for RAP74-CTD of a peptide phosphory-
lated on this position (pS424, Figure 3A-3C). The results indi-
cated that phosphorylation of Ser 424 increased the affinity of
the peptide from Kp = 1749 + 60 uM to Kp = 702 + 8 pM.

As shown in Figure 2D, an additional difference between the
FCP1 and AR motifs is helical propensity. Whereas the central
and C-terminal motifs of FCP1 have some helical propensity ac-
cording to the predictor Agadir (Mufioz and Serrano, 1994) (15%
and 38%), the AR motif has not (<1%), in agreement with our
characterization of the structural properties of the NTD of AR
(De Mol et al., 2016). Given that binding to the groove defined
by helices H2 and H3 of RAP74-CTD involves the adoption of a
helical conformation by the motif (Figures 1D, 1E, and 2C), we
hypothesized that the low helical propensity of the AR motif con-
tributes to its low affinity.

To determine the effect of increasing the helicity, we used hy-
drocarbon stapled peptides (Hel and pS424Hel, Figure 3A)
where residues Thr 435 and Ala 439, which are in the face of
the helix opposite the hydrophobic residues that interact with
RAP74-CTD (Figure 3D), were replaced by (S)-2-(4’-pentenyl)
alanine and stapled by olefin metathesis (Schafmeister et al.,
2000). A comparison of the secondary structure of the wild-
type (WT) and Hel peptides by circular dichroism (CD) (Figure 3E)
confirmed that stapling indeed increased helical propensity. We
analyzed the chemical shift perturbations caused in RAP74-CTD
by Hel and pS424Hel, a stapled peptide including also the phos-
phorylation at S424, and confirmed that both interacted with
higher affinity compared with their non-stapled counterparts
(Kp =125 + 3 uM for Hel and Kp = 105 + 2 pM, for pS424Hel, Fig-
ures 3A-3C). This confirms that phosphorylation facilitates
binding of the AR motif and that processes that increase helical
propensity can enhance AR transcriptional activity.

The Interaction Can Be Observed in Cells and
Contributes to AR Transcriptional Activity
Although it is well established that TFIIF and the RAP74-CTD
domain in particular interact with the AF1 domain of AR in vitro
(Kumar et al., 2004; Lavery and McEwan, 2008b; McEwan and
Gustafsson, 1997; Reid et al., 2002), there is little evidence that
the interaction occurs in cells. To investigate this, we used
biochemical techniques, such as co-immunoprecipitation, but
failed to detect robust interaction presumably due to its transient
nature. We next used the proximity ligation assay (PLA) (Soder-
berg et al., 2006), an immunofluorescence-based technique that
allows the detection of proteins in close proximity inside cells.
For these studies, we tagged full-length AR and RAP74-CTD
with Flag and Myc, respectively, transfected them in HEK293T
cells, which do not express AR (see STAR Methods), and treated
the cells with dihydrotestosterone (DHT) to cause the activation of
the receptor. The results indicated that the two proteins interact

(Figure 3F). To validate that the interaction takes place via the iden-
tified AR motif (AR 423-448), we carried out equivalent experi-
ments with a mutant of AR with residues 423 to 448 removed
(ARA423-448). In agreement with the results obtained in vitro,
we observed a reduction of the interaction between ARA423-
448 and RAP74-CTD in cells of ca. 40% (Figures 3F and S3D).
We also investigated by PLA whether the phosphorylation of Ser
424 regulates the interaction with RAP74-CTD in cells by using
an AR with Ser 424 mutated to Ala (S424A) and found that
this was indeed the case (Figures 3F and S3D). Importantly, con-
trol immunofluorescence experiments showed that mutants
ARA423-448 and S424A, like WT AR, are expressed and translo-
cate to the nucleus upon activation by DHT (Figures S3A and S3B).

Finally, to further assess the functional relevance of the inter-
action between AR and RAP74-CTD via the motif identified in
this work, we measured the transcriptional activity of WT AR
and mutants ARA423-448 and S424A in HEK293T cells by
means of a gene reporter assay (see STAR Methods). The results
showed that deleting the motif or removing the phosphorylation
site at position 424 lowered the transcriptional activity of AR by
ca. 30% (Figures 3G and S3C).

DISCUSSION

Theinteractions between transactivation domains of specific tran-
scription factors and transcriptional co-activators or general tran-
scription regulators are among the best characterized examples
of complexes involving ID proteins (Brzovic et al., 2011; Di Lello
et al., 2006; Feng et al., 2009; Uesugi et al., 1997). Key features
of these, which are present in the interaction studied here, are
the induction of secondary structure upon interaction, their rela-
tively weak nature, and the important role played by post-transla-
tional modifications in their regulation (Fuxreiter et al., 2008).

The interaction between AR and the C-terminal domain of sub-
unit 1 of TFIIF is mediated by hydrophobic interactions between
residues at positions i/i+3/i+4 of the AR motif and a hydrophobic
cleft on the surface of RAP74-CTD, with an important contribu-
tion of electrostatic interactions. This relative position of hydro-
phobic residues in the AR motif is common in transactivation
domains, indicating that there could be a generic mechanism
by which these domains recruit their binding partners and high-
lighting the general importance of regulatory mechanisms to pro-
vide specificity. We provide evidence that the phosphorylation of
Ser 424 is important for the interaction between AR and RAP74-
CTD and for transcriptional activity, illustrating how post-transla-
tional modifications can enhance the affinity and the specificity
of ID proteins for their binding partners (Stein and Aloy, 2008).

Our results indicate that AR and FCP1 interact with the same
groove in the structure of RAP74-CTD via similar motifs. The inter-
action between AR and RAP74-CTD is, as we have shown, impor-
tant for transcriptional activity, whereas that between the latter
and FCP1 is important for transcription termination (Archambault
et al., 1997). The role of FCP1 in termination, which is carried out
by its phosphatase domain, is to dephosphorylate the C-terminal

(F and G) The effect of deleting the AR motif (A423-448) and mutating Ser 424 to Ala (S424A) was assessed in HEK293T cells treated with 1 nM DHT by PLA to
measure the interaction between AR and RAP74-CTD (F, see Figure S3D for a quantitative analysis) and by a reporter assay to measure AR transcriptional activity
(G). In (F), EV stands for empty vector, and DAPI indicates the location of nuclei. In (G), the error bars represent the SE; **p < 0.001.

See also Figure S3.
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tail of RNA polymerase ll, causing it to dissociate from the DNA
and therefore allowing it to become involved in a subsequent
round of transcription. We conclude that RAP74-CTD, which is
a particularly dynamic part of the transcription machinery and is
tethered to it via a very flexible linker (Sainsbury et al., 2015),
uses a single binding mechanism to interact with different ID mo-
tifs at different stages of the process of transcription.

Our work indicates that the motif “*'SSWHTLFTAEEGQ
LYG**® is important for the formation of the transient complex in
cells but that its interaction with RAP74-CTD in vitro is wealk,
even after phosphorylation of Ser 424, unless a helical conforma-
tionis induced. Several mechanisms to induce a helical conforma-
tion in the motif can operate in cells, including an allosteric mech-
anism coupling the DNA-binding and transactivation domains
upon DNA binding (Brodie and McEwan, 2005), a change in the
conformation of the motif or the whole Tau-5 sub-domain after
co-activator binding (Fuxreiter et al., 2008), or the effect of extrinsic
factors that cannot be easily accounted for by in vitro studies. Itisin
fact possible that several of these mechanisms operate simulta-
neously as this would provide a means of regulating transcriptional
activity (Hilser and Thompson, 2011; Wu and Fuxreiter, 2016).

The relevance of Tau-5, the sub-domain of the AR NTD where
the “*'SSWHTLFTAEEGQLYG**® motif is found, for transcrip-
tional activity in cells depends on the cell line used for the exper-
iments and on the concentration of androgens to which the cells
are exposed. Tau-5 inhibits transcriptional activity in prostate
cancer cell lines expressing AR in the presence of physiological
concentrations of androgens (Dehm et al., 2007). By contrast, it
stimulates transcriptional activity in cell lines that do not express
AR (Jenster et al., 1995) and, most importantly, in CRPC cell lines
expressing AR in the absence of androgens or in their presence
at castrate levels, where residues 433-437, at the core of the
motif identified in this work, can act as an independent transac-
tivation domain (Dehm et al., 2007). The reasons for this differ-
ence in behavior are currently not known and further work will
be necessary to determine whether it is due, for example, to
the action of specific co-regulators or to differences in post-
translational modifications in AR.

Nevertheless, from a translational medicine point of view, our
results and those available in the literature indicate that the motif
that recruits RAP74-CTD can contribute to transcription activa-
tion by AR and, therefore, that the complex that it forms with
this subunit of TFIIF is a potential therapeutic target for CRPC,
although we cannot exclude the possibility that other interac-
tions contribute to its function in transcription activation (Cato
etal., 2017; He et al., 2000; Li et al., 2014). In summary, although
protein-protein interactions involving ID proteins represent chal-
lenging targets for drug discovery, our work indicates that inhib-
itors of the recruitment of RAP74-CTD by AR, which could be
either small molecules or peptides, could lead to treatments
for CRPC (Yap et al., 2016).
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-B-actin-HRP Abcam Ab8224; RRID: AB_449644
Anti-AR (N-20) Santa Cruz sc-816; RRID: AB_1563391
Rabbit-anti-Flag Sigma F7425; RRID: AB_439687
Mouse-anti-Myc Abcam ab32; RRID: AB_303599
Goat anti-rabbit Alexa-Fluor 568 Invitrogen A11036; RRID: AB_10563566
Bacterial and Virus Strains

Rosetta™(DE3)pLysS Competent Cells Novagen Cat# 70956

Chemicals, Peptides, and Recombinant Proteins

Recombinant protein: human AR AF-1* (aa 142-448, ref# P10275) (De Mol et al., 2016) N/A

Recombinant protein: human AR Tau-5* (aa 330-448, ref# P10275) (De Mol et al., 2016) N/A

Recombinant protein: human RAP74-CTD (aa 450-517, This paper N/A

ref# NP35269)

Recombinant protein: human RAP74-CTD* (aa 363-517, (Lavery and McEwan, 2008b) N/A

ref# NP35269)

Synthetic WT peptide: Ac-SAAASSSWHTLFTAEEGQLYG-NH2 Synthesized by ICTS NANBIOSIS N/A

Synthetic AHTAA peptide: Ac-SAAASSSAHTAATAEE Synthesized by ICTS NANBIOSIS N/A

GQLYG-NH2

Synthetic KK peptide: Ac-SAAASSSWHTLFTAKKGQLYG-NH2 Synthesized by ICTS NANBIOSIS N/A

Synthetic pS424 peptide: Ac-GSGpSPSAAASSSWHTLFTA Synthesized by Genscript N/A

EEGQLYG-NH2

Synthetic Hel peptide: Ac-SAAASSSWHXLFTXEEGQ Synthesized by Genscript N/A

LYG446-NH2 and ICTS NANBIOSIS

Synthetic pS424Hel peptide: Ac-GSGpSPSAAASSSWHXLFTXE Synthesized by ICTS NANBIOSIS N/A

EGQLYG-NH2

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat# 41966-052
Fetal Bovin Serum (FBS) Gibco Cat#10270-106
Charcoal Stripped FBS (CSS) Gibco Cat# 12676011
Critical Commercial Assays

Duolink In Situ PLA Probe Anti-Rabbit PLUS Sigma Cat# DU0O92002
Duolink In Situ PLA Probe Anti-Mouse MINUS Sigma Cat# DUO92004
Duolink In Situ Detection Reagents Orange Sigma Cat# DUO92007
Dual-Luciferase Reporter Assay System Promega Cat# E1910
Deposited Data

NMR assignments of RAP74-CTD BMRB (www.bmrb.wisc.edu) 27288
Experimental Models: Cell Lines

Human Embryonic Kidney 293T cells ATCC CRL-3216
Recombinant DNA

pDONR221-RAP74CTD GeneArt N/A
pDEST-HisBMP (Nallamsetty et al., 2005) Addgene 11085
pDEST-Myc (Vandepoele et al. 2005) LMBP 4541
pDEST-Myc-RAP74CTD This paper N/A
PEFGFP-C1-AR (Stenoien et al., 1999) Addgene 28235
pCMV5-FLAG Sigma-Aldrich Cat# E6908
Flag-AR This paper N/A
ARA423-448 This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
S424A This paper N/A
PSA(6.1)-Luc Hsieh lab N/A
pTK-Renilla Promega Cat# E224A

Oligonucleotides

Primers for S424A mutant generation This paper N/A
Fw: 5’-GGACCCGGTTCTGGGGCACCCTCAGCCGCCGC-3

Rv: 5’-GCGGCGGCTGAGGGTGCCCCAGAACCGGGTCC-3’

Primers for ARA423-448 mutant generation This paper N/A
Fw: 5-CGGGACCCGGTTCTGGGTCAGGTGGTGGGGGTG

GTGGCGG-3’

Rv: 5’-CCGCCACCACCCCCACCACC | TGACCCAGAACC

GGGTCCCG-3’

Software and Algorithms

GraphPad Prism GraphPad Software 7.0
(www.graphpad.com)

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xavier
Salvatella (xavier.salvatella@irbbarcelona.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rosetta™(DE3)pLysS Competent Cells were used for protein expression. Human Embryonic Kidney 293T cells (HEK293T cells) were
maintained in DMEM containing 4.5 g/L D-glucose, pyruvate and L-glutamine (Life Technologies) supplemented with 10% Charcoal-
stripped FBS (Life Technologies), 100 g-ml-1 of penicillin and 100g-ml-1 of streptomycin. Cells were cultured in a humidified atmo-
sphere containing 5% CO2 at 37°C.

METHOD DETAILS

Protein Expression and Purification

For the preparation of samples of RAP74-CTD for NMR experiments a synthetic gene corresponding to residues 450 to 517 of RAP74
and including a cleavage site for TEV protease, at the N-terminus, was purchased from GeneArt cloned to a pPDONR221vector and
sub-cloned into a pDEST-HisMBP vector for protein expression, obtained from Addgene (Nallamsetty et al., 2005). Cells Rosetta
cells were grown at 37°C in LB medium for the production of non-isotopically labeled samples. For single (‘®N) or double
(°N,*®C) isotopic labeling, cells were grown in minimal MOPS medium containing ">NH,4Cl or 'NH,Cl and '3C-glucose, respectively
as nitrogen and carbon sources. Protein expression was induced with 1 mM IPTG at ODgggnm 0.7. After 3 hours cells were harvested
by centrifugation and resuspended in lysis buffer (50 mM Tris-HCI pH 8.0, 1 M NaCl, 10 mM imidazole). The soluble fraction was
loaded onto a Ni%* affinity chromatography column (GE) and eluted in lysis buffer with an imidazole gradient. The eluted RAP74-
CTD was pooled, concentrated and dialyzed for 16 hours against 50 mM Tris-HCI pH 8.0, 200 mM NaCl. After dialysis, EDTA was
added to a final concentration of 0.5 mM and the protein was incubated with TEV protease for 16 hours at 4 °C. The HisMBP moiety
and the uncleaved material were removed by reverse Ni?* chromatography, which was followed by cationic exchange and size exclu-
sion chromatography steps. AF-1*, Tau-5* and RAP74-CTD* were produced following procedures reported previously (De Mol et al.,
2016; Lavery and McEwan, 2008b).

Handling of Peptides

The lyophilized peptides were dissolved in deionized water or directly in 20 mM sodium phosphate, 0.01% (w/v) NaN3 and the pH of
the resulting solution was adjusted by addition of concentrated NaOH. The concentration of these solutions was determined by
amino acid analysis. The CD spectra of 50 uM solutions of peptides WT and Hel in 20 mM sodium phosphate pH 7.4, were measured
in a JASCO spectropolarimeter at 293 K by using a 1 mm path length quartz cuvette.

NMR

NMR spectra were recorded on 600 and 800 MHz Bruker Avance spectrometers equipped with cryoprobes. Backbone assignments
for RAP74-CTD were obtained using three-dimensional HNCO, HN(CA)CO, HNCA, HN(CO)CA, CBCANH and CBCA(CO)NH spectra
acquired on a 0.5 mM °N,¥C-double labeled sample and have been deposited in the BMRB with accession code 27288. Chemical
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shifts were referenced by using 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) as internal reference. 'H,"®N-HSQC and
HNCA spectra of the AF-1* and Tau-5" in the presence of increasing amounts of unlabeled RAP74-CTD were obtained at 278 K in
20 mM sodium phosphate (pH 7.4), 1 mM TCEP, 10% D,0, and 30 uM DSS. To study the interaction of RAP74-CTD with peptides,
H,"®N-HSQC spectra were acquired at 298 K with samples containing uniformly '®N-labeled RAP74-CTD (50 uM) and the indicated
amount of peptide dissolved in 20 mM sodium phosphate, 0.01% (w/v) NaNz, 30 uM DSS, 10% D,O at pH 7.4.

Fitting of the NMR Data to Obtain the Values of Kp

The changes in 'H and "®N chemical shift (45) caused by synthetic peptides in RAP74-CTD were globally fit to the following isotherm
by using GraphPad Prism to obtain the value of K5, where C is the concentration of titrand, n is the ratio between the concentration of
titrant and that of titrand and Aé,-s""’ is the difference in chemical shift, for nucleus i, between the free and bound titrand.

A
Ajj=—

(1 +Kp/C+n—\/(1+n+Ko/C) - 4n>

Cell Culture and Transfection
Transient transfection of HEK293T cells was performed with polyethylenimine (PEI, Polysciences) at a ratio of 1 ug DNA to 3 pul PEI.

Plasmids

The sequence coding for AR from the plasmid pEGFP-C1-AR (Stenoien et al., 1999), was subcloned into Bg/ II/ Sal | sites of a pCMV5-
FLAG vectorto give Flag-AR. The ARA423-448 and S424A mutants were generated by site-directed mutagenesis. The sequence coding
for RAP74 CTD from the plasmid pDONR221-RAP74 CTD was sub-cloned into a pDEST-Myc vector to give pDEST-Myc-Rap74 CTD.

Western Blot Analyses

Flag-AR wild type as well as AR mutants ARA423-448 and S424A were ectopically expressed together with Myc-RAP74-CTD in
HEK293T cells. After 48 hours, cells were lysed in hypotonic protein lysis buffer, containing 0.5 % NP-40, 10 mM Tris-HCI pH8,
60 mM KCI, 1 mM EDTA and complete protease inhibitors (Roche). DMSO or 1nM DHT (Sigma) were administered to the medium
and the cells treated for 24h. Total cellular lysate was fractionated in mini-Protean TGX 4-20% acrylamide gel (Biorad) and blotted
onto a nitrocellulose membrane (Amersham). Protein levels were assessed by means of the following antibodies: anti-B-actin-HRP,
anti-Androgen Receptor (N-20), rabbit-anti-Flag, mouse-anti-Myc.

Proximity Ligation Assay (PLA)

HEK293T cells were grown on 12 mm-diameter coverslips (Thermo Scientific) in 6-well plates and transfected with 0.5 pg of each
plasmid following a ratio of 1 ng DNA to 3 ul PEI for 48 hours. When mentioned, transfected cells were then incubated with 1 nM
DHT for an additional 24 hours. Cells were fixed in PBS containing 4% Paraformaldehyde (EMS) for 10 minutes, subsequently
washed in PBS and permeabilized with methanol for 5 minutes. Slides were blocked in PBS containing 0.1% Tween and 2% Bovine
Serum Albumin (Sigma), and incubated with Flag and Myc-specific antibodies (Rabbit-anti-Flag and Mouse-anti-Myc). Cells were
subsequently incubated with Duolink Il PLA probes and stained according to manufacturer’s protocol. Cells were analyzed with a
63X objective lens on a Leica SP5 or SPE confocal microscopes.

Localization Studies

HEK293T cells were grown on 12 mm-diameter coverslips and fixed in PBS containing 4% paraformaldehyde, and permeabilized in
methanol. Cells were stained with a Flag-specific antibody (Rabbit-anti-Flag) in PBS containing 0.1% Tween, 2% BSA. Subse-
quently, cells were washed in PBS containing 0.1% Tween and incubated with goat anti-rabbit Alexa-Fluor 568 secondary antibody.
After washing with PBS, cells were treated for 5 minutes with 5 mg/ml DAPI and mounted in Prolong Gold antifade (Thermo Fisher
Scientific). Cells were analyzed with a 63x objective on a Leica SP5 or SPE confocal microscopes.

Transcriptional Activity Assay

To assess AR-mediated transcriptional activity on the Prostate Specific Antigen (PSA) promoter, HEK293T cells were co-transfected
with pCMV5-Flag-AR WT or mutants, pTK-Renilla and PSA (6.1)-Luc plasmids, and 48 hours later were treated with 1 nM DHT for 24
hours. Samples were assayed for luciferase activity using the Dual-Luciferase Reporter Assay System according to manufacturer’s
instructions. pTK-Renilla was used for normalization of luciferase expression.

QUANTIFICATION AND STATISTICAL ANALYSIS
For the quantification of the PLA results, reported in Figure S3D, the spot count (foci) was used to assess differences between groups
and treatments using a general linear model, including image batch of each experimental observation group as random effect.

For the reporter assay, reported in the Figure 3G, a general linear model was used to compare differences in log transformed PSA-
Luc vs Renilla ratio between groups of interest using experiment batch, total cell count and replicate as covariates.
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SUMMARY

Mutations in the tumor suppressor SPOP (speckle-
type POZ protein) cause prostate, breast, and other
solid tumors. SPOP is a substrate adaptor of the
cullin3-RING ubiquitin ligase and localizes to nuclear
speckles. Although cancer-associated mutations in
SPOP interfere with substrate recruitment to the
ligase, mechanisms underlying assembly of SPOP
with its substrates in liquid nuclear bodies and
effects of SPOP mutations on assembly are poorly
understood. Here, we show that substrates trigger
phase separation of SPOP in vitro and co-localization
in membraneless organelles in cells. Enzymatic ac-
tivity correlates with cellular co-localization and
in vitro mesoscale assembly formation. Disease-
associated SPOP mutations that lead to the accumu-
lation of proto-oncogenic proteins interfere with
phase separation and co-localization in membrane-
less organelles, suggesting that substrate-directed
phase separation of this E3 ligase underlies the regu-
lation of ubiquitin-dependent proteostasis.

INTRODUCTION

Cancer-driving mutations in enzymes typically reduce their activ-
ity or introduce an aberrant activity. However, mislocalization of
mutant enzymes is another form of loss of function. Here, we
explore the mechanism underlying SPOP loss-of-function can-
cer mutations and show that mutants fail to co-localize with sub-
strates via disruption of phase separation.

SPOP is frequently mutated in solid tumors, particularly in
prostate cancer (Ceramietal., 2012; Kim et al., 2011, 2013; Law-

rence et al., 2014; Le Gallo et al., 2012). Its gene product, SPOP
(speckle-type POZ protein), is a substrate adaptor of a cullin3-
RING ubiquitin ligase (CRL3) that recruits substrates to the ligase
for ubiquitination and subsequent proteasomal degradation
(Hernandez-Mufioz et al., 2005; Kent et al., 2006; Kwon et al.,
2006; Li et al., 2014). Cancer-associated mutations in SPOP
are typically found in the substrate-binding meprin and TRAF
homology (MATH) domain (Figure 1A); accordingly, they interfere
with substrate binding and ubiquitination, which increases sub-
strate levels (Gan et al., 2015; Geng et al., 2017). SPOP sub-
strates include the death-domain-associated protein (DAXX),
androgen receptor (AR), and other important signaling cascade
effectors, epigenetic modifiers, and hormone signaling effectors
(Gan et al., 2015; Gao et al., 2015; Geng et al., 2013, 2017; Ja-
nouskovaetal., 2017; Lietal., 2014; Theurillat et al., 2014; Zhang
etal., 2009, 2018; Zhuang et al., 2009). Increased levels of proto-
oncogenic substrates as a consequence of SPOP mutations can
oncogenically transform sensitive cell types (An et al., 2014; Dai
et al., 2017a, 2017b; Gan et al., 2015; Geng et al., 2013, 2014,
2017; Janouskova et al., 2017; Theurillat et al., 2014).
Understanding how SPOP targets its substrates is important
for the development of therapeutic interventions for SPOP-
driven cancers. However, unlike many prototypic cullin-RING
ligases, which rely on post-translational modifications for sub-
strate targeting (Petroski and Deshaies, 2005), mechanisms
that could regulate SPOP-substrate interactions are largely
elusive. SPOP typically localizes to nuclear speckles (Nagai
et al., 1997) and has also been reported to localize to DNA dam-
age loci, promyelocytic leukemia (PML) bodies, and other sub-
strate-containing bodies (Boysen et al., 2015; Gan et al., 2015;
Kwon et al., 2006; Marzahn et al., 2016; Zhang et al., 2014).
Substrate level dynamics in cells may therefore direct SPOP
localization. However, how SPOP assembles with substrates
and gets recruited to nuclear bodies is not well understood.
The nuclear bodies with which SPOP associates are so-
called membraneless organelles, i.e., mesoscale bodies that
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Figure 1. SPOP and DAXX Co-localize in Liquid Organelles, and SPOP Cancer Mutations Disrupt Co-localization

(A) Sequence and cartoon schematics for SPOP (left) and DAXX (right) constructs used in this study. Top: Sequence cartoons represent domain architecture.
SPOP contains a substrate-binding MATH domain and two dimerization domains, BTB and BACK. DAXX contains a DAXX helical bundle (DHB) domain, a helical
region, and a C-terminal disordered domain (Escobar-Cabrera et al., 2010). Predicted SPOP-binding motifs (based on the consensus sequence motif, nonpolar-
polar-S-S/T-S/T; Zhuang et al., 2009) are shown in orange, with stronger binding sites shaded darker. Lys residues available for ubiquitination are shown as K.
(Bottom) Cartoon schematics represent self-association and substrate binding behavior; mutated interfaces in SPOP shown curved instead of straight indicate
the inability to self-associate or bind substrate. WT SPOP forms higher-order oligomers of different sizes (Marzahn et al., 2016); we show hexamers as an
example. Cancer mutations W131G and F133V in the MATH domain (green) reduce substrate binding. Mutation of the dimerization interface of the BACK domain
(blue, mutation Y353E; van Geersdaele et al., 2013) results in SPOP mutBACK dimers (Marzahn et al., 2016); the addition of mutations of the BTB interface (red,
L186D, L190D, L193D, and 1217K; Zhuang et al., 2009) results in SPOP mutBTB/BACK monomers (Marzahn et al., 2016). SPOP constructs for expression in
mammalian cells encode the full-length protein; those for expression in bacteria encode residues 28-359. DAXX mammalian expression constructs encode full-
length protein unless labeled cDAXX, which comprises residues 495-740, as the bacterial expression constructs. H-cDAXX harbors a Hisg tag. In cDAXX-0sb, the
major SB motifs are mutated. For details, see Figure 3 and Table S1.

(B) SPOP and DAXX localize to SPOP/DAXX bodies. HeLa cells were transfected with the indicated GFP-DAXX and/or SPOP-mCherry and analyzed by confocal
microscopy. mCherry (red) and GFP fluorescence (green) were observed for SPOP and DAXX, while SC-35 and PML (both magenta) were used as markers for
nuclear speckles and PML bodies, respectively, and detected by immunofluorescence (IF). DAPI (blue) marks the nucleus. See also Figures STA-S1D.

(C) PML bodies behave like liquid droplets. HeLa cells were transfected with GFP-DAXX and GFP monitored in live cells. Snapshots at the indicated time points
show a PML body fusion event from the area boxed on the left. See also Video S1.

(D) SPOP and DAXX form nuclear bodies with liquid properties. HelLa cells were transfected with GFP-DAXX and SPOP-mCherry and analyzed as in (C). See also
Video S2.

(E) SPOP cancer mutants fail to localize to SPOP/DAXX bodies. HelLa cells were transfected with GFP-DAXX and either WT V5-SPOP or mutants F133V or W131G
and analyzed as in (B). See also Figure S1G.

Liquid-droplet-like organelles result from liquid-liquid phase
separation (LLPS) (Berry et al., 2015; Brangwynne et al., 2009;
Nott et al., 2015), while solid assemblies may result from

concentrate specific components within them without being en-
closed by a membrane. Evidence is mounting that membraneless
organelles are formed through phase separation processes.
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oligomerization and/or polymerization processes or maturation of
liquid assemblies into solid ones (Boke et al., 2016; Caietal., 2014;
Kato et al., 2012). While mesoscale assemblies formed through
different processes are on a spectrum between solid and dynamic
assemblies and have different material properties (Halfmann,
2016), they all have the potential to co-localize enzymes with their
substrates and therefore regulate activity in cells (Wu and Fux-
reiter, 2016).

Here, we systematically examine the mechanism of SPOP-
substrate co-localization. We have shown previously that
SPOP self-associates into large higher-order oligomers through
the synergistic function of two dimerization domains, the BTB
(broad-complex, tramtrack, and bric-a-brac) and the BACK
(BTB and C-terminal kelch) domains (Figure 1A). This self-asso-
ciation is required for localization to membraneless organelles
(Marzahn et al., 2016) but is insufficient to drive LLPS, because
it mediates the formation of assemblies whose size distribution
continuously shifts to larger sizes with increasing concentration
but never leads to the cooperative formation of mesoscale
assemblies. Here, we show substrates act as the trigger for
co-localization of SPOP and substrates in cells and phase sepa-
ration with each other in vitro. CUL3 ubiquitin ligase activity is
found in the resulting mesoscale assemblies. We find that can-
cer-associated mutations disrupt co-localization and liquid
phase separation, which correlates with reduced protein ubiqui-
tination. Our results suggest the possibility that substrate-medi-
ated phase separation of this ubiquitin ligase is essential for
concentrating the enzyme and its substrates in active liquid
organelles in cells, and that such organelles may have functions
essential to proteostasis.

