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CHEMICAL TOOLS FOR EXPLORING METABOLITE INTERACTIONS WITH NUCLEAR
RECEPTORS AND BEYOND

Taku Tsukidate, Ph.D.
The Rockefeller University 2021

The identification and functional characterization of specific metabolite—protein interactions
remains a major challenge in chemical biology and drug development. The functionalization of
native metabolites and synthetic small molecules with bio-orthogonal detection tags (alkyne, azide,
and others) has afforded chemical reporters for the biochemical analysis of metabolically labelled
proteins, whereas functionalization with photo-crosslinkers enables non-covalent metabolite—
protein interactions to be captured. While we and many others have employed this approach to
different metabolites and synthetic ligands, the installation of bio-orthogonal detection tags and
photo-crosslinkers to more complex and diverse small molecules can be challenging and limiting.
In this regard, activity-based protein profiling (ABPP) using active site—directed probes in
combination with small molecule competition studies allows the discovery of potential substrates
and inhibitors of selective enzyme families. Moreover, the development of proteome-wide
labelling of select amino acid (cysteine and lysine) has revealed new sites in proteins for function
modulation. However, some key protein classes and specific ligand-binding domains have been
inaccessible by these methods. New activity-based probes and targeted chemical reporters of
specific protein families are thus needed to characterize their endogenous and exogenous ligands
for fundamental biology and drug discovery. In this thesis, we describe two projects aimed at
developing chemical probes to assist in small molecule target engagement and target
deconvolution studies.

In Chapter 1, we provide an overview of the origin and evolution of ABPP and related chemical
reporter—based chemical proteomics methods. We also summarise recent developments in label-
free methods that work with underivatized molecules.

In Chapter 2, we describe the development of a ligand-directed probe (alk-GW9662) for a subset
of nuclear receptors (NRs). NRs are a family of ligand-activated transcription factors that regulate
diverse physiological processes in animals and are key targets for therapeutic development. Recent
studies implicated NRs in host—microbiota interactions and suggested that various microbiota-
derived metabolites may serve as ligands for NRs. We demonstrate alk-GW9662’s utility to assess
target engagement of candidate ligands of peroxisome proliferator—activated receptor (PPAR) vy.
We also explore repurposing alk-GW9662. We profile its target proteins using chemical
proteomics and demonstrate that the probe can be used in target engagement study of other
proteins. Overall, our results suggest that alk-GW9662 may be useful for target engagement
analysis of candidate PPAR ligands and offer a starting scaffold in developing probes for other
proteins.

In Chapter 3, we describe efforts towards the combined use of proteolysis-targeting chimeras
(PROTAC:Ss) and chemical proteomics in target deconvolution studies. We describe the design and
synthesis of PROTACS that recruit putative E3 ligases.

Overall, the projects described herein underline the utility of chemical tools such as ligand-directed
probes and PROTAC: in target engagement and target deconvolution studies.
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CHAPTER 1. THE ORIGIN AND EVOLUTION OF CHEMOPROTEOMICS METHODS

Mechanism of action studies of small molecules originating from cellular metabolism and the
environment (diet, microbiota, and therapeutics) can offer insights into biological pathways and
accelerate drug development. In mechanism of action studies, target deconvolution and target
engagement analysis often represent key steps. Chemical proteomics enables unbiased mapping of
small molecule—protein interactions in situ and facilitates target deconvolution and target
engagement analysis. This chapter provides an overview of the origin and evolution of chemo-
proteomic approaches focusing on activity-based protein profiling and related chemical reporter—
based methods. It also summarises recent developments in chemo-proteomics methods that work
with underivatized molecules.

Active site—directed probes and activity-based protein profiling

Singer et al. coined the term affinity labelling in 1962 to describe a general method to site-
selectively label the active sites of antibodies and enzymes.! They demonstrated site-specific
labelling of antigen binding site of pure anti-benzenearsonic acid antibody by p-(arsonic acid)-
benzenediazonium fluoborate. Similarly, Shaw et al. demonstrated site-specific labelling of
chymotrypsin active site by a reactive substrate mimic, L-1-tosyl-amido-2-phenylethyl
chloromethyl ketone.? A key aspect of the affinity labelling strategy is that labelling reagents are
directed to so-called active sites (i.e., ligand binding sites) by their intrinsic affinity and selective
chemical reactivity.

In the late ‘90s, the approaching dawn of the post-genomic era sparked needs for new strategies
for functional analysis of proteins. While it was becoming possible to measure variations in protein
level in bottom-up proteomics, an accurate assessment of the functional state of proteins in cellular
environment required new approach.>* Activity-based protein profiling (ABPP) emerged as a key
technology in the evolution of functional proteomics (Figure 1-1A).° In the seminal study by the
Cravat group in 1999, the authors described the synthesis and utility of an active site—directed
probe, FP-biotin, for simultaneously monitoring the activities of multiple serine hydrolases
(Figure 1-1B). FP-biotin was designed based on fluorophosphate (FP) derivatives that selectively
inhibit serine hydrolases over cysteine, aspartyl, and metallohydrolases. Reactivity of FPs with
serine hydrolases requires the enzyme to be in catalytically-active state. Accordingly, FP-biotin
reacts with active enzymes, but not with inactive enzymes. The authors demonstrated sensitive
detection of numerous serine hydrolase in tissue homogenates. Similarly, Bogyo et al. developed
active site—directed probes for the proteasome (e.g. '*’I-NIP-L3VS).%” Thus, ABPP is defined as a
proteomic method that employs active site—directed probes to collectively characterize many
enzymes in cell, tissue, and fluid samples.®
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Figure 1-1. Active site—directed probes and activity-based protein profiling (ABPP). (A) General
scheme of activity-based protein profiling and related chemical reporter—based chemoproteomic
methods. (B) Chemical structures of select active site—directed (ligand-directed) probes. FP-biotin:
serine hydrolases; '*’I-NIP-L3-VS: proteasome; L-852,505: y-secretase; x-alk-MDP: NOD2;
LEI121: cannabinoid receptor 2; XO44: kinases.

Early ABPP probes carried bulky tags, which limited cellular uptake. Thus, ABPP protocols
typically required cells and tissues to be homogenized first before treatment with probes. As a
result, proteins were removed from their native cellular environment, and the effects of subcellular
localization and endogenous modulators on protein function may be obscured. In addition, bulky
tags may influence probe distribution within the cell. To address this limitation, the Cravatt group
and the Overkleeft group independently proposed two-step labelling strategy using bio-orthogonal
chemistry. The Cravatt group demonstrated that Cu(I)-catalyzed alkyne-azide cycloaddition
reaction (CuAAC) could be applied to profile enzyme activity in whole proteome by synthesising
a thodamine-alkyne tag and an azide-derivatized phenyl sulfonate ester probe.” The authors later
reported detailed characterization of reaction parameters that affect click chemistry—based
ABPP."° The Overkleeft group applied a bio-orthogonal Staudinger ligation method developed by
Bertozzi et al. to detect active proteasomes in living cells.!’!> Hang et al. demonstrated that the
Staudinger ligation enables the use of a single probe for both live-cell imaging and affinity
enrichment of labelled proteins. '

While many ABPP probes are designed to target conserved nucleophilic residues in active sites,
this approach cannot be directly applied to enzymes that lack such residues including aspartic and
metalloproteases. As an alternative strategy to label the active site of y-secretase, Li et al. installed
a photo-crosslinker as well as a biotin tag onto a potent inhibitor (Figure 1-1B).'* The authors
demonstrated pull-down of y-secretase from cell membrane by the photo-activatable probe.
Similarly, Hagenstein et al. and Saghatelian et al. developed active site—directed photo-activatable
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probes respectively for kinases and matrix metalloproteases.'>!® Although photo-activatable
probes had long been used in a variety of biological experiments, these studies introduced photo-
activatable probes to ABPP and related chemical proteomics methods.!’

Many ligand-directed (affinity-based) probes for various proteins of therapeutic interest have been
synthesised (Figure 1-1B). Recent examples of targeted proteins include G protein—coupled
receptors, kinases, nuclear receptors, and bromodomain-containing proteins to name a few.'®2
The Hang group developed photo-activatable probes for nucleotide-binding oligomerization
domain-containing protein 1 and 2 (NOD1 and NOD2).?* The authors demonstrated pull-down of
these receptors from intact cells by the photo-activatable probes. This study also revealed an
unpredicted ligand-induced interaction of NOD2 and GTPases. These probes are expected to aid
in small molecule—protein target engagement and selectivity profiling studies.

Non-directed probes and reactivity profiling

Active site—directed probes typically incorporate known binding groups or affinity labels. Yet,
many proteins still lack known ligands. To extend ABPPs to these proteins, Sorensen et al.
introduced non-directed strategy for probe discovery (Figure 1-2A).2>2° The authors synthesised
a library of biotinylated sulfonates bearing variable binding groups and evaluated their proteome
reactivity. Specific protein targets were identified on the basis of heat-sensitive probe reactivity,
which represents a simple and effective primary screen for activity-based protein labelling events,
and/or selective reactivity with a subset of the probe library. Several enzyme cofactors were found
to influence the sulfonate probe reactivity of specific proteins, which suggested that some of the
sulfonate labelling events occurred in the active-site of cofactor-dependent enzymes.
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Figure 1-2. Non-directed probes and reactivity profiling. (A) Chemical structures of select non-
directed probes. (B) Chemical structures of representative probes for reactivity profiling.

Insights into the proteome reactivity of electrophiles are crucial for designing activity-based probes,

particularly for proteins lacking covalent ligands. In this regard, Weerapana et al. profiled

proteome reactivity of carbon electrophiles.?” The authors demonstrated different classes of carbon
3



electrophiles exhibit markedly distinct amino acid labelling profiles in the proteome. To achieve
relative quantification of amino acid side chain reactivity, Weerapana et al. developed a method
termed isotopic tandem orthogonal proteolysis—activity-based protein profiling (isoTOP-ABPP).?
Key to the isoTOP-ABPP workflow is an isotopically labelled TEV protease cleavable linker
which is conjugated to iodoacetamide (IA) alkyne probe via CuAAC to enable capture, isotope
encoding, and release of probe-modified peptides. The ratio in signal intensities between light and
heavy tag—conjugated peptides reflects the relative extent of labelling between two conditions.
Alternatively, the cleavable linker can be replaced by isotopically-labelled desthiobiotin azide to
simplify the protocol.?’ These studies revealed the enrichment of highly-reactive cysteine residues
at functional sites in both mammalian and bacterial proteomes.

An important area of application for non-directed ABPP is target deconvolution studies. Early
studies in this area incorporated protein-reactive compounds into chemical genomics screens as a
means to discover targets of bioactive small molecules in living systems (Figure 1-2A).3° Evans
et al. synthesised a library of covalent chemical probes bearing natural product—inspired
spiroepoxide reactive group and an alkyne handle. A member of the library was found to inhibit
cell proliferation, and a target protein was identified on the basis of selective reactivity for this
probe compound. This approach was later extended to non-covalent small molecules by
constructing a library of photo-activatable probes bearing a photo-crosslinker and an alkyne handle.
These photo-activatable probes were called fully-functionalised small molecule probes and used
for chemical genomics screening and small molecule—protein interaction mapping.>!-°

While library synthesis can be amenable to incorporating a bio-orthogonal handle, derivatisation
of natural products often poses formidable challenges.?’ Furthermore, identifying, let al.one
quantifying, the sites of modification of large natural products by mass spectrometry can be
challenging. To address these limitations, Wang et al. introduced a competitive version of isoTOP-
ABPP that enabled the quantification of the reactivity of electrophilic compounds against >1,000
cysteines in parallel in the human proteome.*® In this modified isoTOP-ABPP workflow, the IA
probe labelling follows treatment of proteome samples with electrophiles. Using this approach, the
authors identified a set of cysteines that exhibit selective reactivity with a lipid-derived electrophile
or another and constitute ‘ligandable hot spots’.

The competitive isoTOP-ABPP workflow has also enabled large-scale proteome-wide covalent
ligand discovery. Backus et al. massively extended the scope of ‘ligandability profiling’ by
demonstrating a quantitative analysis of cysteine-reactive small-molecule fragments screened
against thousands of proteins in human proteomes and cells.*® The authors screened an ~ 50-
member covalent fragment library and identified ligands for > 700 cysteines found in both
druggable proteins and proteins that are challenging to address with non-covalently binding small
molecules. Interestingly, several fragment electrophiles collectively covered large proportion of
the ligandable cysteines. These fragment electrophiles were later referred to as ‘scout fragments’
and used to map ligandable cysteines in proteome.*’ Similarly, Vidogradova et al. recently reported
reactivity profiling and ligandability profiling of cysteine residues in primary human T cells.*! It
is noteworthy that the authors complemented isoTOP-ABPP with a tandem mass tagging (TMT)—
based ABPP method to balance quantitative accuracy and greater multiplexing capability.*?

While the IA probe is most widely used for reactivity profiling of cysteine residues, studies
reported the use of alternative probes can improve coverage or sensitivity.*** Besides cysteine
residues, the reactivity of other amino acid residues such as lysine, methionine, tyrosine, aspartic
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acid, and glutamic acid has been profiled (Figure 1-2B).>!!*>% In addition, the use of latent
electrophiles for target-agnostic probe discovery was recently proposed.*’ These studies extend
the scope of non-directed ABPP and facilitates target deconvolution of covalently-acting small
molecules and covalent ligand discovery.

Label-free methods for target deconvolution and target engagement studies

ABPP and related chemical reporter—based methods require small molecules to be derivatised with
reporter tag(s) (and a photo-crosslinker). On one hand, derivatisation enables enrichment of target
proteins, which can be beneficial for low-abundance targets. On the other hand, derivatisation can
be synthetically challenging and will almost certainly alter overall target profile.*® While
competitive ABPP can partly address this limitation by obviating the need for direct derivatisation,
it still biases target profile to a set of proteins and sites that are accessible to the probe compound
used in the experiment. Thus, complementary methods that work directly with underivatized
molecules are desired.
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Figure 1-3. Label-free methods for target deconvolution and target engagement studies. (A)
Limited proteolysis-small molecule mapping. (B) Thermal proteome profiling.

Label-free methods rely on compounds altering biophysical characteristics of the target proteins—
particularly, thermal stability and proteolytic susceptibility. The proteolytic methods take
advantage of a reduction in the proteolytic susceptibility (limited proteolysis) of the target proteins
upon ligand binding (Figure 1-3A). The original protocol based on this principle is Drug Affinity—
Responsive Target Stability (DARTS).* In DARTS, cell lysate is treated either with vehicle or
drug, digested with proteases, and analysed by SDS-PAGE. Proteins that exhibit differential bands
on the gel are deemed targets. Similarly, Piazza et al. reported a method that combined limited
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proteolysis and mass spectrometry—based proteomics for globally mapping small molecule—
protein interactions, which the authors termed limited proteolysis-small molecule mapping (LiP-
SMap).>® In the LiP-SMap workflow, cell lysate is exposed to vehicle or a small molecule of
interest and subjected to proteolytic digestion using a broad-spectrum protease to generate
structure-specific protein fragments. Fragments are then digested with trypsin to generate peptide
mixtures amenable to bottom-up proteomics. Peptides are analysed by LC-MS/MS, and proteomes
are compared between the absence and presence of the small molecule using label-free
quantification. Proteins with differential proteolytic patterns are considered putative targets. The
authors benchmarked LiP-SMap in bacterial cell lysate that are exposed to different metabolites
and found the method was capable of mapping known interactions, although higher-than-
physiological concentrations of metabolites were needed to detect weak interactions. Using the
LiP-SMap workflow, the authors mapped > 1600 putative interactions collectively for 20
metabolites in gel-filtered bacterial cell lysate and inferred binding sites from conformotypic
peptides. Recently, the Picotti and the Reiter groups adapted LiP-SMap for complex eukaryotic
proteomes by employing a machine learning framework (LiP-Quant).’! It is noteworthy that these
proteolytic methods can map binding sites at peptide-level resolution, which remains challenging
with photo-activatable probes.

Alternatively, thermal proteome profiling (TPP) also known as cellular thermal stability assay
followed by MS (CETSA MS) takes advantage of altered (increased or reduced) thermal stability
of the target proteins upon ligand binding (Figure 1-3B). Thus, CETSA is similar to conventional
thermal shift assays (TSA) except that CETSA can be performed in complex protein samples and
living cells while TSA is performed in purified recombinant proteins. In the original CETSA
protocol, multiple aliquots of cells or cell lysate are exposed to vehicle or a small molecule and
heated to different temperatures.”> After cooling, the samples are centrifuged to separate soluble
fractions from precipitated proteins. The presence of the target protein in the soluble fraction is
quantified by Western blotting. Protein melt curves can shift in either direction upon ligand binding.
Isothermal dose-response experiment can be used to estimate relative ligand potencies. While
CETSA has been primarily applied to soluble and solubilised proteins, a robust protocol for
membrane proteins was recently published.’*** TPP combines CETSA and TMT-based
quantitative mass spectrometry to study the effect of small molecules on the thermal profile of a
proteome.”® The authors validated the ability of TPP to identify binding targets using broad-
specificity kinase inhibitors, which induced shifts in melting temperatures of many kinase targets
and other proteins, including regulatory subunits of kinase complexes. TPP has been used for
several target identification studies.’® In addition, a method that combines TPP with the selective
labelling and enrichment of sialylated glycoproteins was recently reported.>’ Future method
development studies will continue to extend the scope of TPP.