RESULTS

SPOP and DAXX Co-localize in Liquid Nuclear
Organelles

Because many substrates contain multiple SPOP-binding (SB)
motifs in intrinsically disordered regions (IDRs) (Pierce et al.,
2016; Zhang et al., 2009; Zhuang et al., 2009) and can mediate
multivalent interactions with SPOP, substrates are candidates
for mediating phase separation with SPOP and regulating its
subcellular localization and function. Increased substrate levels,
or increased apparent levels via other signals, seem to mediate
the redistribution of SPOP from nuclear speckles into different
compartments. To examine roles of substrates in SPOP localiza-
tion, we used transient expression of DAXX and SPOP in cultured
Hela cells. Increased DAXX levels caused by SPOP cancer mu-
tations likely contribute to cancer pathogenesis by increasing
angiogenic factors such as VEGFR2 (Sakaue et al., 2017).
Furthermore, DAXX contains at least 8 predicted SB motifs in
its IDRs (Figure 1A), making it a likely candidate to regulate
SPOP localization. SPOP-mCherry localized to nuclear bodies
that stain for the typical nuclear speckle marker SC-35 (Figures
1B and S1A), as previously reported (Marzahn et al., 2016; Nagai
et al., 1997). Transiently expressed GFP-DAXX (and its intrinsi-
cally disordered C-terminal region, GFP-cDAXX) localized to
small, spherical PML bodies (Figures 1B, S1A, and S1B), in
agreement with previous reports (Kwon et al., 2006; Li et al.,
2000; Weidtkamp-Peters et al., 2008). However, we found that

transient co-expression of SPOP-mCherry and GFP-DAXX re-
sulted in their co-localization in a different, largely spherical
type of nuclear body distinct from nuclear speckles, PML bodies,
nucleoli, and Cajal bodies (Figures 1B, S1C, and S1D); we will
refer to them as SPOP/DAXX bodies from here on. Different
expression tags did not influence the co-localization of SPOP
and DAXX (Figure S1E). Importantly, co-expression of V5-tagged
SPOP and GFP-DAXX in a PC-3 prostate cancer cell line also re-
sulted in co-localization (Figure S1F).

DAXX and SPOP therefore both re-localized from their original
subcellular location when expressed together. The SPOP/DAXX
bodies possess liquid properties as evidenced by their ability to
undergo fusion events within minutes (Figures 1C and 1D; Videos
S1 and S2). These properties place them into the category of
liquid membraneless organelles.

SPOP Cancer Mutants Disrupt Co-localization

The typical prostate cancer mutations in SPOP, W131G and
F133V in the substrate-binding MATH domain, disrupted SPOP
and DAXX co-localization upon co-expression; V5-SPOP
W131G and F133V localized to nuclear speckles, and GFP-
DAXX localized to PML bodies, as they do when expressed alone
(Figures 1E and S1G). The SPOP cancer mutations thus disrupt
re-localization of both proteins.

It is clear from these observations not only that SPOP and
DAXX bind to each other but also that binding shifts them to a
different liquid organelle. We therefore hypothesized that
SPOP and DAXX undergo LLPS with each other, a process in
which a macromolecule (or a set of macromolecules) demixes
from the solution and forms a separate, condensed liquid phase,
often visible as liquid droplets.

SPOP and DAXX Undergo Phase Separation In Vitro

To test this hypothesis, we purified SPOP?83% (the extreme
termini are missing in in vitro purified protein to improve protein
behavior; Marzahn et al., 2016) and the intrinsically disordered
C-terminal region of DAXX, DAXX*®5-740 (cDAXX from here on)
(Figure 1A), and we studied their interaction in vitro. We have
previously reported that SPOP self-associates into linear
higher-order oligomers (Marzahn et al., 2016). In the presence
of molecular crowders such as Ficoll-70, these oligomers are
large enough to be observed by light microscopy (Figure 2A,
top, and Figures S2A-S2C). At concentrations of above
~100 pM, H-cDAXX forms condensed droplets (Figure S2A).
However, the tendency of H-cDAXX to undergo phase separa-
tion is strongly enhanced in the presence of SPOP, and this was
the case in the presence of both polymer and protein crowders
(Figure S2B). This observation suggests that weak multivalent
interactions between SPOP and DAXX result in a sol-gel transi-
tion coupled to phase separation, as defined by Harmon
et al. (2017).

SPOP Oligomerization Promotes Phase Separation and
Co-localization of DAXX and SPOP

We hypothesized that phase separation of DAXX and SPOP was
mediated by the interaction of multiple SB motifs in DAXX with
multiple MATH domains in oligomeric SPOP, as described previ-
ously for multivalent systems (Li et al., 2012). If this was in fact the
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Figure 2. SPOP and DAXX Undergo Phase Separation In Vitro and in Cells, which Depends on SPOP Oligomerization

(A) SPOP and DAXX undergo phase separation in vitro. Fluorescence microscopy images of increasing concentrations of WT SPOP (green) alone, H-cDAXX (red)
alone, and SPOP + H-cDAXX at a constant molar ratio of 1 SPOP to 5 DAXX. Camera settings are the same across rows. The panel boxed red is shown as
separate green, red, and DIC channels below. All samples in (A) and (B) contain 10% w/v ficoll 70, 500 nM ORG-SPOP, and/or Rhodamine-H-cDAXX. Samples
were in 25 mM Tris (pH 7.6), 150 mM NaCl, and 1 mM T-CEP. See also Figures S2A-S2C.

(B) SPOP multivalency is required for SPOP-DAXX phase separation in vitro. Fluorescence microscopy images of SPOP variants (green) with reduced self-
association ability in the presence or absence of H-cDAXX (red). Camera settings are the same down columns.

(C) SPOP multivalency is required for SPOP-DAXX co-localization in cells. HelLa cells were transfected with GFP-DAXX and V5-WT SPOP or the mutants
mutBACK or mutBTB/BACK and analyzed by confocal microscopy. GFP fluorescence was observed for DAXX (green), while V5-SPOP (red), and PML bodies
(magenta) were detected by IF. See also Figure S2D.

(D) SPOP mutants are defective at DAXX ubiquitination in cells. Western blots showing GFP-cDAXX ubiquitination in HEK293T cells that were transfected with
Hisg-ubiquitin, Myc-Cul3, HA-Rbx1, and one of the SPOP variants each. The asterisk indicates the immunoglobulin G (IgG) heavy chain. See Figure S2E for the in-
cell ubiquitination assay with pull-down on Hisg-ubiquitin.

case, then reducing the multivalency of SPOP and DAXX should  mutated; van Geersdaele et al.,, 2013), or monomeric

decrease their propensity to undergo phase separation. We
therefore tested this hypothesis using previously established
SPOP mutants of the BTB and BACK interfaces that lack the abil-
ity to form higher-order oligomers and are instead constitutively
dimeric (SPOP™BACK "in which Y353 in the BACK interface is
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(SPOPMUBTE/BACK in which the additional substitutions L186D,
L190D, L193D, and 1217K are made in the BTB interface; Zhuang
et al., 2009) (Figure 1A; Marzahn et al., 2016). Indeed, these
SPOP mutants do not or only slightly enhance H-cDAXX phase
separation (Figure 2B).



Similarly to our in vitro observations, SPOP™BACK gng

SPOPMUBTE/BACK \vere unable to re-localize DAXX to SPOP-
DAXX bodies in HelLa cells. Instead, SPOP™BACK gng
SPOPMUBTE/BACK \yere diffuse in the nucleus, in agreement
with our earlier observation that SPOP self-association was
required for recruitment to liquid organelles (Marzahn et al.,
2016). Consequently, DAXX was found in PML bodies in the
presence of SPOPMBACK gng SPOPMUBTE/BACK (Figures 2C
and S2D). Therefore, SPOP-self-association into higher-order
oligomers via its BTB and BACK domains promotes phase sep-
aration with DAXX in vitro and co-localization in cells.

We tested whether the lack of co-localization of DAXX and
SPOP mutants resulted in decreased substrate ubiquitination.
While DAXX and cDAXX were readily ubiquitinated by wild-
type (WT) SPOP, ubiquitination was substantially reduced with
both SPOP mutants, SPOP™BACK gnd SPOPMUBTE/BACK (Fiq.
ures 2D and S2E), even though their levels in cells were higher.
This defect of oligomerization-deficient SPOP mutants is consis-
tent with our previous reports on the same mutants in an in vitro
ubiquitination assay (Marzahn et al., 2016; Pierce et al., 2016).
Our data suggest that the underlying mechanism of reduced
ubiquitination in the cell is mislocalization due to disrupted phase
separation.

Multiple Weak SB Motifs in DAXX Mediate Phase
Separation with SPOP

Since SPOP multivalency is critical for phase separation, DAXX
multivalency might also be critical. We identified SB motifs in
cDAXX and scrambled the strongest sites in the construct
cDAXX-0sb (see STAR Methods for details) to test the ability of
SPOP to enhance phase separation of cDAXX versus
cDAXX-0sb.

To identify SB motifs with sequence homology to the SB
consensus motif (®-I1-S-S/T-S/T, where ® is a nonpolar and II
is a polar residue; Zhuang et al., 2009) in cDAXX, we performed
a bioinformatic search allowing for one mismatched position per
motif. We found 5 potential binding sites with different agree-
ment with the consensus sequence and thus varying predicted
strength (Figure 1A; Table S1). To characterize binding of these
SB motifs by two complementary biophysical methods, we map-
ped regions in cDAXX that bound to SPOPMA™ by nuclear mag-
netic resonance (NMR) spectroscopy and quantified the binding
of each predicted site, and the full cDAXX constructs, by fluores-
cence anisotropy (FA).

We assigned the NMR resonances of °N,"*C cDAXX (Fig-
ures S3A and S3B), which have the limited chemical shift
dispersion and sharp line widths of a typical intrinsically disor-
dered region (IDR) (Figure 3A (Eliezer, 2009; Mittag and For-
man-Kay, 2007)). These spectral properties indicate that
many cDAXX conformations are in fast exchange and that the
IDR exhibits little structure. Any SB motifs present in cDAXX
should thus be accessible for binding SPOP. A titration of unla-
beled SPOPMA™ into 15N,¥C ¢DAXX and monitored by CON
spectra resulted in a dose-dependent loss of signal intensity
along several cDAXX regions (Figures 3A and 3B). The regions
of broadening coincided with most of the predicted motifs
and revealed one other weak site (Figure 3B, solid and dashed
orange lines, respectively, and 3C, dark and light orange sec-

tions). Additional broad regions experienced intensity loss, indi-
cating there may be additional cryptic binding motifs.

To determine the affinity of the five predicted SB motifs to the
SPOPMATH groove, we generated 13-residue-long peptides en-
compassing the motifs (Table S2) and performed FA competition
binding experiments. Indeed, all candidate SB motifs interacted
with SPOP weakly (Figure 3D) with dissociation constant (Kp)
values from 40 uM to 1 mM (Figure 3D; Table S2), in agreement
with the role of weak multivalent interactions in LLPS.

Next, we scrambled the motifs, and they indeed lost the ability
to interact with SPOPMATH: only one mutant motif still interacted
with a Kp value of 2 mM (Figure 3E; Table S2). Consequently,
cDAXX-0sb, the cDAXX version with scrambled motifs, bound
to SPOPMA™ with a Kp in the hundreds of micromolar range
while WT cDAXX had a Kp of 40 uM (Figure 3F; Table S3). The
interaction of cDAXX-Osb with multivalent SPOP?83%° was
even more dramatically decreased compared to WT cDAXX,
with hundreds of micromolar Kp values versus 1.7 uM, respec-
tively (Figure 3G; Table S3). Residual weak SB motifs must still
be present in cDAXX-0sb (Figure 3C), and they result in weak
binding to SPOP and SPOPMATH. But, as expected, the reduced
multivalency of cDAXX-0sb prevented SPOP-enhanced phase
separation (Figure 3H). Our results therefore confirm that cDAXX
contains multiple SB motifs that are critical for its ability to form
condensed droplets with SPOP.

We wondered whether the multivalency of DAXX is similarly
important for co-localization in cells as it is for phase separation
in vitro. First, the localization of GFP-cDAXX in cells showed the
same dependence on SPOP expression as that of full-length
DAXX; GFP-cDAXX was diffuse with some fraction of the pro-
tein in PML bodies (Figure S1B), and it co-localized with
SPOP when transiently expressed together (Figure 3l). Second,
cDAXX-0sb was less enriched in SPOP/DAXX bodies than WT
cDAXX (Figures 3l, 3J, and S3C). Residual co-localization is
likely caused by the same weak multivalent interactions that
we detected by NMR and FA (Figure 3B, E, C). Therefore, the
localization in cells and the ability to phase separate in vitro
depend similarly on SPOP oligomerization and DAXX multiva-
lency. Furthermore, ubiquitination of cDAXX-0sb is significantly
reduced compared to cDAXX, as is the case for SPOP oligo-
merization-deficient mutants compared to SPOP (Figures 3K,
2D, and S2E). Based on the dependence on multivalency for
DAXX and SPOP that we have shown, it is reasonable to
conclude that SPOP and DAXX also undergo phase separation
in the cell.

Material Properties of SPOP/DAXX Mesoscale
Assemblies

When we explored formation of mesoscale SPOP/H-cDAXX as-
semblies in more detail, we observed that droplets formed at
H-cDAXX/SPOP molar ratios above ~3 (Figure 4A and magnifi-
cation at top right). At molar ratios below ~2, the assemblies
have a filamentous morphology, as especially noticeable in
differential interference contrast (DIC) images (Figure 4A and
magnification on bottom right; the DIC image is incorporated in
the composite image to highlight the texture of the filamentous
assemblies). We wondered whether these two different types
of mesoscale assemblies were formed through two different
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Figure 3. Multiple Weak SPOP-Binding Motifs in DAXX Mediate Phase Separation with SPOP

(A) cDAXX is intrinsically disordered and binds SPOP via several SB motifs. '°N,’C CON NMR spectrum of cDAXX at 600 MHz and 25°C, without SPOPMATH
(black) and in the presence of 2 molar equivalents of SPOPMATH (red). For spectra annotated with all assignments, see Figures S3A and S3B.

(B) Titration of SPOPMAT into cDAXX leads to identification of SB motifs. Intensity ratios of CON correlations for cDAXX upon titration with SPOPMAT (1/1,) are
plotted as a function of residue number. Broadening of CON resonances of cDAXX in the presence of SPOPMAT reveals multiple SB motifs, the 5 predicted (solid
orange lines), one unpredicted (dashed orange lines), and other broadened regions.

(C) Sequence schematic for cDAXX constructs updated based on binding data in (B), (D), and (E). Stronger SB motifs are shown in darker shades of orange. In
cDAXX-0sb, the nonpolar residue in each SB motif was replaced with a polar residue, the second residue replaced with a proline, and the rest of the motif
sequence scrambled. See Tables S1 and S2 for sequences.

(D-G) cDAXX binds SPOP in an SB-motif-dependent manner. Representative fluorescence anisotropy competition binding isotherms for peptides containing
cDAXX-binding sites (D) or mutated binding sites (E) into SPOPMA™ and fluorescein-Puc®'~'% and direct binding isotherms for SPOPMA™ (F) and WT SPOP (G)
into full-length Rhodamine-cDAXX constructs. Symbols are experimental data points; continuous or dashed lines are nonlinear least-squares fits (Roehrl et al.,
2004). All measurements were conducted in triplicate. Average Kp values are shown in Tables S2 and S3, respectively.

(H) DAXX-0sb does not phase separate with SPOP in vitro. Fluorescence microscopy images of SPOP with cDAXX or cDAXX-0sb. All samples contain 10% w/v
ficoll 70, 500 nM ORG-SPOP and/or Rhodamine-cDAXX.

() DAXX-0sb does not localize predominantly to SPOP/DAXX bodies in cells. HeLa cells were transfected with GFP-cDAXX or GFP-cDAXX-0sb and SPOP-
mCherry and analyzed by confocal microscopy. cDAXX-0sb in the absence of endogenous SPOP localizes to PML bodies (Figure S3C).

(J) Quantification of partition coefficient of GFP-cDAXX and GFP-cDAXX-0sb into SPOP/cDAXX bodies in (l). Each point in the whisker plot signifies an individual
cell, and the mean is shown as a line. Error bars indicate the SEM.

(K) The cDAXX-0sb mutant is defective for ubiquitination in cells. Western blots showing GFP-cDAXX and GFP-cDAXX-0sb ubiquitination in HEK293T cells that
were transfected and analyzed as in Figure 2D.
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Figure 4. Material Properties of SPOP/DAXX Mesoscale Assemblies

(A) SPOP and H-cDAXX form filamentous assemblies as well as liquid droplets. Fluorescence microscopy images of SPOP/H-cDAXX as a function of protein
concentration. All samples contain 10% w/v ficoll 70, 500 nM ORG-SPOP and/or Rhodamine-H-cDAXX. Images in red boxes are enlarged with DIC overlaid at
the right.

(B) Quantification of protein concentration in mesoscale assemblies in the top row of (A, blue box). Error bars represent the SD from three replicate images. For
standard curves and additional conditions see Figures S4A-S4C.

(legend continued on next page)
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assembly processes or whether they had different material prop-
erties because of their different composition and whether the
filamentous assemblies represented non-native, irreversible ag-
gregates from maturation of liquid droplets.

Some dense liquid assemblies can mature into gel-like
states or nucleate fibrillization over time (Lin et al., 2015; Mack-
enzie et al., 2017; Molliex et al., 2015; Monahan et al., 2017;
Murakami et al., 2015; Patel et al., 2015; Zhang et al., 2015).
Importantly, this maturation of dense liquid states has been
proposed as the precipitating event in protein aggregation dis-
eases (Lin et al., 2015; Mackenzie et al., 2017; Molliex et al.,
2015; Monahan et al., 2017; Murakami et al., 2015; Patel
et al., 2015). Interestingly, we indeed observed morphological
changes over time before assemblies reached their final state;
i.e., samples that result in assemblies with droplet character
after incubation can have filamentous character when first
mixed (Figure 4C, top). Notably, it was also possible to manip-
ulate the morphology of samples by adding one of the compo-
nents after incubation; when we added additional H-cDAXX to
a sample with filamentous assemblies (as in Figure 4A, bottom
inset), the sample evolved to a droplet state (Figure 4C; as in
Figure 4A, starred condition; please note camera settings are
different, and thus, assemblies appear to have different
colors). This evolution suggests that the filamentous assem-
blies do not represent irreversible, non-native aggregates.
We attribute these morphological changes to slow off-rates
of SPOP building blocks from SPOP oligomers in the presence
of crowders and multivalent substrate, as we saw previously
with the multivalent substrate Gli3'~%° (Pierce et al., 2016). All
samples were therefore imaged after 4-6 hr of incubation.
The assemblies with droplet appearance undergo fusion
events (Figure 4C, bottom), which demonstrate liquid-like
properties.

We wondered whether the filaments and droplets were both
formed through LLPS and merely represented different material
states or whether they formed through different assembly pro-
cesses. We generated samples consisting of 15 uM SPOP and
increasing concentrations of H-cDAXX, equivalent to the top
row in the phase diagram in Figure 4A (blue box). After incuba-
tion, the protein concentrations within the mesoscale assemblies
were determined via their fluorescence intensity in confocal
micrographs (Figures 4B and S4A-S4C). The concentrations
followed a biphasic behavior. They first increased with the
H-cDAXX concentration in the sample, consistent with
increasing levels of protein incorporated into assemblies in a
typical oligomerization and/or polymerization process. The
H-cDAXX concentration in assemblies then plateaued above a
H-cDAXX input concentration of 30 uM (Figure 4B), while the
SPOP concentration decreased continuously. This is in agree-
ment with a mechanism in which H-cDAXX is able to mediate

phase separation independently and SPOP promotes H-cDAXX
phase separation further (Figures S2A, S2B, and 4D).

These results support a scenario in which SPOP forms linear,
filamentous higher-order oligomers, as previously described
(Marzahn et al., 2016) (Figure 4D, left). The addition of multivalent
H-cDAXX (at levels below the saturation concentration for phase
separation) leads to the stabilization of the oligomeric state,
observed as larger species in crosslinking assays (Figures S4D
and S4E), resulting in solid filaments through an oligomerization
and/or polymerization process (Figure 4D, left middle, and Fig-
ure S4E, left and middle boxes). With increasing H-cDAXX con-
centrations, H-cDAXX molecules compete for SPOP, and SPOP
oligomers are less stabilized; this is observed as smaller species
in crosslinking experiments (Figure S4E, right box). Eventually,
more strongly networked complexes form, resulting in the forma-
tion of dense SPOP/DAXX-containing droplets via LLPS (Fig-
ure 4D, middle right). High concentrations of H-cDAXX can un-
dergo LLPS alone (Figure 4D, right).

In support of this interpretation, the H-cDAXX mobility as
measured by fluorescence recovery after photobleaching
(FRAP) is larger than the SPOP mobility, notwithstanding the
type of assembly DAXX is incorporated in (Figure S4F; Table
S4). Interestingly, the DAXX mobility is nearly identical in fila-
ments and liquids, suggesting a steady flux of DAXX in and out
of assemblies. The SPOP mobility is similar in the absence of
DAXX and in the filamentous assemblies with DAXX. This points
to SPOP as the scaffold, formed from large, adhesive oligomers,
with DAXX binding to it from the outside. DAXX forms the liquid-
promoting contacts. Only in SPOP/DAXX droplets does SPOP
have an increased mobility, suggesting a change in the underly-
ing structure from filaments to more networked complexes.
FRAP analysis of GFP-DAXX in cells shows a higher mobility of
DAXX in PML bodies than in SPOP/DAXX bodies, reflecting the
different nature of the interactions driving DAXX localization
into the different nuclear bodies. SPOP has a low mobile fraction
in nuclear speckles as well as in SPOP/DAXX bodies, indicating
viscoelastic properties of SPOP-containing bodies (Figure S4G).

Together, our results suggest that the concentration-depen-
dent multivalency of SPOP, coupled to the phase separation
propensity encoded in its substrate, results in a rich phase dia-
gram with several different types of mesoscale assemblies
(Figure S4H).

SPOP Cancer Mutants Disrupt Phase Separation and
DAXX Ubiquitination

Given the role of phase separation for SPOP-substrate colocal-
ization, we hypothesized that SPOP cancer mutations would
disrupt this behavior, explaining the cellular mislocalization
shown in Figure 1E. Since SPOP cancer mutants disrupt sub-
strate binding (Gan et al., 2015, Geng et al., 2017), we first tested

(C) Filamentous assemblies are not irreversible aggregates. (Top) Time course of fluorescence microscopy and DIC images of a 15 pM SPOP to 50 uM H-cDAXX
sample, which develops its typical droplet appearance over time. (Middle) Addition of extra H-cDAXX to a filamentous sample incubated for 2 hr. The assemblies
change from the filamentous to the droplet-like morphology. (Bottom) Fusion events between SPOP/H-cDAXX droplets (red boxes).

(D) Schematic of the proposed nature of assemblies at different SPOP/H-cDAXX molar ratios. SPOP alone forms oligomers (left). Oligomers are stabilized in the
presence of low molar ratios of H-cDAXX, leading to large filamentous assemblies (middle left). At higher molar ratios of H-cDAXX, intermolecular interactions are
favored, SPOP oligomers are smaller, and H-cDAXX contributes to liquid behavior (middle right). H-cDAXX alone forms droplets (right). See also Figures

S4D-84G.
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Figure 5. SPOP Cancer Mutants Disrupt Phase Separation

(A) SPOP cancer mutants are defective at phase separation in vitro. Fluorescence microscopy and DIC images of WT SPOP or cancer mutants as a function of
H-cDAXX concentration. All samples contain 10% w/v ficoll 70, 500 nM ORG-SPOP construct and/or Rhodamine-cDAXX. Camera settings were optimized in

samples containing ~1:1 molar ratios for each row.

(B) SPOP cancer mutants are defective at co-localization with DAXX in HelLa cells. SC-35 (magenta) was used as marker for nuclear speckles. Cells with SPOP-

DAXX co-localization or lack thereof are indicated. See also Figure S5B.

(C) SPOP cancer mutants co-localize with DAXX when expressed at high levels. Whisker plot showing the signal intensity of V5-SPOP or V5-F133V (red points)
and GFP-DAXX (green points) from (B) in which the V5-SPOP construct and GFP-DAXX co-localize or fail to co-localize. Each point represents a single cell.

Horizontal lines indicate the mean; error bars indicate SEM.

the binding of SPOP W131G to a peptide with a single SB motif
(fPuc). Indeed, SPOP W131G did not bind fPuc (Figure S5A;
Table S5), and we therefore expected that the phase separation
propensity of SPOP cancer mutants with substrates would be
reduced. Indeed, in vitro, SPOP W131G did not form droplet as-
semblies up to a concentration of ~75 pM H-cDAXX, while only
30 uM was required for the formation of droplets with SPOP WT
(at a constant SPOP concentration of 15 pM; Figure 5A). SPOP

F133V failed to form droplet assemblies with H-cDAXX over
the full concentration range tested and maintained filamentous
character throughout. The propensity of SPOP to form
condensed liquid droplets with DAXX was therefore markedly
decreased by cancer mutations. These results demonstrate
that SPOP-substrate interactions are substantially weakened
by cancer mutations and that multivalency of both binding part-
ners can still result in a physical association and the formation of
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large, solid assemblies, but LLPS requires increased protein
concentrations.

The observation that SPOP W131G was able to form droplet
assemblies with H-cDAXX at high concentrations in vitro
prompted us to test whether the mislocalization defect of
SPOP cancer mutants with DAXX could be rescued at high pro-
tein concentrations in cells as well, as would be expected if their
normal co-localization is dependent on phase separation.
Indeed, while V5-SPOP W131G and V5-SPOP F133V typically
remained in nuclear speckles when co-expressed with GFP-
DAXX, a fraction of cells with significantly higher SPOP and
DAXX levels showed co-localization in SPOP/DAXX bodies
(Figures 5B, 5C, and S5B). These results also suggest that the
filamentous assemblies do not mediate the formation of
liquid-like bodies in the cell and that these instead require a
phase transition process.

We next tested whether the lack of co-localization of DAXX
and SPOP cancer mutants resulted in decreased substrate ubig-
uitination. While GFP-cDAXX was readily ubiquitinated by WT
SPOP, ubiquitination was much reduced with the SPOP cancer
mutants (Figure 2D). We also observed reduced ubiquitination
of full-length FLAG-tagged DAXX in the presence of SPOP
mutants (Figure S2E), in agreement with previous reports
showing reduced substrate ubiquitination by SPOP cancer mu-
tants (An et al., 2014; Dai et al.,, 2017a, 2017b; Gan et al,,
2015; Geng et al., 2013, 2014, 2017; Janouskova et al., 2017;
Theurillat et al., 2014). Together, our data suggest that the under-
lying mechanism of reduced ubiquitination is the disruption of
phase separation, which results in a failure of the SPOP cancer
mutants to co-localize with DAXX.

SPOP/DAXX Bodies Are Active Ubiquitination
Compartments

Given that SPOP and substrates co-localize in liquid compart-
ments and that this co-localization is disrupted by functionally
deficient, cancer-associated mutants, we tested whether the

liquid compartments are indeed active for SPOP-mediated
ubiquitination.

We first tested whether other subunits of the CRL3"° ubig-
uitin ligase are present in the SPOP/DAXX bodies. Transient
expression of Myc-Cul3, the scaffold that bridges the substrate
and the E2 ubiquitin-conjugating enzyme in cullin-RING ubiquitin
ligases, resulted in its diffuse localization in the cytoplasm in the
absence of SPOP. In contrast, Myc-Cul3 localized in nuclear
speckles in the presence of SPOP and in SPOP/DAXX bodies
in the presence of both SPOP and DAXX (Figure 6A). Therefore,
Cul3 is recruited to liquid organelles by SPOP. HA-Rbx1, the
RING protein associating with Cul3, also localizes to SPOP/
DAXX bodies (Figure 6B). In vitro, the active form of the scaffold,
neddylated Cul3/Rbx1 (N8~Cul3/Rbx1), likewise partitioned into
the mesoscale assemblies (Figure 6C). Therefore, it is plausible
that CRL357°F could carry out its function in cellular SPOP-con-
taining liquid assembilies.

We next tested whether ubiquitination activity resides in the
SPOP-containing bodies. Indeed, SPOP-cDAXX-Cul3-contain-
ing bodies in cells were positive for conjugated ubiquitin as
determined by positive staining with the FK2 ubiquitin antibody,
which does not stain free ubiquitin (Figure 6D). To determine if
the conjugated ubiquitin signal is dependent on CRL35P°P we
quantified ubiquitin conjugation in cells expressing Cul3 or
SPOP mutants. For Cul3, we used Cul3™2"5 a previously
described mutant that interferes with SPOP binding (Furukawa
and Xiong, 2005). For SPOP, we mutated residues that we pre-
dicted would affect the SPOP-Cul3 interaction (Figure S6A)
and called the resulting mutant SPOP®EM or Cul3-binding
mutant. Indeed, both Cul3™"?"® and SPOPEM |ed to a reduced
ubiquitin signal in the SPOP/cDAXX bodies (Figures 6D and
6E). The combination of the Cul3 and the SPOP mutant further
reduced the level of conjugated ubiquitin in the bodies, demon-
strating that a significant fraction of conjugated ubiquitin in the
SPOP/DAXX bodies stems from CRL3%7°P-mediated ubiquitina-
tion. Furthermore, cDAXX levels in cells rose with decreasing

Figure 6. SPOP/DAXX Bodies Are Active Ubiquitination Compartments
(A) SPOP recruits Cul3 to SPOP/DAXX bodies. Hela cells were transfected with the indicated constructs. Cul3-Myc (magenta) was detected by IF.
(B) SPOP recruits Cul3 and Rbx1 to SPOP/DAXX bodies. Cul3-Myc (blue) and Rbx1-HA (magenta) were detected by IF.

(C) Cul3 partitions into SPOP/DAXX assemblies in vitro. Fluorescence microscopy images of N8~Cul3/Rbx1 (blue channel), SPOP (green), and H-cDAXX (red).
The blue-only channel images were pseudo-colored to black/white for clarity. All samples contain 500 nM of each Alexa Fluor 647-N8~Cul3/Rbx1, ORG-SPOP,
and Rhodamine-H-cDAXX. Samples were in 25 mM HEPES (pH 7.5) and 150 mM NaCl (top row) and 25 mM Tris (pH 7.6), 150 mM NaCl, and 1 mM T-CEP
(bottom row).

(D) Conjugated ubiquitin in SPOP/DAXX bodies depends on SPOP-Cul3 interaction. Hel a cells were transfected with the indicated constructs. Cul3-Myc (blue)
and conjugated ubiquitin (magenta, with FK2 antibody) were detected by IF.

(E) Disruption of the SPOP-Cul3 interaction results in increased GFP-cDAXX levels and decreased conjugated ubiquitin levels. Quantification of signals from GFP
(green bars), conjugated ubiquitin (magenta bars), and conjugated ubiquitin normalized by GFP (open bars) for n = 20 cells per condition in (D). Error bars
represent SEM.

(F) Schematic representation of in vitro ubiquitination assay. Transfer of ubiquitin is monitored by SDS-PAGE and the incorporation of fluorescent *UB into
assemblies microscopically.

(G) Ubiquitinated H-cDAXX accumulates in SPOP/H-cDAXX assemblies in vitro. Fluorescence microscopy and DIC images showing the time course of in vitro
ubiquitination assays described in (F) at the indicated SPOP (green)/H-cDAXX (red) molar ratios plus 1.25 uM N8~Cul3/Rbx1, 20 nM ARIH1, and 1.5 uM
UbcH7~*UB (blue). All reactions contain ficoll 70 as indicated, 500 nM ORG-SPOP and Rhodamine-H-cDAXX; *UB denotes stoichiometrically labeled Alexa647-
Ubiquitin. See Figure S6C for images of control reaction conditions.

(H) Ubiquitination can occur in the presence or absence of SPOP-DAXX assemblies. Representative fluorescent scan of non-denaturing gels showing time course
of in vitro ubiquitination reactions described in (F). Blue UBCH7~*UB band diminishes and blue H-cDAXX~*UB band appears over the course of reactions
containing WT ARIH1 + ficoll70 or sucrose, but less appears in reactions containing SPOP cancer mutants.

(I) Quantification of in vitro ubiquitination assay from blue fluorescence intensity of assemblies in fluorescence microscopy images in (G) and Figure S6C (left) and
gel band intensity of product H-cDaxx~*UB in (H) and Figure S6C (right). Data points represent average of triplicate experiments. Error bars indicate SD.
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ubiquitination in the bodies (Figure 6E), supporting our hypothe-
sis that DAXX is ubiquitinated within the bodies and subse-
quently degraded. Immunoprecipitation of cDAXX and blotting
for ubiquitin confirmed that cDAXX was ubiquitinated in a Cul3-
and SPOP-dependent manner in these cells (Figure S6B).

To exclude the possibility that other ubiquitin ligases in the
SPOP/DAXX bodies are responsible for ubiquitination, we
moved to an in vitro ubiquitination assay with purified, recombi-
nant proteins. We tested an array of E2 conjugating enzymes for
their activity toward H-cDAXX in the presence of neddylated
CRL3SPOP, and observed the strongest activity with ARIH1/
UBCH?7 (Figure S6D; Scott et al., 2016). We then designed an
in vitro ubiquitination assay to test whether transfer of ubiquitin
onto H-cDAXX correlated with the appearance of ubiquitin in
mesoscale assemblies. We charged UBCH7 with an equimolar
amount of fluorescently labeled ubiquitin (N-terminally labeled
Alexa647-UB [from here on *UB]), quenched the charging reac-
tion with EDTA, and added *UB~UBCH?7 to pre-formed SPOP/
H-cDAXX/N8~Cul3/Rbx1 assemblies in the presence and
absence of ARIH1 or a catalytically inactive mutant
(ARIH1°%57S; Scott et al., 2016) (Figure 6F). This reaction
mixture is competent for a single turnover (i.e., discharge of
*UB and potentially transfer onto an acceptor lysine of a sub-
strate). With live fluorescence imaging, we observed the
appearance of *UB in the assemblies over time in the presence
of enzymatically active ARIH1, resulting in co-localization of
H-cDAXX, SPOP, and *UB (Figures 6G and 6, left). Visualization
of the reaction products by SDS-PAGE showed ubiquitinated
H-cDAXX in the presence of active ARIH1, but not with an enzy-
matically inactive mutant or in its absence (Figures 6H and 6,
right, and Figure S6C). Both filamentous and droplet-like
assemblies with WT SPOP were able to mediate activity. How-
ever, we also observed effective transfer of *UB onto DAXX in
the presence of sucrose instead of ficoll (Figure 6l, right, and
Figure S6C). Under these conditions, SPOP and DAXX did not
form mesoscale assemblies, but the reaction went to comple-
tion with similar kinetics. The SPOP cancer mutants W131G
and F133V were hardly able to mediate DAXX ubiquitination.
(Figures 6G-6l).

We come to four conclusions from these results: (1) Since
most of the SPOP/DAXX is concentrated in the assemblies and
little protein is diffuse under phase separation conditions, the
reaction must occur largely within the assemblies. (2) Filamen-
tous and droplet-like WT SPOP/DAXX assemblies have similar
activities, in agreement with the similar protein mobilities we
observed within them. (3) The assemblies do not enhance enzy-
matic turnover compared to diffuse reactions. This may be ex-
plained by competition between enhancing and decelerating
factors such as high local concentrations and increased viscos-
ity in the dense assembilies, respectively. FRAP indeed shows a
considerable immobile fraction of DAXX and SPOP, in particular,
in all assemblies (Figure S4G). (4) SPOP cancer mutants show
reduced activity, in agreement with their reduced ability to
assemble and their expected higher off-rates.

Our results therefore support a model in which the UB-
charged E2 diffuses into the SPOP/DAXX assemblies and
CRL3%P°P_mediated ubiquitination occurs within the assem-
blies. We therefore propose that SPOP-mediated ubiquitination
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occurs largely within membraneless organelles in the cell (e.g.,
within SPOP/DAXX bodies).

SPOP Phase Separates with AR

To determine whether the synergistic recruitment of SPOP and
DAXX to liquid organelles is a general feature of other SPOP sub-
strates, we predicted SB motifs in a number of known SPOP
substrates from the literature. Most of SPOP’s substrates likely
harbor weak SB motifs in their intrinsically disordered regions,
in addition to the experimentally confirmed motifs in the literature
(Table S6). We thus hypothesized that SPOP recruits at least a
subset of its substrates via phase separation. To test this hypoth-
esis, we generated a large N-terminal fragment of AR that con-
tained the majority of the predicted SB motifs (NAR; Figure 7A).
AR is a well-known substrate of SPOP, and increased AR levels
caused by SPOP cancer mutations likely contribute to prostate
cancer pathogenesis (An et al., 2014). nAR had the ability to
form liquid-like droplets at high concentrations in vitro, and their
formation was strongly enhanced by SPOP (Figure 7B). The nAR/
SPOP assemblies had similar properties to SPOP/DAXX assem-
blies, ranging from filamentous to liquid droplet-like depending
on the nAR/SPOP molar ratio (Figure 7B). Similarly, transiently
expressed full-length GFP-AR and SPOP-mCherry co-localized
in punctate membraneless bodies in HelLa cells (Figure 7C).
nAR binding to SPOP?83% is enhanced compared to binding
to the MATH domain (Figure S7A), supporting the existence of
multiple SB motifs in nAR, which can mediate phase separation
with multivalent SPOP, analogously to DAXX. We thus propose
that SPOP has the ability to undergo phase separation with
multivalent substrates as a general mechanism for targeting
substrates.

SPOP Oligomeric Interfaces Are Evolutionarily
Conserved

Since SPOP multivalency was required for phase separation with
substrates, we wondered whether the ability to form higher-
order oligomers was under evolutionary pressure. We employed
a co-evolutionary coupling analysis (Ekeberg et al., 2013; Marks
et al., 2011), which assesses statistical coupling of correlated
mutations between all residue positions, from the covariation in
sequence alignments of ~2,600 SPOP orthologs (see Table S7
for their taxonomy). In particular, we assessed whether there
was any covariation between residues in SPOP that could not
be explained by intramolecular contacts within a SPOP mono-
mer and that instead coincide with the known intermolecular
interfaces.

The contact map of the SPOP oligomer highlights pairs of res-
idues that are in proximity across the oligomerization interfaces,
but not within SPOP monomers (Marzahn et al., 2016; van
Geersdaele et al., 2013) (Figure 7D). Comparison with the 600
strongest nonlocal (|i — j| > 3) couplings reveal close agreement
between coevolving residue pairs and contacts in the protein
structure, confirming that co-evolution reports on spatial prox-
imity. Notably, we also observe numerous couplings across
the BTB and the BACK interfaces (Figure 7D).

We further analyzed the patterns of the evolutionary couplings
to find natural groups of coevolving residues, also called evolu-
tionary domains (Granata et al., 2017). A subdivision into two
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(B) SPOP phase separates in vitro with nAR. Fluorescence microscopy images of SPOP (green) and nAR (red). All samples contain 8% w/v ficoll 70 and 500 nM

ORG-SPOP and/or Rhodamine-nAR. Samples were in 20 mM NaPO, (pH 7.4), 60 mM NaCl, 2 mM T-CEP, and 1 mM EDTA.
(C) SPOP co-localizes with the AR in cells. Hela cells were transfected with the indicated constructs and analyzed by confocal microscopy.
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evolutionary domains results in a good fit to the data (Figure S7B)
and points to the BTB and BACK domains as a single coevolving
unit, while the MATH domain forms a separate unit (Figure 7E,
top, and Figure S7C). Progressively finer subdivision next results
in a good fit for 5 evolutionary domains (Figures S7B and S7C).
With this subdivision, it becomes clear that the residues of the
BACK domain interfacial helices coevolve across the interface,
while the rest of the BACK domain coevolves with the BTB
domain (Figure 7E, bottom). Even finer subdivision shows a
similar co-evolution of BTB interfacial residues across the inter-
face (Figure S7D). Based on this analysis, the BTB and BACK do-
mains in SPOP appear to have coevolved their ability to dimerize
synergistically into higher-order oligomers, and our results
suggest that this property is under evolutionary pressure. This
finding supports the possibility that SPOP has evolved multiva-
lent properties to target substrates through phase separation.

DISCUSSION

SPOP localizes to several membraneless organelles in the nu-
cleus, but the mechanism underlying its redistribution between
these organelles, and how this is related to substrate targeting,
have so far been unclear. Here, we show that substrates trigger
SPOP co-localization and CRL activity by mediating phase sep-
aration and that SPOP cancer mutants disrupt both processes
(Figure 7F). We propose the disruption of phase separation as
the mechanism underlying SPOP-mutant-driven oncogenesis.
The ability of SPOP to form higher-order oligomers, where the
SPOP concentration determines the size of the oligomers and
therefore the valency of SPOP for substrates, gives rise to a
rich phase diagram; SPOP can undergo oligomerization and/or
polymerization processes and LLPS with multivalent substrates,
depending on concentrations and molar ratios. LLPS resulting in
droplet-like assemblies seems to be the basis for co-localization
and activity in cells.

Phase Separation May Allow Targeting Substrates in
Membraneless Organelles

Phase separation is a potential mechanism for concentrating en-
zymes and substrates and enhancing turnover (Banani et al.,
2017; Lietal., 2012). In vitro, condensed BugZ droplets enhance
tubulin polymerization (Jiang et al., 2015), and Nephrin/Grb2
phase separation enhances actin polymerization (Li et al.,
2012); whether the respective liquid compartments in the cell
also enhance polymerization is unclear. While the nucleolus is
a phase-separated, enzymatically active compartment (Berry

et al., 2015; Mitrea et al., 2016), it is less clear whether phase
separation is needed for activity. Smaller oligomeric assemblies
may be able to sustain the activities found in typical membrane-
less organelles (Smith et al., 2016; Wallace et al., 2015). Many
membraneless organelles may be sequestering proteins, RNA,
or DNA rather than forming active compartments. Here, we
show strong evidence that SPOP- and substrate-containing
membraneless organelles contain enzymatic activity.

But given our observation that SPOP ubiquitinates the sub-
strate DAXX equally efficiently in the absence of large assem-
blies, why has SPOP evolved the ability to phase separate? In
cells, when not incorporated in SPOP/DAXX bodies, SPOP and
DAXX are not largely diffuse but incorporated into two different
nuclear bodies (i.e., nuclear speckles and PML bodies). Presum-
ably only a small fraction of diffuse protein has the possibility to
interact. In contrast, in our in vitro ubiquitination assay, the frac-
tion of unassembled protein is not sequestered in separate
bodies but is available for interaction and turnover. Importantly,
there is evidence for several SPOP substrates to localize to nu-
clear bodies (Kwon et al., 2006; Li et al., 2000; Weidtkamp-Pe-
ters et al., 2008; Klokk et al., 2007; Tomura et al., 2001; Tyagi
et al., 2000; Zhang et al., 2014). ERG and BET proteins may
also participate in phase separation processes proposed for
transcription factories and chromatin (Hnisz et al., 2017; Larson
et al., 2017; Strom et al., 2017). Indeed, SPOP substrates are
predicted to have a high propensity to phase separate, which
is well above those of proteins with PDB structures (Figure S7E)
(Vernon et al., 2018). SPOP may have evolved an ability to phase
separate in order to target substrates localized to membraneless
organelles. Phase separation may be an efficient mechanism to
achieve specific co-localization with substrates in various mem-
braneless organelles. While diffuse samples without mesoscale
assemblies are active in vitro, the full activity in cells requires
co-localization of SPOP and substrates via phase separation.

Redistribution between Membraneless Organelles as a
Function of Available Substrates

Our results that SPOP cancer mutants with decreased substrate
binding maintained localization to nuclear speckles support a
view in which nuclear speckles act as storage sites for SPOP
in the absence of high substrate levels in the cell, triggered either
by the presence of pseudo-substrates in nuclear speckles or by
molecules retaining oligomeric SPOP via other interactions. We
propose that the rise of substrate levels, potentially accompa-
nied by additional signals, leads to substrate phase separation
with SPOP and recruitment of SPOP to the respective organelle.

(D) Covariation analysis of SPOP shows evolutionary coupling across the BTB and BACK interfaces. Co-evolutionary couplings in SPOP from covariation of
~2,600 SPOP homologs (Table S7) sharing all three structural domains. The co-evolutionary couplings (top 600) are reported in the upper triangle of the matrix as
black dots with size proportional to the relative coupling strength, overlapping both intra- and intermolecular contacts. The couplings are compared to contacts
between pairs of residues with a distance of up to 5 A between side-chain heavy atoms based on a structural model of SPOP?3-3%° (built using two available
crystal structures, PDB: 3HQI [Zhuang et al., 2009] and PDB: 4HS2 [van Geersdaele et al., 2013], and no further assumptions); intra- and intermolecular contacts

are shown in blue and red, respectively.

(E) BTB and BACK interface residues coevolve with residues across the interface, not with domain core residues. Evolutionary domains, obtained by the analysis
of the patterns of couplings (Granata et al., 2017) are reported on the SPOP monomer structure model for the subdivision in 2 groups of coevolving residues (Q = 2)
(top), and on the oligomer structure model for 5 groups of coevolving residues (Q = 5) (bottom). Other meaningful subdivisions are reported in Figures S7TB-S7D.
(F) Schematic of proposed mechanism. SPOP phase separates with multivalent substrates and is able to target and ubiquitinate substrates localized to
membrane-less organelles. SPOP cancer mutants are defective at phase separation and therefore co-localization and ubiquitination.
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Since the signals driving SPOP redistribution toward substrates
are not well understood, we here used transient expression of
SPOP and substrates to trigger assembly. The resulting dense
phase may form a separate organelle, be miscible with a preex-
isting organelle, or localize to the original organelle of the sub-
strate. Several cases have recently been described in which
phase separation of proteins or protein complexes supports their
recruitment to preexisting membraneless organelles, including
the recruitment of the miRNA-mediated silencing complex
(miRISC) to P bodies (Sheu-Gruttadauria and MacRae, 2018)
and of UBQLNZ2 to stress granules (Dao et al., 2018).

Additional regulatory processes, such as post-translational
modification, could serve to change the apparent substrate
concentration sensed by SPOP. Phosphorylation of SB motifs
negatively impacts SPOP binding (Zhuang et al., 2009) and could
increase the tolerated substrate concentration before it phase
separates with SPOP. Furthermore, phosphorylation of SPOP
was recently shown to modulate its function (Zhang et al.,
2018). Nonequilibrium regulatory mechanisms may influence
phase separation and therefore fine-tune SPOP substrate levels.
Future studies will provide further insights into how SPOP moves
from one organelle to another.

SPOP Evolution and Conservation Highlight the
Functional Importance of SPOP Oligomerization

The multivalency of SPOP toward substrates, generated
through linear SPOP oligomerization, is evolutionarily encoded
in the sequence. We have previously reported that self-associ-
ation deficient SPOP mutants can disrupt normal SPOP func-
tion through dominant-negative effects in a fly model (Marzahn
et al., 2016). Furthermore, prostate cancer patients with SPOP
mutations typically have one normal allele (i.e., no loss of
heterozygosity). Intriguingly, we find that SPOP is extremely
highly conserved within the human population. For example,
we find no common missense variants of SPOP present at
an allele frequency greater than 10~* (Table S8) in a database
of more than 100,000 sequenced exomes (Lek et al., 2016). In
contrast, we find multiple missense mutations in the very
similar SPOPL, which is not able to form higher-order oligo-
mers (Errington et al., 2012). We therefore hypothesize that
dominant-negative phenotypes resulting from SPOP mutations
cause this protein to be extremely conserved. SPOP self-as-
sociation is evolutionary conserved and functionally critical,
and the resulting multivalency is required for SPOP-mediated
phase separation.

Conclusion

We propose that phase separation is an evolutionary adaptation
of the SPOP CRL substrate adaptor to target substrates in mem-
braneless organelles. SPOP mutants disrupt not only substrate
binding but also phase separation, resulting in the failure to co-
localize with and turn over the substrate. There is precedence
that mislocalization of SPOP can result in oncogenesis; incorrect
localization of SPOP into the cytoplasm under hypoxic condi-
tions unleashes CRL activity on the tumor suppressor PTEN,
which is not usually a SPOP substrate (Li et al., 2014). Other
ubiquitin ligases also form higher-order oligomers (Yin et al.,
2009), and multivalent interactions are prevalent in the ubiquitin

proteasome pathway (Liu and Walters, 2010). Triggering activa-
tion of ubiquitin ligases by their substrates via phase separation
may therefore be a common principle for attaining proteostasis.
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Mouse Monoclonal anti-B23 Santa Cruz Cat# sc-56622, RRID:AB_784888
Mouse Monoclonal anti-V5 Invitrogen Cat# R960-25 (previously

Polyclonal Chicken anti-V5

Mouse Monoclonal anti-HA

Rabbit Polyclonal anti-HA

Rat Monoclonal anti-HA

Rabbit Monoclonal anti-Myc tag
Mouse Monoclonal anti-polyUb (FK2)
Mouse Monoclonal anti-GFP

Novus Biologicals

Linda Hendershot’s Laboratory
Linda Hendershot’s Laboratory
Roche

Cell Signaling Technology
Enzo Life Sciences

Cell Signaling Technology

Cat#46-0705), RRID:AB_2556564

Cat# NB600-379, RRID:AB_10003214
N/A

N/A

Cat# 11867423001, RRID:AB_390918
Cat# 2278S, RRID:AB_10693332

Cat# BML-PW8810, RRID:AB_10541840
Cat# 2955S, RRID:AB_1196614
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Mouse Monoclonal anti-FLAG (M2) Sigma Cat# P2983, RRID:AB_439685
Rabbit Polyclonal anti-GAPDH Abcam Cat# ab9485, RRID:AB_307275
Rabbit Polyclonal anti-mCherry Abcam Cat# ab167453, RRID:AB_2571870
Mouse Monoclonal anti-His6 Invitrogen Cat# MA1-21315, RRID:AB_557403
Bacterial and Virus Strains

BL21 RIPL E. coli Agilent Cat#230280

BL21 Gold (DE3) E. coli Agilent Cat#230132

Rosetta (DES3) E. coli EMD Millipore Cat#71400

Chemicals, Peptides, and Recombinant Proteins

Oregon Green 488 Carboxylic Acid, Succinimidyl Thermo Fisher Cat #06147

Ester, 5 isomer

Rhodamine Red C2 maleimide Thermo Fisher Cat #R6029

Alexa 647 maleimide Thermo Fisher Cat# A20347

Rhodamine Red-X Succinimidyl Ester, 5 isomer Thermo Fisher Cat# R6160

MG132 Proteasome inhibitor EMD Millipore Cat#474791

fPuc peptide: Ac-ENLACDEVTSTTSSSST-NH2 Genscript Pierce et al., 2016

cDAXX peptides (see Table S2 for sequences) This paper N/A

Critical Commercial Assays

Lipofectamine 3000 Transfection Reagent
Effectene Transfection Reagent

Thermo Fisher
QIAGEN

Cat# L3000015
Cat#301425

Experimental Models: Cell Lines

Hela
HEK293T
PC-3

Yasmine Valentin-Vega, St Jude
Kevin Freeman, St Jude
Haojie Huang, Mayo Clinic

Oligonucleotides

CellPress

SPOP M233 to E mutagenesis FWD: CAGTCTTCA
GTGCCATGTTTGAACATGAAGAGGAGGAGAGC

SPOP M233 to E mutagenesis Rev: CTCAACCCGA
TTCTTTTTGCTCTCCTCCTCTTCATGTT

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
SPOP D278, K279 to A278, A279 mutagenesis FWD:

TGACGACTTGCTGGCAGCTGCCGCCGCATACGC

SPOP D278, K279 to A278, A279 mutagenesis Rev:

CCTTCAGACGCTCCAGGGCGTATGCGGCGGCA

SPOP F133 to V mutagenesis FWD:

GGCAAAGACTGGGGAGTGAAGAAATTCATCCG

SPOP F133 to V mutagenesis Rev:

CGGATGAATTTCTTCACTCCCCAGTCTTTGCC

SPOP W131 to G mutagenesis FWD:

GCAAGGCAAAGACGGCGGATTCAAGAAATTC

SPOP W131 to G mutagenesis Rev:

GAATTTCTTGAATCCGCCGTCTTTGCCTTGC

Recombinant DNA

pDONR221-DAXX DNASU HsCD00079589
pcDNA6.2-EmGFP-DAXX This paper N/A
pcDNA6.2-EmGFP-cDAXX This paper N/A
pcDNA6.2-EmGFP-cDAXX SE This paper N/A
pDEST17-cDAXX This paper N/A
pDEST17-cDAXX?SE This paper N/A
pCDNAB3-V5-SPOP (Marzahn et al., 2016) N/A
pCDNAB-V5-SPOP F133V This paper N/A
pCDNA3-V5-SPOP W131G This paper N/A
pPCDNAB3-V5-SPOP mutBACK (Marzahn et al., 2016) N/A
pCDNAB3-V5-SPOP mutBTBBACK (Marzahn et al., 2016) N/A
pmCherry-N1-SPOP (Marzahn et al., 2016) N/A
pmCherry-N1-SPOPCEM This paper N/A
pcDNA3-myc-CUL3 (Ohta et al., 1999) Addgene #19893
pcDNA3-HA2-ROC1 (Rbx1) (Ohta et al., 1999) Addgene #19897
pcDNA3-Myc3-Cul3 H2/H5M (Furukawa and Xiong, 2005) Addgene #21591
pEGFP-C1-AR (Stenoien et al., 1999) Addgene #28235
pCDNA-His6-Ubiquitin Wenyi Wei N/A
pDEST17-nAR This paper N/A

pFastbac GST-UB E1 (Huang et al., 2008) N/A

pGEX4T1 GST-Thrombin- UBCH7 (Huang et al., 2008) N/A

pGEX4T1 GST-Thrombin-UBC12 (Duda et al., 2008) N/A

pGEX4T1 APPBP1-UBA3 (Duda et al., 2008) N/A

GST pGEX4T1 GST-ThrombinNEDD8 (Walden et al., 2003) N/A

pGEX2TK GST- Thrombin-UB (C > S) (Scott et al., 2014) N/A

pGEX4T1 GST-TEV-ARIH1 (Scott et al., 2016) N/A

pGEX4T1 GST-TEV-ARIH1 C375S (Scott et al., 2016) N/A
pET-DUET-1-His-Cul3/Rbx1 (Small et al., 2010) N/A

Software and Algorithms

PattinProt

RF cloning
NIS Elements

FlJI
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PRABI-Lyon-Gerland Institute of
Biology and Protein Chemistry

Steve Bond

https://www.nikoninstruments.com/
Products/Software

http://fiji.sc/

https://npsa-prabi.ibcp.fr/
NPSA/npsa_pattinprot.html
http://rf-cloning.org
RRID:SCR_014329

RRID:SCR_002285

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Zen software http://www.zeiss.com/corporate/en_de/ RRID:SCR_013672
global/home.html

SlideBook https://www.intelligent-imaging.com/ RRID:SCR_014300
slidebook

GraphPad Prism https://www.graphpad.com/ RRID:SCR_002798

Protein Parameter Calculator Anthis and Clore, 2013 http://nickanthis.com/tools/

a205.html

MATLAB https://www.mathworks.com/products/ RRID:SCR_001622
matlab/

TopSpin https://www.bruker.com/products/mr/ RRID:SCR_014227
nmr/nmr-software/nmr-software/topspin/
overview.html

CARA http://cara.nmr-software.org/portal/

pImDCA algorithm Ekeberg et al., 2013

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tanja
Mittag (Tanja.Mittag@stjude.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines

HelLa and HEK293T cells were grown under sterile conditions on Dulbecco’s Modified Eagle’s Medium (DMEM). PC-3 cells were
grown under sterile conditions on RPMI 1640 Medium. Culture media were supplemented with 10% fetal bovine serum (FBS),
2mM L-Glutamine and antibiotics. Cells were grown at 37°C with 5% CO..

METHOD DETAILS

Prediction of SB motifs

The position of SB motifs was predicted using a bioinformatics search with the online tool PattinProt (https://npsa-prabi.ibcp.fr/
NPSA/npsa_pattinprot.html), using the query sequence [GAVLIMFWP]-[STCYNQ]-S-[ST]-[ST], and allowing for 1 mismatch to the
consensus SB motif sequence (®-I1-S-S/T-S/T, where ® is a nonpolar and IT is a polar residue; Zhuang et al., 2009). In order to create
the cDAXX-0sb sequence, the SB motifs were scrambled in the following way to preserve the length and charge distribution of the
cDAXX sequence: 1) The first position was mutated from a hydrophobic to polar residue. 2) The second position was mutated from a
polar residue to a proline. 3) The third position was mutated to a charged residue (if one was in the original sequence). 4) The fourth or
fifth position was mutated from S/T to a hydrophobic residue. The resulting mutated sequences slightly increased the Pro content
from 11 to 12.6% and reduced the Ser content from 18.3 to 16.7% in cDAXX-0sb relative to cDAXX.

Plasmids

We purchased full-length DAXX cDNA in vector pDONR221 from DNASU (clone: HsCD00079589) and introduced it into pcDNA6.2-
EmGFP by Gateway technology (Life Technologies) for expression in mammalian cells. We also excised the cDAXX (495-740)
sequence by nested PCR and introduced it into pDEST17 (Thermo Fisher) by Gateway technology for bacterial expression of His-
tagged protein and protein purification for NMR experiments. For all other in vitro experiments, we purchased synthetic, codon-opti-
mized genes for cDAXX, and cDAXX?SE, which included Cys to Ser mutations at positions 629, 664, 699, and 720 (Thermo Fisher),
and introduced them into pPCDNA6.2-EmGFP by Gateway technology for expression in mammalian cells and into pDEST17 for bac-
terial expression and protein purification. Site directed mutagenesis was used to add a TEV protease site to remove the Hisg tag from
bacterially expressed cDAXX. Plasmids for V5-tagged SPOP-WT, mutBACK, and mutBTB-BACK were generated by switching the
HA tag to V5 in pcDNA3-HA-SPOP (Marzahn et al., 2016) by site directed mutagenesis. We generated V5-SPOP F133V, and W131G
by site directed mutagenesis of V5-SPOP-WT. The SPOP-mCherry plasmid was constructed by using our previously described HA-
SPOP plasmid (Marzahn et al., 2016) as a template for PCR and SPOP was introduced into vector pmCherry-N1 by restriction
digest followed by ligation. To generate the SPOP®®M-mCherry mutant, we mutated M233 to E, D278 to A, and K279 to A by site
directed mutagenesis using the restriction free cloning method (van den Ent and Loéwe, 2006). Plasmids pcDNA3-myc-CULS3,
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pcDNA3-HA2-ROC1 (Rbx1) (Ohta et al., 1999), pcDNA3-Myc3-Cul3 H2M/H5M (Furukawa and Xiong, 2005), and pEGFP-C1-AR
(Stenoien et al., 1999) were obtained from Addgene. The plasmid for Hisg-Ubiquitin was a kind gift from Wenyi Wei (Harvard). We
purchased the nAR (AR 1-559 Uniprot P10275) gene for bacterial expression (Thermo Fisher) and introduced itinto pDEST17 (Thermo
Fisher) by Gateway technology (Life Technologies).

The following plasmids were previously published: pFastbac GST-UB E1, pGEX4T1 GST-Thrombin-UBCH?7 (Huang et al., 2008),
pGEX4T1 GST-Thrombin-UBC12, pGEX4T1 APPBP1-UBA3, GST pGEX4T1 GST-ThrombinNEDD8 (Duda et al., 2008; Walden et al.,
2003), pGEX2TK GST-Thrombin-UB (C > S) (Scott et al., 2014), pGEX4T1 GST-TEV-ARIH1 (and C357S mutant) (Scott et al., 2016),
pET-DUET-1-His-Cul3/Rbx1 (Small et al., 2010)

Transfections
Cells were transfected with Lipofectamine 3000 (Thermo Fisher) or with Effectene (QIAGEN) according to the manufacturer
conditions.

Immunofluorescence

Cells were transfected in 8-well glass chambers (Millipore) and fixed with 4% paraformaldehyde 24 hours later. Cells were permea-
bilized with 0.1% Triton X-100 and blocked with 10% donkey serum. GFP and mCherry fluoresce was detected directly. The primary
antibodies used were: SC-35 (1:300; Abcam, ab11826), PML (1:50; Santa Cruz, sc-966), coilin (1:500; Santa Cruz Biotechnology, sc-
32860), B23 (1:200, Santa Cruz Biotechnology, sc-56622) Myc-tag (1:500 Cell Signaling Technologies, 71D10), HA-tag (1:250; Clone
3F10, Roche, 11867423001), FK2 (1:50; Enzo Life Sciences, BML-PW8810), V5-tag (1:300, Novus Biological, NB600-379). The sec-
ondary antibodies used were Alexa 555, 647 (1:5,000; Thermo-Fisher), and CF405S (1:1000; Biotium). Samples were mounted on
ProLong Gold antifade with or without DAPI and cured before imaging on a Zeiss LSM 780 NLO microscope. Images were prepared
with the Fiji software.

Live Cell Imaging

Cells were transfected in 4-well borosilicate chambers (LAB-TEK). Twenty-four hours after transfection, media was changed to
phenol red-less DMEM and imaged in a Marianas spinning disk confocal microscope at 37 ° C in the presence of CO, for the duration
of the experiment. Analysis, image and video preparation was done with the Slidebook software.