CHAPTER 2. NUCLEAR RECEPTOR CHEMICAL REPORTER ENABLES DOMAIN-
SPECIFIC ANALYSIS OF LIGANDS IN MAMMALIAN CELLS

Determining the mechanisms by which intestinal microbiota modulate host metabolism and
immunity is important for understanding the host—-microbiota interactions and would help develop
new therapeutic strategies towards metabolic and inflammatory diseases (Figure 2-1). Recent
studies highlighted associations between altered composition of intestinal microbiota and multiple
metabolic and inflammatory diseases including type 2 diabetes mellitus and inflammatory bowel
disease®®*”. However, molecular mechanisms through which intestinal microbiota influence
homeostasis remains largely unknown.
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Figure 2-1. Mechanisms of action for microbiota-derived metabolites.

Recent studies identified crucial roles of innate immune recognition of microbial surface
molecules and nucleotides in the maintenance of intestinal homeostasis. Deficiency in pattern
recognition receptor (PRR) signalling alters composition of intestinal microbiota and disposes
hosts to inflammatory pathologies®®®!. For example, polymorphisms in nucleotide-binding
oligomerization domain containing 2 (NOD2) are associated with increased risk of Crohn’s
disease®.

In addition to PRR signalling, intestinal microbiota modulates host metabolism and immunity via
diet-dependent production of various nutrients and metabolites including amino acids, bile acids,
fatty acids, and vitamins®>%. Production of these small molecules can influence host physiology
via alterations in the availability or the use of energy substrates or via specific receptors that can
activate signal-transduction pathways and transcriptional programmes. Fermentation of dietary
fibre by intestinal bacteria yields short-chain fatty acids (SCFAs) such as acetate, propionate, and
butyrate, which serve as energy source for colonic epithelial cells and augment barrier function®*.
SCFAs also modulate development and function of immune cells by activating specific G-protein-
coupled receptor signalling®® or by inhibiting histone deacetylases®’. Several bacterial
metabolites of dietary tryptophan can support mucosal integrity via multiple pathways® 7!,
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Nuclear receptors (NRs) are ligand-activated transcription factors that regulate diverse functions
such as homeostasis, reproduction, development, and metabolism’>’>. Humans express 48 NRs,
which share a common modular structure consisting of a regulatory domain referred to as
activation function-1 (AF-1) domain at the N-terminus, a DNA binding domain in the middle, and
a ligand binding domain (LBD) at the C-terminus. LBD-ligand interaction regulates
transcriptional activity of most NRs. Ligands of NRs are typically small lipophilic molecules such
as steroids, thyroid hormones, retinoids, and fatty acids that readily traverse the plasma membrane.
At least three NRs are so far known to mediate activity of microbiota-derived metabolites:
farnesoid X receptor (NR1H4, FXR)7, pregnane X receptor (NR112, PXR)”!, and peroxisome
proliferator—activated receptor y (NR1C3, PPARy)”>76,

PPARYy was initially characterised as the master regulator of adipogenesis’’. It controls fatty acid
metabolism and inflammation in various types of cells. Recent studies linked intestinal microbiota
and PPARy by demonstrating that intestinal bacteria regulate its activity’®’® and attenuate
inflammation”>%%8!, PPARYy also appears to be required for the maintenance of symbiosis’®8283:84,
Other NRs such as hepatocyte nuclear factor-4o0. (NR2A1, HNF40)% may also mediate activity of
microbiota-derived metabolites. However, it is unclear if these and other NRs directly bind and
sense dietary and microbiota-derived metabolites. As PPARy and NRs are therapeutic targets for
metabolic and inflammatory diseases, identification of microbiota-derived ligands of these
receptors may help rationally select probiotic bacteria for prevention and treatment of relevant
diseases and may provide novel drug candidates.

Development of alk-GW9662 for target engagement analysis of PPARYy ligands

We developed a PPAR chemical reporter to evaluate target engagement of candidate ligands in
live cells using bio-orthogonal detection methods (Figure 2-2). Herein, target engagement is
defined as small molecule—target protein binding event in cells but is occasionally used to refer to
such binding events in cell lysate.’® We designed a chemical reporter alk-GW9662 for PPARs
based on a covalent antagonist of PPARy, GW9662 (Figure 2-2A).%” The chloronitrobenzene
moiety is a reactive warhead and undergoes nucleophilic aromatic substitution with sulfhydryl
group of the cysteine residue inside the ligand binding pocket.®” The chloronitrobenzene is less
reactive than iodoacetamide and its reactivity is finely tunable, which we considered desirable for
our targeted approach (Figure 2-3). GW9662 also covalently modifies ligand binding domain of
PPARa and PPARP/S, presumably by reacting with the conserved cysteine residues (Figure 2-4).
In addition, a recent study confirmed that GW9662 covalently targets an analogous cysteine
residue in RORyt.®® Previous studies have explored activated aryl-halides as a reactive warhead
targeting proteome-wide cysteine and lysine residues, but these reagents failed to target
PPARs.*% Herein we demonstrate the chemical reporter can probe PPAR ligand binding pocket.
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Figure 2-2. Targeted analysis of PPARy-ligand interactions using alk-GW9662. (A) Chemical
structures of GW9662 and alk-GW9662. (B) Covalent docking of alk-GW9662 in ligand binding
pocket of PPARY.
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Figure 2-3. Chloronitrobenzene is less reactive than iodoacetamide. (A) Chemical structures and
second-order reaction rate constants of IA-alkyne and alk-GW9662. The rate constants were
determined by DTNB assay. (B) Proteome labelling by [A-alkyne and alk-GW9662. (C) Reactivity
tuning of electrophilic chloroaryls.
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Figure 2-4. Conserved cysteine residues in NR LBD can be covalently targeted. (A) Sequence
alignment of NR1 subfamily. (B) Known covalent ligands of NRs.

To achieve bio-orthogonal detection of covalently labelled PPARs in cells, we appended an alkyne
on GW9662 as this phenyl ring can tolerate modification (Figures 2-5, Figure 2-6A).”° To
evaluate site-specific labelling of PPARY, we transfected HEK293T cells with either wild-type or
C283A mutant and treated with varying concentrations of alk-GW9662 (Figure 2-6B). After
incubation for 1 h proteins were harvested, conjugated with azide-rhodamine B via Cu'-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction and separated by SDS-PAGE. In-gel fluorescence
profiling revealed a dose-dependent band at 50 kDa in the wild-type PPARY samples, but not in
the mock-transfection and C283 A samples. In addition, GW9662 dose-dependently inhibited alk-
GW9662 PPARY labelling (Figure 2-6C). We also confirmed alk-GW9662 labelled both PPAR«
and PPARP/6 dependently on the conserved cysteine residues using corresponding cysteine-to-
serine mutants (Figure 2-7), which were functional in cell-based transactivation assays (Figure 2-
8). These results support that alk-GW9662 site-specifically labels PPAR ligand binding domains

in live cells.
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Figure 2-5. Synthesis of alk-GW9662.
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Figure 2-8. The cysteine-to-alanine mutants are functionally equivalent to wild types.

Having demonstrated alk-GW9662 site-specifically labels PPAR ligand binding domains in live
cells, we evaluated its utility to determine the occupancy of PPARY ligand binding pocket. Given
that the conserved cysteine residue is functionally dispensable and that there is no known SNP for
this cysteine residue, we were primarily interested in non-covalent ligands. To this end, we
incubated cells with alk-GW9662 (0.1 uM) and varying concentrations of rosiglitazone, a non-
covalent PPARY ligand that occupies the same binding pocket as GW9662, and quantified alk-
GW9662 labelling (Figure 2-9). Fluorescence intensity decreased as the dose of rosiglitazone
increased, suggesting alk-GW9662 labels a saturable pocket. To establish alk-GW9662 labelling
is affinity-dependent, we incubated cell lysate and cells with varying concentrations of drug-like
ligands and alk-GW9662 (Figure 2-10). We determined pICso values by fitting sigmoidal curve
to fluorescence intensity. The strong correlation between the pICso value and in vitro binding
affinity (pK; value) reported in literature indicate alk-GW9662 labelling indeed provides a
quantitative readout of binding despite the competing ligands binding PPARy non-covalently with
varying degree of binding site overlap.”>® These results demonstrate alk-GW9662 enables
quantitative assessment of PPARy engagement in cells.
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Figure 2-9. Competitive labelling strategy for target engagement analysis. (A) Scheme describing
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cell competition ICso and in vitro binding affinity. Pearson’s r = 0.91.
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Note that labelling conditions were optimized for reproducibility and signal/noise ratio. Thus, in-
lysate labelling was performed at 25 °C using a heat block (Figure 2-11), and in-cell competitive
labelling was performed on ice (Figure 2-12).
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Figure 2-11. Kinetic analysis of in-lysate PPARYy labelling. (A) In-gel fluorescence analysis of
labelling kinetics. (B) Quantification of the gel shown in A.
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Figure 2-12. Kinetic analysis of in-cell PPARy labelling. (A) In-gel fluorescence analysis of
labelling kinetics. (B) Quantification of the gel shown in A.

PPARY engagement analysis of microbiota-derived metabolites using alk-GW9662

With in-cell PPARy engagement assay in hands, we next screened a panel of select microbiota-
derived metabolites (Figure 2-13A). We hypothesized that PPARy could mediate anti-
inflammatory effects of microbiota-derived metabolites given the immune-regulatory role of
PPARy and recent reports implicating NRs in host-microbiota interactions.’”’’*’% Our panel
consisted of conjugated linoleic acids (CLAs), cyclopropane fatty acids (CPFAs), tryptophan
metabolites (indoles), and short-chain fatty acids (SCFAs). Among these compounds, 9E, 11E
(CLA) inhibited alk-GW9662 labelling more than 50 % in cells when tested at 10 uM. In contrast,
its geometric isomers failed to reach this threshold despite a previous study reporting similar in
vitro binding affinities for these compounds, indicating in vitro binding affinity fails to translate
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to target engagement in cells for this group of compounds.”’” Given literature precedents
associating anti-inflammatory effects of CLAs with PPARy in intestines, we decided to
preliminarily characterize 9E, 11E.”> In a confirmatory in-cell target engagement experiment,
9E, 11E exhibited pICso value of 5.3, which is comparable to the level of target engagement by
pioglitazone (Figure 2-13B). Previous studies, however, reported marginal receptor activation
even at concentrations as high as 100 uM.” Thus, we hypothesized that 9E, 11E would be a partial
agonist and analyzed dose-responsiveness of transactivation assay (Figure 2-13C). Our dose-
response analysis indicated pECso value of 4.7 with maximal receptor activation being 24 % of a
full agonist rosiglitazone. We also incubated cells with ECgo concentration of rosiglitazone in the
presence and absence of 9E, 11E and observed significant reduction of receptor activation when
9E, 11E was present (Figure 2-13D). These results suggest 9E, 11E could be a microbiota-derived
partial agonist of PPARYy.
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Figure 2-13. PPARy engagement analysis of microbiota-derived metabolites in cells. (A)
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baseline (DMSO) and maximum (rosiglitazone, 3 uM) activations and bandwidth corresponds to
standard deviation. Refer to Table 2-1 for abbreviations used.
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Table 2-1. Abbreviated names of microbiota-derived metabolites.

Abbreviation Formal name SMILES

SE, 11E 9E,11E-octadecadienoic acid CCCCCC\C=C\C=C\Ccceeecc(=0)o

97,117 9Z,117-octadecadienoic acid CCCCcc/c=C\Cc=C/Ccreeecec(o)=0

HCA (E)-3-(4-hydroxyphenyl)prop-2-enoic acid C1=CC(=CC=C1/C=C/C(=0)0)0

17:0 cyclo 8-(2-hexylcyclopropyl)octanoic acid CCCcccciceiceeccece=0)o

DHSCA (1R,2S)-rel-2-octyl-cyclopropaneoctanoic acid OC(CCCCCCC[C@H](C1)[C@H]1CCCCCCCC)=0
1A 2-(1H-indol-3-yl)acetic acid C1=CC=C2C(=C1)C(=CN2)CC(=0)0

IAld 1H -indole-3-carbaldehyde C1=CC=C2C(=C1)C(=CN2)C=0

97, 11E 97,11E-octadecadienoic acid CCCCCC/c=C/Cc=C\ccceeece(o)=0

IAc (E )-3-(1H -indol-3-yl)prop-2-enoic acid C1=CC=C2C(=C1)C(=CN2)/C=C/C(=0)0

10E, 127 10E,127-octadecadienoic acid CCCCC/C=C\C=C\CCereecce(=0)o

IPA 3-(1H -indol-3-yl)propanoic acid C1=CC=C2C(=C1)C(=CN2)CCC(=0)0

PhyA 2-hexyl-cyclopropanedecanoic acid CCCccceciccacceccccccc(=0)o

Indole 1H -indole C1=CC=C2C(=C1)C=CN2

Butyrate sodium butanoate CCCC(=0)[0-].[Na+]

HIA 2-(5-hydroxy-1H -indol-3-yl)acetic acid C1=CC2=C(C=C10)C(=CN2)CC(=0)0

MIA 2-(5-methoxy-1H -indol-3-yl)acetic acid COC1=CC2=C(C=C1)NC=C2CC(=0)0

Trp (25)-2-amino-3-(1H -indol-3-yl)propanoicacid C1=CC=C2C(=C1)C(=CN2)C[C@@H](C(=0)O)N
5-HT 3-(2-aminoethyl)-1H -indol-5-ol C1=CC2=C(C=C10)C(=CN2)CCN

We were also interested in the tryptophan metabolites because these compounds have been
associated with microbiota regulation of host immunity!°“1°!. None of the tryptophan metabolites
inhibited alk-GW9662 labelling in cells even though structurally related metabolites such as 5-
methoxyindole-3-acetate (MIA) and 5-hydroxyindole-3-acetate (HIA) were previously reported to
bind PPARY in vitro.!'%? Given the presence of a carboxylic acid group, which is likely negatively
charged under physiological conditions, we hypothesized these compounds failed to pass through
cell membranes. To test this hypothesis, we repeated the screening experiment in cell lysate
(Figure 2-14A). Indoles with a carboxylic acid group inhibited alk-GW9662, suggesting the
carboxylic acid groups mediate key interactions. In a confirmatory experiment, we determined the
pICso value of indole propionic acid to be 3.3, which is within the expected range of affinity for
typical fragment hits (Figure 2-14B). In fact, a previous study identified the structurally related
compound 5-methoxyindole-3-propionate in a fragment screening.!®® These results demonstrate
alk-GW9662 labelling can be used in PPARY engagement analysis of low-affinity metabolites in
lysate.
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Figure 2-14. PPARY engagement analysis of tryptophan metabolites in lysate. (A) Tryptophan
metabolite screening in lysate. (B) Dose-dependent inhibition of alk-GW9662 labelling by IPA.
Refer to Table 2-1 for abbreviations used.

Repurposing alk-GW9662 for other proteins

The alk-GW9662 PPARYy engagement assay requires transfection and over-expression of PPARY,
which may not recapitulate small molecule interactions of endogenous PPARY. Besides, chemical
tools are most useful when they are used in cells and tissues that are less amenable to genetic
techniques. To test the feasibility of using alk-GW9662 to assess endogenous—as opposed to
transfected—PPARYy, we incubated HT-29 cells with varying concentrations of alk-GW9662
(Figure 2-15A). After incubation for 1 h proteins were harvested, conjugated with azide-
rhodamine B and separated by SDS-PAGE. In-gel fluorescence analysis revealed a number of
bands, which suggested alk-GW9662 can target several proteins in the absence of over-expressed
PPARY and precluded gel-based competition assay. To confirm alk-GW9662 labels endogenous
PPARYy, we performed a pull-down assay (Figure 2-15B). Labelled proteins were conjugated with
azide-PEG3-biotin, enriched on Neutravidin beads, and analysed by Western blot using anti-
PPARy antibody. The Western blot analysis confirmed that alk-GW9662 indeed labels
endogenous PPARYy and enables its enrichment (Figure 2-15C). Unfortunately, the absence of
promising candidate ligands did not merit further optimization of alk-GW9662 and/or the assay
protocol. Instead, we explored repurposing alk-GW9662 for other proteins.
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Figure 2-15. Alk-GW9662 labels endogenous PPARy in HT-29 cells. (A) In-gel fluorescence
analysis of alk-GW9662-labelled proteins. (B) Scheme of pull-down assay. (C) Alk-GW9662-
mediated pull-down of PPARY.

To identify alk-GW9662 targets, we performed an LC-MS/MS analysis of labelled proteins
(Figure 2-16A). As a preliminary experiment, HT-29 cells were treated with vehicle or alk-
GW9662 (10 uM). Proteins that were identified with at least two peptides were quantified (label-
free quantification) and used for differential abundance analysis comparing vehicle- and probe-
treated samples. Overall, 243 proteins satisfied fold-change threshold (logoFC > 1) and
significance threshold (Benjamini Hochberg—adjusted p-value < 0.05). These proteins included
PPARY. In addition, alk-GW9662 targeted 71 more proteins that are considered druggable and/or
have been liganded (Figure 2-16B).!%*19 The vast majority of targets (171 / 243), however, are
neither considered druggable nor liganded. It is noteworthy that only three of the alk-GW9662
targets (RTN3, ALDH2, and RPS5) are known to possess hyper-reactive cysteines.?® These results
suggest potential repurposing of alk-GW9662 in an effort to ligand these challenging proteins.
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Figure 2-16. Proteome-wide analysis of alk-GW9662 targets. (A) Volcano plot of fold-enrichment
using alk-GW9662 (10 uM) compared to vehicle versus significance (empirical Bayes t-test,
Benjamini-Hochberg correction, n = 3). (B) Druggability profile of target proteins.

Differential abundance analysis is suitable for experiments where log-fold change is likely zero
for most proteins (e.g., probe alone versus probe plus competitor). This null hypothesis, however,
is unplausible for current experiment where most peptides/proteins were expected to be only
observed in probe-treated samples (Figure 2-15A). Indeed, the majority of the peptides were
missing from the vehicle samples (Figure 2-17). In addition, reliable protein quantification
requires at least two peptides from a protein.'’ As a result of this heuristics, proteins that are
supported by only a single, even if reliable, are discarded. Thus, the differential abundance analysis
is under-powered. Alternatively, 366 proteins that are identified with at least one peptide (Protein
FDR <1 %) and only observed in probe-treated samples can be considered hits. These proteins
included at least four nuclear receptors (Figure 2-18) and 42 druggable proteins (Figure 2-19 &
Table 2-2). These results suggest the possibility of collectively characterizing multiple nuclear
receptors by alk-GW9662. Regardless of data analysis approaches taken, a critical design flaw of
the experiment is the use of vehicle as a control instead of probe plus competitor, which precluded
proper use of differential abundance analysis in the first place and offered limited insight into the
specificity of probe—protein interactions.
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Figure 2-17. Visualization of missing patterns. Each row represents a peptide intensity. Each
column represents a sample. DMSO CL & GW_CL: labelled proteins were enriched using an
azobenzene-based cleavable linker (see Methods for details); DMSO PEG3 & GW_PEGS3:
labelled proteins were enriched using biotin-PEGs-azide linker.
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Figure 2-18. Peptide profile plots. (A) RARa (B) RARP or y (C) COUP-TF-I or II (D) PPARY.
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Figure 2-19. Druggability profile of target proteins.
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Table 2-2. Druggable hits. Nuclear receptors are highlighted.

UniProtkB enftry HGNC symbol Druggable domain InterPro ID_ Liganded
Q13370014432 PDE3B;PDE3A ¥'%-cydic nucleotide phosphodiesterase, catalytic domain IPRO02073 TRUE
QgscMe ALSF2 AMP-dependent synthetaselligase IPRODDETS FALSE
QsuIGo BAZ1B Bromodomain IPROO14ET TRUE
P21359 NF1 CRAL-TRIO lipid-binding domain IPRO01251 FALSE
0%s202 LETMA1 EF-hand demain IPRODZ048 FALSE
PZ2676,P05537 CALBZ,CALB1 EF-hand domain IPRODZ048 FALSE
amime TBC1D3B EF-hand demain IPROD2048 FALSE
Q66K14, Q87T 07 TBC1D9B,TBC1DS EF-hand domain IPRODZ048 FALSE
QBKCMT, a98V35 SLC25A255LC25A23 EF-hand domain IPROD2048 FALSE
Qavua MICU2 EF-hand domain IPRO02043 FALSE
QEWXX0 DNAHT EF-hand domain IPRODZ048 FALSE
Q96852 TESC EF-hand domain IPRO02043 FALSE
QOHZ23, QNN EHD4,EHDS EF-hand demain IPRODZ2045 FALSE
PTB41T GSTOM Glutathione S-transferase, C-terminal IPROD4045 TRUE
PTB417 GSTO1 Glutathione S-transferase, N-terminal IPRO04045 TRUE
Q14145 KEAP1 Kelch repeat type 1 IPRO0SESZ TRUE
QoNQX4 MY05C Myosin head, motor demain IPROO1E09 FALSE
P10275 RARA Nudlear hermone receptor, ligand-kinding demain IPROGOS3S TRUE
P13631;P10826 RARGRARB MNuclear hermone receptor, ligand-binding demain IPROCOS3E TRUE
P244538,P10539 NR2FZ MR 2F1 Nudear hormone receptor, ligand-binding domain IPROOOS3IE TRUE
P37T231 PPARG Nudear hormone receptor, ligand-binding domain IPROOOS3IE TRUE
amcaz UsP34 Peptidase C19, ubiguitin carboxgyd-terminal hydrolase IPRO01 354 FALSE
P23458 JAKA Protein kinase domain IPROOOT 19 TRUE
P51617,P51855 IRAKT;NEKZ Protein kinase domain IPROOOT19 TRUE
Q13418 ILK Protein kinase domain IPROOOT 19 TRUE
015418;P51812;015349; 0 9UK32 RPSSKAT RPSEKAT RPSEKAZ, RPSEKAS  Protein kinase domain IPROOOT 19 TRUE
099540 PEMTA Protein kinase domain IPRODOT 19 TRUE
P18031 PTPN1 PTP type protein phosphatase IPRO0O24Z TRUE
P30740;P50453,0 75830 SERPINB1;SERPINBS;SERPINIZ Serpin domain IPROZ3795 FALSE
P37059 HSD17B2 Short-chain dehydrogenase/reductase SOR IPRO02347 TRUE
Q9714 HSD17B10 Short-chain dehydrogenase/reductase SOR IPROOZ34T TRUE
Q3SXMS HSDLA Short-chain dehydrogenase/reductase SOR IPROOZ34T FALSE
QENBQS HSD17B11 Short-chain dehydrogenase/reductase SOR IPRODZ34T FALSE
PE15856,P05134 RHOARHOC Small GTPase IPRO01E05 TRUE
P10301 RRAS Small GTPase IPROO1E05 FALSE
P20340;QSNRWT, Q14964 RAB5A RABGH,RABISA Small GTPase IPRO01805 FALSE
QoH4LT SMARCADA SNF2related, N4erminal domain IPROOD330 FALSE
QORI Q8TETS HELLS; DNAHS SNF2-related, N4erminal domain IPROOD330 FALSE
PE1077,PE283T, Q9w 2X8;P51668 UBEZD3;UBE2D 2, UBE 2D4;UBE 2D1 Ubiguitin-conjugating enzyme E2 IPRO0OS0S TRUE
P&2873,P16520 GNB1,GNB3 WODR IPRO179E5 FALSE
Q12788 TBL3 WODR IPRO17988 FALSE
013347 EIF3 WOR IPRO17985 FALSE
QBPZES EDC4 WODR IPRO179E5 FALSE
QETEDOD UTP15 WODR IPRO17985 FALSE
QSBRTE CORO1B,A8721Z3 WOR IPRO17985 FALSE
QSNRGY AAAS WODR IPRO17S985 FALSE

As a proof-of-concept, we followed up on TSPO because of its molecular weight (18 kDa) which
corresponds to that of the intense band on the gel and the availability of its known ligands (Table
2-3). First, we confirmed that alk-GW9662 labels endogenous TSPO expressed in A549 cells by
pull-down assay (Figure 2-20A). Next, we analyzed target engagement of a TSPO ligand PK-
11195 by a gel-based competitive labelling assay (Figure 2-20B). Gratifyingly, PK-11195 dose-
dependently inhibited alk-GW9662 labelling of endogenous TSPO (Figure 2-20C). These results
demonstrate alk-GW9662 can be repurposed for target engagement analysis of TSPO ligands.
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Table 2-3. Chemical proteomics hits (differential abundance analysis) with molecular weight
within 10-20 kDa. uniport_id: Uniprot ID; uniport ac: Uniprot accession number; mw_kda:
molecular weight in kDa; log2FC: log2-transformed fold-change; p(p val): negative of logl0-
transformed adjusted p-value; rank: ranking by log2FC.

uniprot_id uniprot_ac mw_kda log2FC  p(p_val) rank
VKORL_HUMAN Q8nNoug 19.8 7.6 4.4 5
PTH2_HUMAN Q8Y3ES 19.2 3.5 3.4 100
TSPO_HUMAN P30536 18.8 9.5 3.2 1
PPIA_HUMAN P62937 18.0 4.4 4.1 45
OCAD2_HUMAN Q56VvL3 17.0 2.5 2.6 203
CYB5B_HUMAN 043169 16.7 5.7 4.1 11
LYSC_HUMAN P61626 16.5 2.6 3.1 192
R523_ HUMAN P62266 15.8 3.9 3.9 70
RL30_HUMAN P62888 12.8 33 2.8 118
RL35A_HUMAN P18077 12.5 3.8 3.9 81
510A4_HUMAN P26447 11.7 8.8 4.4 2
SUMO2_HUMAN P61956 10.9 3.1 1.8 139
SELK_HUMAN QsYeDO 10.6 5.4 4.1 14
BAF_HUMAN 075531 10.1 2.8 1.9 167
A [alk-GW9862]/ uM B c [alk-Gwoe62]/pM 01 01 01 01 01 01 O
0 10 0 10 o O [PK-11195]/ uM 0 0001001 01 1 10 10
250 kD | W 250 kD . .
150 kD - I T 150 kD - : —f
100 kD PK-11195 100 kD | Gl L o
25 kD TSPO ligand (pK; = 8.5) 251D |8 : i
a-TSPO 55 Fluorescence 5q.p_| : g K t
37 kD 37 kD :
25 kD 25kD
20 kD 200
1504 - 15 KD | — e ey e h
: i '
input_ pull-down %band intensity 100 f? 55 46 47 58 0
Stain-Free™ ......,E g ! E ! 5 E
20 kD A
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Figure 2-20. Repurposing alk-GW9662 for TSPO ligand engagement analysis. (A) Pull-down
assay confirming TSPO alk-GW9662 labeling. (B) Chemical structure of a TSPO ligand. (C) Gel-
based target engagement analysis using alk-GW9662.
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Discussion

In summary, we developed a PPAR chemical reporter alk-GW9662, which enabled us to
quantitatively analyze PPARy—metabolite interactions in live cells. In many studies of NRs,
candidate ligands are postulated to bind the target based on in vitro binding assay with recombinant
proteins and cell-based transactivation assay.!?”!%® While these assays are convenient and suitable
for initial candidate screening, one should still confirm and quantify direct target engagement in
cells or in tissues.!”” Previous studies have demonstrated target engagement by metabolomic
analysis of NR-ligand complex isolated from a tissue sample.'!” This metabolomics approach may
be challenging since relevant ligands might be lost during sample preparation. The chemical
reporter strategy complements these approaches in quantifying target engagement in cells. With
this strategy we characterized a specific conjugate linoleic acid isomer 9E, 11E as a partial agonist
of PPARy. PPARY partial agonists are actively pursued as a new generation of PPARy modulators
that possess significant insulin-sensitizing and anti-inflammatory effects with fewer side effects of
full agonists.!!'! Our characterization of the conjugated linoleic acid isomer should inspire future
investigations. It is fair to note that studies reported the 9E, 11E isomer is a relatively minor
component of fatty acids identified in mouse gut.!'*>!'* However, more focused analysis of
bacterial species and specific strains such as Bifidobacterium breve LMG 13194 and NCFB 2258
that produce this isomer may reveal anti-inflammatory microbiota and probiotics as well as help
identify synthetic analogues for therapeutic applications.!'*!'® In addition, our LC-MS/MS-based
proteomics study identified a number of alk-GW9662 targets including several nuclear receptors.
Thus, alk-GW9662 may also serve as a starting scaffold towards probe development to enable
collective characterization of metabolite interactions with multiple nuclear receptors in cells.
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CHAPTER 3. STUDIES TOWARDS UNTARGETED PROTEIN DEGRADATION
STRATEGY

ABPP and related chemical reporter—based chemical proteomics provides a list of proteins that
likely interact with a small molecule of interest. In typical target deconvolution studies, a team of
biologists then narrow down this list to a handful of proteins by considering biological relevance
and conduct follow-up studies. While multiple data and knowledge bases are available, selecting
candidate(s) is not always straightforward and relies on each biologist’s expertise and intuition.
For example, chemoproteomic profiling of microbiota-associated metabolites and lipids identified
hundreds of proteins that interact with these metabolites (Li et al., unpublished results; Yang et al.,
unpublished results; Zhao et al., unpublished results). Furthermore, knowledge-based selection
tends to favour well-studied proteins and bias against less-studied proteins.'!’

The emergence of new modalities such as proteolysis-targeting chimera (PROTAC) !'® and

specific and non-genetic inhibitor of apoptosis protein—dependent protein eraser (SNIPER) '
represents unique opportunity to identify functionally-relevant protein—metabolite interactions.
PROTACSs and SNIPERs are chimeric small molecules which bring a protein of interest to a close
proximity of a ubiquitin E3 ligase and induce its ubiquitination and proteosomal degradation
(Figure 3-1).!2° A recent study has demonstrated a chemoproteomics approach to systematically
query degradable kinases by combining in vitro KINOMEscan screening and proteome-wide
quantification of kinase expression levels.!?! Another study has proposed a workflow to identify
novel cereblon modulators by combining focused library synthesis, phenotypic screening, and
expression proteomics.'”? These studies suggest that PROTACs could complement
chemoproteomic approaches in target deconvolution studies.

E3 ligand linker
bait

< - ¢
( £ 4

©
) %)
POl Py

POl ol POl
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< © - > degradation

22 2

E2-@®

ubiquitin
Figure 3-1. Targeted protein degradation by hetero-bifunctional molecules.

While human genome encodes approximately 600 (putative) E3 ligases, only a handful of E3
ligases have been employed in the targeted protein degradation technology.!?>!>* Most of the
reported compounds using either cereblon or Von Hippel-Lindau because of the availability of
drug-like small molecules that recruit them.'?> Expanding the set of E3 ligases that can be recruited
by PROTACs will extend the scope of this modality to a wider range of proteins and cell type—
selective degradation. In this regard, it is noteworthy that recent studies characterized the E3 ligase
activity of PPARy.!?%128 PPARYy is a druggable protein with numerous synthetic ligands reported
in literature.'”” In addition, recent studies reported an enrichment of macrophages that highly
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express PPARy in tumour tissues of clear cell renal cell carcinoma and lung adenocarcinoma
patients.’3%!*! PPARy has been associated with immunosuppressive phenotype.'*? These studies
suggest that PPARy-dependent protein degraders could target specific populations of tumour
associated macrophages (TAMs) and contribute to the development of emerging anticancer
therapies focused on TAMs.!3* Thus, we aimed to develop PROTACS that recruit PPARy with
ultimate goals of applying these tools in target deconvolution of immunomodulatory metabolites
in immune cells that express PPARY.

Synthesis of PPARy-recruiting PROTACSs based on (R)-SR9034

We designed and synthesised PPARy-recruiting PROTACS to target BRD4 for degradation. To
achieve this, a BRD4 ligand (+)-JQ1 and a PPARY ligand (R)-SR9034 were connected via ethylene
glycol linkers of variable lengths (Figure 3-2A). (R)-SR9034 is a potent PPARY partial agonist
(ICso = 0.4 nM, ECso = 13 nM) that binds the alternative binding pocket (Figure 3-2B).!3*!3 The
carboxyl group is accessible to solvent and forms salt bridges/hydrogen bonds with Arg288 and
Ser342. Replacing it with amides leads to only slight decrease in affinity. In addition, the S-isomer
is approximately 30-fold less potent, which could be used to design less-active enantiomer controls.

A B

QDKH)O(@\Q? =N
oG

Cl

f

bl

(R)-SR9034 (+)-JQi
PPARY recruiter BRD4 ligand

Figure 3-2. Design of PPARy-recruiting PROTACS based on (R)-SR9034. (A) Chemical structure
of PROTAC:S. (B) X-ray co-crystal structure of (R)-SR9034 in the PPARY ligand binding domain
(PDB access code: 3KMG).

The PPARY ligand (R)-SR9034 was synthesised as previously described (Scheme 3-1).!3 Azide-
PEG-NH: linkers were synthesised from commercially-available ethylene glycol di-p-
toluenesulfonates (Scheme 3-2). (R)-SR903 was coupled with the azide-PEG-NH> linkers by
HATU-mediated condensation reaction (Scheme 3-3). The resulting azides were reduced by
Staudinger reaction to provide amines which were subsequently coupled with (+)-JQ1-COxH.
Alternatively, aminobenzoic acid was inserted between the PEGg linker and (+)-JQ1-CO;H for
additional distance (Scheme 3-4).
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Scheme 3-1. Synthesis of (R)-SR9034.
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Scheme 3-2. Synthesis of azide-PEG-NH; linkers 10-13.
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Scheme 3-3. Synthesis of (R)-SR9034-based PROTACs 22-25.
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Scheme 3-4. Synthesis of (R)-SR9034-based PROTAC 27.
Synthesis of GW9662 derivatives

The chemoproteomic profiling study revealed that alk-GW9662 potentially targets several putative
E3 ligases in addition to PPARy (Chapter 2, Table 3-1). In addition, recent studies demonstrated
strategies to identify E3 ligases that can be used for targeted degradation application using covalent
warheads.!?*13® Thus, we were interested to test whether GW9662 could be used to recruit
potentially multiple E3 ligases in the targeted protein degradation strategy.

Table 3-1. Ubiquitin E3 ligases targeted by alk-GW9662.