Immunoprecipitation and Western Blots

HEK293T cells were transfected with plasmids expressing the indicated proteins. 24 h post-transfection, cells were incubated with
MG132 at a final concentration of 20 uM for 4 h. For immunoprecipitation of the substrates, cells were lysed 24 h after transfection in
Nonidet P-40 lysis buffer (50 mM Tris/HCI, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 50mM NaF) supplemented with 10 mM N-Ethyl-
maleimide (NEM) and protease inhibitors (Roche Applied Science). Immunoprecipitation was performed on clarified cell lysates with
GFP antibody (Santa Cruz sc-9996) overnight at 4°C and the resulting proteins were analyzed by immunoblotting with anti-GFP and
anti-Hisg antibody. Input materials were also checked by immunoblotting using anti-GFP, anti-V5, anti-Myc, anti-HA, and anti-
GRP170 antibodies (loading control). Immune complexes were isolated with protein A-agarose beads, washed with NP-40 buffer
in 2 x reducing Laemmli buffer. Whole cell lysates were mixed with 4 X reducing Laemmli buffer and analyzed by SDS-PAGE
and followed by immunoblotting with the indicated antibodies. Cells were lysed, GFP-cDAXX was pulled down

For pull-down of ubiquitinated proteins, cells were incubated with MG132 or DMSO at 20 uM for 4 hours cells were lysed 24h after
transfection in buffer A [6 M guanidine-HCI, 0.1 M Na,HPO4/NaH,PO, (pH 8.0) and 10 mM imidazole]. The lysates were sonicated,
cleared, and incubated with Ni-NTA Sepharose (QIAGEN) for 3 hr at room temperature. The beads were washed twice with buffer A,
twice with A/T composed of one volume of buffer A and three volumes of buffer T [25 mM Tris (pH 8.0) and 20 mM imidazole], and
twice with buffer T. The beads were finally boiled in SDS-PAGE loading buffer containing 100 mM imidazole.

The antibodies used for western blots were: GFP (1:10,000; Cell Signaling Technologies, 4B10), V5 (1:5,000; Thermo-Fisher, R960),
Myc-tag (1:100 Cell Signaling Technologies, 71D10), FLAG-tag (1:1,000; Sigma, M2), GAPDH (1:5,000; Abcam ab9485). HA-tag
(1:500), and GRP170 (1:1,000) were a gift from Linda Hendershot. Anti-mouse and anti-rabbit HRP conjugated antibodies (Jackson
immunoresearch) were used at 1:20,000

Protein Purification
All His-SUMO-SPOP?8-3%° constructs were expressed in BL21 RIPL cells in ZYM-5052 auto-induction media (Studier, 2005), and
purified as previously described by Ni column, TEV cleavage during dialysis, Ni-pass-back, and SEC (Marzahn et al., 2016). GST-
SPOPMAT was expressed in BL21 RIPL cells in LB medium, and purified as previously described by Glutathione-Sepharose, TEV
cleavage during dialysis, ion-exchange by SP column, and SEC (Pierce et al., 2016). Small fractions of each construct were labeled
with 4X Oregon Green 488 Carboxylic Acid, Succinimidyl Ester, 5 isomer (Cat #06147 Thermo Fisher) at 4°C overnight. Un-reacted
label was removed from the proteins by PD-10 column (Thermo Fisher 45-000-67).

All cDAXX constructs were expressed in BL21 RIPL cells in LB media at 18°C for ~20 hr. Protein expressed for NMR experiments
were isotopically labeled with '®N, '*C by growing cells in M9 minimal media supplemented with 'C glucose and >N ammonium
chloride (Cambridge Isotopes). at 37°C until an ODggg = 0.8. Expression was then induced with 0.6 mM IPTG for 18 hours at
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20°C. Cells were lysed in 50 mM Tris pH 8.0, 500 mM NaCl, 30 mM Imidazole, 2 mM B-ME, and Complete protease inhibitor cocktail
(Roche) with a microfluidizer at 20,000 psi. The cleared lysate was loaded onto a gravity Ni-NTA column, washed with lysis buffer, and
eluted in 50 mM Tris pH 8.0, 50 MM NaCl, 300 mM Imidazole, and 2 mM B-ME. When indicated, the tag was cleaved with 1mg TEV
protease/100 mg protein at 4°C overnight. Both cleaved and uncleaved solutions were diluted 2-4 fold, passed over a Q column, and
eluted by salt gradient. Peak fractions were then concentrated (Amicon 10 MWCO) and subjected to SEC on a Superdex 200 16/60
column (GE Healthcare) equilibrated with 25 mM Tris pH 7.5, 150 mM NaCl, and 5 mM DTT (or 1 mM T-CEP). Small fractions of each
cDAXX construct were labeled with 10X Rhodamine Red C2 maleimide (cat #R6029 from Thermo Fisher) at 4°C overnight. Un-re-
acted label was removed from the proteins by PD-10 column.

UBA1 was expressed in insect cells as a GST-fusion protein, and purified by glutathione affinity, thrombin cleavage, and ion-ex-
change, as previously described (Huang et al., 2008; Scott et al., 2016). UBCH7 was expressed in E. coli BL21 Gold (DE3) cells as a
GST-fusion protein, and purified by glutathione affinity, thrombin cleavage, ion-exchange, and SEC chromatography, as previously
described (Huang et al., 2008; Scott et al., 2016). NEDD8 and UB were expressed in E. coli BL21 Gold (DE3) cells as GST-fusion
proteins, and purified by glutathione affinity, thrombin cleavage, glutathione pass-back, and SEC chromatography, as previously
described (Scott et al., 2014; Walden et al., 2003). UB was fluorescently labeled with 4X Alexa 647 maleimide (cat # from A20347
Thermo Fisher) for 2 hr at RT, quenched with 10 mM DTT, and passed over a PD-10 column to remove excess unreacted label.
Cul3/Rbx1 were co-expressed in E. coli BL21 Gold (DE3) and purified by Ni, and SEC chromatography, as previously described
(Small et al., 2010). Neddylation of 12 uM Cul3/Rbx1 was accomplished by incubating with 1 uM UBC12, 0.1 uM APPBP1-UBAG3,
and 20 uM NEDDS8 with ATP and MgCl, as previously described (Duda et al., 2008). A small fraction of N8~Cul3/Rbx1 was fluores-
cently labeled with 4X Alexa 647 Acid, NHS (Succinimidyl) Ester (cat #A2006 from Thermo Fisher) at RT for ~1.5 hr, and excess
unreacted label was removed by PD-10 column. ARIH1 and ARIH1°%7%% were expressed in E. coli BL21 Gold (DE3) cells as GST-
fusion proteins, and purified by glutathione affinity, TEV cleavage, ion-exchange, and SEC chromatography as previously described
(Scott et al., 2016).

His-nAR was expressed in E. coli Rosetta (DEJ) cells and purified from inclusion bodies. Cells were lysed by sonication. The insol-
uble fraction was washed with PBS buffer pH = 7.4 containing 1% Triton, and dissolved in 8 M Urea, 20 mM Tris pH 7.8, 500 mM NaCl,
and 14 mM B-ME. The solution was then passed over a Ni-HP or gravity column and eluted with the same buffer with 500 mM Imid-
azole. The tag was cleaved with 1mg TEV protease/100 mg protein at 4°C overnight under dialysis, and removed by passing back
over Ni resin in 8 M Urea, 50 mM Tris pH 7.8, 100 mM NaCl, and 1 mM B-ME. The flow-through was then concentrated (Amicon
3 MWCO) and subjected to SEC on a Superdex 200 16/60 column (GE Healthcare) equilibrated with 20 mM Phosphate buffer
pH7.4,2 mMT-CEP, and 1 mM EDTA. Due to protein stability, protein was immediately used, and microscope samples were imaged
within 1 hour of set-up. A small fraction of the protein stock labeled with 10X Rhodamine Red-X Succinimidyl Ester, 5 isomer
(cat # R6160 from Thermo Fisher) for 1 hr at 4°C. Un-reacted label was removed from the proteins by PD-10 column.

Microscopy analysis for in vitro LLPS

Samples were prepared by mixing the determined amount of protein, buffer, and ficoll PM 70 (Sigma). Sealed sample chambers con-
taining protein solutions comprised coverslips sandwiching two layers of 3M 300 LSE high-temperature double-sided tape
(0.34 mm). For each given cDAXX and/or SPOP concentration, the sample was equilibrated at room temperature and incubated
for 4-6 hours. Samples were imaged on a Nikon C2 laser scanning confocal microscope with a 20X (0.8NA) Plan Apo objective. Im-
ages and movies were processed with the Nikon NIS Elements software. All images within figures were taken with the same camera
settings, unless otherwise noted.

In vitro crosslinking reactions

Samples were prepared at 15 uM SPOP and the indicated concentrations of H-cDAXX in buffer containing 25 mM HEPES pH 7.5,
150 mM NaCl, 5 mM DTT. The amine crosslinker BS® (bis(sulfosuccinimidyl)suberate, cat #21580 from Fisher Scientific) was added
for a final concentration of 0.15 mM in samples from Figure S2C and 0.3 mM in samples from Figure S4E. Reactions were incubated
at room temperature for 30 min. The reactions were quenched by the addition of 100 mM Tris pH 7.6 and were incubated at room
temperature for at least 15 min prior to loading samples onto SDS-PAGE gel.

NMR data collection and analysis

NMR data were acquired on Bruker Avance 600 and 800 MHz spectrometers equipped with TCI triple-resonance cryogenic probes
and pulsed-field gradient units at 5°C. All samples were prepared in an NMR buffer consisting of phosphate-buffered saline (137 mM
NaCl, 2.7 mM KCI, 10 mM NayHPO,, 1.8 mM KH,PO,), 10 mM DTT pH 6.9 and 10% D,O.

Assignment of cDAXX backbone resonances were done in two steps. Initially, approximately 0.75 mM '5N,3C cDAXX samples
were prepared and standard 3D assignment experiments based on sensitivity enhanced 'H,">N HSQC (8 scans, 2048 x 320 complex
data points) were collected. These included a HNCACB and CBCA(CO)NH (16 scans, 1024 ("H) x 32 (*N) x 128 (*C) complex data
points, with 11 ppm, 24 ppm, and 70 ppm as 'H, ®N and '3C sweep width, respectively), a HN(CA)CO (16 scans, 1024 ('H) x 32
(*®N) x 75 ('3C) complex data points, with 11 ppm, 24 ppm, and 18 ppm as 'H, '®N and '3C sweep widths), a HNCO (16 scans,
1024 ("H) x 32 (**N) x 75 ('3C) complex data points, with 11 ppm, 32 ppm, and 22 ppm as 'H, "*N and '3C sweep widths), and a
HNCA (16 scans, 1024 (*H) x 32 ("®N) x 95 (*3C) complex data points, with 16 ppm, 25 ppm, and 30 ppm as 'H, ®N and '3C sweep
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widths). Additionally, HN(CA)NNH (16 scans, 1024 ('H) x 32 ("N F1) x 60 ("N F2) complex data points, with 11 ppm, 24 ppm, and
24 ppm as 'H, >N F1 and '®N F2 sweep widths) provided connectivity between N, N+1 and N-1 facilitating a “backbone walk”(Wei-
semann et al., 1993). Using these methods, approximately 70% of the sequence was confidently assigned.

Gaps in assignments were filled using carbon-detect experiments. Initial HSQC based resonance assignments were transferred to
a '3C,"®N 2D carbon-detect CON spectrum using IPAP decoupling (32 scans, 1024 (*°C) x 256 ('°N) complex data points with
18 ppm and 35 ppm as '3C and '°N sweep widths). Carbon-detect assignments were performed using 3D CANCO (16 scans,
1024 (13C) x 32 ("°N) x 48 ('*C) complex data points, with 20 ppm, 35 ppm, and 35 ppm as '*C F3, >N and '°C F1 sweep widths),
COCON (8 scans, 1024 ('3C) x 40 (*°N) x 32 ('3C) complex data points, with 18 ppm, 35 ppm, and 12 ppm as '*C F3, "®°N and "*C F1
sweep widths) and CCCON (8 scans, 1024 ('3C) x 42 (**N) x 40 (*°C) complex data points, with 12 ppm, 35 ppm, and 72 ppm as '°C
F3, '®N and '°C F1 sweep widths) spectra (Bermel et al., 2005, 2006a, 2006b). Overlapping peaks were resolved by using a combi-
nation of nitrogen-detect 2D NCO experiments and carbon-detect amino acid specific 2D experiments (Sahu et al., 2014; Takeuchi
et al., 2010).

Titration of the SPOPMAT™ domain into cDAXX was performed using samples containing 0.4 mM °N, '3C ¢cDAXX and 0.2 and
0.4 mM SPOPMAT for 1:0.5 and 1:1 molar ratios, respectively, and 0.2 mM cDAXX and 0.4 mM SPOPMATH for the 1:2 molar ratio.
Carbon detect CON-IPAP spectra were recorded with identical parameters to assignment experiments however the number of scans
were increased to 80 and 128 for 0.4 mM and 0.2 mM cDAXX samples respectively.

Data were processed using BRUKER Topspin version 3.4, NMRPipe (v.7.9) (Delaglio et al., 1995) and analyzed using CARA
(v.1.8.4) (Keller, 2004). All spectra were referenced directly using DSS for the 'H dimension; 'C and '°N frequencies were referenced
indirectly.

Peptide Synthesis and Preparation

Peptides encompassing the SB motifs of cDAXX and the mutated motifs of cDAXX-0sb were synthesized at the Hartwell Center at St.
Jude Children’s Research Hospital. Each peptide contained the 5 residue SB/mut motif and 4 residues on either side, with N-terminal
acetyl and C-terminal carboxy modifications. Each peptide was solubilized in water, pH-corrected, lyophilized, and re-solublized in
minimal amounts of water. Stock concentrations were calculated from Aygs readings using the extinction coefficient predicted by the
online “Protein Calculator” (Anthis and Clore, 2013). The fPuc peptide, comprising residues 91-107 from the protein Puckered [amino
acid sequence Ac-ENLACDEVTSTTSSSST-NH2 (Pierce et al., 2016; Zhuang et al., 2009)] and N-terminally labeled with fluorescein
was purchased from GenScript, and solubilized in buffer containing 20 mM Tris pH 7.6, 150 mM NaCl, and 5 mM DTT.

Fluorescence Anisotropy

All DAXX assays were performed in 20 mM Tris pH 7.6, 150 mM NaCl, 5 mM DTT, 0.01% Triton X-100, and 10 mg/mL BSA. nAR FP
assays were performed in the same buffer minus BSA. For direct binding measurements, serial dilutions of each SPOP construct,
ranging from from 0.006 to 100 pM, were prepared on a 384-well plate (Greiner BioOne). Then fluorescently tagged- cDAXX
construct, nAR, or fPuc peptide was added for a final concentration of 40 nM into each well. For competition binding measurements,
serial dilutions of each peptide were prepared in 384-well plates ranging from ~10 mM to ~0.5 uM. MATH domain and fPuc were
added to final concentrations of 6 uM and 40 nM, respectively. Anisotropy was measured using a CLARIOstar plate reader (BMG
LABTECH).

FRAP measurements

FRAP experiments were performed using a Marianas spinning disk confocal (SDC) imaging system on a Zeiss Axio Observer inverted
microscope platform using a Zeiss Plan-Apochromat 63X (1.4 NA) oil objective and Evolve 512 EMCCD camera (Photometrics). For
in vitro samples, time-lapse images were collected with 200 ms exposure time for 4 to 6 min, every 300 ms for the first min, then every
5 s for the remainder of the time-lapse. Photobleach settings were: 1 ms, 1 repetition, 20%-50% of 488 channel intensity or 35%-
80% of 561 channel intensity. For in cell FRAP, time-lapse images were collected every 500 ms for 3.5 to 4 min. Photobleach settings
were: 1 ms, 1 repetition, 60% of 488 or 561 channels. Images were analyzed with SlideBook 6 software (3i).

In vitro ubiquitination assays

Singe-turnover assays were conducted to monitor the paths of UB transfer. E2~*UB was prepared by mixing 15 uM UBCH7, 0.6 uM
UB E1, and 20 uM *UB in 25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM ATP, 10 mM MgCl, at room temperature for 15 minutes. The
reaction was quenched by the addition of EDTA to a final concentration of 50 mM. The single-turnover reactions consisted of mixing
the E2~*UB thioester conjugate (1.5 uM final concentration) with pre-incubated complexes (30 min -2 hr at RT) of the indicated com-
binations of 20 nM ARIH1 or indicated mutants, 1.25 uM N8~Cul3/RBX1, 5 or 15 uM SPOP and 20 or 50 uM H-cDAXX at room tem-
perature in 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, in the presence of 4 or 10% w/v ficoll-70 or sucrose. Samples were
visualized as for LLPS analysis or loaded on SDS-PAGE gels and analyzed in a Typhon FLA scanner (GE Healthcare).

Co-evolutionary analysis

We obtained a multiple sequence alignment containing SPOP homologs by first building a hidden Markov model of the protein family,
based on 4 iterations of jackhmmer (Finn et al., 2015), and extracting the sequences from the Uniprot Uniref100 database (Suzek
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etal., 2015). We refined the alignment by requiring that all sequences contain all three structural domains (MATH, BTB and BACK) and
excluding all positions that contain more than 50% of gaps. We then used the asymmetric piImDCA algorithm (Ekeberg et al., 2013),
using default input parameters (including a 90% cutoff in sequence similarity resulting in 2603 sequences), to find pairs of residues
with direct correlated mutations along evolution. We used the derived couplings to divide the SPOP sequence into Evolutionary Do-
mains (Granata et al., 2017), i.e., to find groups of residues that evolved together and almost-independently from each other. In this
analysis with used the webserver at spectrus.sissa.it/spectrus-evo_webserver with default parameters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Partition Coefficient for cDAXX and cDAXX°S®

Signal intensities were obtained with the Fiji software. The cellular average intensity for GFP-cDAXX and GFP-cDAXX?SB in nuclear
condensates and in the diffuse nuclear fractions were calculated by determining the signal intensities in 3 regions of interest (ROls)
per cell for condensates and for the diffuse signal. Background was subtracted by using an ROI of the same size in the area outside of
the cell. Statistical significance was determined with the paired Student’s t test. Signal intensities were plotted using the GraphPad
Prism software.

GFP-DAXX and V5-SPOP Signal Intensity

Signal intensities for V5 (SPOP) and GFP-DAXX in cells expressing WT or F133V V5-SPOP were obtained with the Fiji software. The
nuclear signal intensity for GFP-DAXX and V5-SPOP was measured by using an ROI the size of the whole nucleus to determine the
signal intensity for each cell. Background was subtracted by using an ROI of the same size in the area outside of the cell. Statistical
significance was determined with the paired Student’s t test. Signal intensities were plotted using the GraphPad Prism software.

Kp Determination from Anisotropy Measurements
Kp values were obtained by fitting to the following equations, adapted from Roehrl et al.,

Ai(1—Fp)
1-F(1-Q)
where A,ps is the observed anisotropy, A, is the anisotropy of the bound state, Aris the anisotropy of the free state, Q is the ratio of

Intensitygee/Intensitypoung, and Fy, is the fraction bound of the fluorescent species, which is given by the following equation for direct
binding assays,

Aods = QFpAp +

(Kp + SPOP + substrate) — \/ (Kp + SPOP + substrate)® + 4(SPOP) (substrate)
2(substrate) ’

b=

where substrate is the total concentration of fluorescently labeled cDAXX construct or fPuc peptide, SPOP is the total concentration
of SPOP (Roehrl et al., 2004).
For competitive binding assays, Fj, is given by the following equations adapted from Roehrl et al.,

Fo 2,/(a> — 3b)cos(6/3) —a
o 3Kppuc +24/(a%> —3b)cos(6/3) — a

where

a=Kppyc +Kp +Puc +peptide — MATH,
b = (Puc — MATH)Kp puc + (peptide — MATH)Kp + Kp pucKb,

CcC= — KD‘PUCKDMATH7

4 |2a%+9ab — 27¢

f=cos ,
2,/(a? —3b)*

and Kp pyc is the dissociation constant determined from a direct binding assay of fPuc and MATH, Puc is the total concentration
of fluorescently labeled fPuc peptide, peptide is the variable concentration of each SB/mut peptide, and MATH is the total
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concentration of MATH domain. For each FA assay, three independent experiments were performed and fit; the average Kp and stan-
dard deviation are reported in Tables S2, S3, and S5.

Quantification of in vitro assemblies

Signal intensities of proteins in assemblies were measured in NIS Elements from images without signal saturation. For quantification
of protein concentrations, overlapping intensity-based threshold layers in each channel were applied to select the assemblies and
measure the mean intensities within them. A standard curve of the intensity versus fluorescent protein was then used with the ratio of
labeled to unlabeled protein in each sample to calculate the concentration of each protein construct in the assemblies.

FRAP Analysis and Fitting

For FRAP analysis, mean fluorescence intensities from ROIs were background-corrected, and corrected for photobleaching due to
imaging. Fluorescence intensity versus time graphs were expressed in fractional form normalized by the pre-photobleach intensity
(Axelrod et al., 1976) and fitted to equations for single- or double-exponential recovery. See also Table S4.

Quantification of in vitro ubiquitination

Quantification of *UB appearance in assemblies from microscope images was conducted in NIS Elements, overlapping intensity-
based threshold layers in the green and red channels were applied to select assemblies. The average intensity in each channel within
the assemblies was then measured at each time point, as well as the average intensity of the background (from a location in the image
with no assembilies). The intensity within assemblies was determined by plotting the background-corrected blue intensity divided by
the background-corrected average of green and red intensities, for each time point. Due to the variability in signal intensity, reactions
with increases in the blue channel within assemblies over time were normalized to the intensity of the last point in the WT SPOP + ficoll
conditions.
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The activation of transcription relies on physical interactions between the
activation domains of transcription factors and the transcription machinery.
Activation domains are intrinsically disordered and the mechanisms by which they
gain affinity for transcriptional co-regulators, general transcription factors and
RNA Pol Il are not known. We have studied how the structural properties of the
activation domain of the androgen receptor, a transcription factor that regulates
the male phenotype, are altered upon its activation by androgens. Our results
indicate that activation triggers oligomerization and condensation of the receptor
that causes gains in secondary structure in activation function motifs that mediate

the recruitment of members of the transcription complex.
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Introduction

Transcription factors (TFs) are responsible for determining the specificity of
transcriptional activity (Ptashne 1988). They perform this function by binding to
promoters and enhancers through their DNA binding domains (DBDs) and recruiting the
transcription complex through their activation domains (ADs) (Keegan, Gill, and Ptashne
1986). The specificity of DNA binding is well understood thanks to the availability of
structures for the complexes that DBDs form with transcription factor-specific DNA
sequences (Fulton et al. 2009). The specificity of recruitment of the transcription complex
and the necessary co-activators is instead not well understood, rendering our knowledge
of this key biological process incomplete. One reason for this is that ADs are generally
intrinsically disordered (ID) (Minezaki et al. 2006) and form transient protein-protein
interactions (Fuxreiter et al. 2008). This makes it challenging to determine the structures
of the relevant complexes (Radhakrishnan et al. 1997; De Mol et al. 2018), understand
the determinants of recruitment specificity and, despite their potential as drug targets,
target TFs with small molecules (Koehler 2010; Metallo 2010).

Recently it has become clear that many proteins involved in transcription,
including RNA Polymerase Il (RNA Pol Il), the MED1 subunit of the Mediator complex
and some TFs, can form transcriptionally active condensates (Cisse et al. 2013; B. R.
Sabari et al. 2018; Cho et al. 2016; Boija et al. 2018; Boehning et al. 2018; Wollman et
al. 2017; Nair et al. 2019) formed by liquid-liquid phase separation (LLPS) (Hyman,
Weber, and Jualicher 2014). In cells LLPS of proteins and nucleic acids allows for
membraneless compartmentalization in a condensed phase that resembles liquid
droplets in coexistence with a dilute phase composed of a solution of the same
macromolecules (Alberti, Gladfelter, and Mittag 2019). The proposed functions of TF
condensation via LLPS in transcription include: facilitating contacts of multiple enhancers
and promoters within super-enhancers through the dense phase (Hnisz et al. 2017; B. R.
Sabari et al. 2018), providing a mode of Pol Il and co-activator recruitment by TFs to the
transcription site (Boija et al. 2018), enabling a rate-limiting step of transcription complex
assembly (Cisse et al. 2013) or cooperative assembly of a chromosomal enhancer (Nair
et al. 2019) and increasing the rate (Sokolova et al. 2013) and/or efficiency of
transcription (Cho et al. 2016).

The observation that the transcription complex can function in a condensed state
adds another layer of complexity in elucidating the molecular details of the protein-
protein interactions taking place in it. The general features of the interactions stabilizing
condensates are multivalency and lack of specificity (Hyman, Weber, and Jilicher 2014).
By contrast, many interactions within the transcription complex are necessarily specific
and rely on disorder-to-order transition of particular linear motifs within the ID AD of the
TFs (Lee et al. 2000; De Mol et al. 2018). Additionally, the specificity of the interactions
of TFs with their partners could in part account for the specificity of gene regulation
(Eeckhoute, Métivier, and Salbert 2009). This apparent contradiction makes us formulate
the following questions, focused on the TF ADs for simplification:

1) Are the TFs scaffolds or clients of the phase separated transcription complex?
In other words, are the ADs drivers of the transcription complex condensation or do they
instead partition into the condensed state?

2) Are the sequence motifs in the TF ADs responsible for the non-specific
multivalent interactions allowing their condensation the same sequence motifs that are
responsible for the specific interactions formed by the ADs with their globular partners
(commonly known as activation functions)?

3) Is the LLPS state advantageous for the AD-specific partner interaction by
promoting folding of the activation function motifs and consequently allowing for
conformational selection for the specific binding partner?
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Here, we address these questions by studying the phase separation properties of
the Androgen Receptor (AR), a TF from a steroid receptor (SR) family, that regulates the
development of the male phenotype and is activated by androgens such as testosterone
(Gelmann 2002). In addition to activation and DNA binding domains, SRs harbor a C-
terminal ligand binding domain (LBD) that is globular. In most SRs the LBD plays an
important role in activation as, after hormone binding, it displays a surface patch called
activation function 2 (AF-2) that has affinity for intrinsically disordered LxxLL motifs found
in transcriptional co-activators (Huang, Chandra, and Rastinejad 2010) such as TIF2
(Voegel et al. 1996) and SRC-1a (Needham et al. 2000). The functions of these co-
activators, that are key for transcriptional activity, include interacting with general
transcription factors, RNA Pol Il and chromatin remodeling. By contrast, in the case of
AR, AF-2 has a higher affinity for a 2FQNLF?" motif, located in the AD of AR so that
activation of the protein by androgen binding results in the N/C interaction, that can occur
in intra or inter-molecular fashion. As a consequence, the unavailability of the AF-2
surface shifts the main activation function of AR to the activation function 1 (AF-1)
located in its AD that is in a contrary to AF-2 ID (He et al. 2004).

AR has been shown to be dimeric by many fluorescence methods directly aimed
at addressing its dimerization state (Xu et al. 2015; M. E. van Royen et al.
2012). However, a more unbiased approach, the number and brightness (N&B) method,
was recently used to show a higher order structure of SRs, including AR, questioning the
notion that homodimers are their functional state (Presman et al. 2016). Additionally, we
recently showed that AR can undergo condensation via liquid-liquid demixing with the
Speckle-type POZ protein in the nuclei of HEK293T cells (Bouchard et al. 2018). It is
therefore possible that AR can adopt a continuum of oligomeric functional states, ranging
from dimers through oligomers to condensates. These AR condensates could manifest
themselves as the previously described speckled-type distribution pattern observed in
cell nuclei (Saitoh et al. 2002; Martin E. van Royen et al. 2013; Arihiro Tomura et al.
2001; Klokk et al. 2007). One of the factors that would contribute to this phenomenon is
the clustering of androgen receptor elements (AREs) in enhancer regions and androgen-
responsive genes (Bolton et al. 2007) that would allow for a local increase in
concentration of the protein leading to its oligomerization or condensation, depending on
the effective concentration.

In our hands, the ID AD domain of AR was sufficient to partially recapitulate the
process of AR phase separation in vitro (Bouchard et al. 2018). Here, we exploit this
system to look into the molecular interactions that drive its phase separation and the
structural features arising from it. Our results in cells show that androgen binding causes
AR to form highly dynamic condensates produced by LLPS. Our experiments in vitro
show that condensation causes folding into a-helices of otherwise ID activation function
motifs that are key for transcriptional activity. This folding upon condensation mechanism
can facilitate recruitment of the transcription machinery.
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Results

In cells AR forms oligomers and condensates stabilized by the N/C interaction

AR is kept soluble in the cytoplasm by forming a complex with molecular
chaperones such as Hsp40 and Hsp70 (Pratt and Toft 1997; Kim et al. 2013;
Eftekharzadeh et al. 2019) until it is activated by androgen (testosterone or more potent
dihydrotestosterone) binding. Ligand-bound protein undergoes conformational changes
that include N/C interaction and oligomerization. Activated AR translocates to the
nucleus where it binds to the AREs and performs its transcriptional regulatory functions
(Fig. 1A).

In order to investigate the oligomerization state and condensation propensity of
the AR in cells, we expressed EGFP-tagged full length AR (EGFP-AR) (Stenoien et al.
1999) in different cell lines. We observed that overexpressed EGFP-AR can form
droplet-like condensates in the cytosol immediately upon activation by androgens (Fig.
1B, Fig. S1 and Movies M1, M2, M3). AR condensation could be observed in around
12% of PC3 cells. A comparison of EGFP-AR expression levels in the cytosol prior to
activation, by mean fluorescence intensity of the cells, and the incidence of droplets
formation showed no correlation, suggesting a contribution of unknown factors, beyond
the critical concentration of the protein, to the formation of condensates (Fig. S2). The
condensate droplets have liquid-like properties, are spherical, fuse (Fig. 1C) and are
highly dynamic as shown by fluorescence recovery after photobleaching (FRAP) in Fig.
1D, with T-half 3,69 + 2,23 s and mobile fraction of 0,85 + 0,14, suggesting they are
formed by LLPS. After 30 min to 1 h after activation, AR translocates to the nucleus (Fig.
1B and Fig. S1 and Movies M1, M2, M3), in agreement with previous findings (R. K.
Tyagi et al. 2000).