UniProt KB entry # Peptides HGNC symbol Druggable domain InterPre ID Liganded
Q14145 5 KEAP1 Kelch repeat type 1 IPRO0GE52 TRUE

QO6SW2:296SW2-2 2 CRBN NA NA TRUE

Q12933:Q12933-4:Q212933-3:Q212933-2 6 TRAF2 NA NA FALSE
Q14669:Q14669-3;Q14669-4,Q14669-2 1 TRIP12 NA NA FALSE
QFZ6ZT-QTZ6Z7-2:QATZ6Z7-3 1 HUWE NA NA FALSE
QBwWU1T 1 RNF139 NA NA FALSE
2969V 5 1 MUL1 NA NA FALSE
(Q29P253 2 VP318 NA NA FALSE
QOP2G1 9 ANKIB1 NA NA FALSE
QOY575:Q0Y575-2:Q8YET75-3 1 ASB3 NA NA FALSE

A biotinylated derivative m-GW-PEGs-biotin was synthesised from 3-aminophenol in six steps
(Scheme 3-5). The biotin moiety was introduced in the final step for the ease of purification of
intermediates. Ortho substitution was explored by synthesising a tosylated derivative (Scheme 3-
6). As an alternative linking method, copper (I)-catalysed alkyne—azide cycloaddition reaction
(CuAAC) was explored for compounds bearing indole-3-acetic acid methyl ester as the bait moiety
(Scheme 3-7). In addition, a hydrophobic linker was explored by the synthesis of SB1453-
derivatives (Schemes 3-8, 3-9 & 3-10).°"!
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Scheme 3-5. Synthesis of mGW-PEG3-biotin (31).
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Scheme 3-6. Synthesis of an ortho-substituted derivative (34).
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Scheme 3-7. Synthesis of GW9662-derivatives (37 & 38) by CuAAC.
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Scheme 3-8. Synthesis of azide-PEG-OTs/piperazine linkers (39—44).
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Putative ubiquitin E3 ligase activity of PPARYy

Hou et al. reported characterisation of the ubiquitin E3 ligase activity of PPARY.!?® We attempted
to replicate their key findings. HEK293T cells were transiently transfected with human PPARYy2
for 16 h and then treated with cycloheximide for up to 8 h (Figure 3-3A). The NFxB p65 subunit
protein level was assessed by Western blot. In contrast to the published results, the p65 level
remained unaffected. We performed similar experiments by transfecting cells with human PPARy1
(Figure 3-3B) or murine PPARYy2 (Figure 3-3C) vectors, but the p65 level was still unaffected.
Because we could not independently verify the putative E3 ligase activity of PPARy, we
terminated this project.
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Figure 3-3. Putative ubiquitin E3 ligase activity of PPARy. (A) Human PPARYy2. (B) Human
PPARyl. (C) Murine PPARy2. C109A is a putative catalytically-inactive mutant.

Targeted degradation of BRD4

In accordance with the lack of robust E3 ligase activity, PPARy-recruiting PROTACs 18-21 and
23 failed to induce BRD4 degradation (data not shown).

Target engagement of GW9662-derivatives

We analysed target engagement of GW9662-derivatives in cell lysate using the alk-GW9662
competitive labelling assay (Table 3-2). All derivatives poorly engaged PPARY.
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Table 3-2. PPARYy engagement of GW9662 derivatives in cell lysate. [alk-GW9662] = 0.1 uM,
[compound] =1 uM.

Res. fluor.
Compeound (mean t 5D)
IOV 5
\d\ W "J\ 88 +14 %

. W\@\ 96 +5 %
y N
= _ 73115 %

= :
I P 99 + 28 %
\Ei\ 47 +21 %

Discussion

Unfortunately, PPARY failed to exhibit robust E3 ligase activity in our hands. This result makes it
untenable to develop PROTAC: that solely rely on PPARY for E3 ligase activity. In contrast, the
multi-E3 ligase approach based on GW9662 could be still viable. However, there are several
challenges associated with this approach. First, the preliminary nature of the chemoproteomics
experiment (i.e., the lack of competition) makes it difficult to judge specificity of identified
interactions. It is unclear whether GW9662 and related compounds can achieve sufficient
occupancy of the putative E3 ligases. Second, validating E3 ligase activity is not always
straightforward because many E3 ligases function as multi-protein complex and their native
substrates are often unknown. Despite these challenges, GW9662 still has a role to play thanks to
the SxAr mechanism that may be advantageous in cases where more commonly-used warheads
such as chloroacetamide and acrylamide fail to provide tractable hits.'* Finally, well-validated E3
ligases such as cereblon and Von Hippel-Lindau should be the first choice in target deconvolution
studies.
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CHAPTER 4. OVERALL DISCUSSION AND OUTLOOK

Activity-based protein profiling (ABPP) and chemical reporter—based chemical proteomics
facilitate target deconvolution and target engagement studies.®!* Since their inception almost 20
years ago, the scope and utility of these chemical proteomics methods was significantly extended
through continuous method and probe development and they have become widely adopted among
chemical biology community (Chapter 1). Yet, some key protein classes and specific ligand-
binding domains still remain inaccessible. In this thesis, we described two projects aimed at
developing chemical probes to further empower and complement these methods.

In Chapter 2, we described the development of a ligand-directed probe alk-GW9662 for a subset
of nuclear receptors (NRs). NRs are a family of ligand-activated transcription factors that regulate
diverse physiological processes in animals and are key targets for therapeutic development.
Humans express 48 NRs, which share a common modular structure consisting of a regulatory
domain referred to as activation function-1 domain at the N-terminus, a DNA binding domain in
the middle, and a ligand binding domain (LBD) at the C-terminus. Endogenous small molecules
such as steroids, thyroid hormones, retinoids, and fatty acids regulate transcriptional activity of
most NRs through interaction with the LBD. Recent studies implicated several NRs in host—
microbiota interactions and suggested that various microbiota-derived metabolites may also serve
as ligands for NRs.”1:7+76.78-84.96 However, whether these metabolites directly engage NRs remains
unclear. Despite having clear importance in fundamental biology and drug development, NRs lack
ligand-directed probes and largely remain inaccessible by chemical proteomics approaches.

Alk-GW9662 site-specifically targets conserved cysteine residues in PPAR LBDs. We
demonstrated its utility to assess target engagement of candidate ligands of peroxisome
proliferator—activated receptor (PPAR) y in live cells. In many studies of NRs, candidate ligands
are postulated to engage the target based on in vitro binding assay with recombinant proteins and
cell-based transactivation assay.!?”-!%® While these assays are convenient and suitable for initial
candidate screening, one should still confirm and quantify direct target engagement in cells or in
tissues.!” Previous studies have demonstrated target engagement by metabolomic analysis of NR—
ligand complex isolated from a tissue sample.!!” This metabolomics approach may be challenging
since relevant ligands might be lost during sample preparation. The chemical reporter strategy
complements these approaches in quantifying target engagement in cells.

The alk-GW9662 target engagement assay revealed that a specific conjugate linoleic acid isomer
9E, 11E may serve as a partial agonist of PPARy. PPARYy partial agonists are actively pursued as
a new generation of PPARy modulators that possess significant insulin-sensitizing and anti-
inflammatory effects with fewer side effects of full agonists.!'! Our characterization of the
conjugated linoleic acid isomer should inspire future investigations. It is fair to note that studies
reported the 9E, 11E isomer is a relatively minor component of fatty acids identified in mouse
gut.!'>!13 However, more focused analysis of bacterial species and specific strains that produce
this isomer may reveal anti-inflammatory microbiota and probiotics as well as help identify
synthetic analogues for therapeutic applications.!!4-116

We also explored repurposing alk-GW9662. We profiled its target proteins using LC-MS/MS—
based proteomics and demonstrated that the probe can be used in target engagement study of other
proteins such as TSPO. Taken together, our results suggest that alk-GW9662 may be useful for
target engagement analysis of candidate PPAR ligands and offer a starting scaffold in developing
probes for other proteins.
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In Chapter 3, we described efforts towards the combined use of proteolysis-targeting chimeras
(PROTAC:S) and chemical proteomics in target deconvolution studies. ABPP and related chemical
reporter—based chemical proteomics provides a list of proteins that likely interact with a small
molecule of interest. However, the functional relevance of identified proteins is often unclear, and
follow-up studies require careful selection of a tractable numbers of candidates. While multiple
data and knowledge bases are available, selecting candidate(s) is not always straightforward and
relies on each biologist’s expertise and intuition. Furthermore, knowledge-based selection tends to
favour well-studied proteins and bias against less-studied proteins.!'” Targeted protein degradation
technologies such as PROTAC could be used as complementary methods to modulate and identify
functionally-relevant interactions in a similar manner to genome-wide CRISPR screening.!%!4!

While human genome encodes approximately 600 (putative) E3 ligases, only a handful of E3
ligases have been employed in the PROTAC technology.!?*!>* Most of the reported compounds
using either cereblon or Von Hippel-Lindau because of the availability of drug-like small
molecules that recruit them.'?*> Expanding the set of E3 ligases that can be recruited by PROTACs
will extend the scope of this modality to a wider range of proteins and cell type—selective
degradation. Thus, we aimed to develop PROTAC S that recruit PPARy given its putative E3 ligase
activity and enrichment in immunosuppressive macrophages.!26-128130-132 We described the design
and synthesis of these reagents. Unfortunately, PPARy lacked robust E3 activity in our hands. The
reagents we synthesised failed to induce protein degradation.

Overall, the projects described herein underline the utility of chemical tools such as ligand-directed
probes and PROTAC: in target engagement and target deconvolution studies. ABPP and related
chemical reporter—based chemical proteomics methods enable sensitive detection of small
molecule—protein interactions in cellular environment. Active site (ligand)—directed probes are
useful for target engagement and selectivity profiling studies, whereas non-directed probes are
useful for target deconvolution studies. Both types of probes form covalent bonds with interacting
proteins, which facilitates their enrichment and identification of low-abundance targets. On the
other hand, probe design and synthesis can be challenging and limiting. This is not only an issue
for complex natural products but also for virtually any small molecules. For example, the
derivatisation of fragment-sized metabolites with a photo-crosslinker will affect their
physicochemical properties and complicate target deconvolution. Proteome-wide competition
experiments using chemo-selective probes such as iodoacetamide-alkyne obviates the need for
direct derivatisation. This approach also allows relatively straightforward site identification. One
should be careful about making the oft-used assumption that compounds containing potential
electrophiles act covalently. While these compounds may indeed covalently bind some proteins,
their activity may derive from non-covalent interactions with other proteins. Similarly, the success
of proteome-wide competition profiling using photoaffinity probes relies on proper design of the
photoaffinity probes. In contrast, label-free methods such as limited proteolysis and thermal
proteome profiling directly work with underivatized molecules. These methods trade the chemical
probe—related complications with lower sensitivity for less abundant proteins. A hybrid method
that combines chemical reported—mediated enrichment of cell surface proteins and thermal
proteome profiling has been proposed to improve sensitivity.” While these chemical proteomics
methods can facilitate the identification of small molecule—protein interactions, it can be
challenging to judge which one(s) of those interactions are functionally more relevant than others.
In this regard, the non-directed protein degradation strategy may offer a solution.
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METHODS
Chapter 2

Reagents, plasmids, cell lines, and antibodies. 2-ethylnyl aniline, 4-ethynyl aniline, and 2-
chloro-5-nitrobenzoyl chloride were purchased from Tokyo Chemical Industry Co., Ltd. The
PPAR ligands and the TSPO ligand were purchased from Alfa Aesar, Avanti Polar Lipids, Cayman
Chemical, Sigma—Aldrich, or Tokyo Chemical Industry Co., Ltd. Az-Rho was previously
synthesised in the lab.'*? Biotin-PEG3-azide and TBTA were purchased from Click Chemistry
Tools, CuSO4-5H>0 was purchased from Sigma—Aldrich, and TCEP-HCI was purchased from
Thermo Fisher Scientific. Wild-type PPARa (HG12080-CM) and PPARy (MG53363-CY)
plasmids were purchased from Sino Biological. PPARB/6 plasmid was sub-cloned from
pAdTrack-PPARdelta (Bert Vogelstein, Addgene plasmid # 16529) into pLX302 (David Root,
Addgene plasmid # 25896) by Gateway™ Cloning Technology (Thermo Fisher Scientific).
Mutants were obtained with QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent).
PPRE X3-TK-luc was a gift from Bruce Spiegelman (Addgene plasmid # 1015). pRL-TK was
purchased from Promega (AF025846). Human embryonic kidney 293T (HEK293T) and HT-29
cell lines were obtained from American Type Culture Collection and was cultured in Gibco™
DMEM, high glucose, pyruvate (Thermo Fisher Scientific, # 11995065) supplemented with 10 %
foetal bovine serum (FBS) at 37 °C under 5 % CO; atmosphere. Anti-HA-HRP was purchased
from Sigma—Aldrich (rat, clone 3F10, # 12013819001), anti-myc-HRP (mouse, clone 9B11, #
2040S) and anti-PPARy (rabbit, clone D69, #2430S) were purchased from Cell Signalling
Technology and anti-V5 antibody (mouse, clone E10, ab53418) and anti-mouse IgG-HRP (goat,
ab97023) were purchased from abcam.

Transactivation assay. HEK293T cells were seeded on a 96-well plate and cultured overnight.
Cells were transfected with a plasmid encoding PPAR (100 ng/well), PPRE X3-TK-luc (2.5
ng/well) and pRL-TK (1 ng/well) for 6 h using 0.2 pL/well Lipofectamine® 2000 (Thermo Fisher
Scientific) reagent for 6 h and then were incubated with compound for additional 18 h. Dual-
Luciferase® Reporter Assay (Promega) was performed according to the manufacturer’s protocol.

Competition assay in lysate. HEK293T cells were seeded in a 10-cm dish overnight before
transfection with a plasmid encoding PPARYy using Lipofectamine® 2000 (Thermo Fisher
Scientific) for 24 h. Cells were washed with ice-cold PBS, pelleted, snap-frozen and stored at -
80 °C until use. The pellet was suspended in a hypotonic buffer (20 mM HEPES, 10 mM KCI, 1.5
mM MgCly, pH 7.4) and lysed by three freeze-thaw cycles. Insoluble material was removed by
centrifugation (4 °C, 12,000 rcf, 10 min). Protein concentration was adjusted to 2 mg/mL by
diluting with the hypotonic buffer. Lysate (20 nL) was aliquoted in 1.7 mL tubes and equilibrated
at 25 °C for 3 min. Then the lysate was incubated with compound (100x stock in DMSO, 0.2 puL)
and alk-GW9662 (100x stock in DMSO, 0.2 puL) at 25 °C for 20 min (Figure S9). After this time
labelling reaction was quenched by the addition of 12% SDS (4 pL) and diluted with the hypotonic
buffer (20 uL). The lysate was reacted with 5 puL click reaction cocktail (final concentrations: 100
uM Az-Rho, 1 mM TCEP, 100 uM TBTA, 1 mM CuSOs4) at room temperature for 1 h. Proteins
were precipitated by adding methanol (200 pL) at room temperature and incubating at -80 °C for
at least 1 h, followed by centrifugation (4 °C, 18,000 rcf, 10 min). The protein pellet was briefly
washed with methanol (200 pL), air-dried for 5 min, dissolved in 25 pL. 1x Laemmli sample buffer
(Bio Rad, #161-0747) and boiled at 95 °C for 5 min.
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Competition assay in live cells. HEK293T cells were seeded in a 12-well plate overnight before
transfection with a plasmid encoding for a PPAR using Lipofectamine® 2000 for 18 h. Culture
media were exchanged with fresh media devoid of FBS (1 mL). To each well compound (1000x
stock in DMSO, 1 puL) was added and incubated at 37 °C under 5 % CO> atmosphere for 15 min.
Then the plate was cooled on ice for 15 min before adding alk-GW9662 (1000x stock in DMSO,
1 pL). After 30 min on ice, media were exchanged with ice-cold PBS containing GW9662 (10
uM) to terminate labelling. Performing in-cell labelling on ice was necessary to slow down
labelling reaction and obtain reproducible results (Figure S10). Cells were collected, centrifuged
(4 °C, 800 rcf, 3 min), and lysed with 0.1 % SDS in the hypotonic buffer (16 uL) containing 250
U/mL Benzonase® endonuclease (EMD Millipore, #71206) followed by the addition of 12% SDS
(4 pL) and dilution with the hypotonic buffer (final concentrations: 50 pg protein/45 pL, ca. 0.2%
SDS). The lysate was reacted with the click reaction cocktail (5 puL) at room temperature for 1 h,
and proteins were precipitated as above. The pellet was dissolved in 30 uL 1x Laemmli sample
buffer (Bio Rad, #161-0747) and boiled at 95 °C for 5 min.

Alk-GW9662 labelling in HT-29 cells. HT-29 cells were grown to confluence and incubated with
alk-GW9662 in fresh media (DMEM, no FBS) in 5 % CO: incubator at 37 °C for 1 h. Cells were
washed with ice-cold PBS three times, collected by scraping and centrifugation, lysed with 0.1 %
SDS in the hypotonic buffer containing 250 U/mL Benzonase® endonuclease followed by the
addition of 12% SDS, and diluted with the hypotonic buffer to the final concentrations: 50 pg
protein/45 uL; ca. 0.2% SDS. The lysate was reacted with the click reaction cocktail containing
either Az-Rho or biotin-PEG3-azide at room temperature for 1 h, and proteins were precipitated
as above. For in-gel fluorescence analysis, 50 pug pellet was dissolved in 30 uLL 1x Laemmli sample
buffer and boiled at 95 °C for 5 min. For pull-down assay, 2 mg pellet was dissolved in the
hypotonic buffer containing 0.1 % SDS (4 mL) and incubated with Neutravidin agarose resin (100
uL, 50 % slurry, Pierce) at room temperature for 1 h followed by wash with following buffers:
0.1% SDS /PBS, PBS x 2,4 M urea / PBS, 50 mM NaHCO3 / PBS, and PBS. Proteins were eluted
by boiling in 1x Laemmli sample buffer at 95 °C for 5 min.