Nuclear, overexpressed AR is known to form nuclear compartments (R. K. Tyagi
et al. 2000; A. Tomura et al. 2001; Saitoh et al. 2002) although the nature of these
protein clusters is not clear. In order to look more closely at the nuclear oligomeric state
of AR we performed a number and brightness (N&B) analysis to investigate the
relevance of the various domains of AR and the influence of DNA binding on AR
oligomerization (Fig. 1E) and stimulated emission depletion (STED) microscopy to study
the ability of the protein to form nuclear clusters (Fig. 1G). The oligomerization state of
AR was measured in 3617 mouse cells with an integrated MMTV array (Presman et al.
2016) and the three constructs tested were: the full length EGFP-AR, shown to form
cytoplasmic phase separated droplets in the 3617 mouse cells (Fig. S1A), the EGFP-V7
(AR variant 7), a nuclear splice variant of the AR containing the AD and DBD associated
with an incurable late stage of prostate known as castration resistant prostate cancer
(Nagabhushan et al. 1996) and the EGFP-AD (Fig 1E). The EGFP-DBD-LBD construct
was also tested, but appeared to be highly insoluble. As reported previously (Presman et
al. 2016), full length EGFP-AR formed high oligomeric species in the cell nucleoplasm
and upon DNA binding, with a median of heptamers and hexamers respectively (Fig. 1E)
and showed speckled sub-nuclear distribution (Fig. 1F). EGFP-V7 existed in much lower
oligomeric states than the full-length protein: as a mixture of monomers and dimers in
the nucleoplasm and as a mixture of dimers and some higher oligomeric species upon
binding to DNA (Fig. 1E); its sub-nuclear distribution was more diffused than that of the
full length EGFP-AR (Fig. 1F). EGFP-AD, similarly to EGFP-V7, was in a mixture of
monomers and dimers (Fig. 1E) and its distribution was either diffused in the nucleus
Fig. 1F) or the protein formed non-spherical highly immobile aggregates in the cytoplasm
(Fig. S3). We concluded that only the protein possessing both the AD and the LBD has a
high propensity to form large soluble oligomers, suggesting that the LBD dimerization
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and/or the N/C interaction play a role in AR oligomerization. To investigate whether the
former plays a significant contribution to the AR oligomerization, we studied the LBD
dimerization-deficient mutant P767A (Nadal et al. 2017) and observed that its
oligomerization state is comparable to the WT protein, indicating that LBD dimerization
does not appear to be a major contribution to the high-order oligomerization in the
nucleus (Fig. S4). Finally, to investigate whether the interaction between the AD and the
LBD by the most potent N/C interaction AD motif - 2FQNLF?’ - is responsible for the
formation of high-order nuclear oligomers, we mutated the motif to 2AQNAA?" sequence
(Schaufele et al. 2005; He et al. 2004). Again, we observed that it forms oligomers larger
than dimers although the median size of oligomers was reduced compared to the wild
type protein suggesting a contribution of the FQNLF*-mediated N/C interaction to high-
order oligomerization of AR. It is possible, in agreement with previous findings, that the
N/C interaction can be additionally mediated by motifs other than FQNLF%, such as
“BWHTLF*" and "°LKDIL'® (He, Kemppainen, and Wilson 2000; Alen et al. 1999) (Fig.
S4).

To complement these results and further investigate the ability of the protein to
form chromatin-associated clusters we used STED microscopy on stably integrated AR-
EGFP. We observed that the activated protein formed clusters of 105-125 nm diameter
in the cells nuclei (Fig. 1G). However, no condensates were observed in the cytoplasm
of these cells, likely due to the lower expression of the construct (Fig. S5): the need for a
critical concentration for the cytoplasmic condensates formation agrees with the notion
that the cytoplasmic droplets are formed by a process of LLPS. Collectively our
observations confirm that that the cytosolic AR aggregates (Kumar and Tyagi 2012) and
likely the nuclear AR compartments (Saitoh et al. 2002; Martin E. van Royen et al. 2013;
Arihiro Tomura et al. 2001; Klokk et al. 2007; Rakesh K. Tyagi et al. 2000) described in
the literature are therefore AR condensates formed by LLPS.
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Figure 1 - AR can form oligomers and condensates upon activation: A) Scheme
with AR activation pathway, where a change in color from black to red indicates the
conformational change that occurs upon activation. DHT - dihydrotestosterone, Hsp -
Heat shock protein, AR - androgen receptor. B) Time resolved fluorescence microscopy
of EGFP-AR condensation upon activation with 1 nM DHT in PC3 cells. Scale bar 10
pm. See also Movie M1. C) Snapshots at the indicated time points show a fusion event
of EGFP-AR droplets in the cytoplasm of PC3 cells. Scale bar 1 um. D) FRAP of the
EGFP-AR droplets in the cytoplasm of 1 nM DHT-treated PC3 cells. Left panel: average
relative fluorescence intensity curve of the EGFP-AR cytoplasmic droplets as a function
of time following photobleaching. Error bars represent s.d. of n=18 cells per time point.
Right panel: representative images of EGFP-AR droplets before and after
photobleaching. Scale bar 1 ym. E) Oligomeric state of the EGFP-AR variants: WT, AR
V7 (AR variant 7) and AR AD (AR activation domain) in the nucleoplasm (red) and upon
DNA binding (green) measured by the N&B assay in 3617 cells. Glucocorticoid receptor
mutant (GR N525) was used as a reference. The figure shows the fold increase of the
molecular brightness (€) in the nucleus, relative to the control. Centered lines show the
medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5-fold the
interquartile range from the 25th and 75th percentiles, with outliers represented by dots;
and crosses represent sample means (n=20). F) Fluorescence microscopy images of
representative nucleus from 3617 cells transiently transfected with the EGFP-AR
variants, after DHT treatment: WT, EGFP-V7 and EGFP-AD. Scale bar 5 ym G) On the
left: representative STED image of a nucleus from AR-EGFP stably transfected Hela
cell activated with 1nM DHT for 4h. Scale bar 1 ym. On the right: quantification of the
number and size of nuclear clusters (mean of 10 nucleus). Each point in the box plot
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corresponds to an individual cell; centered lines show the medians; box limits indicate
the 25th and 75th percentiles; whiskers extend to the minimum and maximum value.

The AR AD oligomerizes and undergoes LCST type phase separation in vitro

In order to investigate how AR oligomerization and condensation may affect the
main activation function of the protein we used the full-length AD construct, AR1ssg, in
our in vitro experiments. Both the DBD (Shaffer et al. 2004) and the LBD (Nadal et al.
2017) of AR contain well-defined dimerization interfaces that have been characterized by
X-ray crystallography and can therefore contribute to AR multimerization (Fig. 2A). The
AD is by contrast ID (Lavery and McEwan 2008) of a weak polyampholyte nature (a net
negative charge per residue = -0.039) with a relatively well mixed charge patterning (k =
0.183) (Holehouse et al. 2017) and enrichment of some hydrophobic and aromatic amino
acids: Ala, Leu and Tyr, although depletion of Val and lle in comparison with a set of ID
proteins deposited in DisProt 3.4 database (Vacic et al. 2007) (Fig. S6 and Fig. S7). The
structural properties of the domain are only beginning to be understood, mainly through
the use of solution nuclear magnetic resonance (NMR), a technique that can provide
reside-specific structural information of ID proteins (Dyson and Wright 2004) (Fig. 2B).
Our previous NMR studies showed that the AD contains several regions of sequence
that, although ID, have moderate to high a-helix propensity (De Mol et al. 2016, 2018;
Eftekharzadeh et al. 2016; Escobedo et al. 2019) and correspond to AR motifs and sub-
domains that are important for transcriptional activity such as the cores of transactivation
units 1 and 5 (Tau-1 and Tau-5) (Jenster et al. 1995; Callewaert, Van Tilborgh, and
Claessens 2006) (Fig. 2C, top).

To study the oligomerization properties of the AD we used NMR. We assigned
the main chain NMR chemical shifts of the full-length AD by transferring the assignments
of two previously studied constructs (AD1.1s5 and AD142.448) and those of a construct
spanning the rest of the domain (ADas1.s58) to the spectrum of the full-length domain (Fig.
2B and 2C). In order to determine whether the structural properties of the residues of the
various constructs changed in the context of the full-length domain we compared their
main chain chemical shifts in terms of helical propensity by using the 62D algorithm
(Camilloni et al. 2012). The resulting helicity profiles are highly comparable as shown in
Fig. 2C indicating that no major change in local structure takes place upon inclusion of
the sub-domains in the full-length AD. However, we immediately realized that the NMR
signals corresponding to some regions, including some of the ones with helical
propensity, were of lower intensity in the 'H,"® N HSQC spectrum of the AD than in that of
AD1.155, AD142.448 and ADus1.558. In some cases, highlighted in Fig. S8, resonances that
were observable and assigned in the context of the various subdomains of the AD
ceased to be observable under equivalent solution conditions in the full-length AD
context. Low signal intensity in NMR spectra of ID proteins due to increased transverse
relaxation is often observed in residues involved in transient inter-residue long-range
interactions (Klein-Seetharaman et al. 2002). To determine whether the interactions
responsible for the low peak intensity observed in the AD are intra or inter-molecular we
measured 'H,">N HSQC spectra of the AD at a range of concentrations (25, 50, 75 and
100 uM). We observed that the relative intensities of some resonances decreased with
concentration, indicating that they mainly stem from inter-molecular interactions (Fig.
2D). We conclude that the AD has propensity to oligomerize in solution.

An analysis of the regions of sequence involved in the inter-molecular
interactions revealed contribution of the 22FQNLF?" motif, the helical **LLLL®" sequence
before the polyQ tract (polyQ tract could not be assigned), the two partially helical motifs
of the Tau-5 region, the sequence in a proximity to “**WHTLF*" motif (the motif itself
ceased to be observable) that can undergo folding-upon-binding (De Mol et al. 2018) and
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the highly hydrophobic and aromatic region after the polyglycine (polyG) tract (Fig. 2C
and Fig. S6). The NMR experiments were performed at 5°C and low ionic strength to
assure solubility of the protein, since as we showed previously the AR AD can undergo
phase separation at room temperature upon addition of a crowding agent in vitro
(Bouchard et al. 2018). The amino acid bias of the domain, with a large number of Leu,
Ala and Tyr residues, and the high content of hydrophobic and aromatic amino acids in
the motifs involved in the inter-molecular interactions observed by NMR, made us
hypothesize that the hydrophobic and aromatic interactions play a dominant role in the
inter-molecular interactions of the AD molecules in the diluted and condensed phase.
The hydrophobic or hydrophobic and aromatic interactions driven phase separation
should manifest a low critical solution temperature (LCST) behavior that allows for phase
separation upon increased temperature conditions (Martin and Mittag 2018). We also
noticed that the domain acquires more collapsed states with increase of ionic strength as
shown in Fig. S9 by size exclusion chromatography at 4°C, suggesting the screening by
salt of repulsive charge-charge interactions and/or strengthening the hydrophobic effect
leading to increased intra-molecular hydrophobic interactions.

In order to probe the nature of interactions driving the AD phase separation
behavior without the use of crowding agent we first incubated the protein at high ionic
strength, 500 mM NaCl, at room temperature and indeed observed formation of the
phase separated droplets in concentrations including and above 37.5 uM protein (Fig.
2E). We partially mapped the phase diagram for the AD construct at 500 mM NacCl
showing the predicted LCST behavior (Fig. 2F). To further confirm the ionic strength
dependence of the phase separation of the domain, we incubated 50 uM of AD at three
ionic strengths, 250 mM, 500 mM and 750 mM NacCl, at room temperature and observed
formation of phase separated droplets at 500 mM and 750 mM NaCl, with apparent
larger number and larger size of droplets at higher salt concentration, Fig. 2G, left.
Complementarily, the temperature at which the process occurs, the cloud point
temperature, lowered with increased ionic strength, Fig. 2G, right. Together, these
observations confirmed the importance of hydrophobic interactions in the AR AD phase
separation process.
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Figure 2 - AR AD oligomerizes and phase separates in vitro: A) Scheme with the
domain structure of AR with the indication of the globular domains in their dimeric states
determined by X-ray crystallography (in green DNA Binding Domain with grey spheres
representing Zn®" ions, in red Ligand Binding Domain, dashed black lines represent the
hinge region, residues 610-669, and the Activation Domain, residues 1-558, with the
ZFQNLF? motif in light blue). B) 'H,""N HSQC spectrum of the AD (AR1.ss3). C) On the
top, a scheme of the AD helical motifs with the indication of the polyQ tract,
transactivation units Tau-1 and Tau-5 and two motifs that undergo folding upon binding
(>*FQNLF?" and **WHTLF*¥ - dashed lines). Below, a plot of the residue-specific helicity
of the AD based on the analysis with 62D algorithm (Camilloni et al. 2012) using the
NMR backbone chemical shifts of the three AD1.1s5, AD142.448 and ADa41.558 constructs of
the domain in dark blue and of the full length AD construct in black. D) Residue specific
loss of the peaks intensity in the 1H-15N HSQC spectra upon concentration of the AD
construct (50 uM, 75 yM, 100 uM) normalized by their intensity at 25 yM. Red rectangles
indicate regions undergoing loss of peaks intensity with concentration. E) AD droplets at
500 mM NaCl at room temperature observed by differential interference contrast (DIC)
microscopy at different concentrations of the protein (from 12.5 uM till 75 yM). F) Phase
diagram of the AD at 500 mM NaCl obtained by turbidimetry. G) On the left: AD droplets
at 50 yM of the protein at three ionic strengths (250 mM, 500 mM and 750 mM)
observed by DIC microscopy at room temperature. On the right: temperatures of the AD
cloud points obtained by turbidimetry.
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The AR AD droplets undergo fast maturation in vitro

In vitro the AD droplets have, initially, liquid-like character, grow and wet the
surface, but readily i.e. within minutes evolve into a gel-like state, in which fusion events
are arrested (Fig. 3A and Movie M4). Such liquid-to-solid transitions have been observed
in a number of proteins that undergo LLPS and can be associated to changes in the
strength and kinetic stability of the inter-molecular interactions that stabilize the
condensed phase (Patel et al. 2015; Molliex et al. 2015). In previous studies we found
that prior to activation the FQNLF? motif in the AR AD is aggregation-prone and that its
interaction with the molecular chaperone Hsp70 enhances its solubility in vitro, in cells
and in vivo (Eftekharzadeh et al. 2019). During activation, the motif folds into a helix
upon binding to AF-2 in the LBD (Hur et al. 2004; He, Kemppainen, and Wilson 2000), as
shown in Fig. 2A, leading to the N/C interaction (Doesburg et al. 1997; M. E. van Royen
et al. 2012) and, as we have shown, the oligomerization and condensation of AR (Fig.
1E and 1B). Based on these findings, which illustrate that the FQNLF?# is either bound
to Hsp70 or AF-2 in the LBD during its functional cycle i.e. most probably is never free,
we hypothesized that this motif may be responsible for the gelation process of the AR
AD in vitro.

In order to strongly decrease the aggregation propensity of the *FQNLF?
sequence we decided to replace the Leu residue with a Pro (*FQNPF?). Pro residues
cannot form inter-strand hydrogen bonds that stabilize amyloid fibrils and, as a
consequence, mutations to Pro strongly decrease the aggregation propensity of
amyloidogenic sequences as predicted for the FQNLF?’ to *FQNPF% mutation by
AmylPred2 (consensus-5) algorithm (Tsolis et al. 2013). To investigate whether the
aggregation propensity of this motif underlined the gelation process that we observe in
vitro we studied the effect of this mutation on the phase separation properties of full-
length AD (L26P mutant). We observed that the mutation decreased the phase
separation propensity of the AD as it increased the temperature of the cloud point of a 50
uM sample at 500 mM NaCl by 8.2°C (Fig. 3B on the left). The mutation, in agreement
with our hypothesis, had also a dramatic effect on the material properties of the
condensates, increasing the speed of droplets fusions, and also preventing the gelation
within the experimental times used. Indeed, the droplets of L26P showed continued
fusion events at the incubation times above 5 min, maintaining a liquid-like character
(Fig. 3B, movie M5).

We labeled the L26P mutant with Alexa-647 dye and monitored the protein
behavior by confocal microscopy after 1 h. We adjusted the conditions of the phase
separation to a more physiological-like buffer (150 mM NaCl, 10 % ficoll). In these
conditions the droplets formed at 15 uM of the protein at room temperature. The dense
phase manifested liquid-like character (fusion, surface wetting). A monolayer of the
dense phase sedimented at the bottom of the imaged well was observed at 50 uM of the
protein (Fig. 3C, top). To confirm the liquid-like character of the L26P AD droplets we
performed FRAP experiments and observed fast recovery, within seconds, of the
bleached region (Fig. 3C, bottom). Collectively, we demonstrated the FQNLF?" motif
aggregation causes gelation of the AD droplets and designed a mutant of the AD, L26P,
that allowed maintenance of the liquid-like character of the droplets.

To investigate the molecular basis of the 2FQNLF?’ aggregation we carried out
experiments with a short peptide, with sequence Ac-FQNLFQ-NH2, and a corresponding
peptide with the Leu to Pro mutation. The Ac-FQNPFQ-NH: solubility increase could be
predicted by the CamSol software (Sormanni, Aprile, and Vendruscolo 2015) (Fig. 3D).
We confirmed that the FQNLF?" motif has a high propensity to aggregate into amyloid
fibrils and that the Leu to Pro mutation prevents this process (Fig. 3E and F). The
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evolution of the Ac-FQNLFQ-NH. peptide sample could already be observed after an
overnight incubation at 125 pyM, as shown by synchronous light scattering in Fig. 3E, and
Thioflavin T (ThT) binding in Fig. S10. The fibrillar species of the peptide imaged by
Transmission Electron Microscopy (TEM) in Fig. 3F were formed by the preferential
parallel disposition of B—strands as shown in FTIR spectrum of the amide | region with a
strong band at 1620-1630 cm-1 (Fig. 3G, dark blue shaded area) with no detectable
anti-parallel B—sheet band (~1690 cm-1) (Fig 3G). We used the AD L26P as a default
system in the further experiments.
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Figure 3 - Aggregation of the *FQNLF? motif is responsible for droplets
maturation in vitro: A) DIC images from a time-lapse of the phase separation of 50 uM
AD sample at 500 mM NaCl at room temperature. Green arrow points at a fusion event,
blue arrow shows the arrest of the fusion in the matured (> 5 min) sample. Zoom in on
the right. See also Movie M4. B) On the top: a scheme of the AD with the position of the
L26P mutation. On the left: AD (black bar) and AD L26P (red bar) temperatures of the
cloud point of 50 yM samples at 500 mM NaCl obtained by turbidimetry. On the right:
DIC images from a time-lapse of the AD L26P phase separated sample incubated for > 5
min. See also Movie M5. C) On the top: confocal microscopy images of the AD L26P
droplets labeled with Alexa-647 at 150 mM NaCl and 10 % ficoll. On the bottom:
representative images of the AD L26P droplet before and after photobleaching in FRAP
experiment. D) FQNLFQ (black line) and FQNPFQ (red line) peptides solubility predicted
by CamSol. E) Synchronous light scattering of the FQNLFQ (black line) and FQNPFQ
(red line) peptides after an overnight incubation. F) Representative TEM micrographs of
the FQNLFQ and FQNPFQ peptides after the overnight incubation. G) FT-IR absorbance
spectrum in the amide | region (dashed line) of the FQNLFQ peptide aggregates. Blue
shaded area indicates the intermolecular 3-sheet signal contribution to the total spectrum
area.
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AR AD gains helicity upon condensation

We took advantage of the L26P mutation to address the question of the
importance of condensation for the AD secondary structure propensity. In other words, is
the phase separation of the AD an inducer of the secondary structure in the activation
function motifs? It is known that ID regions often acquire higher secondary structure
content with increased temperature (Uversky, Li, and Fink 2001; Uversky et al. 2002;
Permyakov et al. 2003), it is then possible that increased hydrophobic contacts and
therefore increased folding of the domain persists in the phase separated state of the
AD.

In order to test that hypothesis, we first used a known helix inducer, 2,2,2-
Trifluoroethanol (TFE). Upon incubation of the domain, AD L26P, with an increasing TFE
concentration in the absence of salt at low temperature (5°C), we observed induction of
the helical content from 4.7 % at 0% TFE to 22.5 % at 15% TFE by circular dichroism
(CD) (Fig 4A). To gain resolution into the regions of helicity gain in the AD L26P, we
performed a series of NMR experiments in identical solution conditions at 5°C and
measured the Ca and C' chemical shift differences at 2.5 and 5 % TFE versus 0 % TFE
(Fig. 4B and S11). Above 5 % of TFE many resonances in the affected regions were not
observable. As expected, the mapped regions of increased helicity upon TFE addition
corresponded to the regions of existing helical propensity (Fig. 2C): the **LLLL%’
sequence before the polyQ tract, the two motifs in the Tau-1 and the less helical
sequence in the Tau-5 (residues 341-358). We suspect the remaining prone to
structuration regions of the Tau-5, partially helical residues 390-410 and the ***WHTLF*¥
motif, also gain helicity upon incubation with TFE, nevertheless their resonances are not
observable in these experiments. In order to probe phase separation propensity of the
domain in the presence of the helix inducer, we increased the salt concentration to 500
mM NaCl and measured the temperature of the cloud point of 25 uM sample at different
TFE concentrations. We observed a shift of the cloud point temperature of phase
separation to lower values with the increase of TFE concentration (Fig. 4C). The
observation that the increased helicity is promoting the phase separation of the AD L36P
is equivalent with the notion of increased helical content of the domain in the phase
separated state.

In order to complement the observations on the increased helical content in the
phase separated state of the domain, we generated four mutants in the background of
the L26P mutation: L26P polyQ P, L26P Tau-1 P, L26P Tau-5 P and the L26P fullP,
where we decreased the helical propensity of the motifs by introducing P mutations in
the following positions: L26P polyQ P - L56P; L26P Tau-1 P - A186P, L192P, C238P;
L26P Tau-5 P - A356P, A398P, T435P and fullP - all of the former. We hypothesized that
the structure-breaking Pro mutations in centers of all the helix forming motifs would
disrupt a cooperative helical structure as predicted using the Agadir software (Mufoz
and Serrano 1997) (Fig S.12). Indeed, the decrease in the helical content of the mutants
resulted in a decreased propensity of the domain to undergo phase separation (Fig. 4D)
by 14.7°C for the fullP mutant. Interestingly, the disruption of the LLL-polyQ helix and the
disruption of both helical motifs in the Tau-1 region resulted in a similar cloud point
temperature shift by 5.7 and 5.8 °C respectively. On the contrary, the helicity in the three
motifs of the Tau-5 region had a larger effect resulting in the temperature shift of the
cloud point by 9.6°C, suggesting a larger contribution of helicity in the Tau-5 region to
the phase separation propensity of the domain.

Experiments with the TFE and the mutants show that the helical character of the

activation motifs is important for the phase separation propensity of the domain (Fig. 4C
and 4D). These additional experiments also show that the Tau-1 helical regions are also
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important for the inter-molecular interactions of the domain, suggesting that NMR is
biased to detecting oligomerization mediated by aromatic residues (Conicella et al. 2016)
(Fig. 1C). Collectively, the experiments show the helicity is promoted in the phase
separated state of the domain.
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Figure 4 - AR AD acquires helical structure in functionally relevant activation
motifs upon condensation: A) CD spectra of the AD L26P upon TFE titration
measured at 5°C and plot of the AD L26P helicity determined by CD as a function of TFE
concentration. B) On the top: a scheme of the AD L26P helical motifs with the indication
of the polyQ tract, partially helical activation motifs in the Tau-1 and Tau-5. “**WHTLF*¥
motif that undergoes folding upon binding is represented with dashed lines. Below: plots
of the difference of the Ca and C' NMR chemical shifts between the AD L26P incubated
with 2.5 or 5 % TFE and 0 % TFE at 5°C. Red boxes indicate regions of gain in helical
propensity. C) Shift in the temperature of the AD L26P cloud point as a function of TFE
concentration obtained by turbidimetry at 25 uM and 500 mM NaCl. D) On the top: a
scheme of the positions of Pro mutations in the AD L26P activation motifs: L26P polyQ
P, L26P Tau-1 P, L26P Tau-5 P and L26P fullP. Below: the effect of the mutations on the
cloud point temperature of the AD L26P phase separation monitored by turbidimetry at
50 uM protein and 500 mM NaCl.

Discussion

Recent developments have shown that some transcriptionally active
compartments have properties equivalent to those of condensates produced by LLPS
(Benjamin R. Sabari et al. 2018). Such condensates are generally stabilized by transient
interactions between multi-domain proteins with ID regions (IDRs) and RNA or DNA. A
key property of these condensates is their highly dynamic nature that allows them to
readily assemble and disassemble as a function of specific signals such as
phosphorylation, interactions with small molecules or changes in solution conditions.
Since TF ADs are rich in ID and contain specific activation motifs for interacting with
members of the transcription complex it has been hypothesized that they have the
propensity to phase separate into liquid droplets at the initiation of transcription.
Recently, estrogen receptor (ER), a member of the SR family, has been shown to co-
phase separate with the Mediator complex subunit, MED1 IDR, and the ER incorporation
into the droplets was greatly enhanced by the MED1 LxxLL motif interaction with the AF-
2 surface on the LBD upon estrogen activation of the ER (Boija et al. 2018). The same
SR was also shown to promote a cooperative enhancer assembly via phase separation
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in human breast cancer cells (Nair et al. 2019). It is possible then that all SRs can co-
phase separate with other members of transcription complex in order to execute an
efficient cooperative initiation of transcription upon hormone stimulation when needed
and that this transcription complex assembly relies on non-specific multivalent
interactions within the phase separated state of proteins. Nevertheless, this picture lacks
explanation for the specific selection for binding partners by TF ADs. Here, we show that
AR, another member of the SR family, can undergo LLPS and forms cytoplasmic and
likely nuclear condensates, previously reported as AR compartments, chromatin-
associated bodies, nuclear foci or speckled distribution of the protein (Georget et al.
1997; R. K. Tyagi et al. 2000; A. Tomura et al. 2001). We prove that the formation of the
higher than dimer oligomers and condensates of the protein depends on the presence of
the ID AD and the globular LBD, suggesting a contribution of the intra- or intermolecular
N/C interaction or interactions with binding partners to their formation. We also provide
an explanation for the specificity of the AD-partner interactions that occur in the
transcription complex condensates. In vitro the AD of AR has a strong propensity to
phase separate and its phase separation is driven by hydrophobic or hydrophobic and
aromatic inter-molecular interactions formed by ID region after the polyG tract and
partially folded activation motifs, including QxxLQ and LxxLL motifs. Mutations that
decrease the helical propensity of these motifs strongly decrease the propensity of AR to
phase separate, indicating that they gain helical structure upon phase separation. Gain
of the helicity in the functionally relevant motifs would increase their specificity for the
binding partners allowing for efficient conformational selection. Additionally, the gain of
helicity in each linear motif of the AD would depend on droplet formation providing a
cooperative mechanism of the domain folding upon condensation, which as a
consequence would allow for efficient cooperative assembly of the transcription complex.
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Methods

Protein purification. AD441.55s was expressed as a his-tag fusion in E. coli Rosetta (DE3)
cells and purified from inclusion bodies. Cells were lysed by sonication. The insoluble
fraction was washed with PBS buffer pH= 7.4 containing 1% Triton, and dissolved in 8M
Urea, 20 mM Tris pH 7.8, 500 mM NaCl, and 14 mM b-ME. The solution was then
passed over a Ni-HP and eluted with the same buffer with 500 mM Imidazole. The tag
was cleaved with 1mg TEV protease/100 mg protein at 4 °C overnight under dialysis,
and removed by passing back over Ni resin in 8 M Urea, 50 mM Tris pH 7.8, 100 mM
NaCl, and 1 mM b-ME. The flow-through was then concentrated (Amicon 3 MWCO) and
subjected to SEC on a Superdex 75 16/60 (GE Healthcare) equilibrated with appropriate
buffer and concentrated (Amicon 3 MWCO). AD142.448, AD1.155 and the full-length AD
were obtained as previously described (De Mol et al. 2016; Eftekharzadeh et al. 2016;
Bouchard et al. 2018). The AD construct was subjected to SEC on a Superdex 200 16/60
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or Superdex 200 10/300 Increase (GE Healthcare) equilibrated with appropriate buffer,
concentrated (Amicon 10 MWCO) and used immediately.

Nuclear magnetic resonance (NMR). The assignment of the AD was obtained by a
divide and conquer approach using AD1.1s5 and AD1s2.448 and ADua1.558 fragments and
confirmed with conventional three-dimensional triple resonance experiments. All
experiments in the study were acquired with standard Bruker pulse sequences on Bruker
600 and 800 MHz spectrometers at 278 K in 20 mM sodium phosphate buffer with 1 mM
TCEP and 0.05 % NaNs; at pH 7.4. The TFE titration in experiment in Fig. 4B was
performed with deuterated TFE (Sigma). The residue-specific peak intensities in the
experiment in Fig. 2D and S8 were obtained by dividing the peaks intensities at indicated
concentrations by the intensity of residue 154 Asp at the same concentration (internal
normalization) and divided by their values at 25 uM.

Turbidimetry of protein samples. Samples were prepared on ice in 20 mM HEPES
buffer pH 7.4 with 2 mM TCEP, 1 mM EDTA and 0.05 % NaNs with indicated
concentration of NaCl or in 20 mM phosphate buffer pH 7.4 with 2 mM TCEP, 1 mM
EDTA, 0.05 % NaNj3 at indicated NaCl concentration and indicated percentage of TFE in
experiment in Fig. 4C. Samples were centrifuged for 20 min at 21130 rcf at 4 °C.
Supernatant was subjected to measurement. The phase separation cloud point of protein
samples was monitored by their optical density as a function of temperature on a Cary
100 ultraviolet—visible spectrophotometer equipped with a multicell thermoelectric
temperature controller at a rate of 1°Cmin™" heating. The plotted cloud point
temperatures were obtained as 1% order derivatives of the obtained curves from 3
samples.

Circular dichroism (CD). Spectra were acquired on 50 yM samples in 20 mM sodium
phosphate buffer pH 7.4 with 1 mM TCEP at indicated TFE (Alfa Aesar) concentration in
a Jasco 815 UV spectrophotopolarimeter at 285 K with a 0.01 mm optical path cuvette.
Spectra deconvolution to determine secondary structure propensity was performed with
the analysis software CONTIN (reference set 7) hosted at DichroWeb61
(dichroweb.cryst.bbk.ac.uk).

Microscopy of protein samples. Samples were prepared in PCR low binding 200 ul
tubes (Eppendorf) on ice, in the case of fast evolving WT AD or RT in the case of L26P
AD mutants. The proteins were in 20 mM HEPES buffer pH 7.4 with 2 mM TCEP, 1 mM
EDTA and 0.05 % NaNs with indicated concentration of NaCl. In experiment in Fig. 3C
the samples were prepared in 20 mM HEPES buffer pH 7.4 with 2 mM TCEP, 1 mM
EDTA, 0.05 % NaNs, 150 mM NaCl and 10 % Ficoll 70 (Sigma). 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) or 384 WELL NON-BINDING MICROPLATE, yCLEAR® from Greiner Bio-
One (781906). The DIC images were taken using an Automated Inverted Microscope
TIRF - ScanR Olympus with a Hamamatsu Orca-ER camera and a 60x/1.20 water UPlan
SAPo objective. The confocal images were recorded using Zeiss LSM780, confocal
microscope system with Plan ApoChromat 63x 1.4 oil objective. The samples were
imaged immediately in order to monitor samples evolution or after 30 min to 1 h 30 min
for other purposes. The sample in Movie M4 was recorded at 100 uM AD and 500 mM
NaCl, the sample in Movie M5 was recorder at 50 uM AD L26P and 1 M NacCl.