SDS-PAGE and Western blotting. Samples were loaded on the Criterion™ TGX Stain-Free™
precast gel (Bio Rad) and resolved at 200 V for ca. 45 min. SDS-PAGE gels were imaged on
ChemiDoc XRS+ system (Bio Rad) for rhodamine and Stain-Free™. For Western blotting, the
imaged gel was transferred to a 0.45 pum pore-size nitrocellulose membrane (Bio Rad). The
membrane was blocked with 5% skim milk/TBS-T (anti-HA-HRP) or 3 % BSA/TBS-T (anti-myc-
HRP and anti-V5) at room temperature for 1 h, incubated with anti-HA-HRP (1:10,000) at room
temperature for 1 h, anti-myc (1:1,000), anti-V5 (1:1,000) or anti-PPARy (1:1000) at 4 °C
overnight followed by washing three times with TBS-T. For anti-V5, the blot was treated with
anti-mouse IgG-HRP (1:10,000) at room temperature for 1 h and washed three times with TBS-T.
The blots were visualised with Clarity ECL Western Substrate (Bio Rad) according to the
manufacturer’s protocol, imaged with ChemiDoc XRS+ system (Bio Rad) and processed with
Image Lab™ (Bio Rad).

In silico modelling of PPARYy-alk-GW9662 covalent complex. The crystal structure of PPARy—
GW9662 complex (3BOR) was used to generate the model of PPARy—alk-GW9662 complex. The
Covalent Docking Panel'*? from Maestro was used in default settings.

Proteomics sample preparation. HT-29 cells were incubated with alk-GW9662 (10 uM)
harvested as described above. Proteome (2 mg) was conjugated with biotin-PEG3-azide or the
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azobenzene-based cleavable linker and precipitated as described above. Pellet was resuspended in
6 M urea /0.2 % SDS / PBS (500 pL) and dissolved by sonication. Disulfides were reduced with
200 mM TCEP (50 pL, pre-neutralized with potassium carbonate) for 30 min at 37 °C. Reduced
thiols were then alkylated with 400 mM iodoacetamide / PBS (70 pL) for 30 min at ambient
temperature in dark. Each solution was diluted with SDS / PBS (final SDS concentration: 0.2 %;
final total volume: 4 mL) and incubated with the neutravidin agarose resin (150 pL, 50 % slurry)
for 1.5 h on a rotator. The neutravidin beads were collected by centrifugation (3,000 g, 2 min) and
sequentially washed with 0.1% SDS / PBS (4 mL), PBS (4 mL x 2), 4 M urea / PBS (4 mL), 50
mM NH3sHCO3 (4 mL) and PBS (4 mL). The resin was transferred to a Protein LoBind tube
(Eppendorf) and bound proteins were digested on-bead overnight at 37 °C in 2 M urea / 1 mM
CaCl2 / PBS (200 pL) containing sequencing grade trypsin + LysC (2 pg, Promega). The
proteolyzed supernatant was transferred to a fresh Protein LoBind tube, acidified with formic acid
(5% final). The peptides were extracted with C18 column (6 layers, EMD Millipore) and eluted
with 5% formic acid in 30% water / 70% acetonitrile (150 uL) and 5 % formic acid in 10% water
/ 90% iso-propanol (150 pL). The samples were dried with Speed-vacuum and submitted for
analysis. Note that the cleavable linker was used without chemical cleavage.

Proteomics data analysis. Acquired tandem MS spectra were extracted using MaxQuant software
and queried against the Uniprot complete human database.'** Outputs from MaxQuant were
processed in R using MSstats and limma packages.!*>!* Proteins identified with a minimum of
two unique peptides were considered for downstream analysis. Peptide intensities were log2-
transformed and median-centred, and missing values were replaced with random draws from
normal distribution centred at estimated censoring thresholds (10~* quantile) with variance tuned
to the median of the peptide-wise estimated variances.'*’ Peptide intensities were then summarised
using median polish algorithm implemented in the MSstats package. Resulting data was subjected
to empirical Bayes t-test to assess statistical significance implemented in the limma package. The
nominal p-values were corrected for multiple testing by controlling for the false discovery rate
(FDR), as proposed by Benjamini and Hochberg.'*® The druggability analysis was performed using
a druggable genome as proposed by Wang et al. and liganded proteins curated in BindingDB. 04195

Alternative proteomics data analysis. Proteins identified with a minimum of one unique peptide
were considered for downstream analysis.

Data analysis and visualization. Data were analysed and visualised in R. Dose-response analyses
were performed using drc package.'*’
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Syntheses of alk-GW9662. To a solution of 3-ethynyl aniline (28 pL, 250 umol, 1.1 equiv.) and
diisopropylethylamine (44 pL, 250 pmol, 1.1 equiv.) in dichloromethane (DCM, 200 uL) was
added a solution of 2-chloro-5-nitrobenzoyl chloride (50 mg, 227 umol, 1.0 equiv.) in DCM (300
puL) dropwise on ice. After 15 min, the reaction was allowed to warm to room temperature for 45
min. The reaction mixture was diluted with ethyl acetate (EtOAc, 10 mL), washed with 1 N HCI
(10 mL x 3), water (10 mL), sat. NaHCO3 (10 mL) and brine (10 mL). The organic layer was dried
over MgSOy, filtered, and concentrated under reduced pressure. The crude material was crystalized
from EtOAc to yield the title compound as white solid (38 mg, 126 umol, 56 %). 'H NMR (600
MHz, DMSO): § 10.81 (s, 1H), 8.50 (s, 1 H), 8.34 (d, J=8.8 Hz, 1 H), 7.89 (d, /= 9.3 Hz, 1 H),
7.89 (s, 1 H), 7.66 (d, J=8.0 Hz, 1 H), 7.40 (dd, J=8.5 Hz, 1 H), 7.25 (d, J=7.5 Hz, 1 H), 4.22
(s, 1 H). BC NMR (150 MHz, DMSO): & 163.4 (s), 146.6 (s), 139.2 (s), 137.9 (s), 137.5 (s), 131.9
(s), 129.9 (s), 127.9 (s), 126.3 (s), 124.4 (s), 123.1 (s), 122.6 (s), 120.9 (s), 83.6 (s), 81.4 (s). HR-
MS (ESI): [CisHoCIN2O3 + H]" expected, 301.03745; observed, 301.03775.
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Synthesis of the azobenzene-based cleavable linker.
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Synthesis of M2-1

The diazo transfer reagent M2-1 was synthesised in three steps from imidazole and thionyl
chloride and used in situ as previously described.!>

Step 1: 1,1'-sulfonylbis(1H-imidazole)

To a solution of imidazole (20 g, 294 mmol) in DCM (160 mL) was added thionyl chloride (5 mL,
62 mmol) dropwise on ice. The reaction mixture was allowed to warm to room temperature
overnight and filtered to remove precipitates. The filtrate was concentrated and crystalised from
hot isopropanol (40 mL). Yield: 9.82 g (50 mmol, 80 %)

Step 2: 1-((1H-imidazol-1-yl)sulfonyl)-3-methyl-1H-imidazol-3-ium trifluoromethanesulfonate

To a solution of 1,1'-sulfonylbis(1H-imidazole) (292 mg, 1.48 mmol) in DCM (3 mL) was added
methyl trifluoromethanesulfonate (146 pL, 1.33 mmol) was added dropwise on ice. After being
stirred on ice for 2 h, the reaction mixture was filtered to collect the precipitates. The precipitates
were dried in vacuo to thoroughly remove residual DCM.
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Step 3: 1H-imidazole-1-sulfonyl azide (M2-1)

To a solution of the imidazolium salt in water (1.6 mL) and EtOAc (1.6 mL) was added sodium
azide (109 mg, 1.67 mmol) portion-wise on ice. The reaction mixture was stirred on ice for 1 h.
The organic layer containing the diazo transfer reagent was separated from the aqueous layer and
used without further purification.

Synthesis of M2-2

To a solution of valine (94 mg, 1.0 mmol), KoCO3 (166 mg, 1.5 mmol), and CuSO4-5H>0 (2 mg)
in MeOH was added the diazo transfer reagent in EtOAc (~ 1.2 mmol) dropwise on ice. The
reaction mixture was allowed to warm to room temperature over 2 h, concentrated, diluted with 1
N HCI, and extracted thrice with EtOAc. The organic layer was dried over MgSOy, filtered, and
concentrated. Column chromatography using 20 % EtOAc/hexanes + 1 % AcOH yielded the title
compound as oil (85 mg, 0.59 mmol, 59%).

M2-2 (light) 'H NMR (600 MHz, CDCls): § 3.78 (d, ] = 5.8 Hz, 1H), 2.26 (m, 1H), 1.07 (d, J =
6.9 Hz, 3H), 1.02 (d, ] = 6.9 Hz, 3H). >*C NMR (150 MHz, CDCl5): 6 176.4, 67.9,30.9, 19.4, 17.7.
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M2-2 (heavy) 'H NMR (600 MHz, CDCls): 5 3.78 (d, J = 144 Hz, 1H), 2.26 (dd, J = 131 Hz, 3.1
Hz, 1H), 1.07 (m, 3H), 1.02 (m, 3H). 3C NMR (150 MHz, CDCL3): 5 174.18 (d, ] = 58.5 Hz),
67.82 (dd, J = 58.5 Hz, 34.7 Hz), 30.9 (ddd, J = 35.0 Hz, 35.0 Hz, 34.7 Hz), 19.40 (d, J = 35.0 Hz),
17.74 (d, ] = 35.0 Hz).
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Synthesis of M2-3

To a solution of M2-3 (25 mg, 0.18 umol) and N-hydroxysuccinimide (24 mg, 0.21 mmol) in DMF
(2 mL) was added EDC-HCI (40 mg, 0.21 mmol). After being stirred at room temperature
overnight, the reaction mixture was diluted with EtOAc, washed with brine and 1 N HCI, dried
over MgSQy, filtered, and concentrated. This material was used without further purification. Yield:
0.13 mmol, 77 %.

M2-3 (light) '"H NMR (600 MHz, CDCls): § 4.04 (d, J = 6.0 Hz, 1H), 2.87 (br, 4H), 2.33 (m, 1H),
1.13 (d, ] = 6.8 Hz, 3H), 1.10 (d, J = 6.8 Hz, 3H).
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M2-3 (heavy) '"H NMR (600 MHz, CDCls): & 4.03 (d, ] = 146 Hz, 1H), 2.89 (br, 4H), 2.34 (dm, J
=131 Hz, 1H), 1.14 (dm, J =127 Hz, 3H), 1.11 (dm, J = 127 Hz, 3H).
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Synthesis of M2-4
The azobenzene M2-4 was synthesised in two steps from tyramine as previously described. !>
Step 1: N-Boc tyramine

A solution of tyramine (2 g, 14.6 mmol) and Boc,O (3.5 g, 16.0 mmol) in MeOH (20 mL) was
stirred at room temperature overnight. The reaction mixture was concentrated, diluted with EtOAc,
washed with water, dried over MgSQys, filtered, and concentrated. Column chromatography using
25 % EtOAc/hexanes yielded N-Boc tyramine quantitatively. 'H NMR (600 MHz, (CD3)SO): §
9.15 (s, 1H), 6.97 (d, J = 8.2 Hz, 2H), 6.82 (br, 1H), 6.67 (d, J = 8.2 Hz), 3.06 (m, 2H), 2.56 (t, ] =
7.6 Hz), 1.37 (s, 9H).
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Step 2: (E)-4-((5-(2-((tert-butoxycarbonyl)amino)ethyl)-2-hydroxyphenyl)diazenyl)benzoic acid
(M2-4)

To a solution of aminobenzoic acid (2.41 g, 17.7 mmol) in 6 N HCI (50 mL) was added NaNO>
(3.09 g, 44.8 mmol) on ice. The reaction mixture was stirred on ice for 20 min. To this N-Boc
tyramine (4.20 g, 17.7 mmol), sat. NaHCO3 (150 mL), NaHCOs (20 g), and acetone (20 mL) was
added. After being stirred overnight, the reaction mixture was quenched with 1 N HCI (500 mL).
The precipitates were collected by filtration and washed with water and acetone to yield M2-4 as
a brown solid. Yield: 3.2 g (8.3 mmol, 47%). '"H NMR (600 MHz, (CD3),SO): § 10.85 (s, 1H),
8.13 (d, ] = 8.3 Hz, 2H), 8.07 (d, ] = 8.3 Hz, 2H), 7.57 (s, 1H), 7.30 (d, J = 8.3 Hz, 1H), 7.02 (d, J
= 8.3 Hz), 6.88 (br, 1H), 3.15 (m, 2H), 2.69 (t, ] = 7.1 Hz, 2H), 1.36 (s, 9H).
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Synthesis of M2-5

Biotin (1.00 g, 4.09 mmol) was dissolved in DMF (20 mL) at 70 °C and cooled to room
temperature. To this were added triethylamine (1.00 mL, 7.18 mmol) and pentafluorophenyl
trifluoroacetate (1.00 mL, 5.82 mmol). After being stirred at room temperature for 30 min, the
reaction mixture was concentrated. The residue was triturated with diethyl ether and dissolved in
DMF (40 mL). This was added dropwise over 15 min to a mixture of 4,7,10-trioxa-1,13-
tridecanediamine (3.76 g, 17.1 mmol) and TEA (0.8 mL, 5.74 mmol) on ice. After being stirred
on ice for 1 h, the reaction mixture was evaporated. The residue was triturated with diethyl ether
to yield the title compound as a white solid (700 mg, 50 %). 'H NMR (600 MHz, CD;0D): § 4.51
(m, 1H), 4.33 (m, 1H), 3.70-3.61 (m, 10H), 3.54 (m, 2H), 3.28 (t, J = 7.0 Hz, 2H), 3.23 (m, 1H),
3.13 (t, J = 6.4 Hz, 2H), 2.95 (dd, ] = 12.9 Hz, 5.0 Hz, 1H), 2.73 (d, J = 12.7 Hz, 1H), 2.23 (m,
2H), 1.95 (m, 2H), 1.80-1.59 (m, 6H), 1.47 (m, 2H).
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Synthesis of M2-6

To a solution of M2-4 (150 mg, 0.39 mmol) and N-hydroxysuccinimide (54 mg, 0.47 mmol) in
DMF (5 mL) was added EDC-HCI (90 mg, 0.47 mmol). After being stirred at room temperature
overnight, the reaction mixture was diluted with EtOAc, washed with brine, dried over MgSOas,
filtered, concentrated, and flash chromatographed using 33 % EtOAc/hexanes. Yield: 135 mg
(0.28 mmol, 72 %).

To a solution of the NHS-ester (135 mg, 0.28 mmol) and DIPEA (73 uL, 0.42 mmol) in DMF (5
mL) was added M2-5 (188 mg, 0.42 mmol). After being stirred at room temperature for 1 h, the
reaction mixture was diluted with chloroform, washed with 1 N HCI and brine, dried over MgSOs,
filtered, concentrated, and flash chromatographed using 5 to 10 % MeOH/DCM. Yield: 202 mg
(0.25 mmol, 89 %). 'H NMR (600 MHz, CD30D): § 7.99 (m, 4 H), 7.88 (br, 1H), 7.79 (s, 1H),
7.30 (d, J=8.1 Hz, 1H), 6.98 (d, J = 8.3 Hz, 1H), 6.67 (br, 1H), 4.48 (m, 1H), 4.28 (m, 1H), 3.68—
3.48 (m, 16H), 3.26 (m, 2H), 3.17 (m, 1H), 2.91 (dd, J=12.9 Hz, 5.0 Hz, 1H), 2.82 (t, J = 7.2 Hz,
2H), 2.71 (d, J = 12.7 Hz, 1H), 2.19 (m, 2H), 1.93 (m, 2H), 1.77-1.56 (m, 6H), 1.43 (m, 11H). 13C
NMR (150 MHz, CDs0D): 6 175.9,169.0, 166.0, 158.4, 154.2, 153.0, 139.0, 137.8, 136.0, 132.6,
131.4, 129.6, 123.3, 119.1, 71.5, 71.5, 71.3, 71.2, 70.3, 69.9, 66.9, 63.3, 61.6, 57.0, 42.9, 41.0,
38.9,37.8, 36.8, 36.0, 30.4, 29.8, 29.5, 28.8, 26.9, 15.4.
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Synthesis of M2-7

To a solution of M2-6 (40 mg, 50 pmol) in DCM (1 mL) was added TFA (0.5 mL). After being
stirred for 1 h, the reaction mixture was evaporated and azeotroped with toluene. The residue was
dissolved in DMF (0.5 mL). To this were added DIPEA (88 pL, 500 umol) and M2-3 (10 mg, 40
umol). After being stirred at room temperature for 1 h, the reaction mixture was diluted with DCM,
washed with 1 N HCI and brine, dried over MgSQ4, filtered, concentrated, and flash
chromatographed using 5 to 10 % MeOH/DCM. Yield: 38 mg (45 pmol, 90 %).