Fluorescence recovery after photobleaching (FRAP) of protein samples. The FRAP
experiments were recorded using Zeiss LSM780, confocal microscope system with Plan
ApoChromat 63x 1.4 oil objective. Coverslips and slides for FRAP experiments were
PEGylated according to the published protocol (Alberti et al. 2018) and the
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measurements were collected in 3 independent experiments within 30 min to 1 h from
sample preparation. The bleached region was around 30 % of the droplet diameter in the
middle section.

Peptides. FQNLFQ and FQNPFQ synthetic peptides were obtained as lyophilized
powders with >95% purity from GenScript (Piscataway, NJ, USA) with Amidated C and
Acetylated N termini. The lyophilized peptides were solubilized at a final concentration of
5 mM in dimethyl sulfoxide (DMSO). Right before each experiment, the stock solutions
were diluted to 125 yM in 20 mM HEPES buffer pH 7.5 with 150 mM NaCl. For
aggregation assays the samples were incubated overnight at 37°C at 600 rpm agitation.

Synchronous light scattering. Synchronous light scattering was monitored using a
JASCO Spectrofluorometer FP-8200. The conditions of the spectra acquisition were:
excitation wavelength of 360 nm, emission range from 350 to 370 nm, slit widths of 5 nm,
0.5 nm interval and 1000 nm/min scan rate. The peptides were sonicated for 10 min in
an ultrasonic bath (Fisher Scientific FB15052) before measurement.

Fourier transform infrared (FT-IR) spectroscopy. FTIR experiments were performed
using a Bruker Tensor 27 FT-IR spectrometer (Bruker Optics Inc) with a Golden Gate
MKIl ATR accessory. Each spectrum consists of 16 independent scans, measured at a
spectral resolution of 4 cm-1 within the 1800-1500 cm—1 range. All spectral data were
acquired and normalized using the OPUS MIR Tensor 27 software. Data was afterwards
deconvoluted using the Peak Fit 4.12 program. The buffer without peptide was used as a
control and subtracted from the absorbance signal before deconvolution.

Transmission electron microscopy (TEM). The morphology of the aggregated
FQNLFQ peptide was evaluated by negative staining and using a JEOL JEM-1400PIlus
Transmission Electron Microscope. 5 pl of peptide solution was placed on carbon-coated
copper grids and incubated for 5 min. The grids were then washed and stained with 5 pl
of 2% wi/v uranyl acetate for 5 min. Then, grids were washed again before analysis.
Images and movies were processed with ImageJ.

Thioflavin-T (Th-T) binding. The fluorescence spectra of Th-T were recorded using a
JASCO Spectrofluorometer FP-8200. The conditions of the spectra acquisition were:
excitation wavelength of 440 nm, emission range from 460 to 600 nm, slit widths of 5 nm,
0,5 nm interval and 1000 nm/min scan rate. Peptides were sonicated for 10 min in an
ultrasonic bath (Fisher Scientific FB15052) before dye addition. 5 pl of the sonicated
aggregated peptide was added to 100 pl of 25 yM ThT in buffer. The same buffer with 25
MM ThT and without peptide was employed as a control.

Cell culture. PC3 cells were obtained from ATCC (CRL-1435) and cultured in RPMI
containing 4.5gL™" glucose (Glutamax, Gibco) supplemented with 10% (v/v) charcoal
stripped FBS (Gibco) and antibiotics. HEK293T cells (ATCC; CRL-3216) and AR-EGFP
Hela stable cells (gift from Pennuto lab) were maintained in DMEM containing 4.5gL™’
glucose supplemented with 10% (v/v) charcoal stripped FBS and antibiotics. 3617
mouse cell line (McNally et al. 2000) was routinely cultured in DMEM high glucose
supplemented with 10% (v/v) charcoal stripped FBS and 2 mM I-glutamine (Life
Technologies) and in the presence of 5 pg/mL tetracycline (Sigma-Aldrich) to prevent
expression of a stably integrated GFP-GR (Presman et al. 2014). Cells were cultured in
a humidified atmosphere containing 5% CO; at 37 °C.

Antibodies. For Western blot analyses, the following antibodies were used: anti-B-actin-

HRP (ab8224, 1:10000) and anti-androgen receptor (441) (sc-7305, 1:1000). Anti-mouse
HRP-conjugated secondary antibody was from Bio-Rad (170-6516, 1:10000).
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Western blot (WB). Cells were washed and harvested in PBS 1x, lysed in Passive Lysis
buffer 1x (Promega) containing phosphatase and protease inhibitors (Roche). Lysates
were centrifuged at 15000 g to separate soluble and pellet fractions. Total protein was
quantified using BCA assay (Pierce Biotechnology). Proteins were resolved by 7.5 or
15% SDS-PAGE, transferred to PVDF membranes and incubated with specific
antibodies.

Live-cell imaging. PC3 cells were seeded in collagen I|-coated p-slide 4-well Glass
Bottom plates (Ibidi 80426) at 60% confluency 24 hours before transfection. Then, 170
ng of expression vectors encoding androgen receptor (AR) tagged with eGFP (eGFP-
AR) or mutants were transfected per well using polyethylenimine (PEI) (Polysciences) at
a ratio of 1 ug DNA to 3 pl PEI. Four hours after transfection, media was changed to
RPMI supplemented with 10% charcoal stripped FBS and cells were cultured for 16
hours before imaging. Transiently transfected PC3 cells expressing eGFP-AR were
imaged in 3D for one minute every 15 seconds to acquire a baseline readout of AR
expression. Cells were then immediately treated with 1 nM of DHT and imaged
consecutively for 1 h every 15-sec time interval. Time lapse imaging was performed with
a Spinning Disk confocal system (Olympus IX81 + Yokogawa CSU-XI scan head) from
Andor (Belfast, Ireland) and a 60x/1.42 Qil Plan Apo N objective. A stable temperature
(37°C) was maintained during imaging in a CO; and temperature regulated incubation
chamber (EMBL, Heidelberg, Germany). eGFP was excited with a 488 nm laser and Z-
stack images were acquired every 0.45 um step size. Time lapse images were compiled,
processed and edited with Fiji (ImagedJ). Intensity thresholds were set manually and
uniformly to minimize background noise.

FRAP assay in live cells. PC3 cells were transfected and prepared for microscopy in
identical conditions to those of live cell imaging experiments. Before performing
Fluorescence Recovery after Photobleaching (FRAP), cells were treated with 1 nM DHT.
FRAP data for each condition were acquired over the course of approximately 1 hour,
combining results for each condition as no trend was observed between FRAP data
acquired at the beginning versus the end of the hour. FRAP measurements were
performed on a Spinning Disk Confocal Microscope equipped with an iXon EMCCD
Andor DU-897 camera at 100x/1.40 Oil UPlanSApo. Pre-bleaching and fluorescence
recovery images of the EGFP-AR were acquired with the same 488 nm laser power with
an exposure time of 180 msec in a 10x10 pixel square format. Bleaching was done for 5
times repetition at maximum intensity 488 nm laser power at 100 msec. Twenty pre-
bleached images and 200 post-bleached images were taken in total. Post-bleached
images were acquired immediately after the 5 bleaching point steps. Mean intensity
measurements were quantified in three different Regions of Interest (ROIs) in each
FRAP experiment: A bleached region, a background region outside the cells and a
region spanning the whole cell. Fiji (Imaged) was used to measure fluorescence
intensities. Exported csv tables were normalized and fitted in EasyFrap software
(Rapsomaniki et al. 2012) in order to extract kinetic parameters such as T-half and
mobile fraction. Double normalization was used to correct for fluorescence bleaching
during imaging and for intensity level differences. The curves were fitted to equations for
double-exponential recovery.

Sub-cellular localization and Number & Brightness (N&B) analysis. Images were
taken using an LSM 780 laser scanning microscope (Carl Zeiss, Inc.) equipped with an
environmental chamber. Cells were imaged from 20 min after hormone addition up to a
maximum of 2 h. We used a 63x oil immersion objective (N.A. = 1.4). The excitation
source was a multiline Ar laser tuned at 488 nm. Fluorescence was detected with a
gallium arsenide phosphide (GaAsP) detector in photon-counting mode. N&B

103



measurements were done as previously described (Presman et al. 2014). Briefly, for
each studied cell, a single-plane stack of 150 images (256 x 256 pixels) was taken in the
conditions mentioned above, setting the pixel size to 80 nm and the pixel dwell time to
6.3 ps. In every case, we discarded the first 10 images of the sequence to reduce overall
bleaching. The frame time under these conditions is 0.97 s, which guarantees
independent sampling of molecules according to previously reported fluorescence
correlation spectroscopy (FCS) measurements (Mikuni, Tamura, and Kinjo 2007). Each
stack was further analyzed using the N&B routine of the “GLOBALS for Images” program
developed at the Laboratory for Fluorescence Dynamics (University of California, Irvine,
CA). In this routine, the average fluorescence intensity (<I>) and its variance (02) at each
pixel of an image are determined from the intensity values obtained at the given pixel
along the image stack. The apparent brightness (B) is then calculated as the ratio of 02
to <I>, whereas the apparent number (N) of moving particles corresponds to the ratio of
<|> to B. Classification of pixels according to their intensity values easily allows splitting
of the cytoplasm, nucleus, and array for further analysis. Selection of cells for analysis
followed these criteria: (i) in the case of stimulated cells, an accumulation of signal at the
array must be visible; (ii) the average N of molecules in the nuclear compartment must
have a range of three to 18 in all cases; (iii) no saturation of the detector at any pixel (n <
60); and (iv) bleaching cannot be more than 5-10%. In a previous work, it has been
demonstrated that B is equal to the real brightness, ¢, of the particles plus 1 (Digman et
al. 2008). Therefore, € at every pixel of images can be easily extracted from B
measurements. Importantly, this analysis only provides information regarding moving or
fluctuating fluorescent molecules because fixed molecules (relative to our frame time)
will give B values equal to 1. The experiments were independently repeated two to three
times for each treatment/condition.

Stimulated emission depletion (STED) super-resolution microscopy on fixed cells.
AR-EGFP HelLa stable cells (a kind gift from Pennuto lab) were cultured on a glass
bottomed cellview cell culture dish (Greiner bio-one) in DMEM media provided with 10%
Charcoal-Stripped Serum (A33821-01, Life) for 24h prior addition of 1nM DHT for 4h.
Then, cells were fixed with PBS containing 4% p-Formaldehyde for 15 min. After
washing with PBS, the cells quenched with 300mM Glycine and 0.3% Triton in PBS and
permeabilized with 0.5% Triton in PBS. Cells were subsequently blocked with 2% BSA in
PBS. Finally, AR-EGFP was stained with GFP-Booster Abberior AS 635P 1:50.

Confocal and STED imaging, on fixed and live samples, was performed using an
Abberior 3D-2 Color-STED system (Abberior Instruments, Goettingen) with a 100x/1.4
NA oil or a 60x/1.2 NA water objectives (Olympus). Star580 was imaged with a pulsed
laser at 560 nm, and excitation of Abberior Star Red probe was performed at 640 nm
(Gottfert et al. 2013). The depletion laser for both colors 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 (Morales-Navarrete et al. 2015), as previously
described (Rink et al. 2005; Murray et al. 2016; Senigagliesi et al. 2019). First the
background intensity was subtracted from the images and high frequency noise was
removed using a Gaussian low-pass filter (sigma = 0.02 ym). Then, the objects of
interest were reconstructed using the model-based segmentation approach (Rink et al.
2005), i.e. objects were recognized by fitting the image intensity with a sum of powered
Lorenzian functions (Rink et al. 2005). 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)"?, where A is the area of the object.
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GENERAL SUMMARY OF RESULTS

5 GENERAL SUMMARY OF RESULTS

We have successfully cloned, expressed and purified the subdomains and the full-
length AD constructs of the AR. We characterized the domain structural properties by
various biophysical methods including size exclusion chromatography, circular dichroism,
dynamic light scattering and nuclear magnetic resonance. This characterization allowed us
to understand the general properties of the disordered domain and map the regions of
structural (helical) propensity, see Publications 3.1 and 3.4, some previously known to be
important for AR function. We mapped the interaction of the Rap74-CTD onto the AR AD
to a *BWHTLF*" motif, see Publication 3.2. We showed that the motif, completely
disordered in solution (<1% helicity), gains helicity upon binding to the Rap74-CTD and
accordingly, increase in the motif's helicity increases the strength of the interaction. We
also showed the interaction can take place in cells and depends on the phosphorylation
status of the S424 located in the N-terminus of the “¥WHTLF*¥" motif. Collectively, we
provided insights into the structural properties of the ID AD ensemble of AR by applying
knowledge of general features of IDPs: sequence determinants and environmental effects
on the IDPs (Uversky 2009), presence of molecular recognition features (MoRFs) (see
more in the Discussion chapter) (Mohan et al. 2006), folding-upon-binding and
conformational selection (Mészéros et al. 2007) and posttranslational modifications (Liu
and Huang 2014). We showed the AR can undergo oligomerization and condensation
through LLPS in cells, see Publication 3.3. and Manuscript 3.4., and studied the
consequences of this phenomenon on the AR AD in vitro. LLPS has been known to be
often linked to ID (Hyman et al. 2014). We proved the LLPS of the ID AD is driven by
hydrophobic interactions resulting in the LCST transition. We identified an aggregation
prone motif (**FQNLF?") in the AD and introduced L26P mutation that prevented the fast
evolution of the sample. That allowed us to investigate the relationship between the
structural properties of the domain and its LLPS propensity. We showed the helicity of the
previously characterized activation function motifs of the domain is an important factor in
the AD propensity to undergo LLPS and that the helical content of these motifs is increased
in the condensed state.
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6 DISCUSSION

The AR is a SR of high biomedical importance. This pharmaceutical interest comes
mostly from its involvement in prostate cancer onset and progression, as mentioned in
Chapter 1.3.3.3. AR has been extensively studied since its first identification attempts in
1969-1973 (when several groups focused on isolation of receptor-proteins for DHT) (Liao,
S, Fang 1969; Baulieu, E.E., Jung, I., Blondeau, J.P., Robel 1970; Mainwaring, W.I.P.,
Mangan 1970; Tveter, K.J., Unhjem, O., Attramadal, A., Aakvaag, A.,Hansson 1970;
Wilson, JD, Gloyna 1970; Liao et al. 1973) and since its cDNA cloning (Chang et al. 1988;
Lubahn et al. 1988; Trapman et al. 1988; Tilley et al. 1989). “Androgen receptor” appears
in the title or abstract of 18387'% publications in pubmed.gov, with around 1000
publications every year in the past six years, Fig. 12.
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Figure 12. Number of publications with "Androgen receptor" phrase in a title or abstract in
pubmed.gov by year.

The pharmaceutical interest in the receptor has boosted also the structural side of
the AR research. However, the development in this area has been slowed down by the
protein complexity. AR is a 919 AA protein with two globular domains (DBD and LBD),
flexible Hinge region and a large ID AD, Chapter 1.3.1. AR structural complexity is also a
derivative of its ligand dependence, posttranslational modifications (van der Steen et al.
2013), allosteric inter-domain communication (He et al. 1999; Helsen et al. 2012) and a
plethora of binding partners (Chmelar et al. 2007) that can directly change the protein
structural state by folding-upon-binding of the ID regions (De Mol et al. 2017), acting like
a bridge between the domains (Bai et al. 2005) or possibly allosterically change the protein
structure. To try to capture all these aspects of AR structure, studies on the full length (FL)
construct of the protein would have to be conducted. Nevertheless, despite the number of
years (effort, money and students!) spent on the AR research, the output in publications on
the FL construct is not impressive. There are only several groups who reported production
of the FL protein in insect or bacterial cells (Xie et al. 1992; Liao and Wilson 2001,
Juzumiene et al. 2005; Zhou et al. 2010a) and the structural studies by X-ray
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crystallography have proven to be unsuccessful (Zhou et al. 2010b). On the other hand, the
structures of the separate domains have been solved, the DBD dimer by X-ray
crystallography in 2004 (Shaffer et al. 2004), the LBD in 2000 (Pedro M. Matias et al.
2000) and the LBD dimer in 2017 (Nadal et al. 2017) by X-ray crystallography. In 2002
lain J. McEwan and coworkers took the AR AD under the loop and proved experimentally
that the domain (its fragment from 142 to 485 residue) has ID character and adopts more
helical structure upon incubation with TFE or the natural osmolyte trimethylamine N-oxide
(TMAO) and upon binding to the Rap74-CTD (Reid, Kelly, et al. 2002; Kumar, Betney,
Li, E Brad Thompson, et al. 2004). These observations were confirmed in our laboratory
and set the base for further research with a focus on the understanding the structural
properties of the ID AR AD. The work in the scope of this thesis is the first, to our
knowledge, report on the structural properties of the FL AD construct with (almost) single
amino acid resolution and an attempt to understand the phase separation properties of the
domain.

The purification of the AR FL AD construct, as for many IDPs (Lebendiker and
Danieli 2014), had to be performed from inclusion bodies. The stability and reproducible
behavior of the AD protein sample was the biggest challenge in the experiments. We have
established a protocol for the protein purification in which the final step of exchanging the
protein from 8M-urea buffer into the native buffer by size exclusion chromatography has
assured protein stability for up to 7 days if kept within a threshold concentration of 100 uM
(evolution followed by NMR) for the solution experiments. Optimization of the purification
protocol for the AD sample included also a his-tag induced aggregation of the construct,
resulting in a crucial step of assuring a maximum cleavage of the tag and a carful check of
the tagged protein removal. Although this sounds like a standard procedure, the low Ni
affinity of the construct made the removal of uncleaved protein neither efficient nor
predictable, resulting in an increased importance of the quality check of the final sample.
Unfortunately, expression trials with untagged protein were unsuccessful. Another
interesting observation or a very unsettling experimental variable was the nucleation of the
phase separation. We observed three types of nucleation: 1) time dependent nucleation, 2)
air surface nucleation and 3) unknown source nucleation. Point 1 was addressed with a very
precise time preparation of the sample. Point 2 is most probably a consequence of increased
protein concentration in the air surface (Lu et al. 1999) that was practically tackled by
imaging the center of the droplet/well of the sample and multiple repetitions of the
experiments. Point 3 was addressed by a careful cleaning of the glass slides before samples
imaging and 20 min centrifugation at 21130 rcf at 4 °C for the cloud point temperature
measurements, to assure removal of any heteronuclei. Such preparation of protein for the
experiments assured reproducible results.

It has been proposed that IDPs, including the "acid blobs and negative noodles"” of
TFs (Paul B. Sigler 1988), can perform their interaction hub function thanks to the MoRFs,
short ID sequences that have propensity to fold upon binding to the specific partner. MoRFs
could exist as completely disordered sequences and adapt a structure only upon contact
with the binding partner or they can be in ensamble of conformations with pre-existing
secondary structure which population increases upon binding to the partner (Mohan,
Oldfield, Radivojac, Vacic, Cortese, A.K. Dunker, et al. 2006). For the ADs of SRs the
second scenario seems to be more frequent. ER (Métivier et al. 2000; Peng et al. 2019), PR
(Kumar et al. 2013), MR (Kumar et al. 2013), GR (Kumar, Volk, et al. 2004; Kumar et al.
2007) and here, AR, have been shown to contain MoRFs of some helical propensity that
can become more helical upon biding to their partners. We have shown a substantial helical
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propensity of the AR AD regions that have been previously recognized as functional: a
known helix forming sequence, 2FQNLF?’, that is the main N/C interaction motif, the
19 KDIL'® motif that plays a role in the N/C interaction (Alen et al. 1999), the core Tau-
1 with the ¥3LSEASTMQLL'®? sequence, a binding epitope for TAB2 (Zhu et al. 2006),
the residues from 230 to 240 that overlap with a biding epitope for CHIP (He, Bai, Andrew
T. Hnat, et al. 2004), a polyQ containing region and two helical potential MoRFs in Tau-5
to which binding partners are yet to be discovered. We also showed that the 4*WHTLF*¥’
motif, important for protein activity in androgen-independent scenario (Scott M. Dehm et
al. 2007), has no helical structure (<1%) but can adopt it upon binding to the Rap74-CTD
(domain of TFIIF). This observation confirmed previous work of J. McEwan and
coworkers, where they showed increase in the AD helicity upon binding to the Rap74-CTD
(Kumar, Betney, Li, E Brad Thompson, et al. 2004) and provides molecular details of the
interaction. Interactions of IDPs are often modulated by post-translational modifications
(Bah and Forman-Kay 2016; Dahal et al. 2017). That is also a case for the Rap74-CTD
biding to the AR AD, where a phosphorylation on the S424 of the AR AD increased its
binding affinity in vitro and the same mutation abolished the interaction in cells, as shown
by the PLA assay, and significantly lowered the AR activity, as shown by the luciferase
assay. Unfortunately, we were not able to show the interaction between the proteins on the
endogenous levels. Further work is also needed to investigate the importance of the Rap74-
CTD binding to the “*WHTLF*7 motif in the androgen-independent context.

Some of the motifs identified as partially folded appeared to be also important for
the AR AD oligomerization and phase separation in vitro. The main feature driving the
phase separation of the domain was its hydrophobicity and presumably also its aromatic
character. The resulting LCST behavior has been reported only for few proteins, including
elastin-like polypeptide (ELP) (Muiznieks et al. 2018) and yeast Pabl (Riback et al. 2017)
(not taking into account polymers phase separation, where LCST behavior is common).
Both examples are proteins that only in its initial state form liquid-like assemblies, with
Pabl proceeding into hydrogel structure under persistent stress conditions and elastin
forming its final state of fibrillar, supramolecular structures of extracellular matrix. In the
case of the AR AD we also observed gel-like structure formation, that was primarily a
consequence of the 2FQNLF?" motif aggregation. However, experiments with multiple
rounds of phase separation induced by heating and subsequent dissolution by cooling down
with the use of the AD L26P mutant showed that a small fraction of the protein sample was
consistently forming irreversible droplets. Additionally, long incubation of the droplets
resulted in their lower dynamics (measured by FRAP) and prevented droplets
characterization by NMR, probably due to formation of more structured assemblies that
could be stabilized by disulfide bridges (the construct has 11 cysteine residues). Whether it
is an artifact of experiments in vitro or LLPS is an important intermediate step in AR
aggregation in cells (although, here explored only with the limited construct of AD alone)
important in a context of SBMA remains to be answered.

Another aspect of the LLPS of the AR AD was its structural gain. We showed that
helical propensity of the domain motifs is linked to its phase separation propensity
suggesting preferential helix formation in the droplet state. Similarly, Fawzi and coworkers
demonstrated that the helix-helix inter-molecular contacts between the ID of the RNA-
binding protein TDP-43 are modulators of its phase separation (Domain et al. 2016;
Conicella et al. 2019). We hypothesize that the low populated helical motifs are stabilized
by the helix-helix interactions in the droplet state of TF ADs and can be replaced by specific
helix-co-activator interactions in the transcription complex via conformational selection.

114



DISCUSSION

Moreover, the helical gain upon condensation would allow for cooperative folding of
otherwise independent MoRFs allowing for an efficient transcriptional complex formation.
Unfortunately, we do not provide a direct evidence of increased helix population in the
droplet state for which NMR would be a method of choice. The few available reports on
protein conformation in the LLPS droplets by NMR have shown so far examples of a
maintained disorder in the droplets, as in the case of FUS or Elastin (li et al. 2015;
Reichheld et al. 2017) or increase of B-structure in the case of Tau protein (Ambadipudi et
al. 2017).

Experiments on AR oligomerization in cells provided evidence for the AD-LBD
dependence for higher oligomer formation of the protein. The AR oligomers can be an
intermediate form between a monomer and its phase separated state as shown for the HP1a,
a protein important for heterochromatin formation (Larson et al. 2017; Strom et al. 2017).

We showed AR condensation by LLPS in cell cytoplasm and nucleus in the case of
SPOP-AR demixing. Nevertheless, all the experiments were performed with an
overexpressed protein leaving the physiological relevance of the phenomenon not
addressed in the scope of this thesis. The challenges in providing a compelling evidence
for LLPS mediated transcription is a small size of the transcription clusters already reported
(below 1 um diameter) and their association with chromatin (FRAP would be influenced
by the DNA binding of the studied components and indirect DNA binding by tethering to
other DNA-bound components). The currently accepted way of proving these
transcriptional clusters are formed by LLPS is their sensitivity to 1,6-hexanediol (Sabari et
al. 2018; Nair et al. 2019), a compound originally shown to perturb FG repeat interactions
between nucleoporins in nuclear pores (Ribbeck and Gorlich 2002) and currently thought
to perturb weak hydrophobic interactions between proteins and proteins and RNA in their
LLPS state (Kroschwald et al. 2017). Nevertheless, the exact mechanism of hexanediol
dissolution of the LLPS droplets is not known leaving the evidence to be looked at with
precaution.

The research gathered in this thesis is just a small contribution to the AR knowledge.

However, | hope it opened up a new phase separation prism which we should at least
consider looking through.
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7 CONCLUSIONS

1. The AR AD is intrinsically disordered with sequence motifs of low to high helical
propensity.

2. AR interacts with Rap74-CTD of TFIIF through the “*3WHTLF*¥" motif in the AR AD
and this interaction depends on the phosphorylation status of serine 424 in AR.

3. The AR AD “3¥WHTLF*7 motif undergoes folding-upon-binding to Rap74-CTD. The
interaction is weak but can be improved by the phosphorylation of S424 in the N-terminus
of the 3¥WHTLF*7 motif and by increase in its helicity.

4. AR and SPOP can undergo liquid-liquid demixing in cells and co-phase separate in vitro.

5. AR can undergo oligomerization and liquid-liquid phase separation in cells after
activation by androgens and both processes depend on the presence of the AD and LBD.

6. The AR AD oligomerizes and undergoes LCST type phase separation in vitro. Both
processes are driven by hydrophobic inter-molecular interactions.

7. The main hydrophobic inter-molecular interactions of the AR AD are between partially
helical motifs of the domain (activation function motifs) and the sequence after the polyG
region.

8. 2FQNLF?" sequence is highly aggregation prone and its aggregation causes fast gelation
of the AR AD droplets.

9. The helicity of the AR AD activation function motifs increases in the condensed phase.
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1 Detailed experimental procedures: NMR
1.1 Triple resonance experiments for chemical shift assignment

To assign the backbone of AF-1* three-dimensional triple resonance experiments (HNCA and
HN(CO)CA, HNCO and HN(CA)CO, CBCANH and CBCA(CO)NH) were acquired with standard
Bruker pulse sequences on a Bruker DRX 800 MHz spectrometer equipped with a triple
resonance TCI cryoprobe (AF-1*, AR 142-448) or on a Bruker Avance lll UltraShield Plus 600
MHz spectrometer equipped with a triple resonance TCI cryoprobe (Tau-5*, AR 330-448, and
AF-1% . 2.0, AR 265-340). Spectra were acquired at 278 K of 340 yM AF-1* in 20 mM sodium
phosphate buffer with 1 mM TCEP at pH 7.4.

1.2 ['H,”N]-HSQC experiments in the absence and presence of EPI-001 and related
compounds

Sample preparation

A solution of 25 uM "°N-labeled AF-1* protein was prepared in 20 mM sodium phosphate buffer
at pH 7.4 containing 1 mM TCEP, 10% D,O and 30 mM deuterated DSS (DSS-d,), which was
used for reference purposes. Aliquots were flash frozen in liquid nitrogen and stored at -20°C
until they were used for NMR experiments. To measure a ['H,"’N]-HSQC spectrum of 25 yM
'*N-labeled AF-1* an aliquot was thawed and 350uL was transferred to a D,O-matched Shigemi
tube. For the blank measurements, 0.5% (v/v) dioxane-d, was added to one of these aliquots
after thawing. To add EPI-001, 1.75 pL of a 50 mM EPI-001 stock solution in 100% dioxane-d,
was added to a protein aliquot. Samples of AF-1* and (2R,20S)-EPI-002, (2S,20R)-EPI-003,
(2R,20R)-EPI-004 or (2S,20S)-EPI-005 were prepared in the same way.

NMR acquisition

The ['H,"®N]-HSQC spectra of AF-1* in the absence or presence of EPI-001, (2R,20S)-EPI-002,
(2S,20R)-EPI-003, (2R,20R)-EPI-004 or (2S,20S)-EPI-005 were acquired at 278 K on a Bruker
DRX 800 MHz spectrometer equipped with a triple resonance TCI cryoprobe, using 2048
complex points in the direct dimension ("H) and 512 increments in the indirect dimension ("°N).
The number of scans was set to 16 and a sweep width (SW) of 8013 Hz (10 ppm) ('"H) and 1784
Hz (22 ppm) ("°N) was used. To allow complete equilibration of the sample temperature, the
measurements were started 30 minutes after the samples were introduced into the NMR
spectrometer that was already set to 278 K.

NMR processing

The spectra were processed using NMRDraw and NMRPipe . Carrier frequencies in ppm were
inserted with three decimals. The x-carrier frequency was determined by referencing to internal
DSS-d,. The DSS-d, frequency was obtained from a 1D experiment recorded immediately


https://paperpile.com/c/HRml2Z/DW2s

before the 2D experiment. Indirect referencing in the >N dimension was performed by using the
conversion factors from Wishart et al . In the direct dimension ('H) zero filling to the nearest
power of two was applied, whereas in the indirect dimension ('°N) both forward-backward linear
prediction and zero filling to the nearest power of two were used.

NMR data analysis

The processed spectra were analyzed in CcpNmr Analysis ®. Non-overlapped peaks were
picked using the automated peak picking routine in CcpNmr Analysis. Overlapped peaks were
carefully picked manually.

The experimental reproducibility of the chemical shift measurements was determined by
recording ['H,"*N]-HSQC spectra of three individually prepared but otherwise identical NMR
samples and comparing the chemical shifts, similar to Bruun et al. * The average standard
deviation of the chemical shift measurements was +0.5 ppb for 'H and +2.4 ppb for '°N obtained
as an average over all peaks in the spectra as shown in the following table.

Table 1: Digital resolution of the NMR measurements before and after processing of the data
with relevant acquisition and processing parameters and the experimentally determined
reproducibility of the chemical shift measurements.

'H N
Sweep width (SW) in ppm 10 22
Number of points/increments 2048 512
Linear prediction (LP) none 1024
Zero filling (ZF) 4096 2048
Digital resolution in ppb 4.88 43
Digital resolution after LP and ZF in ppb 2.44 10.7
Experimentally determined reproducibility in ppb 0.5 2.4

1.3 1D "H NMR experiments to monitor the effect of AF-1* and peptides R1, R2 and R3 on the
EPI-001 resonances

Sample preparation

To 350 pL aliquots of AF-1* samples the appropriate volume of a 50 mM EPI-001 stock solution
in 100% dioxane-d, was added to obtain final concentration 250 uM EPI-001 in 0.5% (v/v)
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dioxane-d,. A blank sample was prepared without AF-1* by adding the same volume of 50 mM
EPI-001 stock solution in 100% dioxane-dg to 350 uL 20 mM sodium phosphate buffer at pH 7.4,
with 1 mM TCEP, 10% D,O and 30 mM DSS-d.