M2-7 (light) [C40HssN10OsS+H]" expected, 839.4233; observed, 839.4225. '"H NMR (600 MHz,
CD;0D): § 8.02 (m, 4 H), 7.83 (d, J = 1.8 Hz, 1H), 7.34 (dd, ] = 6.4 Hz, 2.0 Hz, 1H), 7.00 (d, ] =
6.4 Hz, 1H), 4.48 (m, 1H), 4.29 (m, 1H), 3.69-3.50 (m, 16H), 3.26 (t, J = 6.8 Hz, 2H), 3.19 (m,
1H), 2.92 (m, 3H), 2.71 (d, J = 12.7 Hz, 1H), 2.19 (m, 2H), 2.13 (m, 1H), 1.94 (m, 2H), 1.77-1.56
(m, 6H), 1.43 (m, 2H), 0.95 (d, J = 6.7 Hz, 3H), 0.93 (d, ] = 6.7 Hz, 3H). '3C NMR (150 MHz,
CD;0D): §175.9,172.0,169.1, 166.1, 154.4,153.2,139.0, 137.9, 135.9, 132.2, 131.2, 129.6, 123.4,
119.3,71.6, 71.5, 71.3, 71.2, 71.0, 70.3, 69.9, 63.4, 61.6, 57.0, 41.7, 41.0, 38.9, 37.8, 36.8, 35.3,
32.1,30.4,29.8, 29.5,26.9, 19.7, 18.3.
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M2-7 (heavy) [Css'3CsHssNoSNOgS+H]" expected, 845.4360; observed, 845.4358. '"H NMR (600
MHz, CD;0D): § 8.02 (m, 4 H), 7.83 (d, J = 1.8 Hz, 1H), 7.34 (dd, J = 6.4 Hz, 2.0 Hz, 1H), 7.00
(d,J= 6.4 Hz, 1H), 4.48 (m, 1H), 4.29 (m, 1H), 3.69-3.42 (m, 16H), 3.26 (m, 2H), 3.19 (m, 1H),
2.92 (m, 3H), 2.71 (d, J = 12.7 Hz, 1H), 2.19 (m, 2H), 2.12 (d, J = 127 Hz, 1H), 1.94 (m, 2H),
1.77-1.56 (m, 6H), 1.43 (m, 2H), 0.93 (dm, J = 126 Hz, 6H). 3C NMR (150 MHz, CD;0OD): &
175.92, 172.00 (d, ] = 52.5 Hz), 169.07, 166.08, 154.35, 153.24, 139.02, 137.86, 135.90, 132.22,
131.21, 129.62, 123.39, 119.28, 71.56, 71.55, 70.99 (ddd, J = 52.5 Hz, 35.3 Hz, 3.1 Hz), 70.31,
69.95, 63.37, 61.61, 57.00, 41.68, 41.04, 38.92, 37.83, 36.85, 35.29, 32.04 (ddd, ] = 35.2 Hz, 35.1
Hz, 35.1 Hz), 30.42, 29.80, 29.50, 26.88, 19.71 (d, J = 34.9 Hz), 18.24 (d, ] = 35.2 Hz).
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Chapter 3
List of E3 ligases was adopted from UbiHub.!?*

Synthesis of (R)-SR9034 (compound 9)
(R)-SR9034 was synthesised as previously described. !

'H NMR (CDCls, 600 MHz): § 8.01 (s, 1H), 7.72 (d, ] = 7.6 Hz, 1H), 7.54 (d, ] = 8.5 Hz, 1H),
7.47 (t,1=17.6 Hz, 1H), 7.42-7.27 (m, 9H), 7.20 (d, ] = 8.5 Hz, 1H), 6.99 (d, J = 8.0 Hz, 2H), 6.36
(d, J=8.1 Hz, 1H), 5.34 (s, 2H), 5.16 (q, J = 7.5 Hz, 1H), 2.32 (s, 3H), 2.31 (s, 3H), 1.98 (m, 2H),
0.99 (t, J = 7.5 Hz, 3H).
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General method for the syntheses of azide-PEG-NH: linkers (compounds 10—13)

A commercially-available PEG bis(tosylate) (1 equiv.) was dissolved in DMF (1 M). To this
sodium azide (4 equiv.) was added. The reaction mixture was heated at 70 °C overnight. DMF was
removed by evaporation, and the residue was dissolved in Et,O. Insoluble material was removed
by filtration. The Et2O was removed by evaporation to yield a diazide intermediate. The diazide
intermediate was dissolved in Et;O/1 N HCI/THF (5:5:1) (~ 0.3 M). To this triphenylphosphine in
Et2O (1 equiv.) was added dropwise. The reaction mixture was stirred at room temperature
overnight. Insoluble material was removed by filtration. The organic layer was extracted three
times with 4 N HCl. Combined aqueous layer was washed with Et;0, basified with NaOH, and
extracted with DCM. Combined DCM layer was dried over Na>SOs, filtered, and concentrated to
yield an azide-PEG-NH: linker (81-86 %).

Azide-PEG,-NH; linker (10); Yield: 86 % from triethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCI3, 600 MHz): 6 3.68 (m, 4H), 3.64 (m, 2H), 3.52 (t, J = 5.2 Hz, 2H), 3.39 (t, ] = 4.8
Hz, 2 H), 2.87 (t, ] = 5.2 Hz, 2H), 1.37 (br, 2H).
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Azide-PEG;-NH; linker (11); Yield: n.d. from tetraethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCls, 600 MHz): 8 3.67 (m, 8H), 3.63 (m, 2H), 3.51 (t,J=5.2,2H), 3.39 (t, ] = 4.8, 2H),
2.86 (t,J=5.2,2H), 1.37 (br, 2H).
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Azide-PEGs-NH; linker (12); Yield: n.d. from pentaethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCl3, 600 MHz): 6 3.67 (m, 12H), 3.63 (m, 2H), 3.51 (t, ] =5.2, 2H), 3.39 (t, ] = 4.8, 2H),
2.86 (t, ] =5.2,2H), 1.37 (br, 2H).
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Azide-PEGs-NH; linker (13); Yield: 81 % from hexaethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCl3, 600 MHz): 8 3.66 (m, 16H), 3.63 (m, 2H), 3.51 (t, J = 5.2, 2H), 3.39 (t, ] = 4.8, 2H),
2.86 (t,J=5.2,2H), 1.37 (br, 2H).

el 1H Expenment

~3.6603
[-3.8330
35144

54



General method for the synthesis of (R)-SR9034-PEG-N3 (compounds 14—17)

To a solution of (R)-SR9034 (1 equiv.) and HATU (1 equiv.) in DCM (0.2 M) was added DIPEA
(5 equiv.). The reaction mixture was stirred on ice for 5 min. To this an azide-PEG-NH; linker in
DCM (1 equiv., 0.2 M) was added. The reaction mixture was stirred at room temperature for 1 h.
The reaction mixture was diluted with EtOAc, washed with sat. NaHCO3, sat NH4Cl, and sat NaCl.
The organic layer was dried over Na,SOg, filtered, and concentrated. Purification on CombiFlash
Rfusing 0—-100 % EtOAc¢/DCM or 0-10% MeOH/DCM yielded a (R)-SR9034-PEG-NG.

(R)-SR9034-PEG,-N3 (compound 14); 25 mg (37 pmol, 77 %); 'H NMR (CDCls, 600 MHz): &
8.00 (s, 1H), 7.58 (d, J = 7.2 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.45-7.29 (m, 9H), 7.21 (d, J = 8.4
Hz, 1H), 6.98 (d, J = 7.8, 2H), 6.37 (d, J = 7.8 Hz, 1H), 5.80 (br, 1H), 5.33 (s, 2H), 5.15 (q, I = 7.4
Hz, 1H), 3.50 (t, J = 4.8, 2 H), 3.40 (t, J = 4.2 Hz, 2H), 3.34 (m, 2H), 3.28 (t, ] = 4.2 Hz, 2H), 3.24
(t, J = 4.8 Hz 2H), 2.80 (br, 2H), 2.33 (s, 3H), 2.31 (s, 3H), 1.97 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H).
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(R)-SR9034-PEG3-N3 (compound 15); 55 mg (77 pmol, 79 %); 'H NMR (CDCls, 600 MHz): &
8.00 (s, 1H), 7.56 (m, 2H), 7.44-7.25 (m, 9H), 7.20 (d, J = 8.5 Hz, 1H), 6.98 (d, J = 7.8, 2H), 6.48
(br, 1H), 6.42 (d, = 7.8 Hz, 1 H), 5.33 (s, 2H), 5.15 (q, J = 7.4 Hz, 1H), 3.48 (m, 4H), 3.43 (t, ] =
4.2 Hz, 2H), 3.35 (m, 4H), 3.30 (t, J = 4.2 Hz, 2H), 3.26 (t, ] = 4.8 Hz, 2H), 2.68 (t, ] = 5.0, 2H),
2.33 (s, 3H), 2.31 (s, 3H), 1.98 (m, 2H), 0.9 (t, ] = 7.3 Hz, 3H).
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(R)-SR9034-PEG4-N3 (compound 16); 53 mg (70 umol, 77 %); 'H NMR (CDCls, 600 MHz): &
8.00 (s, 1H), 7.56 (m, 2H), 7.44-7.25 (m, 9H), 7.20 (d, J = 8.5 Hz, 1H), 6.98 (d, J = 7.8, 2H), 6.41
(m, 2H), 5.33 (s, 2H), 5.15 (q, J = 7.4 Hz, 1H), 3.50 (m, 8H), 3.40 (m, 4H), 3.34 (t, ] = 5.2 Hz,
2H), 3.29 (t, ] = 4.4 Hz, 2H), 3.26 (t, ] = 5.0 Hz, 2H), 2.72 (t, ] = 5.1, 2H), 2.33 (s, 3H), 2.31 (s,
3H), 1.98 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H).
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(R)-SR9034-PEGs-N3 (compound 17); 79 mg (98 pmol, 84 %); 'H NMR (CDCls, 600 MHz): &
8.00 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1 H), 7.44-7.27 (m, 9H), 7.20 (d, J= 8.5
Hz, 1H), 6.98 (d, J = 7.8, 2H), 6.40 (d, J = 6.8 Hz, 1H), 5.92 (br, 1H), 5.33 (s, 2H), 5.15 (q, J = 7.4
Hz, 1H), 3.60 (m, 6H), 3.54 (m, 2H), 3.50 (m, 4H), 3.42 (t, ] = 4.4, 2H), 3.34 (m, 4 H), 3.29 (t, ]
= 4.0 Hz, 2H), 3.25 (t, J = 5.0 Hz, 2H), 2.80 (s, 2H), 2.33 (s, 3H), 2.31 (s, 3H), 1.98 (m, 2H), 0.99
(t,J=7.3 Hz, 3H).
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General method for the synthesis of (R)-SR9034-PEG-NH> (compounds 18-21)

To a solution of a (R)-SR9034-PEG-N3 (1 equiv.) in 10 % H>O/THF (0.1 M) was added
triphenylphosphine (1.5 equiv.). The reaction mixture was stirred at room temperature overnight.
The reaction mixture was concentrated. Purification using gravity column chromatography (3 or
5% MeOH/DCM + 1 % NH4OH) yielded a (R)-SR9034-PEG-NHo.

(R)-SR9034-PEG2-NHz (compound 18); 73 mg (110 umol, quant.); "H NMR (CDCls, 600 MHz):
0 8.00 (s, 1H), 7.57 (m, 2H), 7.45-7.25 (m, 9H), 7.20 (d, J = 8.5 Hz, 1H), 6.98 (d, J = 7.8, 2H),
6.49 (d,J=7.2, 1H), 6.07 (br, 1H), 5.33 (s, 2H), 5.15 (q, ] = 7.4 Hz, 1H), 3.34 (m, 6H), 3.26 (m,
4H), 2.68 (br, 2H), 2.33 (s, 3H), 2.31 (s, 3H), 1.97 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H).
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(R)-SR9034-PEG3-NH; (compound 19); 36 mg (62 umol, 81 %); '"H NMR (CDCls, 600 MHz): §
7.99 (s, 1H), 7.59 (d, ] = 7.4 Hz, 1H), 7.54 (d, ] = 8.4 Hz, 1H), 7.46-7.25 (m, 9H), 7.20 (d, ] = 8.4
Hz, 1H), 6.97 (d, J= 7.8, 2H), 6.38 (d, J = 7.8 Hz, 1H), 5.73 (br, 1H), 5.34 (s, 2H), 5.15 (q, I = 7.4
Hz, 1H), 3.56 (t,J =4.8,2 H), 3.53 (br, 2H), 3.52 (br, 2H), 3.40 (t, J =4.2 Hz, 2H), 3.35 (t, ] = 4.2
Hz, 2H), 3.30 (m, 2H), 3.25 (t,J =4.4 Hz, 2 H), 3.19 (t, ] = 4.6 Hz, 2H), 2.33 (s, 3H), 2.31 (s, 3H),
1.97 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H).
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(R)-SR9034-PEG4-NH, (compound 20); 49 mg (67 umol, 96 %); '"H NMR (CDCls, 600 MHz): §
8.00 (s, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.54 (d, ] = 8.4 Hz, 1H), 7.44-7.25 (m, 9H), 7.20 (d, J = 8.4
Hz, 1H), 6.97 (d, ] =17.8, 2H), 6.40 (d, ] = 7.8 Hz, 1H), 5.87 (br, 1H), 5.33 (s, 2H), 5.15(q, J=7.4
Hz, 1H), 3.59 (t, ] = 5.0, 2 H), 3.56 (m, 4H), 3.51 (m, 4H), 3.42 (t, ] = 4.8 Hz, 2H), 3.33 (m, 2H),
3.29 (t,J =4.2 Hz, 2H), 3.25 (t, ] = 4.8 Hz, 2H), 2.33 (s, 3H), 2.31 (s, 3H), 1.98 (m, 2H), 0.99 (t,

J=7.3 Hz, 3H).
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(R)-SR9034-PEGs-NH, (compound 21); 59 mg (76 umol, 81 %); 'H NMR (CDCls, 600 MHz): §
8.01 (s, 1H), 7.57 (m, 2H), 7.44-7.25 (m, 9H), 7.20 (d, ] = 8.4 Hz, 1H), 6.97 (d, J = 7.8, 2H), 6.43
(d, T = 7.8 Hz, 1H), 6.17 (br, 1H), 5.33 (s, 2H), 5.15 (g, J = 7.4 Hz, 1H), 3.57 (m, 6H), 3.54 (br,
2H), 3.49 (m, 4H), 3.45 (t, J = 5.1 Hz, 2H), 3.41 (t, ] = 4.2 Hz, 2H), 3.33 (m, 2H), 3.29 (t, J=4.4
Hz, 2H), 3.25 (t, ] = 4.8 Hz, 2H), 2.79 (t, ] = 6.4 Hz, 2H), 2.32 (s, 3H), 2.31 (s, 3H), 1.98 (m, 2H),

0.99 (t, J = 7.3 Hz, 3H).
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General method for the synthesis of (R)-SR9034-PEG-(+)-JQ1 (compounds 22-25)

The commercially-available (+)-JQ1 (MedChemExpress) was converted to free acid (+)-JQ1-acid
by treatment with TFA/DCM (1:2) on ice. The reaction was allowed to warm to room temperature
over 5 h. To a solution of (+)-JQ1-acid (0.9 equiv.) and HATU (0.9 equiv.) in DCM (0.1 M) was
added DIPEA (10 equive). The reaction mixture was stirred on ice for 5 min. To this a solution of
(R)-SR9034-PEG-NH2> (1 equiv.) in DCM (0.1 M) was added. The reaction was stirred at room
temperature for 2 h. The reaction mixture was diluted with EtOAc, washed with sat. NaHCO3, sat
NH4Cl, and sat NaCl. The organic layer was dried over Na»SOs, filtered, and concentrated.
Purification on CombiFlash Rf using 0-15 % MeOH/DCM yielded a (R)-SR9034-PEG-(+)-JQ1.

(R)-SR9034-PEG-(+)-JQ1 (compound 22); 32 mg (31 pmol, 64 %); '"H NMR (CDCls, 600 MHz):
6 8.02 (s, 1H), 7.56 (d, J = 8.4, 1H), 7.51 (d, ] = 7.8 Hz, 1H), 7.40-7.22 (m, 13H), 7.19 (d, ] = 8.4
Hz, 1H), 6.96 (d, J = 7.8, 2H), 6.76 (br, 1H), 6.59 (d, ] = 7.8 Hz, 1H), 6.28 (br, 1H), 5.31 (s, 2H),
5.15(q,J=7.4 Hz, 1H), 4.56 (t, ] = 7.0 Hz, 1H), 3.51-3.29 (m, 14H), 2.54 (s, 3H), 2.38 (s, 3H),
2.31 (s, 3H), 2.29 (s, 3H), 1.96 (m, 2H), 1.65 (s, 3H), 0.99 (t, ] = 7.3 Hz, 3H). '3C NMR (CDCls,
150 MHz): 6 170.5, 169.9, 168.0, 163.8, 155.6, 149.8, 142.8, 139.6, 139.0, 138.1, 137.0, 136.8,
136.6, 136.2, 133.9, 132.1, 130.9, 130.4, 130.1, 129.8, 129.8, 129.1, 128.7, 128.6, 128.5, 128.2,
127.4, 127.1, 126.8, 126.1, 125.6, 119.8, 117.9, 108.6, 108.4, 70.1, 70.0, 69.6, 69.5, 55.3, 54.4,
46.5,39.5,39.3,29.3,14.4,13.1,11.7, 11.0, 10.3, 8.9.
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(R)-SR9034-PEG3-(+)-JQ1 (compound 23); 20 mg (19 pmol, 64 %); '"H NMR (CDCls, 600 MHz):
0 8.02 (s, 1H), 7.53 (m, 2H), 7.46—7.25 (m, 13H), 7.20 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 7.8, 2H),
6.78 (br, 1H), 6.54 (d, J = 7.8 Hz, 1H), 6.23 (br, 1H), 5.31 (s, 2H), 5.15 (q, J = 7.4 Hz, 1H), 4.61
(t,J=7.0 Hz, 1H), 3.51-3.29 (m, 18H), 2.59 (s, 3H), 2.39 (s, 3H), 2.31 (s, 3H), 2.29 (s, 3H), 1.97
(m, 2H), 1.65 (s, 3H), 0.99 (t, J = 7.3 Hz, 3H). 1*C NMR (CDCls, 150 MHz): § 170.5, 169.8, 168.0,
163.8, 155.6, 149.8, 142.7, 139.6, 139.1, 138.1, 137.0, 136.7, 136.7, 136.2, 134.0, 132.1, 130.9,
130.8, 130.4, 130.0, 129.8, 129.8, 129.1, 128.7, 128.6, 128.5, 128.2, 127.4, 127.2, 126.8, 126.1,
125.6, 119.8, 117.9, 108.6, 108.4, 70.4, 70.3, 70.2, 70.0, 69.7, 69.4, 55.2, 54.3, 46.5, 39.4, 39.3,
39.1,29.3,14.4,13.1, 11.8, 10.9, 10.3, 8.9.
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(R)-SR9034-PEGas-(+)-JQ1 (compound 24); 29 mg (26 pmol, 76 %); '"H NMR (CDCls, 600 MHz):
0 8.02 (s, 1H), 7.55 (m, 2H), 7.41-7.23 (m, 13H), 7.20 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 7.8, 2H),
6.87 (br, 1H), 6.52 (d, J = 7.8 Hz, 1H), 6.20 (br, 1H), 5.31 (s, 2H), 5.15 (q, J = 7.4 Hz, 1H), 4.63
(t,J=7.0 Hz, 1H), 3.55-3.27 (m, 22H), 2.60 (s, 3H), 2.39 (s, 3H), 2.31 (s, 3H), 2.29 (s, 3H), 1.97
(m, 2H), 1.66 (s, 3H), 0.99 (t, J = 7.3 Hz, 3H). 1*C NMR (CDCls, 150 MHz): § 170.5, 169.7, 168.0,
163.8, 155.7, 149.8, 142.7, 139.5, 139.1, 138.1, 137.0, 136.7, 136.3, 133.9, 132.2, 130.9, 130.8,
130.5, 130.0, 129.9, 129.8, 129.1, 128.7, 128.6, 128.5, 128.3, 127.4, 127.2, 126.8, 126.1, 125.6,
119.8, 117.9, 108.6, 108.4, 70.5, 70.4, 70.3, 70.3, 70.0, 69.8, 69.4, 55.2, 54.3, 46.5, 39.4, 39.4,
39.0,29.2,14.4,13.1,11.8, 11.0, 10.3.
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(R)-SR9034-PEGs-(+)-JQ1 (compound 25); 32 mg (28 pmol, 72 %); '"H NMR (CDCls, 600 MHz):
0 8.02 (s, 1H), 7.56 (m, 2H), 7.43-7.23 (m, 13H), 7.20 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 7.8, 2H),
6.84 (br, 1H), 6.49 (d, J = 7.8 Hz, 1H), 6.06 (br, 1H), 5.32 (s, 2H), 5.15 (q, ] = 7.4 Hz, 1H), 4.64
(t,J=7.0 Hz, 1H), 3.59-3.24 (m, 26H), 2.62 (s, 3H), 2.39 (s, 3H), 2.31 (s, 3H), 2.29 (s, 3H), 1.97
(m, 2H), 1.66 (s, 3H), 0.99 (t, J = 7.3 Hz, 3H). 1*C NMR (CDCls, 150 MHz): § 170.5, 169.7, 168.0,
163.8, 155.7, 149.8, 142.7, 139.5, 139.0, 138.1, 137.1, 136.7, 136.2, 133.9, 132.2, 130.9, 130.7,
130.4, 130.1, 129.9, 129.1, 128.7, 128.6, 128.5, 128.3, 127.5, 127.2, 126.8, 126.1, 125.6, 119.8,
117.9, 108.6, 108.5, 70.5, 70.4, 70.3, 70.0, 69.8, 69.4, 55.2, 54.4, 46.5, 39.5,39.4,39.1,29.2, 14.4,
13.1,11.8,11.0, 10.3, 8.9.
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Synthesis of N-Boc-aminobenzoic acid

To 4-aminobenzoic acid (0.5 g, 3.65 mmol) in dioxane (10 mL) and water (5 mL) were added TEA
(1.02 mL, 7.30 mmol) followed by Boc2O (1.59 g, 1.67 mL, 7.30 mmol). The reaction mixture
was stirred at room temperature for 24 h. Solvent was removed under reduced pressure, and 3 N
aqueous hydrochloric acid (5 mL) was added dropwise to the residue. A precipitate was obtained,
collected, washed with water, and dried to provide the title compound as a white solid. This
material was used in the next step without further purification. 'H NMR (DMSO-d6, 600 MHz): &
9.70 (s, 1H), 7.81 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 1.47 (s, 9H).
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Synthesis of (R)-SR9034-PEGs-ab-Boc (compound 26)

To a solution of N-Boc-aminobenzoic acid (10 mg, 42 umol) and HATU (16 mg, 42 umol) in
DMF (0.4 mL) was added DIPEA (34 umol, 190 umol). The reaction mixture was stirred on ice
for 5 min. To this (R)-SR9034-PEGs-NH> (30 mg, 39 umol) was added. The reaction was stirred
at room temperature for 1 h. The reaction mixture was diluted with EtOAc, washed with sat.
NaHCOs, sat NH4Cl, and sat NaCl. The organic layer was dried over Na,SOs, filtered, and
concentrated. Purification on CombiFlash Rf using 0—10 % MeOH/DCM yielded a (R)-SR9034-
PEGs-ab-Boc. Yield: 35 mg (35 umol, 83 %); 'H NMR (CDCls, 600 MHz): § 8.00 (s, 1H), 7.71
(d, J=8.4 Hz, 2H), 7.56 (m, 2H), 7.43-7.24 (m, 9H), 7.19 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 8.4 Hz,
2H), 6.87 (br, 1H), 6.83 (br, 1H), 6.48 (d, ] = 7.8 Hz, 1H), 5.99 (br, 1H), 5.32 (s, 2H), 5.16 (q, ] =
7.4 Hz, 1H), 3.59-3.54 (m, 10H), 3.49 (t, J = 4.4 Hz, 2H), 3.44 (m, 4H), 3.38 (t, ] = 4.4 Hz, 2H),
3.33 (m, 2H), 3.27 (t, ] = 4.4 Hz, 2H), 3.23 (t, ] = 4.4 Hz, 2H), 2.31 (s, 3H), 2.30 (s, 3H), 1.98 (m,
2H), 1.50 (s, 9H), 0.98 (t, J = 7.3 Hz, 3H).
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Synthesis of (R)-SR9034-PEGs-ab-(+)-JQ1 (compound 27)

(R)-SR9034-PEGs-ab-Boc (35 mg, 35 umol) was converted to free amine by treatment with
TFA/DCM (1:2) for 2 h. To this a solution of (+)-JQ1-acid (17 mg, 42 pmol), HATU (16 mg,
0.042 umol), and DIPEA (31 pL, 180 pumol) in DCM (400 uL) was added. The reaction mixture
was stirred at room temperature overnight. The reaction mixture was diluted with EtOAc, washed
with sat. NaHCO3, sat NH4Cl, and sat NaCl. The organic layer was dried over Na,SOs, filtered,
and concentrated. Purification on CombiFlash Rf using 0—10 % MeOH/DCM and subsequently on
gravity column using 4 % MeOH/DCM yielded (R)-SR9034-PEGs-ab-(+)-JQ1 as a white solid (21
umol, 50 %). '"H NMR (CDCls, 600 MHz): 6 9.18 (br, 1H), 8.01 (s, 1H), 7.73 (d, ] = 8.4 Hz, 2H),
7.61 (d, J =8.4 Hz, 2H), 7.55 (m, 2H), 7.40-7.22 (m, 13H), 7.18 (d, J = 8.4 Hz, 1H), 6.95 (d, J =
8.4 Hz, 2H), 6.91 (br, 1H), 6.55 (d, J = 7.8 Hz, 1H), 6.13 (br, 1H), 5.31 (s, 2H), 5.15(q, J =7.4
Hz, 1H), 4.61 (t,J = 7.0 Hz, 1H), 3.59-3.24 (m, 26H), 2.64 (s, 3H), 2.40 (s, 3H), 2.30 (s, 3H), 2.28
(s, 3H), 1.97 (m, 2H), 1.67 (s, 3H), 0.98 (t, ] = 7.3 Hz, 3H); '3*C NMR (CDCls, 150 MHz): § 169.8,
169.1, 168.0, 167.0, 164.1, 155.7, 150.0, 142.7, 141.2, 139.5, 139.1, 138.1, 137.0, 136.9, 136.4,
136.2, 133.9, 132.1, 131.1, 130.9, 130.4, 130.1, 129.9, 129.6, 129.1, 128.7, 128.6, 128.4, 128.3,
128.0, 127.4, 127.2, 126.8, 126.1, 125.5,119.9, 119.1, 117.9, 108.6, 108.4, 70.5, 70.4, 70.4, 70.3,
70.2, 70.0, 69.8, 69.4, 55.2, 54.4, 46.5, 40.4, 39.7, 39.5, 29.7, 29.3, 14.4, 13.1, 11.8, 11.0, 10.3,
8.9.
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General method for the synthesis of azide-PEG-OTs linkers (compounds 39—41)

A commercially-available PEG bis(tosylate) (1 equiv.) was dissolved in DMF (1 M). To this
sodium azide (1 equiv.) was added. The reaction mixture was heated at 70 °C for 4-16 h. DMF
was removed by evaporation, and the residue was dissolved in EtOAc and water. The organic layer
was washed with sat. NaCl, dried over NaxSQs, filtered, and concentrated. Purification on
CombiFlash using 0-100 % EtOAc/hexanes yielded an azide-PEG-OTs linker as colourless oil
(25-35 %).

Azide-PEG,-OTs linker (39); Yield: 35 % from triethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCls, 600 MHz): 6 7.80 (d, J = 4.8 Hz, 2H), 7.34 (d, ] =4.8 Hz, 2H), 4.17 (t, ] = 4.8 Hz,
2H), 3.70 (t, ] = 4.8 Hz, 2H), 3.64 (t, ] = 4.8 Hz, 2H), 3.61 (m, 4H), 3.37 (d, J = 4.8 Hz, 2H), 2.45
(s, 3H).
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Azide-PEG;-OTs linker (40); Yield: n.d. from tetraethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCls, 600 MHz): 6 NA.

Azide-PEG4-OTs linker (41); Yield: 25 % from pentaethylene glycol bis(p-toluenesulfonate); 'H
NMR (CDCl3, 600 MHz): & 7.80 (d, J = 4.8 Hz, 2H), 7.34 (d, ] = 4.8 Hz, 2H), 4.16 (t, ] = 4.8 Hz,
2H), 3.66 (m, 12H), 3.59 (m, 4H), 3.38 (t, J = 4.8 Hz, 2H), 2.45 (s, 3H).
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Synthesis of N-Boc-3-aminophenol (compound 28)

To a solution of 3-aminophenol (1 g, 9.0 mmol) in THF (20 ml) was added (Boc)-O (2.1 g, 9.9
mmol). After being stirred at reflux for 24 h, the reaction mixture was dissolved in EtOAc, washed
with 1 N HCI, sat. NaHCOs3, and sat NaCl, dried over Na>SOa, filtered, concentrated, and
azeotroped twice with toluene. This yielded N-Boc-3-aminophenol (1.9 g, quant.) as an off-white
solid. 'TH NMR (CDCls, 600 MHz): § 7.12 (t,J = 7.8 Hz, 1H), 6.73 (d, J = 7.8 Hz, 1H), 6.51 (d, J
=17.8 Hz, 1H), 6.45 (s, 1H), 4.89 (s, 1H), 1.51 (s, 9H).
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Synthesis of N-Boc-3-aminophenol-PEG;-azide (compound 29)

To a solution of N-Boc-3-aminophenol (42 mg, 0.2 mmol) and azide-PEG>-OTs (66 mg, 0.2 mmol)
in DMF (0.4 mL) was added K>COs (55 mg, 0.4 mmol). After being stirred at 70 °C for 24 h, the
reaction mixture was diluted with EtOAc, washed with sat NaCl, dried over NaxSOy, filtered and
concentrated. Purification on CombiFlash Rf using 0—100 % EtOAc/hexanes yielded the desired
product in 9:1 mixture with N-Boc-3-aminophenol (61 mg, 0.17 mmol, 87 %). This mixture was
used in the next step without further purification. 'H NMR (CDCls, 600 MHz): § 7.16 (t, J = 7.8
Hz, 1H), 7.11 (br, 1H), 6.83 (d, ] = 7.8 Hz, 1H), 6.60 (d, J = 7.8 Hz, 1H), 6.44 (br, 1H), 4.13 (t, J
=4.2 Hz, 2H), 3.85 (t, ] =4.8 Hz, 2H), 3.74 (t, ] = 4.8 Hz, 2 H), 3.69 (m, 4H), 3.39 (t, ] = 4.8 Hz,
2H), 1.51 (s, 9H).
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Synthesis of mGW9662-PEG»-azide (compound 30)

To a solution of 2-chloro-5-nitrobenzoyl chloride (37 mg, 0.17 mmol) and triethylamine (95 uL,
0.68 mmol) in DCM (1.5 mL) was added N-Boc-3-aminophenol-PEG»-azide (0.17 mmol) in DCM
(0.5 mL). After being stirred on ice for 1 h, the reaction mixture was diluted with EtOAc, washed
with sat. NaHCOs, sat. NH4Cl, and sat. NaCl, dried over Na»SOs, filtered and concentrated.
Purification on CombiFlash using 0-100 % EtOAc/hexanes yielded the title compound (20 mg,
0.044 mmol, 26 %). 'H NMR (CDCls, 600 MHz): § 8.62 (d, J = 1.9 Hz, 1H), 8.27 (dd, J = 8.7 Hz,
1.9 Hz, 1H), 7.79 (br, 1H), 7.66 (d, ] = 8.7 Hz, 1H), 7.40 (s, 1H), 7.29 (t, = 7.8 Hz, 1H), 7.12 (d,
J=7.8Hz, 1H), 6.78 (d,J = 7.8 Hz, 1H), 4.18 (t, ] = 4.4 Hz, 2H), 3.89 (t, J = 4.4 Hz, 2H), 3.75 (t,
J=4.8 Hz, 2 H), 3.69 (m, 4H), 3.39 (t, ] = 4.8 Hz, 2H).
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Synthesis of mGW9662-PEG»-biotin (compound 31)

To a solution of mGW9662-PEG:-azide (15 mg, 33 pmol) in 3 % H>O/THF (1 mL) was added
triphenylphosphine (9 mg, 33 umol). After being stirred at room temperature for 24 h, the reaction
mixture was acidified with 1 N HCI, washed with Et;O, basified with NaOH, and extracted thrice
with EtOAc. Combined organic layer was dried over Na;SOs, filtered and concentrated to yield
amine intermediate. A solution of biotin (9 mg, 35 umol), HATU (13 mg, 35 umol), and TEA (10
pL, 71 pmol) in DMF (350 pL) was stirred on ice for 5 min. To this a solution of the amine
intermediate in DMF (350 uL) was added. After being stirred at room temperature for 1 h, the
reaction mixture was diluted with EtOAc, washed with sat. NaHCO3, sat. NH4Cl, and sat. NaCl,
dried through a Na>SO4 column and concentrated. Purification on CombiFlash using 0-15 %
MeOH/DCM yielded the title compound (10 mg, 15 pmol, 47 % over two steps). 'H NMR (CDCls,
600 MHz): 6 9.38 (s, 1H), 8.52 (d, J = 1.9 Hz, 1H), 8.20 (dd, J = 8.7 Hz, 1.9 Hz, 1H), 7.61 (d, J =
8.7 Hz, 1H), 7.40 (s, 1H), 7.29 (t, J = 7.8 Hz, 1H), 6.73 (d, ] = 7.8 Hz, 1H), 6.44 (br, 1H), 5.94 (br,
1H), 4.41 (t,J = 6.6 Hz, 1H), 4.17 (m, 3H), 3.87 (t, ] = 4.4 Hz, 2H), 3.72 (br, 2H), 3.67 (br, 2H),
3.58 (br, 2H), 3.48 (br, 2H), 3.40 (br, 2H), 3.03 (dd, J = 12.6 Hz, 7.2 Hz, 1H), 2.85 (dd, J = 12.6
Hz, 4.8 Hz, 1H), 2.66 (d, J = 12.6 Hz, 1H), 2.04 (m, 2H), 1.54 (m, 4H), 1.30 (m, 2H).
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Synthesis of N-Cbz-2-aminophenol (compound 32)

N-Cbz-2-aminophenol was synthesised as previously described. Yield: 72 %. 'H NMR (CDCls,
600 MHz): § 7.41 (m, 5H), 7.24 (d, J = 8.4 Hz, 1H), 7.05 (t, ] = 7.8 Hz, 1H), 6.95 (d, J = 7.8 Hz,
1H), 6.89 (m, 2H), 5.23 (s, 2H).
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Synthesis of 2-aminophenol-PEG>-OTs (compound 33)