Samples containing 100 uM EPI-001 and 25 pM R1 or R3 peptide were prepared by solubilizing
lyophilized peptide aliquots directly in 350 yL 20 mM sodium phosphate buffer at pH 7.4, with 1
mM TCEP, 10% D,O and 30 mM DSS-d, to final concentration 25 yM. 1.75 pL of a 20 mM
EPI-001 stock solution in 100% dioxane-d, was added to these samples to obtain final
concentration 100 yM EPI-001 in 0.5% (v/v) dioxane-d,. A blank sample was prepared
identically as described above. The R2 peptide only contains one charged residue and is 24
amino acids long. As expected, it was poorly soluble without the addition of a co-solvent. To
obtain a soluble R2 peptide sample at 25 uM it was necessary to use 1% DMSO-d, as
co-solvent.

The lyophilized R2 peptide was directly solubilized in 100% DMSO-d, and to an aliquot of this
solution 20 mM sodium phosphate buffer at pH 7.4, containing 1 mM TCEP, 10% D,O and 30
mM DSS-d, was added to obtain a final sample of 25 uM R2 peptide in buffer containing 1%
(v/v) DMSO-d,. To 350 pL of this sample, 1.75 yL of a 20 mM EPI-001 stock solution in 100%
dioxane-d, was added. The final sample for NMR contained 25 uM R2 peptide, 100 uM
EPI-001, 1% DMSO-d, and 0.5% dioxane-d, in 20 mM sodium phosphate buffer at pH 7.4, 1
mM TCEP, 10% D,O and 30 mM DSS-d,. For this sample, a blank sample was prepared with
identical composition but without R2 peptide, i.e. 100 uM EPI-001 in 20 mM sodium phosphate
buffer at pH 7.4 containing 1 mM TCEP, 10% D,O, 1% DMSO-d,, 0.5% dioxane-d, and 30 mM
DSS-d,.

NMR experiments

Spectra were acquired at 278 K on a Bruker Avance Il UltraShield Plus 600 MHz spectrometer
equipped with a triple resonance TCI cryoprobe. The SW was set to 11 ppm, the number of
points to 32768 and the number of scans to 128. A relaxation delay of 7 s was used. The digital
resolution was 0.20 Hz, i.e. 0.00034 ppm.

1.4 Measurement of N R, relaxation rates

Backbone amide "N transverse relaxation (R,) measurements were acquired at 278 K on a
Bruker Avance 800 MHz spectrometer equipped with a cryoprobe using a sample of 250 mM
*N-AF-1*. A series of ten 2D experiments with relaxation delays ranging from 20 to 200 ms (20,
35 (twice), 50, 75, 100, 125, 165 (twice), and 200 ms) were collected in a randomized order. A
recycle delay between scans of 3 s was used. The processed spectra were analyzed in CcpNmr
Analysis.



2 Detailed experimental procedures: synthesis of EPI-001 and stereoisomers.
2.1 Methods and materials for synthetic work

Non-aqueous reactions were carried out under nitrogen atmosphere. Dry tetrahydrofuran and
dichloromethane were obtained using a Solvent Purification System (SPS). Other commercially
available reagents and solvents were used without further purification. All reactions were
monitored by TLC analysis using Merck 60 F,, silica gel on aluminum sheets. Silica gel
chromatography was performed by using 35-70 mm silica or an automated chromatography
system (Combiflash®, Teledyne Isco) with hexanes/ethyl acetate gradients as eluent unless
noted otherwise.

NMR spectra were recorded at room temperature on a Varian Mercury 400 or a Bruker 300. 'H
and "*C-NMR spectra were referenced to the residual peaks of the deuterated solvent. The
following abbreviations were used to define the multiplicities: s, singlet; d, doublet; t, triplet; q,
quadruplet; p, pentuplet; m, multiplet; br s, broad signal; apt, apparent. The chemical shifts (d)
are expressed in ppm and the coupling constants (J), in hertz (Hz).

IR spectra were recorded in a Thermo Nicolet Nexus FT-IR apparatus, either by preparing a KBr
pastille or by depositing a film of the product on a NaCl window. Absorptions are given in
wavenumbers (cm™).

Optical rotations were measured at room temperature (25°C) using a Jasco P-2000 iRM-800
polarimeter. Concentration is expressed in g/100 mL and solvent is expressed for each case in
brackets. The cell sized 10 cm long and had 1 ml of capacity. The A of measure was 589 nm,
which corresponds to a sodium lamp.

Mass spectrometry analysis was performed as high resolution ESI analysis in LTQ-FT Ultra
(Thermo Scientific)

Chiral HPLC was done using a Chiralpak IA (col-HP-32) column in heptane:IPA:EtOH
(50:25:25); flow rate 0.5 mL/min; Injection Volume 10 pL; wavelength detection 220 nm; Sample
concentration 2 mg/mL



2.2 Synthesis description

x X
?/\OH TEA Me0” “oMe ' FToA
¢ AT
HO OH

toH, f #/\OH acetone 1

(S) 99 %

S io% OH (R) 0%
0

*
v s O
0 0 HO o]

— A? #/\o EtoH, K’\*/\O

OH Ojﬁ (S8 71% o\ﬁ
1) TsCl, TEA, (RS) 79%
DBTO, 0°C (SR) 72%
RR) 699
2) NaH, THF, 0°C (RR) %
(S,S) 68%

(SR) 68%

(RS) 73%

(RR) 72% O O CeCl3-7H,0 O O
0 (o) o} O

* *
% ] Q\e/\o ACN c/\) KK\OH
o o (RR) 74% OH OH
WQ (R.S) 81%
(SR) 76 %
(S.S) 75%

Figure S1: general synthetic scheme used in this work

General procedure 1A for diol formation

Starting material (1 eq) was dissolved in EtOH in a pressure tube. Then triethylamine (0.5 eq)
and glycidol (1.2 eq) were added and the mixture was heated at reflux for 16h. After that the
solvent was removed in vacuo and the obtained crude products purified by flash column

chromatography on silica gel using hexane/ethyl acetate and increasing the polarity ratio from
60:40 to 0:100.

General procedure 1B for diol formation

Starting material (1 eq) and Cs,CO, (1.1 eq) were placed in a pressure tube and dissolved in
EtOH. Then glycidol (1.2 eq) was added and the mixture was heated at reflux for 16h. The




crude was treated with 5 mL HCI 1M, extracted with EtOAc (3x 5 mL), dried with MgSO, and
purified by flash column chromatography on silica gel using hexane/ethyl acetate and increasing
the polarity ratio from 60:40 to 0:100.

General procedure 2 for acetal formation

Starting material (1 eq) and PTSA (0.15 eq) were dissolved in acetone. Dimethoxypropane (2
eq) was added and the mixture stirred at reflux for 8h. The reaction was treated with aq
NaHCO,sat. (5 mL) and organic solvent was removed in vacuo. The resulting aqueous phase
was extracted with CH,CI, (3x5 mL), dried over MgSO, and solvents removed in vacuo.
Compounds were used without further purification.

General procedure 3 for epoxide formation

To a solution of starting material (1 eq) and dibutyltin oxide (DBTO, 0.02 eq) in CH,CI, at 0°C
was added triethylamine (2.2 eq) and tosyl chloride (2.2 eq). The mixture was stirred at 0°C until
no staring material was observed by TLC. Aq. NaHCO, ., (5 mL) was added and the mixture
was extracted with CH,CI, (3x5 mL) and dried over MgSO, to obtain a pale yellow oil.

The oil was dissolved in THF and added via cannula over a THF suspension of NaH (1.5 eq) at
0°C. After 1h no starting material was observed by TLC. The reaction crude was treated with
H,O (10 mL). THF was removed in vacuo and the aqueous phase extracted with CH,CI, (3x5
mL), dried over MgSO, and purified by flash column chromatography on silica-TEA (2,5 % v/v)
using hexane/ethyl acetate and increasing the polarity ratio from 100:0 to 70:30.

General procedure 4 for chlorohydrin formation and acetal removal

To a solution of starting material (1 eq) in acetonitrile was added CeCl,-7H,O (1.4 eq) and the
mixture stirred for 18h at reflux. Solvent was removed in vacuo and the crude purified by flash
column chromatography on silica gel using CH,Cl,/MeOH increasing the polarity ratio from
100:0 to 85:15. Chiral HPLC analysis showed ee > 99 % and dr 95 : 5.



2.3 Synthesis of (2S, 20R)-EPI-003

W
7 N TEA >( :
o MeO OMe PTSA
400 o 0
HO OH
1

EtOH, 1} S acetone ﬂ
W\OH
49 % (8)-2 6H 99 %

KA
<7 ©H 1) TsCl, TEA,
g , TEA Mot e
o) o)
HO o -

etoH, ¢ ®) 2) NaH, THF,
(R) HO Yo 0°C

0
(R)-3 o\ﬁ 72 % O (R,S)-4 Oj& 73 %

0 0 R O 9

(s) ® ACN f CI/\(’:ﬂ K?)/\OH
Y . OH OH
(R,S)-5 ‘[/\ 76 % (28,20R)-EP1-003

2.3.1 (S)-3-(4-(2-(4-hydroxyphenyl)propan-2-yl)phenoxy)propane-1,2-diol [(S)-2]

General procedure 1A was carried out with 1 (400

mg, 1.75 mmol), TEA (122 uL, 0.88 mmol), and

(S)-glycidol (144 uL, 2.1 mmol) in EtOH (5.5 mL)

to give (S)-2 (256 mg, 49%) as a colorless oil.
HO OK/\

"H-NMR (400 MHz, CDCI,, 8/ppm): 7.15 (m, 2H),

OH 7.09 (m, 2H), 6.81 (m, 2H), 6.72 (m, 2H), 4.09 (m,

OH 1H), 4.03 (m, 1H), 4.01 (m, 1H), 3.84 (apt dd, J =
11.5, 3.5 Hz, 1H), 3.75 (apt dd, J = 11.5, 5.5 Hz,

1H), 1.62 (s, 6H).

3C-NMR (100 MHz, CDCI,, &/ppm): 156.2 (C), 153.3 (C), 143.9 (C), 143.1 (C), 127.9 (CH),
127.8 (CH), 114.7 (CH), 113.9 (CH), 70.4 (CH), 69.2 (CH,), 63.7 (CH,), 41.7 (C), 31.0 (CH,).

IR (film, v___/ cm™"): 3353 (OH), 2962, 2936, 1510, 1246, 1179

max

HRMS (ES): calculated for C,;H,,0,Na: 325.14103, found 325.14103




2.3.2 (R)-4-(2-(4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)propan-2-yl)phenol [(R)-3]
General procedure 2 was carried out with (S)-2 (391
mg, 1.29 mmol), PTSA (37 mg, 0.19 mmol) and
dimethoxypropane (0.32 pL, 2.58 mmol) in acetone
(14 mL) to give (R)-3 (441 mg, 99%) as a pale yellow

HO O i

oil.

K-:/\O "H-NMR (400 MHz, CDCI,, &/ppm): 7.13 (m, 2H),
o) 7.08 (m, 2H), 6.81 (m, 2H), 6.73 (m, 2H), 4.48 (apt p,
7& J = 6.0 Hz, 1H), 4.17 (apt dd, J = 8.5, 6.0 Hz, 1H),
4.05 (apt dd, J = 9.5, 6.0 Hz, 1H), 3.92 (m, 2H), 1.63
(s, 6H), 1.47 (s, 3H), 1.41 (s, 3H).

3C-NMR (100 MHz, CDCl,, 8/ppm): 156.3 (C), 153.4 (C), 143.6 (C), 143.1 (C), 127.8 (CH),
127.7 (CH), 114.7 (CH), 113.8 (CH), 109.8 (C), 74.0 (CH), 68.7 (CH,), 66.9 (CH,), 41.7 (C), 31.0
(CH,), 26.8 (CH,), 25.3 (CH,).

IR (film, v__ /cm™): 3393 (OH), 2962, 1510, 1233, 1045, 829

max

HRMS (ES): calculated for C,,H,,0,: 343.19039, found 343.19073

2.3.3
(S)-3-(4-(2-(4-(((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)propan-2-yl)phenoxy)propan
e-1,2-diol [(R,S)-4]

General procedure 1A was carried out with (R)-3
(233 mg, 0.68 mmol), TEA (47 pL, 0.34 mmol), and

O O (S)-glycidol (60.5 pL, 0.88 mmol) in EtOH (3.5 mL)
0 0 to give (R,S)-4 (180 mg, 72%) as a pale yellow oil.
HO“‘) k-__/\o 'H-NMR (400 MHz, CDCl,, 8/ppm): 7.11 (m, 4H),
OH 07& 6.80 (m, 4H), 4.45 (apt p, J = 6.0 Hz, 1H), 4.15 (apt
dd, J = 8.5, 6.5 Hz, 1H), 4.08 (m, 1H), 4.04 — 3.99

(m, 3H), 3.89 (m, 2H), 3.83 (apt dd, J = 11.5, 4.0
Hz, 1H), 3.74 (apt dd, J = 11.5, 5.5 Hz, 1H), 3.17 (br, 1H), 2.74 (br, 1H), 1.62 (s, 6H), 1.45 (s,
3H), 1.39 (s, 3H).

3C-NMR (100 MHz, CDCI,, &/ppm): 156.3 (C), 156.2 (C), 143.7 (C), 143.4 (C), 127.75 (CH),
127.70 (CH), 113.8 (CH), 109.7 (C), 74.0 (CH), 70.4 (CH), 69.1 (CH,), 68.7 (CH,), 66.9 (CH,),
63.6 (CH,), 41.7 (C), 31.0 (CH,), 26.7 (CH,), 25.3 (CH.).

IR (film, v, / cm™): 3368 (OH), 2968, 2931, 1607, 1510, 1249, 1042, 828
10



HRMS (ES): calculated for C,,H,,04: 417.22717, found 417.22763

234
(R)-2,2-dimethyl-4-((4-(2-(4-((S)-oxiran-2-ylmethoxy)phenyl)propan-2-yl)phenoxy)methyl)-1,3-di
oxolane [(R,S)-5]
General procedure 3 was carried out with (R,S)-4
(200 mg, 0.48 mmol), DBTO (4 mg, 3%), TEA (84

uL, 0.6 mmol), NaH (18 mg, 0.72 mmol) and TsCI
o o (98 mg, 0.51 mmol) in CH,CI, (4 mL) and THF (6

mL) to give (R,S)-5 (139 mg, 73%) as a colorless

\\/\ oil.

\ 7 O

O \IQ 'H-NMR (400 MHz, CDCl,, &/ppm): 7.13 (m, 4H),
6.82 (m, 4H), 4.46 (apt p, J = 6.0 Hz, 1H), 4.20 —
4.12 (m, 2H), 4.03 (apt dd, J = 9.5, 5.5 Hz, 1H), 3.94

(aptdd, J =11.0, 5.5 Hz, 1H), 3.92 — 3.86 (m, 2H), 3.34 (m, , 1H), 2.89 (apt dd, J = 5.0, 4.0 Hz,

1H), 2.74 (apt dd, J = 5.0, 3.0 Hz, 1H), 1.63 (s, 6H), 1.46 (s, 3H), 1.40 (s, 3H).

O“h-

3C-NMR (100 MHz, CDCI,, 8/ppm): 156.35 (C), 156.30 (C), 143.6 (C), 143.5 (C), 127.75 (CH),
127.70 (CH), 113.9 (CH), 113.8 (CH), 109.6 (C), 74.00 (CH), 68.7 (CH,), 68.7 (CH,), 66.9 (CH,),
50.1 (CH), 44.7 (CH,), 41.7 (C), 31.0 (CH,), 26.8 (CH,), 25.3 (CH,).

IR (film, v__ /cm™): 2966, 1607, 1509, 1248, 1183, 1038, 829

max

HRMS (ES): calculated for C,,H,,0,: 399.21660, found 399.21776

235
(S)-3-(4-(2-(4-((R)-3-chloro-2-hydroxypropoxy)phenyl)propan-2-yl)phenoxy)propane-1,2-diol
[(2S,20R)-EPI-003]

General procedure 4 was carried out with (R,S)-5
(140 mg, 0.35 mmol) and CeCl,-7H,0 (183 mg, 0.49

O O mmol) in ACN (6 mL) to give (2S,20R)-EPI-003 (105
0 0 mg, 76%, ee > 99%, dr. 95 : 5) as colourless oil.
aﬁ) YOH

OH OH

[a]?, = +2.9 (c=0.24, CH,OH)

Chiral-HPLC (t, min): 16.6

11



"H-NMR (400 MHz, CDCl,, &/ppm): 7.13 (m, 4H), 6.81 (m, 4H), 4.20 (apt p, J = 5.0 Hz, 1H),
4.08 (m, 1H), 4.06 (apt dd, J = 5.0, 3.5 Hz, 2H), 4.02 (m, 2H), 3.82 (m, 1H), 3.78 (apt dd, J =
11.5, 5.5 Hz, 2H), 3.70 (apt dd, J = 11.5, 5.5 Hz, 1H), 2.90 (br, 1H), 2.79 (br, 1H), 2.41 (br, 1H),
1.63 (s, 6H).

3C-NMR (100 MHz, CDCI,, &/ppm): 156.2 (C), 156.0 (C), 143.9 (C), 143.7 (C), 127.85 (CH),
127.80 (CH), 113.95 (CH), 113.90 (CH), 70.4 (CH), 69.9 (CH), 69.1 (CH,), 68.4 (CH,), 63.6
(CH,), 45.9 (CH,), 41.7 (C), 31.0 (CH,).

IR (film, v__ / cm™): 3365 (OH), 2964, 1509, 1247, 1182, 1041, 828

max

HRMS (ES): calculated for C,,H,,CIO,Na: 417.14392, found 417.14405

2.4 Synthesis of (2R, 20S)-EPI-002

(R)
W/\OH TEA Me0>(OMe + PTSA
(0] ' -
0 ST
OH
1

acetone, reflux

HO EtOH, reflux (R)
" (R)-2 OH 99%
52 % Ly
v(/.R)/\OH 1) TsCl, TEA,
O O v . TEA O O DBTO, 0°C
HO (o) 0 (o]
(s) EtOH, reflux R (s 2) NaH, THF, 0°C
(5)-3 0 HO™ "2 (S,R)-4 o 68 %

O\{« 79 % OH

O (¢} O (0]
S)

R) QS)(\ ACN, reflux ~8) Q:’/\OH

E o] g
o) (S,R)-5 oﬁ 81 % OH (2R, 20s)-EPI-002 OH

2.4.1 (R)-3-(4-(2-(4-hydroxyphenyl)propan-2-yl)phenoxy)propane-1,2-diol [(R)-2]

General procedure 1A was carried out with 1 (224
mg, 0.98 mmol), TEA (68 pL, 0.49 mmol), and

(R)-glycidol (70.5 uL, 1.0 mmol) in EtOH (3 mL) to
give (R)-2 (152 mg, 52%) as a colorless oil.
HO O

\Y\OH 12

OH



General procedure 1B was carried out with 1 (298 mg, 1.3 mmol), Cs,CO, (467 mg, 1.43 mmol),
and (R)-glycidol (107 pL, 1.57 mmol) in MeOH (6 mL) to give (R)-2 (193 mg, 48%) as a
colorless oil.

Spectroscopic data is consistent with (S)-2.

2.4.2 (S)-4-(2-(4-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)propan-2-yl)phenol [(S-3)]
General procedure 2 was carried out with (R)-2 (264
mg, 0.87 mmol), PTSA (25 mg, 0.13 mmol) and
dimethoxypropane (220 uL, 1.74 mmol) in acetone (12

HO O mL) to give (S)-3 (44 mg, 99%) as a colorless oil.

K(\O Spectroscopic data is consistent with (R)-3.
07&
243

(R)-3-(4-(2-(4-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)propan-2-yl)phenoxy)propan
e-1,2-diol [(S,R)-4]

General procedure 1A was carried out with (S)-3 (52
mg, 0.15 mmol), TEA (11 pL, 0.08 mmol), and

O O (R)-glycidol (11 L, 0.17 mmol) in EtOH (2 mL) to
0 ') give (S,R)-4 (49 mg, 79%) as pale colourless oil.

/\) K(\ General procedure 1B was carried out with (S)-3 (76
HO -
O

mg, 0.22 mmol), Cs,CO, (108 mg, 0.33 mmol), and
OH O (R)-glycidol (30 pL, 0.44 mmol) in MeOH (3 mL) to
give ent-4 (21 mg, 23%) as a colorless oil.

Spectroscopic data is consistent with (R,S)-4.

244
(S)-2,2-dimethyl-4-((4-(2-(4-((R)-oxiran-2-ylmethoxy)phenyl)propan-2-yl)phenoxy)methyl)-1,3-di
oxolane [(S,R)-5]

General procedure 3 was carried out with (S,R)-4
(205 mg, 0.49 mmol), DBTO (4 mg, 3%), TEA (76 pL,

1.1 mmol), TsCl (104 mg, 1.1 mmol) and NaH (18
o o mg, 0.72 mmol) in CH,CI, (6 mL) and THF (3 mL) to

give (S,R)-5 (134 mg, 68%) as a colorless oil.
' K(\O



Spectroscopic data is consistent with (R,S)-5.
245

(R)-3-(4-(2-(4-((S)-3-chloro-2-hydroxypropoxy)phenyl)propan-2-yl)phenoxy)propane-1,2-diol
[(2R,20S)-EPI-002]

General procedure 4 was carried out with (S,R)-5 (86
O O mg, 0.21 mmol) and CeCl,-7H,0 (112 mg, 0.3 mmol)
) 0 in ACN (3 mL) to give (2R,20S)-EPI-002 (69 mg,

CI/\./‘ H/\OH 81%, ee > 99%, dr. 90 : 10) as a colorless oil.

OH OH

[a]®, = -4.5 (c=0.21, CH,OH)
Chiral-HPLC (t,, min): 24.2

Spectroscopic data is consistent with (2S,20R)-EP1-003.

14



2.5 Synthesis of (2R,20R)-EPI-004

(R)
OH
?/\ o TERY Meo” ome * PTSA
O O "o ? f
HO OH EtOH, i (R) on acetone
1 52 % (R)-2 L. 99 %
7" oH 1) TsCl, TEA
N sCl, ,
o A O O DBTO, 0°C
> 0 0 —
Ho ? EtoH, ©) ) 2) NaH, THF,
~ HO o 0°C
O OH .
()3 o% 71% (S,5)-4 68 %
O (o) S O (0]
(R) (R)
s).J Qs)(\o AcN - on
Y OH OH

(S,8)-5

L

251

74 %

(2R,20R)-EPI-004

(S)-3-(4-(2-(4-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)propan-2-yl)phenoxy)propan

e-1,2-diol [(S,S)-4]

O l I O

HO/\A) k(\o
OH O\,Q

General procedure 1A was carried out with (S)-3
(121 mg, 0.35 mmol), TEA (24.5 pL, 0.18 mmol),
and (S)-glycidol (31 pL, 0.46 mmol) in EtOH (2 mL)
to give (S,S)-4 (105 mg, 71%) as a pale yellow oil.

"H-NMR (400 MHz, CDCI,, &/ppm): 7.13 (m, 4H),
6.81 (m, 4H), 4.45 (apt p, J = 6.0 Hz, 1H), 4.15

(apt dd, J = 8.5, 6.0 Hz, 1H), 4.08 (m, 1H), 4.06 —
4.01 (m, 3H), 3.90 (m, 2H), 3.83 (apt dd, J = 11.5,

4.0 Hz, 1H), 3.74 (apt dd, J = 11.5, 5.5 Hz, 1H), 2.65 (br, 1H), 2.10 (br, 1H), 1.63 (s, 6H), 1.45

(s, 3H), 1.39 (s, 3H).

3C-NMR (100 MHz, CDCI,, &/ppm): 156.4 (C), 156.2 (C), 143.8 (C), 143.5 (C), 127.8 (CH),
127.7 (CH), 113.9 (CH), 109.7 (C), 74.0 (CH), 70.3 (CH), 69.2 (CH,), 68.8 (CH,), 66.9 (CH,),
63.7 (CH,), 41.7 (C), 31.0 (CH,), 26.8 (CH,), 25.4 (CH.).

15



IR (film, v__ / cm™): 3404 (OH), 2975, 2932, 1510, 1249, 1045, 829

max

HRMS (ES): calculated for C,,H,,04: 417.22717, found 417.22689

252
(S)-2,2-dimethyl-4-((4-(2-(4-((S)-oxiran-2-ylmethoxy)phenyl)propan-2-yl)phenoxy)methyl)-1,3-dio
xolane [(S,S)-5]

General procedure 3 was carried out with (S,S)-4

(59 mg, 0.14 mmol), DBTO (2 mg, 5%), TEA (22 pL,

0.15 mmol), TsCl (30 mg, 0.15 mmol) and NaH (5
O O mg, 0.21 mmol) in CH,CI, (3 mL) and THF (2 mL) to

K(\ give (S,S)-5 (38 mg, 68%) as a colorless oil.
\ 7 O

O Ojﬁ "H-NMR (400 MHz, CDCI,, &/ppm): 7.12 (m, 4H),
6.81 (m, 4H), 4.46 (apt p, J = 6.0 Hz, 1H), 4.20 —
4.12 (m, 2H), 4.03 (apt dd, J = 9.5, 5.5 Hz, 1H), 3.94
(aptdd, J = 11.0, 5.5 Hz, 1H), 3.92 — 3.86 (m, 2H), 3.33 (m, 1H), 2.89 (apt dd, J = 5.0, 4.0 Hz,
1H), 2.74 (apt dd, J = 5.0, 3.0 Hz, 1H), 1.63 (s, 6H), 1.45 (s, 3H), 1.39 (s, 3H).

13C-NMR (100 MHz, CDCl,, &/ppm): 156.4 (C), 156.3 (C), 143.6 (C), 143.5 (C), 127.75 (CH),
127.70 (CH), 113.9 (CH), 113.8 (CH), 109.7 (C), 74.00 (CH), 68.75 (CH,), 68.70 (CH,), 66.9
(CH,), 50.2 (CH), 44.8 (CH,), 41.7 (C), 31.0 (CH,), 26.8 (CH,), 25.3 (CH.).

IR (film, v__ /cm™): 2968, 1508, 1248, 1183, 1038, 829

max

HRMS (ES): calculated for C,,H,,0,: 399.21660, found 399.21672

253
(R)-3-(4-(2-(4-((R)-3-chloro-2-hydroxypropoxy)phenyl)propan-2-yl)phenoxy)propane-1,2-diol
[(2R,20R)-EPI-004]

General procedure 4 was carried out with (S,S)-5
(30 mg, 0.08 mmol) and CeCl,-7H,0 (39 mg, 0.11

O O mmol) in ACN (3 mL) to give (2R,20R)-EPI-004 (22
0 0 mg, 74%, ee > 99%, dr. 97 : 3) as a colorless oil.
c/ﬁ/‘ H/\OH

OH OH

[a]?, = -8.4 (c=0.21, CH,OH)
16



Chiral-HPLC (t, , min): 25.7

"H-NMR (400 MHz, CDCI,, 8/ppm): 7.13 (m, 4H), 6.81 (m, 4H), 4.20 (m, 1H), 4.08 (m, 1H),
4.06 (m, 2H), 4.02 (m, 2H), 3.82 (m, 1H), 3.78 (apt dd, J = 11.5, 5.5 Hz, 2H), 3.70 (apt dd, J =
11.5, 5.5 Hz, 1H), 2.64 (br, 1H), 2.58 (br, 1H), 2.11 (br, 1H), 1.63 (s, 6H).

3C-NMR (100 MHz, CDCl,, &/ppm): 156.2 (C), 156.0 (C), 143.9 (C), 143.7 (C), 127.85 (CH),
127.80 (CH), 113.95 (CH), 113.90 (CH), 70.3 (CH), 69.9 (CH), 69.2 (CH,), 68.4 (CH,), 63.7
(CH,), 45.9 (CH,), 41.7 (C), 31.0 (CH,).

IR (film, v__ / cm™): 3362 (OH), 2962, 1607, 1509, 1247, 1182, 1041, 828

max

HRMS (ES): calculated for C,,H,,CIO,Na: 417.14392, found 417.14424

2.6 Synthesis of (2S,20S)-EPI1-005

g/\o"' | TEA Me0>(OMe , PTSA
o“a A0
OH
1

EtoH, ) acetone
49 % (8)2 KiAOH 99 %
OH

HO

7~ TOH 1) TsCl, TEA,
o , TEA DBTO, 0°C

0 o) I
HO o)

EtoH, 1 ®R) L@~ 2)NaH, THF,
; S0

(R) HO 0°C

= 6] OH 0
(R)-3 oﬁ 69 % (R,R)-4 7§ 72%

o) 0 - . O (0]

®) ®) AcN CI/\(.S)/l R\f»/\OH
o Bt OH OH
(R,R)-5 ‘ﬁ 75 % (2S,208)-EP1-005
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26.1
(R)-3-(4-(2-(4-(((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)phenyl)propan-2-yl)phenoxy)propan
e-1,2-diol [(R,R)-4]

General procedure 1A was carried out with (R)-3
(204 mg, 0.60 mmol), TEA (42 pL, 0.30 mmol), and

O O (R)-glycidol (53 pL, 0.77 mmol) in EtOH (2 mL) to
o o give (R,R)-4 (172 mg, 69%) as pale yellow oil.
HO/\./I K‘-/\O Spectroscopic data is coincident with (S,S)-4.