To a solution of N-Cbz-2-aminophenol (50 mg, 0.21 mmol) and triethylene glycol bis(p-
toluenesulfonate) (188 mg, 0.41 mmol) in DMF (0.4 mL) was added K>CO3 (57 mg, 0.41 mmol).
After being stirred at 70 °C for 16 h, the reaction mixture was diluted with EtOAc, washed with
sat. NH4Cl and sat. NaCl, dried over MgSQa, filtered and concentrated to yield crude N-Cbz-2-
aminophenol-PEG»-OTs. The crude material was dissolved in EtOAc (4 mL) and subjected to
hydrogenolysis condition using Pd/C (11 mg, 0.01 mmol) as catalysis. After being stirred at room
temperature for 6 h, the reaction mixture was filtered and concentrated. Purification on
CombiFlash using 0—100 % EtOAc/hexanes yielded the title compound (7 mg, 18 umol, 9 % over
two steps). 'H NMR (CDCls, 600 MHz): & 7.79 (d, J = 7.8 Hz, 2H), 7.32 (d, ] = 7.8 Hz, 2H), 6.80
(m, 2H), 6.70 (m, 2H), 4.16 (t, ] = 4.8 Hz, 2H), 4.13 (d, J = 4.8 Hz, 2H), 3.82 (t, ] = 4.8 Hz, 2H),
3.70 (t, J = 4.8 Hz, 2H), 3.66 (m, 2H), 3.62 (m, 2H), 2.43 (s, 3H).
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Synthesis of o0GW-PEG>-OTs (compound 34)

To a solution of 2-chloro-5-nitrobenzoic acid (4 mg, 18 umol) and triethylamine (5 pL, 36 pmol)
in DCM (200 pL) was added a solution of 2-aminophenol-PEG>-OTs (7 mg, 18 pmol) in DCM
(200 pL). After being stirred at room temperature for 0.5 h, the reaction mixture was diluted with
EtOAc, washed with sat. NH4Cl, dried over MgSQa, filtered and concentrated. Purification on
CombiFlash using 0-100 % EtOAc/hexanes yielded the title compound (10 mg, 17 umol, 98 %).
'H NMR (CDCls, 600 MHz): § 8.88 (s, 1H), 8.67 (d, ] = 1.8 Hz, 1H), 8.50 (d, J] = 8.4 Hz, 1H),
8.24 (dd, J = 8.4 Hz, 1.8 Hz, 1H), 7.75 (d, J = 7.8 Hz, 2H), 7.65 (d, J = 8.4 Hz, 1H), 7.31 (d, J =
7.8 Hz, 2H), 7.12 (t, J = 7.8 Hz, 1H), 7.06 (t, ] = 7.8 Hz, 1H), 6.97 (d, ] = 7.8 Hz, 1H), 4.21 (t, ] =
4.5 Hz, 2H), 4.09 (t, J = 4.5 Hz, 2H), 3.83 (t, ] = 4.5 Hz, 2H), 3.61 (t, ] = 4.7 Hz, 2H), 3.57 (t, ] =
4.2 Hz, 2H), 3.52 (t, ] = 4.2 Hz, 2H), 2.43 (s, 3H).
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Synthesis of 5-Hydroxy-3-indoleacetic acid methyl ester (IAOMe) (compound 35)

5-Hydroxy-3-indoleacetic acid (1.00 g, 5.23 mmol) was dissolved in methanol (25 ml). To the
solution, acetyl chloride (1.0 ml) was slowly added dropwise, and the mixture was stirred at room
temperature for 2 hours. After the reaction was confirmed by TLC to be complete, the reaction
was terminated by the addition of sat. NaHCOs3, and the solvent was removed under reduced
pressure. Then, water (20 ml) was added to the residue, followed by extraction with ethyl acetate
(50 ml) three times. The organic layer was washed twice with sat. NaCl and dried over NaxSOs.
The solvent was distilled off under reduced pressure, and then, the residue was purified using silica
gel column chromatography (40 % EtOAc/hexanes) to obtain 5-hydroxy-3-indoleacetic acid
methyl ester (0.53 g, 2.58 mmol, 49 %); '"H NMR (CDCls, 600 MHz): § 7.95 (br, 1H), 7.23 (d,J =
8.6 Hz, 1H), 7.15 (d, J = 1.9 Hz, 1H), 7.01 (d, J = 2.2 Hz, 1H), 6.79 (dd, J = 8.6 Hz, 2.3 Hz, 1H),
4.54 (s, 1H), 3.72 (s, 2H), 3.70 (s, 3H).
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Synthesis of IAOMe-PEG»-azide (compound 36)

To a solution of 5-Hydroxy-3-indoleacetic acid methyl ester (88 mg, 0.43 mmol) and azide-PEG>-
OTs (480 mg, 1.3 mmol) in DMF (2 mL) was added K>CO3 (178 mg, 1.3 mmol). After being
stirred at 70 °C for 4 days, the reaction mixture was diluted with EtOAc, washed with water, dried
over MgSQ4, filtered and concentrated. Purification on CombiFlash using 0-100 %
EtOAc/hexanes yielded the title compound (36 mg, 99 umol, 23 %). 'H NMR (CDCls, 600 MHz):
0 7.96 (br, 1H), 7.24 (d, J = 8.9 Hz, 1H), 7.15 (s, 1H), 7.07 (d, J = 2.0 Hz, 1H), 6.90 (dd, J = 8.9
Hz, 2.0 Hz, 1H), 4.19 (t,J = 5.0 Hz, 2H), 3.90 (t, J = 5.0 Hz, 2H), 3.77 (t, ] = 4.4 Hz, 2H), 3.74 (m,
2H), 3.70 (m, 7H), 3.39 (t, ] = 5.0 Hz, 2H).
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Synthesis of m-triazole-GW9662-PEG>-IAOMe (compound 37)

To a solution of m-alk-GW9662 (6 mg, 19 umol) and IAOMe-PEG:-azide (7 mg, 19 umol) in
DMF (200 pL) was added Cul (~ 1 mg). After being stirred at room temperature overnight, the
reaction mixture was directly loaded on CombiFlash (0-10 % MeOH/DCM). Yield: 6 mg (8 pmol,
44 %). '"H NMR (CDCls, 600 MHz): § 8.48 (s, 1H), 8.30 (d, J = 2.5 Hz, 1H), 8.14 (s, 1H), 8.08 (s,
1H), 7.92 (d, J = 7.8 Hz, 1H), 7.84 (s, 1H), 7.73 (d, ] = 7.8 Hz, 1H),7.45 (d, ] = 8.4 Hz, 1H), 7.41
(t, J=8.4 Hz, 1H), 7.11 (m, 2H), 6.86 (s, 1H), 6.71 (dd, J = 8.9 Hz, 2.1 Hz, 1H), 4.57 (t, ] = 4.8
Hz, 2H), 4.15 (t, ] = 4.5 Hz, 2H), 3.89 (t, ] = 4.8 Hz, 2H), 3.83 (t, ] = 4.5 Hz, 2H), 3.68 (m, 9H).
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Synthesis of p-triazole-GW9662-PEG>-IAOMe (compound 38)

p-Triazole-GW9662-PEG;-azide was synthesised in the same manner as m-triazole-GW9662-
PEG:-azide. '"H NMR (CDCls, 600 MHz): § 8.50 (d, J = 2.5 Hz, 1H), 8.26 (dd, J = 8.7 Hz, 2.5 Hz,
1H), 8.22 (s, 1H), 8.08 (m, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.7 Hz, 1H), 7.40 (d, ] = 8.4
Hz, 1H), 7.16 (d, J = 8.8 Hz, 1H), 6.99 (s, 1H), 6.97 (d, ] = 1.9 Hz, 1H), 6.81 (dd, J=8.7 Hz, 1.9
Hz, 1H), 4.61 (t, ] = 4.8 Hz, 2H), 4.14 (t, ] = 4.5 Hz, 2H), 3.90 (t, ] = 4.8 Hz, 2H), 3.85 (t, ] =4.5
Hz, 2H), 3.74 (br, 2H), 3.69 (m, 4H), 3.62 (s, 3H).
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General method for the synthesis of Boc-piperazine-PEG-azide linkers (compounds 42—44)

To a solution of 1-Boc-piperazine (1 equiv.) and an azide-PEG-OTs (1 equiv.) in DMF (0.5 M)
was added KoCOs (2 equiv.). After being stirred at 60 °C for 24 h, the reaction mixture was diluted
with Et,O, washed with 1 N NaOH, dried over Na;SOg, filtered and concentrated. Purification on
CombiFlash using 0—10 % MeOH/DCM yielded a Boc-protected linker.

Boc-piperazine-PEGz-azide (42); Yield: 57-87 % from triethylene glycol bis(p-toluenesulfonate);
'H NMR (CDCls, 600 MHz): § 3.63 (m, 8H), 3.43 (br, 4H), 3.38 (t, ] = 4.9 Hz, 2H), 2.60 (t, ] =
5.8 Hz, 2H), 2.45 (br, 4H), 1.45 (s, 9H).
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Boc-piperazine-PEGs-azide (43); Yield: 65 % from tetracthylene glycol bis(p-toluenesulfonate);
'H NMR (CDCl3, 600 MHz): § NA.

Boc-piperazine-PEGs-azide (44); Yield: 73 % from pentaethylene glycol bis(p-toluenesulfonate);
"H NMR (CDCls, 600 MHz): § 3.66 (m, 16H), 3.43 (br, 4H), 3.39 (t, ] = 4.9 Hz, 2H), 2.59 (t, ] =
5.8 Hz, 2H), 2.44 (br, 4H), 1.46 (s, 9H).
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General method for the synthesis of piperazine-PEG-azide linkers

A Boc-protected linker was treated with 1 N HCI in dioxane. After being stirred at room
temperature overnight, the reaction mixture was concentrated in vacuo and azeotroped twice with
toluene. The residue was suspended in DCM, and 1 N NaOH was added. The organic layer was
extracted thrice with DCM, dried over Na>SQg, filtered, and concentrated to yield a piperazine-
PEG-azide linker. This material was used without further purification.

Piperazine-PEGz-azide linker; Yield: 89 %.
Piperazine-PEGs-azide linker; Yield: 48 %.

Piperazine-PEGgy-azide linker; Yield: quant.
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Synthesis of compound 45

The title compound was synthesised from 2-aminophenol in five steps as previously described.”!
"H NMR (CDCl3, 600 MHz): § 8.06 (br, 1H), 7.79 (d, J = 8.0 Hz, 2H), 7.46 (d, J] = 8.0 Hz, 2H),
7.38 (m, 4H), 7.04 (br, 1H), 6.91 (m, 3H), 6.44 (br, 1H), 5.11 (s, 2H), 4.68 (d, J = 5.6 Hz, 2H),
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General method for the synthesis of compounds 4648

To a solution of the first intermediate 1 (1 equiv.) and a piperazine-PEG-azide linker (1 euiv.) in
DMF (0.5 M) was added K>COs3 (3 equiv.). After being stirred at 60 °C for 24 h, the reaction
mixture was diluted with Et,O and 1 N NaOH, and extracted thrice with Et,O. Combined organic
layer was dried over MgSOs, filtered and concentrated. Purification on CombiFlash using 0—10 %
MeOH/DCM vyielded a second intermediate.

Compound 46; 50-92 % from piperazine-PEG-azide linker; 'H NMR (CDCls, 600 MHz): & 8.07
(br, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.37 (m, 6H), 7.05 (br, 1H), 6.90 (m, 3H), 6.42 (br, 1H), 5.11
(s,2H), 4.68 (d, J = 5.6 Hz, 2H), 3.64 (m, 8H), 3.54 (s, 2H), 3.37 (t, ] = 4.9 Hz, 2H), 2.60 (br, 2H),
2.48 (8H), 1.51 (s, 9H).
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Compound 47; 75 % from piperazine-PEGs;-azide linker; '"H NMR (CDCl3, 600 MHz): § NA.

Compound 48; 73 % from piperazine-PEGs-azide linker; "H NMR (CDCls, 600 MHz): § 8.07 (br,
1H), 7.74 (d, J = 8.0 Hz, 2H), 7.37 (m, 6H), 7.05 (br, 1H), 6.90 (m, 3H), 6.42 (br, 1H), 5.11 (s,
2H), 4.68 (d, J = 5.6 Hz, 2H), 3.65 (m, 16H), 3.53 (s, 2H), 3.38 (t, ] =4.9 Hz, 2H), 2.59 (t,J =5.7
Hz, 2H), 2.48 (8H), 1.51 (s, 9H).
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Synthesis of compound 49

To a solution of the second intermediate with piperazine-PEGs-azide linker (138 mg, 0.19 mmol)
in 10 % H>O/THF (2 mL) was added triphenylphosphine (74 mg, 0.28 mmol). After being stirred
at room temperature overnight, the reaction mixture was concentrated. Purification on gravity
column using 8 % MeOH/DCM + 1 % NH4OH yielded the free amine (130 mg, 93 %). 'H NMR
(MeOD, 600 MHz): 6 7.80 (d, J = 8.0 Hz, 2H), 7.77 (br, 1H), 7.43 (m, 3H), 7.37 (m, 2H), 7.33 (d,
J=3.4 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.94 (m, 1H), 6.87 (m, 1H), 3.60 (m, 12H), 3.51 (t, J =
5.2 Hz, 2H), 2.78 (t, ] = 5.0 Hz, 2H), 2.59 (t, ] = 5.5 Hz, 2H), 2.52 (8H), 1.48 (s, 9H).
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Attempted synthesis of 49-(+)-JQ1

To a solution of (+)-JQ1-acid (19 mg, 48 umol) and HATU (18 mg, 48 umol) in DCM (0.5 mL)
was added DIPEA (47 pL, 268 umol). The reaction mixture was stirred on ice for 5 min. To this
the free amine intermediate was added. The reaction mixture was allowed to warm to room
temperature over 1 h. This resulted in multiple products that proved to be inseparable using normal
phase chromatography techniques.
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Synthesis of compound 50

Compound 46 (146 mg, 0.21 mmol) was treated with TFA (0.5 mL) in DCM (1 mL) on ice for 1
h. The solvent was removed under reduced pressure. The residue was azeotroped twice with
toluene and purified on CombiFlash using 0-25 % MeOH/CHCI; to yield an aniline intermediate
(100 mg, 0.15 mmol, 72 %).

Synthesis of SB1453-PEG;-azide (compound 51)

To a solution of 2-chloro-5nitrobenzoic acid (33 mg, 0.15 mmol) and TEA (21 uL, 0.15 mmol) in
DCM (0.75 mL) was added the aniline intermediate (100 mg, 0.15 mmol) in DCM (0.75 mL) on
ice. After being stirred for 1 h, the reaction mixture was diluted with DCM, washed with NaOH,
dried over NaxSQ4, filtered and concentrated. Purification on CombiFlash using 0-25 %
MeOH/DCM yielded SB1453-PEG;-azide as a white solid (109 mg, 0.14 mmol, 94 %). 'H NMR
(CDCl3, 600 MHz): 6 8.72 (s, 1H), 8.65 (d, J = 1.9 Hz, 1H), 8.49 (d, J = 8.0 Hz, 1H), 8.19 (dd, J =
8.0 Hz, 2.0 Hz, 1H), 7.72 (d, J = 7.9 Hz, 2H), 7.55 (d, J = 8.8 Hz, 1H), 7.36 (m, 6H), 7.13 (t,J =
7.8 Hz, 1H), 7.05 (t, J = 7.7 Hz, 1H), 7.01 (d, J = 8.1 Hz, 1H), 6.46 (br, 1H), 5.13 (s, 2H), 4.65 (d,
J=15.6 Hz, 2H), 3.62 (m, 8H), 3.53 (s, 2H), 3.37 (t, ] = 4.9 Hz, 2H), 2.60 (t, ] = 5.8 Hz, 2H), 2.47
(br, 8 H).
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Synthesis of SB1453-PEG>-NH> (compound 52)

To a solution of SB1453-PEG;-azide (109 mg, 0.14 mmol) in 10 % H>O/THF (1 mL) was added
triphenylphosphine (56 mg, 0.21 mmol). After being stirred at room temperature overnight, the
reaction mixture was concentrated. Purification on gravity column using 7.5 % MeOH/DCM +
1 % NH4OH yielded the free amine as yellow oil (80 mg, 0.11 mmol, 76 %). 'H NMR (CDCl;,
600 MHz): 6 8.72 (s, 1H), 8.65 (d, J = 1.9 Hz, 1H), 8.49 (d, ] = 8.0 Hz, 1H), 8.19 (dd, ] = 8.0 Hz,
2.0 Hz, 1H), 7.72 (d, J = 7.9 Hz, 2H), 7.55 (d, J = 8.8 Hz, 1H), 7.36 (m, 6H), 7.13 (t, J = 7.8 Hz,
1H), 7.05 (t, ] = 7.7 Hz, 1H), 7.01 (d, J = 8.1 Hz, 1H), 6.49 (br, 1H), 5.13 (s, 2H), 4.65 (d,J =5.6
Hz, 2H), 3.60 (m, 6H), 3.53 (s, 2H), 3.49 (t, ] = 4.9 Hz, 2H), 2.85 (t, J = 5.2 Hz, 2H), 2.60 (t, J =
5.8 Hz, 2H), 2.47 (br, 8 H).
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Attempted synthesis of SB1453-PEG;-(+)-JQ1

To a solution of (+)-JQ1-acid (22 mg, 54 umol) and HATU (20 mg, 54 pmol) in DCM (0.5 mL)
was added TEA (37 uL, 268 pmol). The reaction mixture was stirred on ice for 5 min. To this the
SB1453-PEG2-NH> (40 mg, 54 umol) in DCM (0.5 mL) was added. The reaction mixture was
allowed to warm to room temperature over 1 h. This resulted in multiple products that proved to
be inseparable using normal phase chromatography techniques.
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