OH o#
262

(R)-2,2-dimethyl-4-((4-(2-(4-((R)-oxiran-2-ylmethoxy)phenyl)propan-2-yl)phenoxy)methyl)-1,3-di
oxolane [(R,R)-5]

General procedure 3 was carried out with (R,R)-4
(174 mg, 0.42 mmol), DBTO (3.5 mg, 2%), TEA (76

uL, 0.54 mmol), TsCl (89 mg, 0.46 mmol) and NaH
(13 mg, 0.49 mmol) in CH,CI, (5 mL) and THF (7
O O , ,
mL) to give (R,R)-5 (139 mg, 72%) as a colorless oil.
v) k/\ Spectroscopic data is coincident with (S,S)-5.
9 0

2
2.6.3

(S)-3-(4-(2-(4-((S)-3-chloro-2-hydroxypropoxy)phenyl)propan-2-yl)phenoxy)propane-1,2-diol
[(2S,20S)-EPI-005]

General procedure 4 was carried out with (R,R)-5
(122 mg, 0.31 mmol) and CeCl,-7H,0 (160 mg, 0.43

O O mmol) in ACN (5 mL) to give (25,208)-EPI-005 (90
o o mg, 75%, ee > 99%, dr. 95 : 5) as a colorless oil.
CI/\) K;/\OH

OH OH

18



[a]?, = +4.3 (c=0.245, CH,OH)
Chiral-HPLC (t. , min): 15.6

Spectroscopic data is consistent with (2R,20R)-EPI-005.
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2.7 NMR spectra and HPLC

RRESHEES SSSS9SRARANAEE 2
SN N Nm— |

L R T o
88 &s a=eB 8= -
28 &3 g%8 43 S
70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
e 8= 8 ] o
CERIR L 88 23 - :
1 v Y \ b/ | | |
00 190 180 170 160 150 140 130 10 10 100 ®m e s 4 % 2 1 0
f1 (ppm)

20



21

100

110
f1 (ppm)

120

T

130

140

190 180 170 160 150

200

(R) or (S)-3

Submitq / Mercury-400

L
=
«n
Fs
Le MW.\
o
Wi — e | o
?..\ v mmSm -
3 Fare
L=
] ~
1 69~
un’
L 0B~
~
ke
st -
5%
05%
16¢
e “n=
1313 Fea E
we 8 s
o o WEN
%." = lepar™
oy E Moz Lo
$13) m\s_ -
e == 0 wan
sy SEV.
(18]
oy
eeW = Foso f2
i SO >
et
<
- ovEST
37
w
"
=
2
o
K
g
s 3
s
b
19\ 3
W9~ i o o
®BI7 e S
oy = M_
weN F=
6042 Eet
:N\ %1
v ——
K
Lo
By

T

210

20

cdcl3 f Temp: 25C / N.Reg: X0000000KXX
Usuari: are / Mostra: afc326_carac

Nom: ALEX DE-LA-FUENTE CEBRIAN
Data: 26/04/12 / Ope.: A.DE-LA-FUENTE

230




(R,S) or (S,R)-4

65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

70

w7
i
%0¢—

an

sy
wen

sary

wa

werl v

Lo

n_ﬁ_v.

west

200 200 190 180 120 160 150 140 130 120 110 100
f1 (ppm)

20

20

22



(R,S) or (S,R)-5
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(2S,20R)-EPI-003 or (2R,20S)-EPI-002
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HPLC EP1-001
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(2R,20R)-EP1-004 or (2S,20S)-EPI-005
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2.7.1 NMR assignment of EPI-001

1 11
1 1

IO
1 1
0] 5 5 0]
HO 445 5+7K[OH
3 6
cl 8+9 9+10 OH

'H NMR (800 MHz, Deuterium Oxide) & = 7.32 — 7.25 (m, 4H, H-1), 6.99 — 6.92 (m, 4H, H-2),
4.28 — 4.23 (m, 1H, H-3), 4.16 (dd, J=10.3, 4.4, 1H, H-4), 4.13 — 4.09 (m, 2H, H-5), 4.08 — 4.04
(m, 1H, H-6), 4.01 (dd, J=10.1, 6.6, 1H, H-7), 3.81 (dd, J=11.7, 4.5, 1H, H-8), 3.77 — 3.72 (m,
2H, H-9), 3.67 (dd, J=11.8, 6.4, 1H, H-10), 1.65 (s, 6H, H-11).
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3 - Comparison of the backbone chemical shifts of Tau-5%, AF-1*,, .,, and AF-1*

* * C % *
a) AF-1%,, .. vs. AF1 ) Tau-5* vs. AF-1
(=} (=]
_ o "—'Mm —_ - SRR s
£ _ | £ _
Q. Q. .
Z Q & 9
T T
Ce) )
<2 <
[s2] ™
< <
] T T T T 1 T 1 1T 1T T T T T 17 1T 711
265 280 295 310 325 340 330 350 370 390 410 430 450
residues residues
b) AF-1*, .., VS. AF-1* d) Tau-5* vs. AF-1*
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< ] < I
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Figure S2: Difference in 'H (a and c) and "N (b and d) chemical shift between the resonances
corresponding to the residues of the NTD in AF-1*, ,,, and AF-1* (a and b) and in Tau-5* and
AF-1*(c and d).
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4 - Sequences of peptides R1, R2 and R3

peptide R1 (AR 341-371): Ac-STLSLYKSGALDEAAAYQSRDYYNFPLALAG-NH,
peptide R2 (AR 391-414): Ac-LDYGSAWAAAAAQCRYGDLASLHG-NH,
peptide R3 (AR 426-446): Ac-SAAASSSWHTLFTAEEGQLYG-NH,
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5 - Effect of AF-1* and peptides R1, R2 and R3 on the resonances of EPI-001.

a) >

(
[EPI-001] = 250 uM : [AF-17] = 0 uM
I

7.40 7.35 7.30 7.25 7.20
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| |
I |

|
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| |
I
[EPI-001] = 100 uM '\ I\ [R1] = 25 uM
|
I I

[EPI-001] = 100 uM

7.40 7.35 7.30 7.25 7.20 7.15
dH/ppm

Figure S3: Effect of AF-1* (a) and peptides R1, R2 and R3 (b) on the resonances of EPI-001
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6 - Comparison of the changes in the resonances of AF-1* caused by EPI-002, EPI-003,
EPI-004 and EPI-005.

(2R, 20S)-EPI-002 (2S,20R)-EPI-003
w0 _| w |
- -
8 8
| a - |
Qo Q
o= o = w
g ° g °
—,-‘ - —Q s
2 4
2 o = wv.
wn w
o - o -
140 180 220 260 300 340 380 420 460 140 180 220 260 300 340 380 420 460
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o o
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= - ) —
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o - o -l
140 180 220 260 300 340 380 420 460 140 180 220 260 300 340 380 420 4860
Residue number Residue number

Figure S4: Absolute value of the changes in "°N chemical shift caused by the four stereocisomers
of EPI-001 on AF-1*.
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7. Confirmation of reversible nature of the interaction by mass spectrometry analysis

31575

15N-AF1*:
4.3E+005-
1 M= 31575 Da
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+ -
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@ )
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£ i
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Figure S5: MS analysis of '°N-labeled AF-1* and 10 molar equivalents EPI-001 after 4h of
incubation at 278K, confirming that the small molecule has not reacted with the protein.
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9.2 Regulation of Androgen Receptor Activity by Transient Interactions of
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Figure S1, related to Figure 1: (A) Plot of the CSPs (CSP= \/A6H2 + (AESN/S)2 ) observed in 50

MM AF-1* and in 50 uM Tau-5* after addition of 500 uM RAP74-CTD. (B) Plot of the CSPs

observed for T438 of Tau-5* during a titration with RAP74-CTD and fit to estimate the K.
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Figure S2. Chemical shift perturbations (CSPs) caused by peptides AHTAA and KK on

RAP74-CTD, related to Figure 2. (A) Regions of the 'H,"®N-HSQC spectrum of RAP74-CTD

(black) illustrating the CSPs caused by peptides WT (red), AHTAA (blue) and KK (green) (see

Fig. 3A) on the resonances of T470 and N501 (B) Plot of the CSPs caused by peptides WT,

AHTAA and KK as a function of residue number.
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Figure S3, related to Figure 3: (A) Subcellular localization of AR in transfected cells. HEK293T
cells were transfected with plasmids expressing an empty vector (EV), WT or mutant Flag-AR
(red) and were analyzed by immunofluorescence to determine the cellular localization of AR
proteins in the absence and in the presence of 1TnM DHT. DAPI-stained nuclei, where DAPI
stands for 2-(4-amidinophenyl)-1H -indole-6-carboxamidine, are shown in blue. Note the
nuclear localization of all AR proteins upon activation by DHT. (B) Expression levels of AR
protein and RAP74-CTD in transfected cells used for the experiments shown in Figure 3F:
HEK293T cells were co-transfected with plasmids expressing the indicated Flag-tagged AR
proteins, as well as Myc-RAP74-CTD, treated with 1 nM DHT and analyzed by Western blotting.

(C) Expression levels of AR protein in transfected cells used for the experiments shown in



Figure 3G: HEK293T cells were transfected with plasmids expressing the indicated Flag-tagged
AR proteins treated with 1 nM DHT and analyzed by Western blotting. In panels B and C actin
was used as a loading control and the shaded lane corresponds to a mutant not related to the
current study. (D) Plot of the average number of spots per cell observed in the PLA experiment
reported in Figure 3F in HEK293T cells transfected with EV, WT or mutant Flag-AR, where the

error bars represent the standard error and *** indicates p < 0.001.
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Figure S1: SPOP and DAXX co-localize in bodies that are neither nuclear speckles,
PML bodies, nucleoli nor Cajal bodies, independent of expression tag, Related to
Figure 1. (A) SPOP does not localize to PML bodies, and DAXX does not localize to nuclear
speckles. Hela cells were transfected with the indicated constructs (left column) and
analyzed by confocal microscopy. mCherry (red) and GFP fluorescence (green) were
observed for SPOP and DAXX, while SC-35 and PML (both magenta) were used as markers
for nuclear speckles and PML bodies, respectively, and detected by IF. DAPI (blue) marks
the nucleus. (B) The C-terminal intrinsically disordered region of DAXX, cDAXX, shows the
same behavior in cells as DAXX. HelLa cells were transfected and analyzed as in (A). (C)-(D)
SPOP and DAXX do not localize to nucleoli or Cajal bodies. HelLa cells were transfected and
analyzed as in (A). B23 (C) and coilin (D), both magenta, were used as markers for nucleoli
and Cajal bodies, respectively, and detected by IF. (E) Epitope tagged FLAG-DAXX co-
localizes with SPOP-mCherry. Hela cells were transfected and analyzed as in (A). FLAG-
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DAXX (green) was detected by IF. (F) SPOP and DAXX localize to SPOP/DAXX bodies in
PC-3 cells. PC-3 cells were transfected with the indicated GFP-DAXX and V5-SPOP and
analyzed by confocal microscopy. V5-SPOP (red) and GFP fluorescence (green) were
observed for SPOP and DAXX, while SC-35 and PML (both magenta) were used as markers
for nuclear speckles and PML bodies, respectively, and detected by IF. (G) SPOP cancer
mutants fail to localize to SPOP/DAXX bodies. HelLa cells were transfected and analyzed as
in (A). GFP-DAXX colocalized with PML bodies in the presence of mCherry-SPOP cancer
mutants.
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SPOP multivalency is required for SPOP/DAXX co-localization in cells. HeLa cells were
transfected with GFP-DAXX and WT V5-SPOP or mutants mutBACK or mutBTB/BACK and
analyzed by confocal microscopy. GFP fluorescence was observed for DAXX, while V5-
SPOP (red), and nuclear speckles (magenta) were detected by IF. (E) SPOP mutants are
defective at DAXX ubiquitination in cells. Western Blots showing Flag-DAXX ubiquitination in
HEK293T cells that were transfected with the constructs indicated above. 24 h post-
transfection, cells were incubated with MG132 or DMSO at 20 uM for 4 hours. Cells were
lysed under denaturing conditions, Hise-Ubiquitin was pulled down and the resulting proteins
were analyzed by immunoblotting with anti-Flag antibody. Input materials were also checked
by immunoblotting using anti-Flag, anti-V5, anti-HA, and anti-GAPDH antibodies (loading
control).
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Figure S3: cDAXX is intrinsically disordered and localizes to PML bodies, Related to
Figure 3. (A) "°N,"3C CON NMR spectrum at 600 MHz and 25 °C and (B) 'H, >N HSQC
spectrum of cDAXX at 800 MHz and 25 °C with resonance assignments. (C) cDAXX-0sb
localizes to PML bodies when not expressed with SPOP. Hel a cells were transfected with
the indicated constructs (left column) and analyzed by confocal microscopy. GFP (green) and
mCherry (red) fluorescence were observed for cDAXX and SPOP, respectively.
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Figure S4: Filamentous assemblies and droplets are formed by different molecular
processes, Related to Figure 4. (A-C) Quantification of protein concentration in droplets
shown in samples. (A) Representative fluorescence microscopy/DIC images of 15 uM SPOP
and H-cDAXX at concentrations indicated (top), or H-cDAXX only (bottom). All samples
contain 10% w/v ficoll 70, 500 nM ORG-SPOP and 1/60 (but not below 500 nM) Rhodamine-
H-cDAXX. Red and green fluorescence intensities were quantified from triplicate images. (B)
Standard curve relating fluorescence intensity to fluorescent protein concentration. The



equations shown were used together with the ratio of labeled protein : unlabeled protein to
calculate the protein concentrations in (C). (C) At low SPOP/ H-cDAXX molar ratios, LLPS is
driven by H-cDAXX; the filamentous assemblies at high SPOP/ H-cDAXX molar ratios are not
driven by LLPS. Quantification of protein concentration in mesoscale assemblies in (A) shows
two slopes. Error bars represent the SD from three images. Dashed vertical line separates
protein concentrations determined from the two sets of data: left corresponds to samples
from (A), top, and right corresponds to H-cDAXX alone samples (A, bottom). (D) Control gel
of 15 uM SPOP variants and 20 uM H-cDAXX +/- ficoll 70. (E) In vitro cross-linking of SPOP
variants (15 uM) in the absence and presence (1, 20, and 50) uM of H-cDAXX and the
absence and presence of 10% w/v ficoll 70. In the presence of ficoll, WT SPOP forms large
oligomers (left yellow box); at high SPOP/ H-cDAXX molar ratios the oligomers become
larger (middle yellow box), but low ratios reduce the complex size (right yellow box). We
presume that at high ratios, bridging of different SPOP oligomers becomes favored over
stabilization of large SPOP oligomers. (See schematic in Fig. 4D). (F) In vitro FRAP shows
SPOP becomes more mobile in droplets versus filaments while DAXX maintains high mobility
in both types of assemblies. FRAP measurements of samples as indicated. All samples
contain 4% wi/v ficoll 70 and 200 nM ORG-SPOP or 100 nM Rhodamine-H-cDAXX; the
protein listed first in the legend was labeled and measured. The colored areas are average
values + SEM. The solid lines are best fits to a biexponential recovery. (For fit values see
Table S4.) (G) In cell FRAP is consistent with mobilites seen in vitro. (H) Simplified phase
diagram for SPOP/H-cDAXX phase separation. H-cDAXX alone can undergo LLPS at high
concentrations (intersection of dark shaded area with x-axis). SPOP enhances H-cDAXX
LLPS (dark shaded area), and forms large filamentous assemblies with H-cDAXX (light
shaded area). The physical properties of the SPOP/H-cDAXX assemblies retain
characteristics of both species along the phase boundary (gradient shading).
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localization with DAXX in cells, Related to Figure 5. (A) The MATH domain and SPOP
bind a standard SB motif-containing peptide with micromolar affinity, while SPOP W131G
nearly abrogates binding. Representative fluorescence anisotropy binding isotherms for the
indicated SPOP constructs into fluorescein-Puc®!-1% (fPuc). (For Ko values resulting from fits
of this data, see Table S5.) (B) SPOP cancer mutants are defective at co-localization with
DAXX in cells. HelLa cells were transfected with GFP-DAXX and V5-SPOP WT or mutants
F133V or W131G and analyzed by confocal microscopy. GFP fluorescence was observed for
DAXX, while V5 (red) and PML (magenta) were used as markers for SPOP and PML bodies,
respectively, and detected by IF. DAPI (blue) marks the nucleus. Cells with SPOP/DAXX co-
localization or lack-thereof are indicated.
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Respective residues are indicated in stick representation on the ribbon diagram of the SPOP-
Cul3 structure, PDB ID 4EOZ (Errington et al., 2012). (B) DAXX ubiquitination in cells
depends on CRL3SPOP, Western Blots showing GFP-cDAXX ubiquitination in HEK293T cells
that were transfected with the constructs indicated on top. 24 h post-transfection, cells were
incubated with MG132 or DMSO at 20 uM for 4 hours. Cells were lysed, GFP-cDAXX was
pulled down and the resulting proteins were analyzed by immunoblotting with anti-GFP and
anti-Hise antibody. Input materials were also checked by immunoblotting using anti-GFP, anti-
V5, anti-Myc, anti-HA, and anti-GRP170 antibodies (loading control). (C) In the absence of
ARIH1, *UB does not accumulate in SPOP/H-cDAXX assembilies in vitro. Fluorescence
microscopy images merged with DIC showing the time-course of in vitro ubiquitination assays
(described in Fig. 6F,G) containing 5 uM SPOP (green), 20 uM H-cDaxx (red), 1.25 uM
N8~Cul3/Rbx1, 20 nM ARIH1 as indicated on the left, and 1.5 uM UbcH7~*UB (blue). All
reactions contain either 10% ficoll 70 or sucrose, and 500 nM ORG-SPOP and Rhodamine-
H-cDAXX; *UB denotes stoichiometrically labeled Alexa647-Ubiquitin. (D) UBCH7 has the
strongest activity towards H-cDAXX, with a rate controlled by the amount of ARIH1.
Ubiquitination experiments to optimize (i) the E2 conjugating enzymes with most activity
towards H-cDAXX and not to Cul3, (ii) the amount of ARIH1 to slow the reaction to a
measurable rate for microscopic analysis, (iii) the complete loading of UBCH7~*UB with
minimal free *UB, (iv) the amount of N8~Cul3 which maximizes H-cDAXX~UB transfer and
minimizes N8~Cul3-*UB in assemblies. Reaction (i) contains 40 nM SPOP, 5 uM H-cDaxx,
40 nM N8~Cul3/Rbx1, 400 nM E2, and 300 nM ARIH1 where indicated. Reactions (ii) and (iv)
contain 5 uM SPOP, 20 uM H-cDaxx, 5 uM N8~Cul3/Rbx1 (unless otherwise indicated), 400
nM E2, 5 nM ARIH1 (unless otherwise indicated). The optimized parameters were not
independent, and a compromise was used for final assays. Since the microscopic studies
were conducted in HEPES buffer instead of Tris and necessitated double the UbcH7~*UB to
visualize the signal, ARIH1 was quadrupuled to maintain kinetics.
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Figure S7: Clustering of co-evolutionary couplings into evolutionary domains supports
coevolution of BTB and BACK domain residues across interfaces instead of with
residues in the core of the domains, Related to Figure 7. (A) Direct FA binding isotherms
for SPOPMATH and SPOP28-3% into full-length Rhodamine-nAR. Symbols are experimental
data points; continuous lines are non-linear least-squares fits (Roehrl et al., 2004). All
measurements were conducted in triplicate. (B) Quality score showing the most meaningful
subdivisions in number of domains Q. Higher quality scores better fit the model to the co-
evolutionary couplings (Granata et al., 2017). (C) Representation of possible subdivisions on
the primary structure of SPOP. (D) Evolutionary domains (Q=15) of the BTB/BACK unit
represented on the oligomer structure model: interfacial residues coevolve with residues
across the interface rather than with the core of the domains, in the BTB domain (in orange)
and the BACK domain (in cyan). (E) Phase separation propensity scores (PS scores)
(Vernon et al., 2018) for a non-redundant set of proteins from the PDB (black), a set of
proteins with an experimentally demonstrated high phase separation propensity (hnnRNPA1,
hnRNPA2B1, FUS, EWS1, DDX3X, DDX4, TDP-43, EIF4H, TIA1; with PS score from high to
low; blue; the predictor was trained on these proteins), and for known SPOP substrates
(SRC-3, AR, BMI1, BRD4, Gli3, Gli2, BRD2, TRIM24, DAXX, ER, BRD3, ERG, PDX1, DEK,
BRMS1, macroH2A, red). Each box shows the interquartile range, the central line as the
median, the whiskers extend to 1.5 x the interquartile range, and any outliers from a normal
distribution are plotted individually. Half of the SPOP substrates have PS scores that fall
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outside the maximum range (99.3% of values if normally distributed) of PDB proteins and are
on the order of PDB outliers. Three SPOP substrates, macroH2A (-1.32), BRMS1 (0.21) and
DEK (0.33), rank below the 90" percentile of PDB protein PS scores. The predictor captures
phase separation of disordered sequences via pi-pi contacts, not phase separation via
multivalent domain/motif interactions.
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Table S1. Sequences of cDAXX, cDAXX-0sh, Related to Figure 1.

Construct | Sequence
cDAXX SPMSSLQISN
LTLEEESPVS
GGVSPHNWGD
SLAPVADSST
VLSDSD

SPMSSLQISN
LTLEEESPVS
GGVSPHNWGD
SLAPVSPDSA
VLSDSD

GRIVSPSLLS
DISSSRKQSE
GNSYVERQRS
RLSQTPHSQP

EKNLEPGKQI
QLFELEIEAL
SGPPCKKSRK
RVDSPSHGLV

SRSSGEQQNK
PLDTPSSVET
EKKQTGSGPL
TSSLCIPSPA

EEPLAPSSID AESNGEQPEE
EPFTTVLENG AGMVSSTSFN
VHEKNGKKIC TLPSPPSPLA
PRPGTCKTSV ATQCDPEEII

EKNLEPGKQS
QLFELEIEAL
SGPPCKKSRK
RVDSPSHGLS

PRSTGEQQNK
PLDTPSSVET
EKKQTGSGPL
PVSLCIPSPA

GRIVSPSLLS
DSPRS1KQSE
GNSYVERQRS
RLSQTPHSQP

EEPLAPSSID AESNGEQPEE
EPFTTVLENG AGMTPTVSFN
VHEKNGKKIC TLPSPPSPLA
PRPGTCKTSV ATQCDPEEII

cDAXX-0sb

Table S2. Dissociation constants of peptides containing cDAXX SB motifs or
cDAXX-0sb mutated motifs binding to MATH, Related to Figure 3.

Peptide Ac-Sequence-COOH ? Ko £ S.D. (mM) P
SB1 PGKQISRSSGEQQ 5+2

Mut1 PGKQSPRSIGEQQ 1000 + 1000
SB2 VETDISSSRKQSE 0.3+0.1
Mut2 VETDSPRSIKQSE nb ¢

SB3 GAGMVSSTSFNGG 0.03 £ 0.01
Mut3 GAGMTPTVSFNGG nb ¢

SB4 LAPVADSSTRVDS 0.08 £ 0.03
Mut4 LAPVSPDSARVDS 2+2

SB5 SHGLVTSSLCIPS 0.13 +£0.01
Mut5 SHGLSPVSLCIPS nb ¢

tag-SB HHHHLESTSLYKK 0.16 + 0.07

2 Bold portions in the sequences denote predicted SB motifs and the scrambled motifs to
reduce binding.

b Errors represent standard deviations from triplicate competition FA experiments.

¢ No binding detected.

Table S3. Dissociation constants of cDAXX constructs binding to SPOPMA™ and SPOP,
Related to Figure 3.

DAXX construct MATH Kp = S.D. (uM) 2 | SPOP Kp = S.D. (uM) 2
H-cDAXX 60+5 1.2+01

cDAXX 38+6 1.7+0.2

cDAXX-0sb hundreds P hundreds P

a Errors represent standard deviations from triplicate direct binding FA experiments.

b Binding too weak to fit reliable Kp, but experiment carried out in triplicate.
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Table S4. FRAP recovery rates of SPOP and DAXX in vitro and in cells, Related to

Figure S4.

condition t1 t2 mobile fraction
in vitro

100 uM DAXX/ 0 uM SPOP 04+012]149.0+1.2 0.33
10 uM DAXX /15 uM SPOP 49+0.15/64.8+34 0.58
~50 uM DAXX/15 uM SPOP [1.7+0.10 | 41.0+1.1 0.58
15 uM SPOP / 0 uM DAXX 1.3+0.25|60.0+2.0 0.21
15 uM SPOP / 10 uM DAXX 0.7+£0.2956.6 +1.1 0.22
15 uM SPOP / 50 uM DAXX 7.5+£0.70 165+ 5.6 0.47
in vivo

SPOP (in nuclear speckles) 1.6 £0.10 | 2026 + 1000 | 0.20
DAXX (in PML bodies) 3.2+027|185+1.4 0.95
DAXX (in DAXX/SPOP bodies) | 3.8 +0.11 | 53.5+ 1.2 0.89

Table S5. Dissociation constants of SPOP constructs binding to fPuc, Related to

Figure S5.
SPOP construct Kp £ S.D. (uM) 2
MATH 39+04
SPOP 10P
W131G nb ¢

a Errors represent standard deviations from triplicate direct binding FA experiments.
b Value from single replicate, in agreement with (Marzahn et al. 2016).

¢ No binding detected.

Table S6. Number of predicted SB motifs in known SPOP substrates, Related to

Figure 7.
Substrate # SB motifs @ Disease Relevance or Function
Androgen receptor 9 Prostate cancer
BMI1 4 X-inactivation
BRMS1 1 Breast, bladder & skin cancers
DAXX 8 Prostate, ovarian, breast, stomach, cancers...
DEK 4 Breast, skin, prostate, colon cancers...
ERG 7 Prostate cancer
Puc/DUSP6/7 7/5/4 Kidney cancer
Estrogen Receptor 4 Breast & endometrial cancers
Ci/Gli2/3 6/10/22 Hedgehog signaling > Brain cancer
MacroH2A 2 X-inactivation
PDX-1 1 Type |l diabetes
PTEN 2 Kidney cancer
SRC-3 17 Breast cancer
Trim24 13 Prostate cancer

2 One mismatch from the consensus SB motif (®-I1-S-S/T-S/T, where @ is a nonpolar and I1

is a polar residue) allowed.
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Table S7. Taxonomy of SPOP sequences in multiple sequence alignment, Related to

Figure 7.
Taxonomy # sequences
Plants 1,742
Metazoa 929
Fungi 156
Other 62
Unknown 232
Total 3,121
Total after trimming® ~2,600

a Sequences with similarity >90% were removed for the coevolution analysis.

Table S8. SPOP is hi

hly conserved compared to SPOPL?, Related to Figure 7.

Gene

Frequency of top
missense SNP

SNP frequency >104

SNP frequency > 10
5

SPOP

4.7 x 10

0

16

SPOPL

397.9 x 10°

6

66

2 From the gnomAD database (Lek et al., 2016).
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Hormone binding causes the condensation of androgen receptor that mediates
folding of activation function motifs

Supplementary Material

A)

S1. Time resolved fluorescence microscopy of EGFP-AR

EGFP-AR forms droplet-like condensates in the cytosol upon 1nM DHT treatment in A)
3617 and B) HEK293T cells. Scale bar 10 ym. See also movies M2 and M3.
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S2. Cytoplasmic droplets formation versus total concentration of the protein

Quantification of the mean fluorescence intensity of cytosolic EGFP-AR in PC3 cells
does not correlate with the droplets formation after DHT addition (n=3 independent

experiments). Each point in the plot signifies an individual cell. Error bars indicate the
SD.
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S3. EGFP-AD cytoplasmic aggregation

A) Representative fluorescence microscopy image from PC3 cells transiently transfected
with the EGFP-AD show aggregation of the protein. Scale bar 10 ym. B) Comparison of
the mobile fraction of the EGFP-AR and EGFP-AD from FRAP experiments. The graph
reveals an immobile fraction of EGFP-AD molecules of circa 0.7. Error bars represent
S.D. of n=24 cells.
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S4. Oligomeric state of the EGFP-AR variants: EGFP-AR Z2AQNAA?” and EGFP-AR
P767A in 3617 cells

A) Representative fluorescence images of 3617 cell nuclei transiently expressing the
EGFP-AR, the N/C via 2FQNLF? deficient mutant (EGFP-AR #AQNAA?") and the LBD
dimerization deficient mutant (EGFP-AR P767A) (Nadal et al. 2017) show speckled-like
distribution of the protein variants. Scale bar 5 uM. B) N&B assay of the EGFP-AR
ZAQNAA? and EGFP-AR P767A in the nucleoplasm (red) and upon DNA binding
(green) show high oligomeric species formation of the protein in the nucleoplasm and
upon DNA binding. The figure shows the fold increase of the nuclear ¢ relative to the
control. Glucocorticoid receptor mutant (GR N525) and EGFP-AR were used as a
reference. Center lines show the medians; box limits indicate the 25th and 75th
percentiles as determined by R software; whiskers extend 1.5-fold the interquartile range
from the 25th and 75th percentiles, with outliers represented by dots; and crosses
represent sample means (n=20).
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S5. Time resolved fluorescence microscopy of AR-EGFP in HelLa cells

AR-EGFP stably transfected HeLa cells do not show AR condensation upon treatment
with 1nM DHT (at min 0). Scale bar 10 ym.
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S6. Sequence of the AR AD (AR1.s55)

Hydrophobic amino acids: Alanine (A), Leucine (L), Isoleucine (I), Valine (V), Methionine
(M) in yellow, aromatic amino acids: Tyrosine (Y), Phenylalanine (F) and Histidine (H) in
blue, small flexible amino acids: Proline (P), Glycine (G) in green. Red dashed squares
indicate regions involved in long-range intermolecular interactions of the AD derived from
a concentration dependent loss in peak intensities in the 1H-15N HSQC spectra of the
AD construct (Fig. 2D and S8).

204



1.5 -

0.5 A

ACDEFGHI KLMNPQRSTVWY
S7. The AR AD sequence amino acid profile

Plot of amino acid enrichment and depletion in comparison to sequences deposited in
the DisProt3.4 database (Vacic et al. 2007).
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S8. Residue specific peak intensity loss in the AD 1H-15N HSQC spectra upon
concentration

Residue specific loss of the peaks intensity in the 1H-15N HSQC spectra upon
concentration of the AD construct (50 uM, 75 yM, 100 uM) normalized by their intensity
at 25 uM. Grey bars represent peaks that are not observable in the 1H-15N HSQC
spectrum in the context of the 100 uM AD compared to the 1H-15N HSQC spectra of the
subdomains of the AD: AD1.155, AD142.448, AD441-558 at comparable concentrations.
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S9. Size exclusion chromatography (SEC) profile of the AD construct at different
ionic strengths

The AD construct shows elution at higher volumes from the SEC column upon increase
of the ionic strength (from 0 to 750 mM NaCl). Column used - Superdex 200 Increase
10/300 GL.
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$10. FQNLFQ and FQNPFQ peptides Thioflavin T binding

Thioflavin T (ThT) binding of the FQNLFQ (black line) and FQNPFQ (red line) peptides
after an overnight incubation shows abrogation of peptide aggregation upon introduction
of L26P mutation.
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B)
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S$11. Expanded regions of the HNCA (top) and the The HNCO (bottom) spectra
showing the cross-peaks of the Ca and C’ resonances of residues A) Ala297, B)
Leu191, and C) GIn56

The secondary structure of the residue A) Ala 297 does not change in the TFE
concentrations used. The helicity of the residues B) Leu 191, C) GIn 56 increases upon
TFE addition.
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S$12. Helicity of the indicated P mutants of the AD

Prediction of the helicity profile of the activation motifs by Agadir software (Mufioz and
Serrano 1997).
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